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FOREWORD 

The Ass is tant  Secretary f o r  Environment has responsi b i  1 i ty  f o r  i d e n t i -  

fy ing,  character iz ing,  and amel i o r a t i n g  the environmental , heal th,  and 

safety issues and pub l i c  concerns associated w i t h  commercial operat ion of 

spec i f i c  energy systems. The need f o r  developing' a sa fe ty  and environ- 

mental con t ro l  assessment f o r  l i q u e f i e d  gaseous f u e l s  was i d e n t i f i e d  by 

the Environmental and Safety Engineering ~ i v i s i o n ' ~ )  as a r e s u l t  o f  discus- 

sions w i t h  various governmental , indust ry ,  and academic persons having 

exper t ise  w i t h  respect  t o  the  p a r t i c u l a r  mate r ia l s  involved:  l i q u e f i e d  

na tu ra l  gas, 1 i que f  i e d  petroleum gas, hydrogen, and anhydrous ammonia. 

This document i s  arranged i n  th ree  volumes and repor ts  on progress 

i n  the L ique f ied  Gaseous Fuels (LGF) Safety and Environmental Control  

Assessment Program made i n  F isca l  Year (FY)-1979 and e a r l y  FY-1980. 

Volume 1 (Executive Summary) describes the background, purpose and organi-  

za t ion  o f  the LGF Program and contains summaries o f  the 25 repor ts  presented 

i n  Volumes 2 and 3. Annotated b ib l iog raph ies  on L ique f ied  Natural  Gas 

(LNG) Safety and Environmental Control  Research and on F i r e  Safety and Hazards 

o f  L iquef ied Petroleum Gas (LPG) a re  included i n  Vol ume 1 . 
Volume 2 cons is ts  o f  19 repor ts  descr ib ing techn ica l  e f f o r t .  performed 

by Government Contractors i n  the area of LNG Safety and Environmental 

Control.  Volume 3 i s  a s i m i l a r  compi la t ion and contains 6 con t rac to r  

repor ts  on LPG, anhydrous ammonia and hydrogen energy systems. 

(a)  E f f e c t i v e  June 1980, the Environmental Control Technology D i v i s i o n  
was augmented by acqui r ing 'add i t iona l  funct ions:  the  new name o f  
the organizat ion i s  the Environmental and Safety Engineering Div is ion.  
Throughout.the t ex t ,  where the o l d  name i s  used, i s  should how re fe r ,  
i n  a l l  cases, t o  the Environmental and Safety Engineering D iv i s ion ,  
O f f i c e  o f  the  Ass is tant  Secretary f o r  Environment. Future pub l i ca t ions  
w i l l  r e f l e c t  t h i s  change completely. 
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SUMMARY 

T w  f i n i t e  element models - one based on solving the timedependent, 
two-dimensional conservation equations of mass, momentum, and energy, 
with buoyancy effects  included via the Boussinesq approximation; the 
other based on solving the otherwise identical s e t  of equations except 
using the hydrostatic assumption - are described herein and applied t o  
predict some aspects of the vapor dispersion phenomena associated w i t h  
LNG sp i l l s .  A number of contzolled numerical experiments, representing a 
reasonable expected range of ING s p i l l  scenarios and atmospheric condi- 
tions, have been carried out. Based on comparing the resul ts  obtained 
wi th  these f i n i t e  element models, same data regarding the applicabil i ty 
and limitations of the hydrostatic assumption for predicting LNG vapor 
spread and dispersion are  established. 



INTRODUCTION 

Accurate and v e r i f i e d  numerical 'models f o r  t h e  p red ic t ion  of  LNG 
(Liquefied Na tu ra l  Gas) vapor d i spe r s ion  i n  t h e  atmosphere a r e  a require- 
ment f o r  p r e d i c t i n g  p o s s i b l e  hazards involved i n  LNG f a c i l i t i e s  and f o r  
developing and eva lua t ing  p o t e n t i a l  methods to minimize these  hazards. 
Although a number of numerical models have been developed by va r ious  
authors  to s imula te  the  vapor d i spe r s ion  process  a s soc ia ted  with an LNG 
sp i l l ,  unfo r tuna te ly  t h e  p r e d i c t i v e  c a p a b i l i t i e s  of the  e x i s t i n g  models 
a r e  still f a r  from being s a t i s f a c t o r y .  Recently Havens(l) has  done a 
sys temat ic  eva lua t ion  of a number of models widely c i t e d  i n  t h e  l i t e r a -  
ture and repor ted  very l a r g e  (order  of magnitude) d i f f e r e n c e s  i n  t h e  
p red ic ted  downwind d i s t a n c e  t o  t h e  lower f lammabil i ty l i m i t  (WL) of t h e  
d i spe r sed  vapor cloud r e s u l t i n g  from a l a r g e  LNG o p i l l  onto  water. 
Havens concfudes t h a t  t h e  r e l a t i v e l y  simple Gaussian d i s p r ? r ~ i o n  modcl by 
Cermeles aud D ~ a k e ( ~ )  ani! t h e  m s f t  komplsx rilcrilel developed by Science 
Appl ica t ions ,  Inc. (SAI) ( 3 )  r e p r e s e n t  t h e  most r a t i o n a l  approaches, 
among 'a l l  models considered,  t o  e s t ima te  the  downwind d i spe r s ion  of the  
vapor cloud. Hwever,  he a l s o  caut:ions t h a t  f u r t h e r  improvements to t h e  
Germeles and Drake model a r e  necessary and a thorough evaluat ion  and 
v e r i f i c a t i o n  of  t h e  SAI model should be performed before  r e s u l t s  from 
t h e s e  models can be accepted with confidence to p r e d i c t  the  consequences 
of  l a r g e  ING s p i l l s .  

The Germeles and Drake model is b a s i c a l l y  a Gaussian plume m o d e l .  
With f u r t h e r  improvements and adequate v e r i f i c a t i o n  da ta ,  t h e  model could 
*probably be (cau t ious ly )  used a s  an a l t e r n a t i v e  t o  a more complex numer- 
i c a l  model, p a r t i c u l a r l y  for rou t ine  usage where time and cost con- 
s t r a i n t s  a r e  important; never the less ,  due t o  its inheren t  s impl i fy ing  
approximations, such a model is probably inappropr ia t e  f o r  p r e d i c t i n g  the  
vapor d i spe r s ion  assoc ia ted  with l a r g e  LNG s p i l l s .  On t h e  o t h e r  hand, 
t h e  SAI model, which so lves ,  v i a  t h e  f i n i t e  d i f f e r e n c e  method, t h e  tran- 
s i e n t ,  kl~ree-dimensional conservat ion  equat ions  of mass, momentum, 
energy, and spec ies ,  r ep resen t s  a more v i a b l e  approach. The SAI model 
has  removed many o f  \the s impl i fy ing  approximations inheren t  i n  t h e  
Germeles and Drake model; however, i n  order  t o  make the  computations more 
t r a c t a b l e  and less c o s t l y ,  t h e  model assumes t h a t  t h e  h y d r o s t a t i c  approx- 
imation (which s t a t e s  t h a t  the  v e r t i c a l  p ressu re  g r a d i e n t  is balanaed 
mmple te ly  by t h e  buoyancy fo rce )  is v a l i d  f o r  t h e  LNG vapor d i spe r s ion  
process.  The v a l i d i t y  nf such an approximatioi~,  however, remains to be 
thoroughly assessed and v e r i f i e d .  (4 )  

It is well recognized t h a t  a genera l  solution nP the LNG d iopers ion  
problvlu lnust inc lude  , as a minimum, t h e  following: three-dimensional 
v e l o c i t y  f i e l d ,  time-hependent terms, nonlinear  mathematics, coupled 
energy, spec ies ,  and momentum equat ions  with buoyancy terms, an adequate 
turbulence  model, and accounting f o r  t h e  nearby surroundings such a s  ter- 
r a i n ,  d ikes ,  and bui ld ings ,  i f  precent .  A s  can be  imagined, any numer- 
i c a l  model which takes  a l l  of t h e  above phenomena i n t o  account is bound 
to be very complex and c o s t l y .  Therefore t h e  s e l e c t i o n  of appropr ia t e  
numerical schemes and j u s t i f i a b l e  s impl i fy ing  assumptions becomes very 
cr uc i  a 1  . 



With t h e s e  i n  mind, we i n v e s t i g a t e ,  i n  t h e  p r e s e n t  s tudy,  t h e  f e a s i -  
b i l i t y  of using t h e  f i n i t e  element method (FEM) t o  s imu la t e  t h e  LNG vapor 
spread and d i spe r s ion .  A t  t h e  same time, t h e  numerical experiments a r e  
designed t o  at tempt  t o  shed some l i g h t  on t h e  l e v e l  of accuracy a t t a i n -  
a b l e - w i t h  a h y d r o s t a t i c  model, a s  compared to, a more complete, nonhydro- 
s t a t i c  m o d e l  f o r  some t y p i c a l  s p i l l  scenar ios .  Our two models so lve  t h e  
time-dependent , two-dimensional conserva t ion  equat ions  of 'mass, momentum, 

'and energy ( temperature)  by employing t h e  FEM. I n  order  t o  f a c i l i t a t e  
t h e  study, t h e  Boussinesq approximation has been invoked i n  both models 

' but  w i l l  be removed i n  our f u t u r e  LNG vapor d i spe r s ion  model s i n c e  t h e  
dens i ty  v a r i a t i o n  is q u i t e  l a rge .  In  a d d i t i o n ,  t h e  f l u i d  is assumed t o  
be Newtonian, with c o n s t a n t . p r o p e r t i e s  except  fo r  d e n s i t y  i n  t h e  buoyancy 
f o r c e  (our f u t u r e  model w i l l  consider  v a r i a b l e  p r o p e r t i e s ) .  The concen- 
t r a t i o n  equat ion f o r  t h e  LNG vapor cloud has no t  y e t  been implemented i n  
e i t h e r  code bu t  its inc lus ion  is s t ra ight forward .  I n  f a c t ,  be s ides  pos- 
s i b l e  d i f f e r e n c e s  i n  c e r t a i n  c o e f f i c i e n t s  and boundary cond i t i ons ,  t h e  
concent ra t ion  equat ion  ( i n  t h e  absence of chemical r eac t ions )  is t h e  same 
a s  the  temperature equat ion and thus  t h e  temperature f i e l d  can be  con- 
s ide red  t o  r ep re sen t ,  t o  a f i r s t  approximation, t h e  concen t r a t ion  of LNG 
vapor a s  w e l l .  

I n  t h e  fol lowing sec t i fons ,  w e  desc r ibe  b r i e f l y  t h e  mathematical 
formulat ion and numerical implementation of  t h e  two models, summarize and ' 

compare r e s u l t s  on a number of t e s t  c a s e s  f o r  LNG vapor d i spe r s ion  from 
t h e  models, and f i n a l l y  draw conclus ions  from these  c o n t r o l l e d  numerical 
exper'iments t o  guide our f u t u r e  work toward developing a cos t - e f f ec t ive ,  
the-dependent ,  three-dimensional numerical model f o r  p r e d i c t i n g  t h e  
vapor d i spe r s ion  r e s u l t i n g  from l a r g e  LNG s p i l l s .  

DESCRIPTION OF THE NUMERICAL MODELS 

The Nonhydrostat ic  Model 

The d e t a i l e d  formulat ion of t h e  nonhydros ta t ic  model fo r  i so thermal  
flows can be found i n  Refs. 5 and 6. The p re sen t  model is a s t r a i g h t -  
forward ex tens ion  of t he  i so thermal  problem t o  inc lude  a l s o  t h e  tempera- 
t u r e  equat ion,  with t h e  buoyancy f o r c e  considered v i a  t h e  Boussinesq 
approximation. Here we summarize only  t h e  e s s e n t i a l  f e a t u r e s  of t h e  
p r e s e n t  model ; 

e Governing Equations 

The equat ions  of motion and c o n t i n u i t y  f o r  a cons t an t  proper ty  
(except  f o r  d e n s i t y  i n  t h e  buoyancy f o r c e ) ,  incompressible  Newtonian 
f l u i d  a r e  t h e  Boussinesq approximation t o  t h e  Navier-Stokes equat ions ,  



where u  = ( u , v )  is t h e  v e l o c i t y ,  p is t h e  ( c o n s t a n t )  d e n s i t y  a t  t h e  
r e f e r e n c e  t e m p e r a t u r e ,  y i's t h e  (con , s tan t )  v o l u m e t r i c  c o e f f i c i e n t  o f  . 
the rmal  expans ion ,  T  is t h e  t empera tu re  d e v i a t i o n  from t h e  r e f e r e n c e  
t e m p e r a t u r e ,  CJ is t h e  a c c e l e r a t i o n  due to g r a v i t y ,  and 

is t h e  stress t e n s o r  i n  which is  t h e  ( c o n s t a n t )  eddy v i s c o s i t y ,  and p 
is t h e  p r e s s u r e  d e v i a t i o n  from h y d r o s t a t i c .  F i n a l l y ,  t h e  energy  e q u a t i o n  
f o r  a  c o n s t a n t  p r o p e r t y  f l u i d  ( n e g l e c t i n g  v i s c o u s  d i s s i p a t i o n )  is 

where k is t h e  t h e r m a l  d i f f u s i v i t y  (eddy d i f f u s i o n  c o e f f i c i e n t ) .  The 
above set o f  e q u a t i o n s  c a n  be used,  g i v e n  a p p r o p r i a t e  i n i t i a l  and 
boundary c o n d i t i o n s ,  to s o l v e  for t h e  v e l o c i t y  components u  and v,  t h e  
t empera tu re  T, and t h e  p r e s s u r e  p. 

The a p p r o p r i a t e  i n i t i a l  c o n d i t i o n  f o r  t h e  above e q u a t i o n s  is any 
s o l e n o i d a l  v e l o c i t y  f i e l d  (i .e. ,  one  which s a t i s f i e s  t h e  d i s c r e t i z e d  
v e r s i o n  o f  V *go - - 0 ) ,  p l u s  any i n i t i a l  t empera tu re  f i e l d .  Regarding 
boundary c o n d i t i o n s :  f o r  t h e  velociGy f i e l d ,  one c a n  e i t h e r  s p e c i f y  t h e  
v e l o c i t y  components or t h e  .corresponding t r a c t i o n s ;  f o r  t h e  t e m p e r a t u r e  
f i e l d ,  one c a n  s p e c i f y  e i t h e r  t h e  t empera tu re  i t s e l f ,  o r  a  g e n e r a l  h e a t  
t r a n s f e r  c o n d i t i o n .  . 

S p a t i a l  D i s c r e t i z a t i o n  

The f i n i t e  e lement  d i s c r e t i z a t i o n  o f  t h e  above e q u a t i o n s  is per-  
formed v i a  t h e  G a l e r k i n  method: 

w i t h  a  s i m i l a r  expansion f o r  v  and TI and 
. . 

where, i n  t h e  d i s c r e t i z e d  domain, t h e r e  a r e  n nodes f o r  v e l o c i t y  and 
t empera tu re  and m nodes f o r  t h e  pressure . .  The r e s u l t i n g  sys tem o f  
a l g e b r a i c  e q u a t i o n s ,  w r i t t e n  i n  a compact m a t r i x  form is 



M G + [K + ~ ( u ) ]  u  + Cp + M'T = f ,  

and 

where now u is a g loba l  vec to r  conta in ing  a l l  nodal va lues  of h o r i z o n t a l  
and v e r t i c a l  v e l o c i t y  components, u  is t h e  time d e r i v a t i v e  of  u, p  is a 
g l o b a l  vector  of t h e  p re s su re  va lues ,  T is a g loba l  vec tor  of t h e  tempera- 
t u r e  values,  and f ,  f '  a r e  g l o b a l  vec to r s  which inco rpora t e  t h e  appropri-  
a t e  boundary condi t ions .  M is a 2n x 2n "mass" matr ix.  M' is an n x n 
s u b s e t  of t h e  mass mat r ix ,  K is t h e  2n x 2n v iscous  mat r ix ,  KT is the  n 
x n thermal d i f f u s i o n  mat r ix ,  C is t h e  2n x m p re s su re  g r a d i e n t  ma t r ix  
and its transpose,  cT, is t h e  m x  2n divergence mat r ix ,  N(u) is t h e  2n 
x 2n nonl inear  advect ion mat r ix ,  and f i n a l l y  N' (u) is an n x n subse t  of 
t h e  advect ion matrix.' Equation (5) desc r ibes  a  nonl inear  system of 
o rd ina ry  d i f f e r e n t i a l  equat ions  (ODE's )  i n  t ime wi th  a l g e b r a i c  con- 
s t r a i n t s ,  t h e  s o l u t i o n  o f  which y i e l d s  t he  vec to r s  of nodal va lues  of u, 
v ,  p ,  and T.. The non l inea r  a l g e b r a i c  equat ions  engendered by t h e  app l i ca -  
t i o n  of t h e  t r apezo id  r u l e  f o r  i n t e g r a t i n g  t h e  ODE's i n  t ime a r e  c u r r e n t l y  
being solved v i a  a one-step Newton method (Ref. 6)  i n  conjunct ion  wi th  t h e  
f  rental' technique (Gaussian e l imina t ion )  . Our element l i b r a r y  con ta ins  
t h r e e  types  of isoparametr i c  elements: (1) 4-node b i l i n e a r  approximation 
f o r  v e l o c i t y  and temperature wi th  piecewise cons t an t  p re s su re ,  (2 )  8-node 
q u a d r a t i c  approximation ( s e r e n d i p i t y )  f o r  v e l o c i t y  and temperature wi th  
4-node b i l i n e a r  approximation f o r  p re s su re ,  and (3) 9-node b i q u a d r a t i c  
approximation f o r  v e l o c i t y  and temperature wi th  4-node b i l i n e a r  approxi- 
mation f o r  pressure .  

Time I n t e g r a t i o n  Method 

The technique employed f o r  i n t e g r a t i n g  Eqn. (5) is an i m p l i c i t ,  
second-order accu ra t e  algori thm which au tomat ica l ly  and dynamically 
selects an appropr i a t e  t ime s t e p  based s o l e l y  on accuracy requirements.  
T h i s  is accomplished through an appropr i a t e  combination o f  two common 
t i m e  i n t e g r a t i o n  techniques,  namely, t h e  ( i m p l i c i t )  t r apezo id  r u l e  (TR) 
and an ( e x p l i c i t )  Adams-Bashforth formula (AB).  The a lgor i thm b a s i c a l l y  
c o n s i s t s  of  t h e  fol lowing t h r e e  s t eps :  (1) Use t h e  AB formula a s  a  pre- 
d i c t o r  equat ion  f o r  v e l o c i t y  and temperature,  (2) Use t h e  TR a lgor i thm to 
s o l v e  f o r  t h e  co r r ec t ed  ( f i n a l )  v e l o c i t y  and temperature and f o r  t h e  
p re s su re ,  (3) combine t h e  p r e d i c t o r  r e s u l t s  with t h e  c o r r e c t o r  r e s u l t s  
f o r  v e l o c i t y  and temperature to e s t ima te  t h e  l o c a l  t i m e  t r u n c a t i o n  e r r o r  
and, from t h i s ,  t h e  s i z e  of  t h e  next  time s t ep .  Th i s  procedure t h u s  pro- 
v i d e s  a  c o s t - e f f e c t i v e  i n t e g r a t i o n  scheme i n  t h a t  t h e  time s t e p  s i z e  is  
increased  whenever pe rmis s ib l e  and decreased only when necessary .  More 
d e t a i l e d  information on t h i s  t ime i n t e g r a t i o n  scheme can be found i n  Refs. 
5 and 6. 



The ~ y d r o s t a t i c  Model 

A s  mentioned e a r l i e r ,  with the.assumption t h a t  t h e  convect ive mo- 
t i o n ,  i n e r t i a ,  and shea r  f o r c e s  i n  t h e  v e r t i c a l  d i r e c t i o n  a r e  a l l  negl i -  
g i b l e ,  t h e  equat ion  f o r  v e r t i c a l  motion is g r e a t l y  s i m p l i f i e d ,  implying 
t h a t  t h e  v e r t i c a l  p r e s s u r e  g r a d i e n t  is balanced e n t i r e l y  by t h e  buoyancy 
fo rce .  Thus t h e  p re s su re  f i e l d  is no longer  an i m p l i c i t  v a r i a b l e  which 
in s t an t aneous ly  " a d j u s t s  i t s e l f "  i n  such a ,  way th 'a t  t h e  i ncompress ib i l i t y  
c o n s t r a i n t  ( c o n t i n u i t y  equat ion)  remains s a t i s f  i ed .  Rather ,  t h e  p re s su re  
f i e l d  can  now be  more e a s i l y  obta ined  through i n t e g r a t i o n  of' t h e  buoyancy 
force .  This  ( h y d r o s t a t i c )  assumption r ende r s  t h e  flow f i e l d  much e a s i e r  
t o  compute; however, a s  w i l l  be seen i n  t h e  numerical r e s u l t s ,  its range 
o f  a p p l i , c a b i l i t y  is a l s o  g r e a t l y  reduced. I n  t h e  fol lowing,  we desc r ibe  
t h e  e q u a t i o n s  being solved,  toge ther  w i th . , t he  nhmerical a s p e c t s  of  t h e  
h y d r o s t a t i c  model. 

Governing Equat ions 

~ p p l y i n g  t h e  h y d r o s t a t i c  assumption t~ .Eqn. (1) l i i~d rear ranging ,  wa 
o b t a i n  t h e  fo l lowing  equa t ions  

and 

( t h e  h y d r o s t a t i c  equat ion  f o r  pressure)  , (7) 

wi th  t h e  a c c e l e r a t i o n  of g r a v i t y  a l i gned  i n  t h e  negat ive  y-d i rec t ion .  
" 

The a p p r o p r i a t e  i n i t i a l  cond i t i on  f o r  t h e  above set of equa t ions  is 
an i n i t i a l  h o r i z o n t a l  v e l o c i t y  f i e l d  (uo) , p l u s  an i n i t i a l  Lemperature 
f i e l d  (To), trom which hquat ions  (7) dnd (8) a r c  then  used to aompute 
t h e  corresponding i n i t i a l  p re s su re  f i e l d  (po) and t h e  v e r t i c a l  v e l o c i t y  
f i e l d  (vo) . Regarding boundary condi t ions :  f o r  t h e  hot i z o n t a l  velo- 
c i t y  component u, one can s p e c i f y  u i t s e l f  o r  a n a t u r a l  boundary condi- 
t i o n  ( au/ an or p au/ an - p nx) . For t h e  v e r t i c a l  v e l o c i t y  component v,  
however, one is allowed only  to s p e c i f y  v i t s e l f  a long e i t h e r  t h e  t o p  or 
bottom boundary, bu t  g e n e r a l l y  along t h e  bottom boundary (with a mass 
f l u x  cond i t i on ) .  For t h e  p re s su re  f i e l d ,  one is allowed to s p e c i f y  p 
i t s e l f  along e i t h e r  t h e  t o p  o r  t h e  bottom boundary, bu t  it is gene ra l ly  
more convenient and n a t u r a l  t o  s p e c i f y  p a s  a func t ion  of  x along t h e  top  
boundary. For t h e  temperature f i e l d ,  aga in ,  one can e i t h e r  s p e c i f y  t h e  
temperature i t s e l f ,  o r  a gene ra l  h e a t  t r a n s f e r  condi t ion .  

A- 6 



a S p a t i a l  D i s c r e t i z a t i o n  , 

B.r ie f ly ,  t h e  d i s c r e t i z e d  a l g e b r a i c  equa t ions  a r e  aga in  obta ined  
using the  concept of  f i n i t e  elenients bu t ,  now, with two methods of 
weighted r e s i d u a l s ;  t h e  Galerk in  method is app l i ed  t o  equat ions  (6) and 
(9) and t h e  l ' e a s t  squa res  method t o  equa t ions  (7) and (8 ) .  (Note. The . 

l a t t e r  method can be cons idered 'as  a Ga le rk in  method appl ied  t o  t h e  
equ iva l en t  higher  order  equat ions . )  G a l e r k i n ' s  method could have been 
appl ied  t o  equat ions  (7) . and  (8) a s  well; however; t h e  l e a s t  squares  
method is p r e f e r r e d  f o r  t h e  fo l lowing  reasons: 

(1) The Galerk in  method, when appl ied  t o  equat ion (7) o r  ( 8 ) ,  gen- 
e r a t e s  unsynrme t r i c  ma t r i ce s  with some zero  d iagonal  elements and would, 
i n  gene ra l ,  r e q u i r e  p ivo t ing  t o  s o l v e  t h e  system of equat ions.  On t h e  
o ther  hand, with t h e  l e a s t  squa res  method, t h e  r e s u l t i n g  ma t r i ce s  on t h e  
l e f t  hand s i d e  a r e  symmetric and p o s i t i v e  d e f i n i t e ,  which is more des i r -  
a b l e  computationally.  

(2)  The gene ra l  'shortcomings a s soc i a t ed  wi th  t h e  l e a s t  squares  
method, such a s  t h e  requirement of higher  order  approximations, d i f f i -  
c u l t y  with apply ing  n a t u r a l  boundary cond i t i ons ,  and more computational 
e f f o r t ,  do not  a r i s e  f o r  t h e  equa t ions  i n  t h e  p r e s e n t  form (Equations (7)  
and ( 8 ) )  

Having s e l e c t e d  t h e  'p roper '  methods of weighted r e s i d u a l s ,  we aga in  as- 
sume t h e  approximate s o l u t i o n  t o  be i n  t h e  fo l lowing  form 

with a s i m i l a r  express ion  f o r  v and T, and 

I n  t h e  above we assume t h e  same o rde r  of approximations f o r  u, v,  and T, , 

and f o r  t h e  p re s su re  f i e l d ,  un l ike  t h e  nonhydros ta t ic  formula t ion ,  i t , i s  
no longer a n e c e s s i t y  t h a t  t h e  approximating f u n c t i o n s  f o r  p be one o r d e r  
l e s s  than  those  f o r  u and v. Our element l i b r a r y  con ta ins  t h r e e  types  of 

, i soparamet r ic  elements: (1) 4-node b i l i n e a r  element,  ( 2 )  8-node seren-  
d i p i t y  element; and (3) 9-node b i q u a d r a t i c  element. Any of t h e s e  element 
types  can be used, i n  p r i n c i p l e ,  t o  approximate any one of t h e  unknowns 
u, v, p, o r  T and t h e r e f o r e  many combinations 04 approximating t h e  solu- 
t i o n  a r e  poss ib l e .  

A f t e r  applying t h e  s e l e c t e d  methods of weighted r e s i d u a l s  to t h e  ap- 
p r o p r i a t e  equat ions  (i .e., t h e  Galerk in  method t o  Eqns. (6)  and (9)  , and 
t h e  l e a s t  squares  method t o  Eqns. (7)  and ( 8 ) ) ,  we o b t a i n  t h e  fo l lowing  

" mat r ix  equations: I .  

I I 



and 

' where u, v, p and T a r e  t h e  g loba l  vec to r s  conta in ing  nodal va lues  of t h e  
h o r i z o n t a l  v e l o c i t y  component, t h e  v e r t i c a l  v e l o c i t y  component, t h e  pres- 
s u r e ,  and t h e  temperature,  r e spec t ive ly .  The o t h e r  m a t r i c e s  a r e  def ined  
as fo l lows  

if u ,  is s p e c i f i e d  on aQl  
f i  = n 

1 
i f  (pu,,-pn,) is s p e c i f i e d  on aQ1 

and 

= $i T fd i f  T f n  is s p e c i f i e d  on 202. 
rn 

2 

The s p e c i a l  arrangement of  t h e  terms i n  Eqns. (10)-(13) is r e l a t e d  t o  t h e  
s e q u e n t i a l  s o l u t i o n  procedure employed, which is descr ibed  next .  



a S o l u t i o n  of  t h e  Resul t ing  Systems of  Equat ions 

Obviously, one p o s s i b l e  way t o  o b t a i n  t h e  s o l u t i o n  t o  t h e  above sys- 
tems of  equa t ions  is t o  so lve  a l l  t h e  equa t ions  s imultaneously,  us ing  
procedures s i m i l a r  t o  those  employed f o r  t h e  nonhydros ta t ic  model. How- 
ever ,  c o r e  and a u x i l i a r y  s t o r a g e  requirements w i l l  be enormous and become 
almost p r o h i b i t i v e  f o r  l a r g e  s c a l e  problems. Add i t iona l ly ,  because two 
of  t h e  fou r  systems of a l g e b r a i c  equa t ions  a r e  l i n e a r ,  t h e  coupling be- 
tween t h e  f i e l d  v a r i a b l e s  is now less i n t e n s i v e  and t h e r e f o r e  it is pro- 
bably more e f f i c i e n t  t o  so lve  them sepa ra t e ly .  Furthermore, a s  noted 
e a r l i e r ,  s i n c e  t h e  ma t r i ce s  f o r  v and p a r e  symmetric and depend on geo- 
metry only,  a symmetric equat ion  so lve r  can be u t i l i z e d  t o  f u r t h e r  
i nc rease .  t h e  computational speed provided t h e  system equat ions  a r e  solved 
sepa ra t e ly .  For t h e s e  reasons,  we chose to so lve  t h e  fou r  r e s u l t i n g  
systems of equat ions  s e p a r a t e l y  and loop  through them success ive ly  u n t i l  
convergence is obta ined  a t  each t i m e  s t ep .  Cur ren t ly  t h e  " p r o f i l e  
method" (7) is being used t o  so lve  each of t h e  l i n e a r  systems of alge- 
b r a i c  equat ions ,  which a r e  ob ta ined  a f t e r  apply ing  t h e  time marching 
scheme described i n  t h e  next  subsec t ion .  

The opt imal  order  i n  which t h e  equa t ions  f o r  u, v ,  p, and T a r e  
solved may, i n  gene ra l ,  be problem dependent. However, a s  a genera l -  
r u l e ,  t h e  unknown (u o r  T) v a r y i n g . t h e  f a s t e s t  wi th  r e s p e c t  t o  t i m e , ,  
should probably be so lved  f i r ' s t ,  p solved a f t e r  T, and v a f t e r  u.. A 
l o g i c a l  order  f o r  most LNG problems appears  t o  be: T + p  -t u -t v, which 
has been observed i n  our numerical experiments t o  y i e l d  a f a s t e r  r a t e  of 
convergence than some o the r  p o s s i b l e  combinations. 

Time Marching Scheme 

Cur ren t ly  only  a r e l a t i v e l y  s imple t i m e  marching scheme has been 
implemented i n  t he  computer code t o  i n t e g r a t e  t h e  r e s u l t i n g  system of 
equat ions  i n  time. Th i s  scheme uses a d i r e c t  i t e r a t i o n  s t r a t e g y  and con- 
sists of e s s e n t i a l l y  two s t e p s  t o  o b t a i n  t h e  s o l u t i o n  a t  time t = t n + l ,  
knowing t h e  s o l u t i o n  a t  t=tn. The two s t e p s  a r e :  (1) The Backward 
Euler  Method (BE) is app l i ed  t o  equa t ions  (10) and (13) foi: ha l f  

n + l  n 
a t ime s t e p  (from t=tn t o  t a = t n  + t -t ) t o  obta.in s o l u t i o n s  

2 

f o r  u and T a t  t=ta, a f t e r  which thd s o l u t i o n  f o r  v and p a t  t - t a  a r e  
computed immediately (i.e., p from T and v from u )  . The process  of  
looping through a l l  four  systems of equat ions  is repea ted  u n t i l  t h e  solu-  
t i o n  has converged a t  t=ta. ( 2 )  The t r apezo id  r u l e  (TR) a lgor i thm is 
then appl ied t o  o b t a i n  s o l u t i o n s  a t  t=tn+l f o r  a l l  f i e l d  v a r i a b l e s  
us ing  t h e  converged r e s u l t s  a t  t=ta and those  from t=tn. The above 
s t e p s ,  and i t e r a t i o n  sequence, a r e  t hen  repea ted  f o r  t h e  next  time s tep .  
Unlike t h e  nonhydros ta t ic  code, t h e  t ime-step s i z e s  i n  t h e  p r e s e n t  pro- 
gram a r e  predetermined and c o n t r o l l e d  by i n p u t  da t a .  The time in t eg ra -  
t i o n  scheme used i n  t h e  nonhydros ta t ic  code could,  of course ,  be employed 
h e r e  a l s o  but remains t o  be implemented. 

To der ive  t h e  recur rence  r e l a t i o n s h i p  f o r  t h e  BE s t e p  and t o  c l a r i f y  
t h e  scheme, l e t  u s  consider  equat ion  (10).  With s u p e r s c r i p t s  "n" and "an 
denot ing v a r i a b l e s  a t  tn and ta r e s p e c t i v e l y ,  w e  t h u s  have 



where A t  = tn+l-tn is a  f u l l  time s t e p .  The s o l u t i o n  t o  Eqn. (14) is 
a  f i r s t  o r d e r  a c c u r a t e  r e s u l t  f o r  ua from time tn t o  time tn + At/2 
and is s t a b l e  f o r  any A t .  S i m i l a r  r e s u l t s  can  b e  o b t a i n e d  f o r  e q u a t i o n  
(13). C u r r e n t l y  t h e  n o n l i n e a r  sys tem of e q u a t i o n s ,  Eqn. ( 1 4 ) ,  is be ing  
s o l v e d  by d i r e c t  i t e r a t i o n s ,  u s i n g  r e s u l t s  from t h e  most r e c e n t  i t e r a t e  
i n  forming t h e  m a t r i x  Na ,  To o b t a i n  t h e  s o l u t i o n s  a t  time t=tfl+l, we  
a p p l y  t h e  ' t r a p e z o i d  r u l e '  i n  t h e  form 

.n+l = 2ua - .n* (15) 

The above p rocedure  can  be c o n s i d e r e d  a s  a  modi f i ed  TR ( o r ,  pe rhaps  
more p r e c i s e l y ,  as a  n o n l i n e a r ,  i m p l i c i t  mid-point r u l e ) ,  s i n c e  it' can be 
shown t h a t ,  f o r  a  l i n e a r  sys tem o f  ODE'S, t h e  combined r e s u l t  o f  t h e  
above s t e p s  is i d e n t i c a l  w i t h  t h a t  of TR,, even though t h e  f i r s t  s t e p  (BE 
s t e p )  a p p a r e n t l y  is o n l y  f i r s t  o r d e r  a c c u r a t e  i n  time. Hence t h e  f i n a l  
r e s u l t  would be second-order a c c u r a t e  i n  time from tn t o  t n + l .  The 
a t t r a c t i v e  f e a t u r e  o f  t h e  above p rocedure  a p p e a r s  t o  be t h a t  somewhat 
fewer  m a t r i x  m u l t i p l i c a t i o n s  a r e  r e q u i r e d  than  w i t h  t h e  c o n v e n t i o n a l  'TR 
i n  f o r m u l a t i n g  t h e  RHS v e c t o r .    ow ever'; t h e  accuracy ,  s t a b i l i t y ,  and 
r a t e  o f  convergence,  a s  compared w i t h  t h e  c o n v e n t i o n a l  TR a p p l i e d  t o  t h e  
n o n l i n e a r  system, remains  to be i n v e s t i g a t e d .  

The r o o t  mean s q u a r e  (RMS) e r r o r  is used a s  t h e  convergence cri- 
t e r i o n  to d e t e r m i n e  whether t h e  s o l u t i o n  h a s  converged a d e q u a t e l y  between 
t w o  s u c c e s s i v e  i t e r a t i o n s  m and m+l. T h i s  c r i t e r i o n  is a p p l i e d  to bo th  
t h e  t empera tu re  f i e l d  and t h e  h o r i z o n t a l  v e l o c i t y  f i e l d .  Mathemat ica l ly ,  
we r e q u i r e  

1 

I max 



where NT and Nu  a r e  t h e  t o t a l  number of nodal va lues  being computed 
( s p e c i f i e d  values excluded) f o r  temperature and ho r i zon ta l  v e l o c i t y  com- 
ponents ,  r e s p e c t i v e l y ,  Tmax and r e p r e s e n t  t h e  expected maximum 
values  f o r  T and u wi th in  t h e  domain, and E is a (small)  i n p u t  para- 
meter. Our numerical r e s u l t s  i n d i c a t e  t h a t  a va lue  of  E equal  to 10'3 
is gene ra l ly  s u f f i c i e n t ,  and t h a t  t h e  t y p i c a l  number of i t e r a t i o n s  re- 
qu i r ed  f or each t i m e  s t e p  v a r i e s  from 2 to  6 ,  depending mainly on t h e  
time s t e p  s i z e  and t h e  " d i f f i c u l t y n  of  t h e  s imula ted  flow. 

NUMERICAL RESULTS 

I n  o r d e r  t o  s tudy  t h e  a p p l i c a b i l i t y  o f  t h e  p r e s e n t  models f o r  LNG 
vapor d i spe r s ion  p r e d i c t i o n s ,  w e  have used both models to gene ra t e  solu- 
t i o n s  to a series o f  test cases ,  w i t h .  t h e  d i f  f  u s i v i t y  parameters  va r i ed  
and s u b j e c t  t o  a p re -ex i s t i ng  wind o r  a no wind condi t ion .  I n  these t e s t  
ca ses ,  t w o  of t h e  parameters  were set t o  be cons t an t  (y = 0.003 %-I 
g = 9.8 m/sec2). The d i f f  u s i v i t y  parameters  (vzy/p and k) were set 
equal  t o  0.1, 1, o r  10 m2/sec t o  approximate t h e  t u r b u l e n t  eddy d i f f  u- 
s i v i t y .  These va lues  a r e  crude e s t ima te s  of  what we b e l i e v e  might cor- 
respond t o  t h e  minimum, nominal, and maximum expected average va lues  of 
t h e  t u r b u l e n t  d i f f u s i v i t y .  W e  used c o n s i s t e n t  (bu t  no t  i d e n t i c a l ) '  i n i -  
t i a l  and boundary cond i t i ons  whenever p o s s i b l e  i n  t h e  two models. For 
t h e  r e s u l t s  presented  he re in ,  4-node b i l i n e a r  approximations f o r  u, v, T 
and piecewise cons t an t  fo r  p have been used wi th  t h e  nonhydros ta t ic  
model, bu t  4-node b i l i n e a r  apprpximations .for a l l  v a r i a b l e s ,  u, v,  T and 
p, have been used wi th  t h e  h y d r o s t a t i c  model. Because w e  i n t end  to use 
only  t h e  8-node t r i l i n e a r  e lements  ' i n  our,  f u t u r e  three-dimensional LNG 
d i spe r s ion  model, f o r  s imp l i c i ty , and  some other reasons  ( to be d iscussed  
i n  a f u t u r e  paper,  Ref. 8 ) ,  we conducted t h e  two-dimensional c a l c u l a t i o n s  
using,  almost exc lus ive ly ,  t h e  4-node b i l i n e a r  elements.  I n  t h e  follow- 
i n g  s e c t i o n s  we presen t  and d i s c u s s  some key r e s u l t s  f r g  t h e s e  test 
cases  ( v e l o c i t y  is i n .  m/sec, temperature is i n  OC, and p re s su re  is i n  
nt/m2) . 

. . 
. . For t h e  cases  wi thout  wind, we cons ider  a domain of 240m x 24m, repre-  

senteQ by a nonuniform mesh c o n s i s t i n g  of 552 b i l i n e a r  e lements  and 611 . ' 

nodal  po in t s .  Due t o  symmetry, on ly  h a l f  of t h e  p h y s i c a l  domain w a s ,  used i n  
our cbmputations. The i n i t i a l  ING vapo; c loud is' i d e a l i z e d  a s  a t h i n  
s l a b ,  s i t t i n g  on t h e  ground, wi th  temperature. T=-180W ( r e l a t i v e  to t h e  
ambient a i r )  w i th in  t h e  s l a b  but  equa l  to a Gaussian d i s t r i b u t i o n  func- 
t i o n  along the t o p  and edges of t h e  s l a b  ( f o r  numerical reasons)  which 
r a p i d l y  b r ings  the  temperature from -180% t o  0%. More s p e c i f i -  
c a l l y ,  t h e  i n i t i a l  temperature is descr ibed  by 

( -180' f o r  0<x<100, - Oy-4 
2 - (Y-4) /2 

. -18Oe f o r  0<x<100, - - 4<yL24 

2 - (x-100) /2 * ( 5 )  
2 f o r  100<x<240, 0 3 5 4  

-180e - .  

-180e - [ ( x - ~ o o ?  /{sf + (y-lf 1 .1~  ,for 100<xL24~, 1<~524;  



wherein t is seen  t h a t  t h e  v e r t i c a l  s tandard  dev ia t ion  ( a i n  i e-(Y-Yo) /2a2) is one meter and t h e  ho r i zon ta l  s tandard  dev ia t ion  
is f i v e  meters.  The remaining i n i t i a l  cond i t i ons  toge ther  with boundary 
cond i t i ons  used i n  our  c a l c u l a t i o n s  a r e  shown i n  Fig.  1. Besides t h e  
requirements of  compa t ib i l i t y  with t h e  p a r t i a l  d i f f e r e n t i a l  equat ions  
(PDE' s) being so lved ,  t h e s e  boundaiy*condi t i o n s  have been s e l e c t e d  t o  
provide cons is tency  between t h e  two models and a l s o  to be a s  f l e x i b l e  a s  
p o s s i b l e  ( r a t h e r  than  being t o o  ' s t i f f '  f o r  t h e  r e l a t i v e l y  small  domain 
cons idered) .  The no-flux condi t ion  a t  t h e  ground was invoked f o r  two 
reasons: (1) s i m p l i c i t y ,  and ( 2 )  it permi ts  an a l t e r n a t e  i n t e r p r e t a t i o n  
of isotherms a s  concent ra t ion  contours  s i n c e  t h e  no-f lux cond i t i on  is 
appropr i a t e  f o r  t h e  s p e c i e s  concent ra t ion  equat ion  and t h e  eddy d i f -  
f u s i v i t i e s  f o r  h e a t  and mass t r a n s f e r  a r e  e s s e n t i a l l y  equal .  T h i s  is 
o n l y  a very c rude  boundary cond i t i on  f o r  t h e  temperature equat ion ,  how- 
ever .  Also, a boundary cond i t i cn  such a s  au/an = 0 ( i n s t e a d  of  f n  = 0)  
a t  t h e  o u t l e t  f o r  t h e  nonhydros ta t ic  model i S  probably mote reasonable,  
cons ider ing  t h e  f a c t  t h a t  t he  s teady  s t a t e  s o l u t i o n  (T being a cons t an t ,  
p l i n e a r  i n  y ,  and both u and v being zero)  w i l l  no t  be recoverable  under 
t h e  p r e s e n t  condi t ion .  This  is s o  because t h e  above condi t ion  imp l i e s  
t h a t  t h e  va lue  of  au/an a t  t h e  o u t l e t  must be nonzero and i n  balance with 
t h e  r e s u l t i n g  ( h y d r o s t a t i c )  p re s su re  i n  order  t o  approximate t h e  condi- 
t i o n  f n  = 0. Although t h e  h y d r o s t a t i c  p re s su re  f i e l d  can, i n  theory ,  
b e  removed' and t h e  above d i f f i c u l t y  circumvented, it does n o t  seem t o  be 
an easy  t a sk  f o r  t r a n s i e n t  c a l c u l a t i o n s .  S ince  t h e  above n a t u r a l  
boundary condi t ion  (au/an = 0) has  not been implemented i n  t h e  nonhydro- 
s t a t i c  code y e t ,  w e  use t h e  condi t ion  f, = 0 temporari ly .  A s  long a s  
t h e  o u t l e t  temperature is nea r ly  ze ro  (hence p-0) ,  t he  use  of such a 
boundary condi t ion  is n o t  expected t o  contaminate  t h e  s o l u t i o n  s i g n i f i -  
c a n t l y .  _ .. 

I n  F igu res  2 through 5, w e  p l o t  and compare t h e  temperature f i e l d ,  
t h e  p re s su re  f i e l d ,  t h e  s t r eaml ines ,  and t h e  v e l o c i t y  f i e l d  a t  va r ious  
times f o r  t h e  nominal ca se  (v = k = 1 m2/sec), a s  p red ic t ed  by t h e  
h y d r o s t a t i c  and nonhydros ta t ic  models. A s  is seen i n  Figs.  2 and 3, both 
t h e  tempera ture  f i e l d  and p re s su re  f i e l d  p red ic t ed  by t h e  two models 
compare i n  gene ra l  very w e l l  excep t  i n  t h e  v i c i n i t y  o f  t h e  vapor cloud 
f r o n t  where t h e  h y d r o s t a t i c  assumption is apparent ly  no t  w e l l  s a t i s f i e d .  
A s  expected,  t he  d i f f e r e n c e  is more no t i ceab le  i n  t h e  p re s su re  f i e l d  than 
i n  t h e  temperature f i e l d ,  with t he  h y d r o s t a t i c  p r e d i c t i o n s  i n d i c a t i n g  a 
c o n s i s t e n t  phase l a g  f o r  t h e  lowest  p re s su re  contour l i n e .  I n  Fig. 2, i f  
t h e  temperature is a l t e r n a t e l y  " i n t e r p r e t e d "  a s  s p e c i e s  concent ra t ion ,  
then  t h e  two lowes t  contour l i n e s  f o r  temperature r ep re sen t  approximately 
t h e  upper f lammabi l i ty  l i m i t  (UFL) and t h e  lower f lammabi l i ty  l i m i t  (LFL) 
(i.e.,  15% and 5% methane concen t r a t ions  by volume) of  t h e  LNG vapor con- 
c c n t r a t i o n ,  r ecpeo t ive ly ,  O b v i o u ~ l y  t h e  p red ic t ed  UFL and LFL f o r  t h e  
p r e s e n t  c a s e  by t h e  two models agree q u i t e  well  i n  s p i t e  of  some not ice-  
a b l e  d i f f e r e n c e s  i n  pressures .  However, t h e  flow f i e l d s  a s  p red ic t ed  by 
t h e  tm models a r e  seen t o  be s i g n i f i c a n t l y  d i f f e r e n t  near t h e  f r o n t  of 
t h e  d e n s i t y  c u r r e n t ,  a s  shown i n  Figs.  4 and 5. The h y d r o s t a t i c  model, 
a l though capable  o f  r ep re sen t ing  t h e  gene ra l  flow p a t t e r n  f o r  l a t e  t imes, 
is unable t o  a c c u r a t e l y  produce t h e  proper r e c i r c u l a t i o n  region i n  t h e  
v i c i n i t y  of t h e  vapor cloud f r o n t ,  which is p r e s e n t  i n  t h e  nonhydros ta t ic  
model. Also, t h e  h y d r o s t a t i c  model is seen t o  have produced some 
unreasonably l a r g e  v e r t i c a l  v e l o c i t i e s  near t h e  t o p  boundary, obviously 
a t t r i b u t a b l e  t o  t h e  presence of  a r a t h e r  s t r o n g  eddy i n  t h e  flow f i e l d .  



The r a t i o  of p red ic t ed  maximum magnitude of  v e l o c i t y  ( a t  d i f f e r e n t  loca- 
t i o n s ,  however) between t h e  two models- ranges from approxima.tely 2.5 a t  
t=10.5 sec , to approximately 2 f o r  l a t e r -  times (Note. The v e l o c i t y  vec tor  
p l o t s  i n  Figs .  5,  7 and 9 have been exaggerated by a f a c t o r  of 2 i n  t h e  
v e r t i c a l  d i r e c t i o n ,  t h e r e f o r e  t h e  r e a l  s i t u a t i o n  is not  a s  bad a s  it 
looks ) .  

Shown i n  Figs.  6 and 7 a r e  t h e  r e s u l t s  of temperature and v e l o c i t y  
f i e l d s  corresponding to a case wi th  l a r g e  d i f f u s i o n  (v=k=lO m2/sec) a s  
p red ic t ed  by t h e  two models. The r e s u l t s  compare remarkably w e l l ,  espe- 
c i a l l y ' f o r  t h e  temperature f i e l d .  The worst  comparison appears  t o  be i n  
t h e  p red ic t ed  maximum v e l o c i t y  a t  r'ather e a r l y  time ( t = l O  sec i n  Fig.  
7a) , i n  which t h e  h y d r o s t a t i c  model p r e d i c t s  a va lue  approximately 14% 
higher  than  t h a t  of  t h e  nonhydros ta t ic  model. The discrepancy,  neverthe- 
l e s s ,  diminishes qu ick ly  a s .  t he  vapor c o n t i n u e s  t o  d i spe r se ,  a s  i nd ica t ed  
by t h e  r e s u l t s  i n  Fig. 7b. 

I n  another  test case ,  w e  reduced t h e  d i f f u s i o n  parameters  from t h e  
nominal ca se  by an o rde r  of  magnitude, i.e., v=k=O.l m2/sec (or equiva- 
l e n t l y  make t h e  Reynolds and P e c l e t  numbers an  o rde r  of magnitude l a r g e r )  
and t h e  r e s u l t s  a r e  shown i n  F igs .  8. and 9 f o r  temperature and v e l o c i t y ,  
respec t ive ly .  A s  suggested by t h e  temperature contour p l o t s  i n  Fig.  8 ,  
t h i s  case ,  un l ike  t h e  previous  cases ,  is dominated by g r a v i t a t i o n a l  
spread. For t h e  p r e s e n t  case, t h e  nonhydros ta t ic  model seems t o  run  suc- 
c e s s f u l l y ,  a l though smaller times s t e p s  than those  used i n  t h e  nominal 
c a s e  a r e  r equ i r ed  and sane  wiggles  i n  t h e  v e l o c i t y  f i e l d ,  due t o  c o a r s e  
space  r e s o l u t i o n ,  a r e  present .  The predicted.maximum v e l o c i t y  a t  t=10 
sec is equa l  to 3.8 Wsec (see Fig. 9a) ;. which is reasonably c l o s e  t o  t h e  
v e l o c i t y  o f  a d e n s i t y  i n t r u s i o n  (v = J2gh' Ap/h-= 5.6 m/sec) i n  a t w o  
f l u i d  system, us ing  t h e  simple Be rnou l l i  equat ion.  (The above d e n s i t y  
i n t r u s i o n  speed is expected t o  be l a r g e r  than  t h a t  p red ic t ed  by t h e  non- 

. h y d r o s t a t i c  model because v i scous  e£ f e c t s  and t h e  decrease  i n  h e i g h t  of 
t h e  dense f l u i d  a r e  no t  considered i n  t h e  Be rnou l l i  equa t ion . )  On 
the  o the r  hand, r e s u l t s  ob ta ined  from t h e  h y d r o s t a t i c  model a r e  unac- 
ceptab le .  A s  seen  i n  Pig.  8 ,  t h e  i 'sotherms d i s p l a y  s i g n i f i c a n t  s p a t i a l  
o s c i l l a t i o n s ,  and t h e  v e l o c i t y  v e c t o r s ,  as shown i n  F ig .  9 ,  a r e  
t o t a l l y  unreasonable.  Af te r  t i m e  t=28.3 sec, d i f f i c u l t i e s  were encoun- 
t e r e d  i n  o b t a i n i n g  convergence, even 'when sma l l e r  time s t e p s  were used. 
The seve re  n u m e r i c a l ' d i f f i c u l t i e s  encountered by t h e  h y d r o s t a t i c  model i n  
t h i s  c a s e  a r e  be l ieved  to be caused p r imar i ly  by t h e  presence  of a , - s t rong  
r e c i r c u l a t i o n  zone i n  t h e  f l o w  f i e l d ,  which obvious ly  cannot ' .be 'handled '  
p roper ly  by a h y d r o s t a t i c  model. Add i t i ona l ly  t h e  mesh used i n  t h e  pres- 
e n t  c a l c u l a t i o n s  is probably t o o  coa r se  f o r  t h e  flow under cons ide ra t ion  
(The g r i d  Reynolds number is s e v e r a l  -hundred f o r  t h i s  ca se )  . U s e  of a 
f i n e r  mesh could have probably r e l i e v e d  t h e  numerical d i f f i c u l t i e s  to a 
c e r t a i n  e x t e n t  b u t ' i s  n o t  considered to be t h e  s o l u t i o n  to t h e  above 
numerical problem. Th i s  po in t  w i l l  become c l e a r e c  a f t e r  w e  analyze 
numerical ly  t h e  r e l a t i v e  importance of var ious  terms i n  t h e  v e r t i c a l  
momentum equat ion ,  t h u s ' e i t h e r  confirming or i n v a l i d a t i n g  t h e  h y d r o s t a t i c  
approximation i n  var ious  reg ions  of  t h e  f low f i e l d .  



Toward t h i s  end, we have eva lua ted ,  v i a  simple f i n i t e  d i f f e r e n c e  
formulae,  t h e  numerical va lues  of a l l  t h e  terms i n  t h e  v e r t i c a l  momentum 
equa t ion  f o r  same t y p i c a l  nodal p o i n t s  f o r  the  ca ses  wi th  nominal and low 
d i f f u s i v i t i e s ,  and t h e  r e s u l t s  a r e  t abu la t ed  i n  Tables  1 through 3. I n  
t h e s e  t a b l e s  columns (1) and (2) a r e  t h e  two terms r e t a i n e d  i n  t h e  equa- 
t i o n  wi th  t h e  h y d r o s t a t i c  approximation, columns (3)  through (6) a r e  t h e  
terms neglected i n  t h e  h y d r o s t a t i c  m o d e l ,  column (7)  r ep re sen t s  t h e  sum 
of  t h e  neglec ted  terms when p u t  on t h e  " r i g h t  hand s ide"  of t h e  equat ion ,  
and column (8) is t h e  sum of a l l  t h e  terms i n  t h e  equat ion  except  t h e  
v e r t i c a l  p re s su re  g rad ien t .  Obviously, by d e f i n i t i o n ,  i n  o rde r  f o r  t h e  
h y d r o s t a t i c  approximation t o  be v a l i d ,  t h e  va lues  i n  columns (1) and (2)  
must be approximately equal  and each ind iv idua l  term i n  columns (3)  
through (6)  must be  smal l  (Note. The sum of  t h e s e  terms being small  is 
necessary ,  bu t  no t  s u f f i c i e n t ) ,  compared wi th  t h e  p re s su re  g r a d i e n t  and 
t h e  buoyancy terms. I n  theory ,  f o r  t h e  v e r t i c a l  momentum equat ion  t o  be 
sat isf ied,  values  i n  column (8) must equal  those  i n  column (1). However, 
wi th  t h e  Ga le rk in  f i n i t e  element method, t h e  equat ion  can  only be expec- 
t e d  to be s a t i s f i e d  i n  an averaged sense  over  an a r e a  (over a l l  t h e  ele- 
ments which a r e  d i r e c t l y  connected with t h e  nodal p o i n t  under considera- 
t i o n )  i n s t e a d  o f  a t  t h a t  p a r t i c u l a r  nodal po in t .  Add i t i ona l ly ,  t h e  time 
and space  d e r i v a t i v e s  i n  t h e  equat ion  have been eva lua ted  us ing  r a t h e r  
s imp le  (unsoph i s t i ca t ed )  c e n t r a l  f i n i t e  d i f f e r e n c e  formulae and hence t h e  
t r u n c a t i o n  e r r o r s  a r e  l i k e l y  t o  be s i g n i f i c a n t ,  e s p e c i a l l y  with t h e  
unequal t i m e  s t e p  s i z e s  and nonuniform mesh p r e s e n t l y  used. For t h e s e  
reasons,  t h e  va lues  under columns (1) and (8)  a r e  only c l o s e l y  agree- 
ab le .  

Tabulated i n  TableQ1 a r e  t h e  va lues  of a l l  t h e  terms f o r  two of t h e  
nodal  p o i n t s  a t  time t = 30 sec f o r  t h e  c a s e  of nominal d i f f u s i v i t i e s .  
Node 329 i s . c l o s e  t o  t h e  ground and approximately 30m behind t h e  vo r t ex  
c e n t e r  and node 454 is n e a r l y  a t  t h e  vo r t ex  c e n t e r  ( s e e  F igs .  4b and 
5b) .  A s  seen i n  t h e  t a b l e ,  t h e  h y d r o s t a t i c  approximation is appa ren t ly  
v a l i d  a t  node 329 b u t  is d e f i n i t e l y  i n v a l i d  a t  node 454. A t  t h i s  loca-  
t i o n ,  a l though v a l u e s  of t h e  convect ion and d i f f u s i o n  terms a r e  sma l l ,  
t h e  l o c a l  a c c e l e r a t i o n  t e r m  i s  l a r g e  and i s ,  i n  f a c t ,  t h e  l a r g e s t  term i n  
t h e  equat ion .  The la rg ,e  a c c e l e r a t i o n  i s  caused p r i n c i p a l l y  b y  hydro- 
s tat ic  imbalance. S i m i l a r  r e s u l t s  a r e  p re sen ted  i n  Table  2 f o r  t h e  c a s e  
of  l o w  d i f f u s i v i t i e s  a t  approximately t h e  same time. For t h i s  c a s e ,  how- 
eve r ,  t h e  vo r t ex  c e n t e r  is f a r t h e r  downstream and is c l o s e r  t o  t h e  
ground, l o c a t e d  approximately a t  node 503 (x  = 167m, y = 8.65m; s e e  F ig .  
9b ) .  ~ ~ a ' i n ,  h y d r o s t a t i c  ba l ance  is seen  t o  be p r e s e n t  a t  node 329 ( f a r  
from the  d e n s i t y  f r o n t )  b u t  is d e f i n i t e l y  no t  p r e s e n t  a t  node 503, w i th  
t h e  a c c e l e r a t i o n  term p lay ing  an  impor tan t  r o l e .  By comparing ' t h e  va lues  
i n  Tab le s  1 and 2 f o r  node 329, we n o t e  a l s o  t h a t  t h e  te r i~ ls  i n  mlum11s 

(3)  through (6)  have changed from be ing  n e g l i g i b l y  smal l  i n  t h e  c a s e  of 
nominal d i f f u s i v i t i e s  to be ing  somewhat more impor tan t  i n  t h e  case of  low 
d i E f u s i v i t i e s ,  even though t h e  r e c i r c u l a t i o n  zone f o r  t h e  l a t t e r  c a s e  is 
f a r t h e r  away from t h e  p o i n t  under cons ide ra t ion .  These numerical  va lues  
show c l e a r l y  t h e  importance of  t h e  l o c a l  a c c e l e r a t i o n  i n  t h e  r e c i r c u l a -  
t i o n  , reg ion  and a l s o  h e l p  e x p l a i n  why t h e  h y d r o s t a t i c  model encounters  
g r e a t e r  numerical d i f f i c u l t i e s  when t h e  d i f f  u s i v i  t i e s  a r e  reduced 
because,  f o r  such c a s e s ,  t h e  i n e r t i a l  terms a r e  becoming more i m p o r t a n t .  



and should not  be neglec ted . '  I n  Table 3, w e  t abu la t ed ,  f o r  t h e  case of 
low d i f f u s i v i t i e s ,  t h e  numerical va lues  of a l l  t h e  terms i n  t h e  v e r t i c a l  
momentum equat ion  f o r  node 329 ( t h e  vo r t ex  c e n t e r  is approximately a t  x = 
114m, y = 4.5m when t = 5.47 sec a s  t h e  vor tex  moves p a s t  t h i s  p o i n t )  . 
A s  seen i n  t h e  t a b l e ,  f o r  such a l o c a t i o n ,  t h e  , a c c e l e r a t i o n  and t h e  
convect ive terms ( i n  p a r t i c u l a r ,  t h e  h o r i z o n t a l  component) a s  w e l l  a r e  , 

apparent ly  not  n e g l i g i b l e  and should not  be neglec ted ,  even though they  
tend t o  cance l  each o the r .  The va lues  i n  columns (3) and (4) , a s  
expected, reach t h e i r  maxima a t  t = 5.47 sec, t h e  tipe when t h e  vo r t ex  is 
pass ing  by from above, and then decrease  a f  terward. 

. .. 
I n  order  t o  compare r e s u l t s  p r e d i c t e d  by t h e  two models under a pre- 

e x i s t i n g  wind, w e  computed a l s o  t h e  above t e s t  c a s e s  with a nonzero i n i -  
t i a l  flow f i e l d ,  us ing  an  extended mesh. and more g r i d  po in t s .  The pres- . 

- ence of  a pre-ex is t ing  wind f i e l d ,  a s  expected, does .not cause any addi- 
t i o n a l  computational d i f f i c u l t i e s  except  t h a t  smal le r  t ime s t e p s  ' a r e  gen- 
e r a l l y  r equ i r ed ,  us ing  t h e  same accuracy requirement s e t  f o r t h  f o r  t h e  no 
wind cases ,  because t h e  advec t ive  terms a r e  more important  now. Compared 
t o  t h e  nonhydros ta t ic  model, t h e  h y d r o s t a t i c  model, aga in ,  performs q u i t e  
wel l  f o r  t h e  case  of high d i f  f u s i v i t i e s  ( v = k = 10 m2/sec), reasonably 
w e l l  f o r  t h e  case  of  nominal d i f f  u s i v i t i e s  ( v  = k = I m*/sec) b u t  
t o t a l l y  u n s a t i s f a c t o r i l y  f o r  t he  c a s e  o f  l o w  d i f f u s i v i t i e s  ( v  = k = 0.1 
m2/sec). Due t o  space  l i m i t a t i o n s ,  t h e  r e s u l t s  from these  cases  a r e  
not  presented  he re  but  a r e  a v a i l a b l e  i n  ~ e f .  9. . . 

SUMMARY AND CONCLUSIONS 

W e  have descr ibed  two f i n i t e  element models: one based on so lv ing  
t h e  time-dependent, two-dimensional, conserva t ion  equat ions  of mass, 
m&entm, and energy, with buoyancy e f f e c t s  included v i a  t h e  Boussinesq 
approximation; t h e  o t h e r  based on s o l v i n g  t h e  o therwise  i d e n t i c a l  set of 
equat ions  except  us ing  the  h y d r o s t a t i c  assumption, and app l i ed  t h e s e  
models t o  p r e d i c t  some a s p e c t s  of t h e  vapor d i spe r s ion  phenomena assoc i -  

. 

a t ed  w i t h  W G  s p i l l s .  A number, of c o n t r o l l e d  numerical experiments ,  
r ep re sen t ing  a reasonable  expected.range of LNG s p i l l  s cena r ios  and 
atmospheric cond i t i ons ,  have been c a r r i e d  out .  The r e s u l t s  of  t h e s e  test 
cases  demonstrate c l e a r l y  t h e  a p p l i c a b i l i t y  and v e r s a t i l i t y  of t he  f i n i t e  
element method a s  a numerical t o o l  i n  p r e d i c t i n g  t h e  vapor d i s p e r s i o n .  
phenomena of  LNG s p i l l s  and have e s t a b l i s h e d  f o r  t h e  f i r s t  t i m e ,  some 
d a t a  regard ing  t h e  a p p l i c a b i l i t y  of  t h e  h y d r o s t a t i c  assumption f o r  LNG 
vapor spread  and d i spe r s ion .  

S ince  t h e  primary o b j e c t i v e  of  t h e  p r e s e n t  s tudy  was t o  a s s e s s  t h e  
f e a s i b i l i t y  o f  f i n i t e  element methods and t h e  v a l i d i t y  of  t h e  h y d r o s t a t i c  
assumption, a s  appl ied  to modeling LNG vapor d i spe r s ion  problems, less 
emphasis has  been p laced  on opt imiz ing  t h e  computational speeds of  t h e  
computer codes and thus  the  t iming i n £  ormation (computation costs) has  
not  been c l o s e l y  monitored. Never the less ,  some approximate t iming infor -  
mation is  given here  to i n d i c a t e  t h e  l e v e l  of computat ional  e f f i c i e n c y  
one can  expec t  t o  ga in  using a hydros ta t ic /model .  The computat ional  
speed o f  t h e  nonhydrbs ta t ic  code is approximately 4 time steps/minute 
which imp l i e s  a t o t a l  computation time ranging from approximately 10  to 



20 minutes CPU t ime on a  CDC 7600 computer f o r  t h e  c a s e s  s tud ied .  The 
h y d r o s t a t i c  code, a s  it s t a n d s  now, runs  about  2.5 t imes f a s t e r  and, i f  
opt imized,  would be expected t o  run 4 t o  5 t imes f a s t e r  than  t h e  
nonhydros t a t i c  code. 

Although t h e  models presented h e r e i n  s t i l l  need re f inements  and 
improvements, we b e l i e v e  t h a t  enough of  t h e  important phys i c s  involved i n  
t h e  LNG vapor d i s p e r s i o n  process  has  been modeled, vis-a-vis  our l i m i t e d  
p re l imina ry  o b j  e c t i v e s ,  t o  permi t  t h e  fo l lowing  conclusions: 

1. Based on t h e  con t ro l l ed  numerical experiments conducted i n  t h i s  
s tudy,  t he  h y d r o s t a t i c  model and t h e  nonhydros ta t ic  model appear  to agree  
remarkably w e l l  i n  a l l  f i e l d  v a r i a b l e s  ( temperature,  p re s su re ,  and velo- 
c i t y )  f o r  cases of high d i f f  u s i v i t i e s  ( \J = k = 10 m2/sec) , with  and 
wi thou t  a p r e e x i s t i n g  wind. For t he  c a s e s  of n o ~ d n a l  d i f f u s i v i  ties ( v  
= k = 1 m2/sec), wi th  and without  wind, t h e  h y d r o s t a t i c  model has  
y i e l d e d  r e s u l t s  f o r  temperature and p r e s s u r e  f i e l d s  q u i t e  ag reeab le  with 
t hose  from the  nonhydros ta t ic  model; however, f o r  t h e  v e l o c i t y  f i e l d ,  t h e  
h y d r o s t a t i c  model f a i l s  t o  produce t h e  c o r r e c t  r e c i r c u l a t o r y  flow which 
is genera ted  near  t h e  f r o n t  of t h e  LNG vapor cloud and a s  a  r e s u l t ,  t he  
f low f i e l d  i n  t h a t  reg ion  is s i g n i f i c a n t l y  i n  e r r o r ,  with unreasonably 
l a r g e  v e r t i c a l  v e l o c i t y  components near t h e  t o p  boundary. For t h e  most 
d i f f i c u l t  cases of law d i f f u s i v i t i e s  ( v  = k = 0.1 m2/sec), w i th  and 
wi thout  wind, t h e  h y d r o s t a t i c  model does no t  appear t o  be app l i cab le .  
For f law reg ions  where t h e  h y d r o s t a t i c  approximation does no t  apply (such 
as a s t r o n g  r e c i r c u l a t i o n  r eg ion ) ,  it has been found t h a t  t h e  i n e r t i a l  
terms a r e  g e n e r a l l y  t o o  important  t o  be neglected.  The v iscous  term, on 
t h e  o the r  hand, has  been found to be  r e l a t i v e l y  unimportant,  a t  l e a s t  f o r  
t h e  cases s tud ied .  

.2. Although a  h y d r o s t a t i c  model appears  t o  gene ra t e  good s o l u t i o n s  - 
when app l i ed  to c a s e s  where t h e  . h y d r o s t a t i c  assumption is v a l i d ,  its 
range o f  a p p l i c a b i l i t y ,  a s  has been demonstrated, is r a t h e r  l imi t ed .  .. 

Apparently,  a  h y d r o s t a t i c  model cannot b e  app l i ed  t o  t h e  wors t  ca ses  of 
DIG s p i l l s ,  where t h e  atmospheric  cond i t i on  is calm and s t a b l e  and t h e  . 

r e s u l t i n g  d i f f u s i o n  c o e f f i c i e n t s  a r e  small .  Also, when t h e  cons t an t  eddy 
v i s c o s i t y  assumption is re f ined  and improved, s ay  by a  K-model, t h e  
d i f f u s i v i t i e s  near  t h e  vapor c loud  and t h e  ground might ( f o r  some time 
pe r iod )  be expected t o  be even lower, which would c r e a t e  even more d i f f i -  
c u l t y  f o r  a  h y d r o s t a t i c  model. Furthermore, i n  t h e  presence  of complex 
t e r r a i n ,  d i k e s ,  and bu i ld ings ,  etc., t h e  h y d r o s t a t i c  model is d e f i n i t e l y  
i nappropr i a t e .  For t h e s e  reasons,  we conclude t h a t  t h e  f i n a l  LNG vapor 
d i spe r s ion  model should use t h e  nonhydros ta t ic  formulat ion.  

1 

3. Seve ra l  ref inements  and improvements should be app l i ed  t o  our  
c u r r e n t  ve r s ion  of  t h e  nonhydros ta t ic  model t o  make it more r e a l i s t i c . i n  
s imula t ing  t h e  ING vapor d i s p e r s i o n  phenomena a s  we l l  a s  becoming compu- 
t a t i o n a l l y  e f f i c i e n t .  These inc lude  t h e  removal of the  cons t an t  proper ty  
assumption f o r  d e n s i t y  'and d i f f u s i v i t i e s ,  t h e  implementation of more 
s o p h i s t i c a t e d  and more r e a l i s t i c  boundary cond i t i ons ,  incorpora t ion  of  
t h e  vapor concen t r a t ion  equat ion ,  t h e  e l i m i n a t i o n  of t h e  Boussi nesq 
approximation and, f i n a l l y ,  t h e  use of more e f f i c i e n t  a lgor i thms f o r  
s o l v i n g  t h e  d i s c r e t i z e d  system of  equat ions .  A l l  t h e s e  w i l l  b e  imple- 
mented i n  our  f u t u r e  two-dimensional, and three-dimensional LNG vapor 
d i s p e r s i o n  models. 
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(a) Hydrostatic model 

(b) ~onh~drostatic model 
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Fig. 1 - lnitial and Boundary Conditions for Cases Without Wind 
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(a) Hydrostatic Model I 

I (b) Nonhydrostatic. Model . . 

Fig: 2a -..Teniperarure Field at .t - 40.5 ( v m ' k  = 1) 



(b) Nonhydrostatic Model 
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(b) Nonhydrostatic Model 

Fig. 2b - Temperature Field at t = 30 ( v  = k = 1) 



(a) Hydrostatic MSG 

(b) Nonhydro3tatic~Modcl 

Fig. 3a - P r k u r e  Field at  t = 10.5 ( v =  k = 1) 
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(b). Nonhydrostatic Model 



. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  

. . . . . . . . . .  
. . . . . . . . . . .  
. . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  

0 0 0 0 0 
(U t w 0 0 0 0 0 

(R 
0' 

0 
0 

111 ( 0 .  
0 - - 5 - N (U w 0 6 

Fig. 4a - Streamlines at t = 10.5 ( v  = k = l ) . ,  
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SUMMARY 

This r e p o r t  summarizes progress  on a p r o j e c t  t o  develop new analy- 

t i c a l  methods f o r  c o r r e l a t i n g  and comparing t h e o r e t i c a l  and experimental 

s t u d i e s  on the  motion and d ispers ion  of negat ive ly  . . buoyant vapor clouds. 

It descr ibes  the  assumptions and s i m p l i f i c a t i o n s  used i n  cons t ruct ing  a - 

new model analogous t o  boundary l a y e r  i n t e g r a l  models and then i d e n t i f i e s  

some quas i  one-and two-dimensional s teady and unsteady flows f o r  which 
r 

so lu t ions  were sought. A major f inding o f  t h e  s t u d i e s  t o  d a t e  is  a n a l y t i c  

asymptotic so lu t ions  which a r e  p r a c t i c a l l y  app l i cab le  a t  long t i m e s  when 

s u b s t a n t i a l  d i l u t i o n  has  occurred. These so lu t ions  w i l l  a l s o  he lp  i n  

fu ture  at tempts t o  corre lade  both numerical and experimental r e s u l t s .  

INTRODUCTION 

This predominantly t h e o r e t i c a l  research  i s  concerned with the  

development o f  a f l u i d  mechanical model o f  t h e  g r a v i t y  spread and d isper-  . . 

sion o f  negat ive ly  buoyant vapor clouds. This  new model is  of intermediate 

complexity, f a l l i n g  between the  SAI SIGMET three-dimensional, unsteady 

flow model 8nd the  modified c l a s s i c a l  models of  Fay and Lewis (1975) and 

Germeles and Drake (1975). A p r i n c i p a l  purpose of  t h i s  development i s  t o  

provide a common b a s i s  f o r  the  comparison o f  t h e  numerical r e s u l t s  from these  
I 

e a r l i e r  models, which a r e  widely d i s p a r a t e  (Havens 1977),  and t o  a t tempt  t o  

de l inea te  whether t h e  d i f fe rences  a r e  due t o  d i f f e r e n t  assumptions regarding 

physica l  e f f e c t s  o r  t o  t h e  na ture  o f  t h e  mathematical ana lys i s .  A s ' w i l l  be 

seen,below, t h e r e  i s  a l s o  evidence t h a t  t h e  intermediate-level  model w i l l  

permit  c o r r e l a t i o n s  of e x i s t i n g  t h e o r e t i c a l  c a l c u l a t ~ o n s  and experimental 

measurements of  vapor cloud dispers ion .  



There are two major physical effects which dominate the motion of 

negatively buoyant vapor clouds. The first is the lateral spreading caused 

by gravity and the second is dilutioni-i&sulting from turbulent mixing with 

the atmosphere. ~or'the cases of interest, which involve accidental releases 

of vaporizing liquid, the subsequent cloud motion will be an unsteady, 
r 

turbulent, three-dimensional flow'. There is nd complete understanding of 

such complex flows, so that simplifying is&unptions are necessary in con- 

structing any flow'model. It is thus the purpose of this research to con- 
. . .  

struct a model which indludes all the important physical effects, albeit in 
. , 

somewhat simplified fo&, but which retains the unsteady, multi-dimensional 

character of the flow. The model includes' a level of complexity which matches 

our limited understanding of the basic physical processes at work. 

A major goal in developing an understanding of vapor cloud disper- 

sion is the determination of the conditions for which dilution with ambient 

air, is sufficiently great that no further hazard (toxicity or in£ lammability 1 

exists. ordinarily, this involves dhhtion of the original vapor by a 

factor of ten to a hundred. in any turbulerll iiiixing process whioh produces 

such substantial amount of mixing the early stages of ,mixing or initial 

conditions have very little effect upon'the.fina1 state which is of interest. 

It may not therefore be essential, from this point of view, to develop models 

which accurately describe this earl; stage provided*. they properly treat the 

flow under conditions of considerable dilution. For this reason our research 

has emphasized the asymptotic behavior of the flow model, where justifiable 

simplifications can lead even to analytical solutions which may prove to be 

quite accurate for the practical conditions where great dilution exists. 



MODELINC ASSUMPTIONS AND SIMFLIPICATIONS 

Observations of LNG vapor cloud, motion c lear ly  show the dominant 
.. > 

e f f e c t  of l a t e r a l  spread caused by gravi ty .  This provides a s t a r t i n g  point  

for  constructing a s impl i f ied niodel; namely, the  mixing processes i n  t he  
t 

ve r t i ca l  d i rec t ion  a r e  much more s ign i f i can t  than i n  the  l a t e r a l  d i rec t ions  

because of the  much greater  v e r t i c a l  gradients.  ( In  t h i s  respect  the  flow 
, . _ I  - .  

inside the cloud o r  plume resembles t h a t  i n  a turbulent,boundary layer . )  

Because the vapor cloud'height i s  small compared to  i t s  l a t e r a l  width, the 

wind-driven flow of a i r  above o r  be,side the  cloud w i l l  scarcely be affected 

by cloud growth - again, c losely  anaiogous t o  the  flow external  t o  a viscous 

boundary layer .  However, there  is one region of the  flow i n  which these 

approximations do not hold; namely, the  edge of the  spreading cloud. Here a 

loca l ly  &asi-steady flow w i l l  p reva i l ,  with conditions the  same a s  those a t  

the head of an in t rus ive  f ron t  where t he  f ron t  speed can be r e l a t ed  t o  the  

negative buoyancy i n  the int rusive flow behind the f ron t .  
4 .. 

These considerations thus suggest a model which t r e a t s  the  flow 

within the  vapor cloud i n  much the  same manner a s  the  flow within a viscous 

boundary layer .  The external ,  wind-driven flow and the  ground provide boun- 

dary conditions a t  the  upper and lower surfaces of the  cloud, while the  

l a t e r a l  edges of the  cloud move i n t o  the  external  flow f i e l d  a s  does an 
3 

in t rus ive  f ron t ,  thereby defining mixed boundary conditions along these 

edges. 

An addi t ional  assumption and a s impl i f icat ion.can now be made. 

Because the  flow within the  cloud is  primarily i n  the  hor izontal  d i rec t ion ,  

a hydrosta t ic  pressure d i s t r ibu t ion  is assumed. I t  is then convenient t o  

in tegra te  the f l u i d  flow equations i n  the  v e r t i c a l  d i rec t ion  (reducing the  

independent di iensions  of the  problem by one) thereby expressing a l l  the  



dependent variables as integrals, as has been found useful in some boundary 

layer flows. 
, . 

At this stage the integro-differential equations expressing the 

physical conservation laws are not complete because the rate of vertical 

mixing has not been specified. To close the system, an entrainment rela- 
. .  . , .  . . ' ,  

tion similar to those used in simple free shear flows (Turner 1973) is 

'proposed in which the rate of entrainment. consists of two independently 

additive terms, the first due to,.hor:izontal shear and the second due to 

free-stream (atmospheric). turbulence ., The entrainment proportionality 
constants are considered-.to de~end.upon, local dimension1es.s parameters 

such as '~ichardson number and atmospheric -:stability class. 

The resulting system ,of .equations -(conservation .of. maFs, lateral 
. . 

components of momentum and energy, entrainment relation aid caloric 

equation of state) is hyberbolic in character because the relatively 

thin layer of negatively buoyant fluid~can. propagate gravity waves. While 

numerical finite difference techniques ::can, be used in their solution, we 

have concentrated on the development of aspiptotie analytical solutions to 

these equations, but have also investigated numerical solutions for some 

simple cases. 
. . 

When investigating asymptotic solutions, i.e., flow conditions far 

enough downstream that considerable dilution has taken place, the classical 

Boussinesq approximation is then used, simplifying the evaluation of the 

integral variables. Also, a uniform vertical distribution of the dependent 
. .. 

variable quantities within the cloud is assumed as a simplification (more 

realistic profiles are easily treated). 

To illustrate the net consequences of these assumptions and simplifica- 
. . 

tions, we write here the differential equations for a quasi one-dimensional 



isothermal flow of 'a negati.vely buoyant plume f a r  downstream of  the '  source: 

Entrainment : . - d[(u+1)61 = U ~ U ( + ~  

dx '!:, * J' 

Mass conservation: - d[A(u+l)61 = 0 
dx 

Momentum: 

where a l l  q u a n t i t i e s  have been made dimensi.onless through use o f  the  source 

length  s c a l e  R and wind speed urn. ' I n  these  equations I..+u is the  mean plume 

speed, 6 the  plume th ickness ,  A t he  f r a c t i o n a l  dens i ty  excess ,  a and Y a r e  

entrainment c o e f f i c i e n t s ,  f i s  a: n e t  drag c o e f f i c i e n t  a c t i n g  on the  plume 

and F E g%/2ui2 ie a dimensionless parameter. These equations thus  descr ibe  

the  asymptotic behavior of  ,a negat ive ly  buoyant plume o r i g i n a t i n g  from an-.  

i n f i n i t e  l i n e  o r  s t r i p  source and subjec ted  t o  a crosswind normal t o  t h e  

source d i r e c t i o n .  

For more genera l  flows, such:as unsteady, two-dimensional flow and/or 

nonisothermal flow, a d d i t i o n a l  termskand equations. a r e  requi red  which a r e  

not  repreduced here .  

. . 

QUASI ONE-DIMENSIONAL STEADY FLOW 

An extens ive  inves t iga t ion  of  t h e  app l i ca t ion  o f  t h i s  model t o  t h e  

case o f  a s teady negat ive ly  buoyant plume 'emitted from a s t r i p  source 
. . 

or ien ted  normal t o  a crosswind has  been given by Doo (1979). This example 
. . 

i l l u s t r a t e s  t h e  use o f  the  model f o r  a case which i s  e a s i e s t  t o  analyze. 

A t  t h e  same time, it could reasonably rep resen t  t h e  vapor plume formed from 
. . 

a l i q u i d  s p i l l  i n t o  a road g u t t e r  o r  t r a n s f e r  p ipe  containment t rench.  We 

here  quote the  major conclusions from t h i s  study: 
. . 

(i) A steady flow s o l u t i o n  is  poss ib le  only i f  t h e  source s t r e n g t h  

3 
is small  compared with t h e  wind speed (buoyancy f l u x  p e r  u n i t  length/um 8/27). 



(ii) Contrary t o  i n tu i t i on ,  the vapor speed i s  always l e s s  than the 

wind speed a t  g rea t  distances downstream. 

(iii) Two solut ions  e x i s t  f o r  any 'source s t rength s a t i s fy ing  (i) , 

e i t h e r  supe rc r i t i c a l  o r  subc r i t i c a l ,  depending upon whether the  plume.speed 

4 u+l  i s  grea te r  o r  l e s s  than the  l oca l  gravi ty  wave speed (2FdA).. These . 

solut ions  a r e  a l so  dist inguished by the  i n i t i a l  conditions of t he  plume a t  

the source. 

Nunerical solul i~i ls  f o r  the flow close t u  tlie w u ~ u c  11at'u Leal1 carried 

out m d  are  i l l u s t r a t e d  i n  Doo (1979). 

QUASI ONE-DIMENSIONAL UNSTEADY FLOW 
. .. 

Two types of flow have been considered f o r  t h i s  case. The' : f i r s t  

is the i n i t i a t i n g  phase of a plume, namely, a steady s t r i p  source turned on 

a t  time zero. The second is  .the l i n e  puf f ,  i . e . ,  a s t r i p  of pure vapor 

volume released a t  time zero which subsequently spreads l aee ra l l y  and d r i f t s  . . 

downwind. ,Some solut ions  of both types have been obtained by numerical 

in teqrat ion using the  method of cha rac t e r i s t i c s  ( the  equations a re  hyljerbolic) . 
For thesc oases only isothermal flows were considered and the  Boussinesq 

approximation' was used (although it i s  probably not accurate a t  small t imes).  

The r e s u l t s  of these s tud ies  may be summarized a s  follows: 

(i) For very s t rong sources, an upwind moving f ron t  a s  well  a s  a 

downwind f ron t  was formed. The flow (as expected) did  not approach a steady 

s t a t e .  , 

(ii) For weaker sources, the  solut ion was not followed ' in  time , - .f 
f 

su f f i c i en t ly  long t o  determine when a steady flow would be reached.. 

(iii) A l i n e  puff w i l l  accelerate  t o  the wind speed, even i n  'the 

absence of entrainment o r  f r i c t i on .  The physical  mechanism f o r  t h i s  acceler- 



a t ion  is simple t o  explain. ~ n i t i a l l ~ ,  a . s ta t ionary  puff would spread 

l a t e r a l l y  with equal speed both upwind and downwind. But . the  r e l a t i v e  speed 

upwind is  grea te r ,  hence the  puff thickness 6 must,be grea te r  according t o  

' the int rusion f ron t  boundary condition. F O ~  the  cloud a s  a whole, then, a 

hydrosta t ic  horizontal  pressure gradient is  induced which accelerates  the  

cloud i n  the  downwind direct ion.  Ultimately, the  l i n e  puff d r i f t s  with the  

wind speed, spreading symmetrically about i t s  center .  

( iv )  Once the  accelerat ion mechanism is recognized, asymptotic 

solut ions  f o r  the  l i n e  puff can be found which express the  motion with respect  

t o  the d r i f t i n g .  cloud. , ~ h e s d  solut ions  have a form expressible i n  s imi l a r i t y  

tar iabl 'es  whenever one of the ' two entrainment mechanisms i s  dominant. A t  ea r ly  

times (but not so 'early t h a t  . t h e  puff has not accelerated) shear entrainment 

w i l l  dbmintite whereas a t .  long enough 'times entrainment w i l l  be caused by 

atmospheric t lrbulence.  ~ n a l ~ t i c .  asymptotic solut ions  f o r  both regimes have 

(v) . ~ y n e r i c a l  soiut ions  f o r  ' the  ' l i n e  puff have ' been followed o.ut t o  

times.whe,re the asymptotic ana ly t ic  solut ion is  reached t o  within acceptable 

. . accuracy. . . 
. . 

These s tud ies  'have proceeded a s  f a r  a s  seems .warranted a t  t h i s  time,' 
. . 

e n s i d e r i n g  .the limited, .usefulness of t he  flow geometry and the  p rac t i ca l  
I ' 

d i f f i c u l t i e s  of the  nimerical , in tegra t ion  technique. The physical  e f f e c t s  

revealed' i n  these ,solutions a re  the  most s i gn i f i can t  r e su l t .  

QUASI TWO-DIMENSIONAL UNSTEADY FLOW , . . 

The study of the  l i n e  puff ,  which l ed  t o  the  conclusion t h a t  the  . 

asymptotic behavior could be determined-by assuming . . the  puff would ul t imately  

d r i f t  with the  wind speed, suggested t h a t  a s imi la r  approach would be possible  

.for an .axisymmetric vapor .cloud re leased . . a t  time zero, Again assuming t h a t  the  



pressed .in s imi l a r i t y  form were found f o r  the  two entrainment limits. 

These solut ions  were not t e s t e d  against  a numerical in tegrat ion scheme, 

which would require  considerable e f f o r t .  However, t he  form of t he  solut ion 
. . 

suggested the  def in i t ion  of useful  dimensionless var iables  which might be used 

t o  co r r e l a t e  o ther  numerical solut ions  o r  empirical  observations, a s  described 

fur ther  below. 

QUASI TWO-DIMENSIONAL s TEADY now 

The plume formed from .a steady point  o r  area  source i n  a crosswind 

is  the  two-dimensional. analog of the  one-dimensional plume described above. 

Because the  flow is not constrained i n  the l a t e r a l  dimension normal t o  the  

wind, however, we would expect t o  f ind  a solut ion f o r  any source s t rength.  

Although the  plume might extend upwind of '  t he  source some distance,  the  

f l u i d  w i l l  u l t imately  be swept' downwind and a steady flow should p e r s i s t .  

In t h i s  case an asymptotic so lu t ion  i s  sought f o r  which the  plume 

flow speed approaches t h a t  o f t h e  .oncoming wind. ~ g a i r i ,  the  solut ions  found 

a r e  expressible i n  s imi l a r i t y  var iables .  A s  might be expected, the  develop- 

ment of the  transverse flow f i e l d  a s  a f k c t i o n  of downwind dis tance is  

close1,y analogous t o  the  time dependence of the  quasi  one-dimensional l i n e  

puff .discussed above. 

These solut ions  a re  expected t o  be useful  i n  cor re la t ing  steady 

plume model calculat ions  and experimental observations of plumes from con- 

f ined s p i l l s .  

CORREZATION OF MODEL CALCULATIONS 

!-. 

The asymptotic solut ions  which have been f o r  t he  proposed model . 

equations and which a re  described above a r e  a l l  expressed i n  terms of dimension- 

l e s s  variables.  Thus the  dimensional parameters of the  problem, such a s  vapor 



source s t rength o r  i n i t i a l  mass, wind speed, wind turbulence l eve l ,  e tc .  a r e  

grouped i n t o  dimensionless parameters. By examining the form of these solut ions ,  

it becomes apparent t h a t  there  a re  appropriate ways t o  non-dimensionalize the  

/ variables which a r e  of most d i r e c t  i n t e r e s t .  For a vapor cloud formed from 

the very rapid evaporation of a l i qu id  s p i l l ,  o r  instantaneous re lease ,  we have 

found it su i tab le  t o  s e l e c t  the  maximum ground.leve1 concentration c and the  
. . 

m 

time t s ince the  cloud.was formed a s  the  dependent/independent var iable  p a i r  

t o  be correlated.  The corresponding dimensionless forms of these var iab les ,  

denoted by a superscr ipt  as te r i sk ,  are:  

where M is  the mass of vapor i n  the  cloud and p_ is  the -atmospheric density.  

To i l l u s t r a t e  the usefulness of these var iables ,  we show on the  

attached Figure 1 a correla t ion of several  calculat ions  made using the  S A I  

SIGMJIT model as  reported by Havens (1979). These calculations cover a range 

of wind speed and s p i l l  s i z e ,  but  otherwise invar iant  atmospheric turbulent  , - 
t ransport  proper t ies .  The so l id  l i n e s  show the  coresponding asymptotic solu- 

t i on  a s  described above, using entrainment coef f ic ien ts  which bes t  co r r e l a t e  

these data.  

1 

CONCLUDING REMARKS 

The model described above has proven t o  be very useful  i n  revealing 

the r e l a t i v e  importance of the  d i f f e r en t  physical  phenomena which a f f e c t  the  

motion of negatively buoyant vapor clouds. The development of asymptotic 

, 
solut ions  i n  an ana ly t ic  form is espec ia l ly  convenient. Because much p rac t i ca l  

i n t e r e s t  a t taches  t o  the  l a t e r  s tages  of the flow a f t e r  g r ea t  d i lu t ion  has taken 

place,  "hich is  generally the  regime of the  asymptotic solut ion,  p rec i se  



Figure 1 .  Correlation of several SIGMET calculations of maximmi ground level 
concentration of LNG vapor as a function of time from beginning of 
a spill of LNG on water. All calculations were made for fixed 
stability class and turbulent transport properties but variable 
spill volume and wind speed. Straight lines are analytic asympt 
tic solutions for axisymmetric vapor cloud. 



description of the early flow field may not be necessa5y a& a practical matter. 

Some current effort is devoted to the use of such solutions as a frame- 

work'for correlating various calculations and measurements, especially from , , 

the point of view of distinguishing scale effects. While this is a promising 

approach, further analytical work may be needed to achieve this objective. 
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SUMMARY 

The e f f e c t  of the  humidity of t h e  a i r  on t h e  d ispers ion  of the  vapor ris- 

ing from a l ique f i ed  n a t u r a l  gas  (LNG) s p i l l  is studied.  W e  developed a 
' ' - theory r e l a t i n g  t h e .  temperature of a mixture of a i r  and methane . t o  t h e  percent  

of methane i n  the  mixture. The t h e o r e t i c a l  results a r e  compared with experi- 

mental measurements. I n  genera l  we found t h a t  the  experimental temperature 

was higher than expected, suggest ing t h a t  add i t iona l  heat ,was  added to the  

plume. Several  mechanisms for t h i s  addi t ion  a r e  evaluated. 

I n  the  event of a l i q u e f i e d  na tu ra l  gas  (LNG) s p i l l  t h e  l i q u i d  forms a 

pool that b o i l s  rapid ly ,  producing a heavier-than-air vapor t h a t  i s . d i s p e r s e d  

by the  wind; or, with l a w  wind v e l o c i t i e s ,  spreads due t o  g r a v i t a t i o n a l  forces .  

I f  we assume t h a t  LNG is compared s o l e l y  to , its p r i n c i p a l  component, methane, 

then t h e  dens i ty  of t h e  vapor is the  dens i ty  of methane' a t  the  normal bo i l ing  

point  temperature (112 K )  .l A t  t h i s  temperature methane gas  is 1.45 times 

t h e  dens i ty  of a i r  a t  293 K. I f ,  however, t h e  methane gas is heated t o  293 K ,  

it has a dens i ty  t h a t  is 0.55 t h a t  of a i r  a t  t h i s  temperature. . Thus, the  

buoyancy of an LNG/air mixture depends on t h e  heat  added to the  cloud by ex- 

t e r n a l  sources. 

There a r e  severa l  sources of heat  addi t ion  to the  cloud. During the  day, 

solar rad ia t ion  warms t h e  cloud. Heat may a l s o  be t r ans fe r red  from the  sur-  

f ace over which the  cloud is dispers ing  by th ree  mechanisms--convective heat  

t r a n s f e r ,  r ad ia t ion  from the  surf  ace, and heat  t ransf  er due .to evaporation of 

water from the su r face  and then condensation i n  the  cloud. F ina l ly ,  t h e  con- 

densat ion of t h e  water vapor i n  the  a i r  adds heat  to the  cloud due to the  hea t  

of vaporization/sublimation. If s u f f i c i e n t  heat  is added to the  cloud from 

these  sources, then it becanes p o s i t i v e l y  buoyant and d i spe r ses  much more 

rapidly.  . Estimating the  amount of heat  added to the  d ispers ing  vapor cloud 

from s o l a r  r ad ia t ion  and s u r f  ace sources is d i f f i c u l t  because t h e  heat  is 



added to the  c loud  c o n t i n u a l l y  and t h u s  p r e s e n t s  a dynamic problem. The 
e f f e c t  of  t h e  water vapor i n  t h e  a i r  is r e l a t i v e l y  e a s i l y  determined s i n c e  it 

is, f o r  t h e  most p a r t ,  a func t ion  only  of ' t h e  temperature of  t h e  a i r  and t h e  

r e l a t i v e  humidity. I n  ' t h i s  r e p o r t  we address  t h e  e f f e c t  of  humidity on t h e  

buoyancy of  t he  cloud and compare t h e  t h e o r e t i c a l  expec ta t ions  to exper i -  
\ 

mental  r e s u l t s .  
. . 

" THEORETICAL ,DEVELOPMENT 

I n  deveiopin9 t h e  r e l a t i o n s h i p  between t.empetatur&,' dens i ty ,  and methane 

concen t r a t ion  f o r  mixtures  of a i r ,  methane, and water vapor, w e  m a k e  t h e  

f allaaring assumglions: 

All gases  conform to the  i d e a l  g a s  l a w  and are i n  thermodynamic 

equi l ibr ium.  

a Mixing between methane and humid a i r  is ad iaba t i c .  

a The temperature of condensed and f rozen  water is t h e  same a s  t h e  g a s  

phase temperature.  

a The h e a t  necessary  to cool or hea t  t h e  condensed phase is neg&igib le  

compared to t h e  l a t e n t  hea t  of subl imation.  

The condensed water vapor is assumed to be i n  t h e  s o l i d  phase. 

The l a s t  two assumptions in t roduce  some error i n t o  t h e  c a l c u l a t i o n s ;  however, 

t he  e f f e c t  is smal l  and does not  s i g n i f i c a n t l y  a f f e c t  t h e  r e s u l t s .  S ince  t h e  
P 

water vapor mass f r a c t i o n  is of t h e  o rde r  of 0.01, it is ignored i n  t h e  compu- 

t a t i o n  of  the thermodynamic v a r i a b l e s  f o r  t h e  methane-air mixtures .  

The temperatiure'sf mix tures  of methane and dry  a i r  can be found from 

where C is the  s p e c i f i c  h e a t  a t  cons t an t  p re s su re ,  T is the  temperature,  
P 

and f is t h e  m a s s  f r a c t i o n .  .The m s u b s c r i p t  r e f e r s  to methane, and t h e  a sub- 

s c r i p t  to a i r .  The express ion  E is t h e  average s p e c i f i c  h e a t  c a l c u l a t e d  
P 

f rom 



The saturation vapor pressure of water is found from an approximate solu- 

tion to the Clausius-Claperon equation 

where Ps is the vapor pressure, and Pr is a reference pressure taken as 

1 bar. A and B are constants taken as 5514 K and 15.08, respectively. T h i s  

provides a f i t  to the psychometric tables for water that is a t  least  2% accu- 

rate over the range of 0 to 50'~. 

, For a i r  a t  a temperature T .and a relative h u m i d i t y  RH, the mass frac- a 
tion of water vapor f can be found from 

i 

where W is the molecular weight, the v subscript denotes water vapor, and P 
0 

is the pressure of the a i r  and water vapor. For a mixture of methane, a i r ,  

and water vapor, the vapor pressure of water P is given by the equation 
v 

. . .  

where is the molar average molecular weight. . , .  

~t the same time. the saturation vapor pressure P is obtained from ' ~ q .  (3 )  
S' 

using T, the temperature of the. mixture. , I f  P is greater than Pv, then . s 
there is no condensati,on, and the temperature T is equal to  T given by 4. (1). 

. * 

It P is less than Pv, then there is condensation such that Pv = Ps. This re- 
s 

quires that the fraction of water vapor not. condensed has a mass fraction 

f v  determined by 

and the mass fraction of water vapor condensed is 

f c  ' . f i  fa  - f v  . 
' The temperature of the mixture is obtained from 



where Hs is t h e  h e a t  o f  s u b l i m a t i o n  o f  water .  Combining E q s .  ( 3 ) ,  ( 6 ) ,  ( 7 ) ,  

and (8 ) , w e  have 

Equa t ion  9 g i v e s  t h e  t empera tu re  uf ' a . m i x t u r e - 0 1  mekhat~e, a i r ,  and water  when 

P is l e s s  than P . %t s h o u i d  .be  not,ed t h a t  t h e ' & u a t l d d  i S :  if~"~.r.feft 
S .  v .  . . , . 

s i n c e  t h e  s a t u r a t i o n  v.apor pre ' ssure  "dependson  t h e  t empera tu re  of t h e  mix ture .  
6 . .  . . 

F i g u r e  1 chows the t e r n p ~ r a t u r e  v s , : t h s  ni6l.e $ frjkfhane fnr m i x t ~ i r e s  nf . ! ,;, , , 
0 methane and a i r  a t  va r , ious  h u m i d i t i e s  f o r  an a i r  temperature  o f  20 C and a 

, ,. - > 

methane t empera tu re  of.  -162O~.  w h i ~ h  is t h e  b o i l i n g  t empera tu re  o f  l i q u i d  
,I 

methane a t  a tmospher ic  p r e s s u r e .  The e f f e c t  of humidi ty  a t  t h i s  a i r  t e m -  
0 p e r a t u r e  is q u i t e  pronounced w i t h  a change i n  t empera tu re  a s  much a s  26 6. 

F i g u r e  2 shows t h e  rat io of t h e  d e n s i t y  o f  t h e , m i x t u r e  to t h e  d e n s i t y  o f  

a i r  v s  t h e  mole % methane where t h e  d e n s i t y  r a t i o  is g i v e n  by p/p = ( R * T ~ ) /  
0 

(Wa*T). These c u r v e s  .show t h a t  f o r  h igh  h u m i d i t i e s  t h e  methane/a i r  m i x t u r e s  

c a n  become buoyant. Note t h a t  u s i n g  t h e  g r a d i e n t  of t h e  t empera tu re  i n  a 

c l o u d  o f  LNG vapor to e s t i m a t e  t h e  buoyant s t a b i l i t y  of t h e  c loud ,  as  is done 
- 

f o r  example i n  t h e  SIGMET modeiI2  is  n o t  & l i d  s i n c e  i n -  i n c r e a s e  i n  tempera- 

t u r e  w i t h  h e i g h t  cor responding  t o  decreasing'concentration g r a d i e n t  of methane 

can have a d e n s i t y  g r a d i e n t  t h a t  is = i t h e r  posi t '?ve .or  n e g a t i v e ,  depending 

upon t h e  humidi ty  and the : . concen t ta ' t ioh  of mgt'hanel A l s o  n o t e  t h a t  t h i s  

e f f e c t  is most pronounced i n  t h e  c o n c e n t r a t i o n  r e g i o n s  where t h e  methane/a i r  

m i x t u r e  is flammable, e.g. ,  t h e  5 to 15% methane range.  

EXPEHXMENT COMPARISONS 

To test t h e  assumption of a d i , a b a t i c  i s o t h e r m a l  mixing,  t h e  p reced ing  

t h e o r y  w a s  compared w i t h  . d a t a '  from exper iments  performed a t  t h e  Naval Weapons 

C e n t e r ,  China Lake, C a l i f o r n i a .  3 r 4  I n  t h e s e  exper iments  LNG was s p i l l e d  a t  

t h e  c e n t e r  of a s q u a r e  pond 50 m on a s i d e .  Simul taneous  measurements were 

made o f  methane c o n c e n t r a t i o n  u s i n g  a v a r i e t y  o f  s e n s o r s  and t empera tu re  u s i n g  

thermocouples.  S i n c e  a v a r i e t y  o f  i n s t r u m e n t s  w i t h  v a r i o u s  time r e s p o n s e s  was 
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used i n  t h e s e  e q s r & n e n t s ,  it is d i f f i c u l t  to c o r r e l a t e  temperature and con- 

centration~directLy,~particularly s i n c e  l a r g e  f l u c t u a t i o n s  . . i n  temperatbre and 

concen t r a t ion  were observed. Therefore,  f o r  t h i s  comparison, p o i n t s  were 

chosen a t  times when . t h e  f l u c t u a t i o n s  were smal l  and when the  concen t r a t ion  

remained a t  an average va lue  f o r  a time pe r iod  longer  than  t h e  response t i m e  

of the  instrument.  

' It  was observed t h a t  t he  methane i n  t h e s e  experiments bo i l ed  o f f  p re fe r -  

e n t i a l l y  to '  t h e  ethane and propane. Therefore,  d a t a  from later times i n  t h e  

experiments were not used s i n c e  the. amounts of e thane  and propane r e l a t i v e  t o  

methane could be l a rge .  For t h e  data p re sen ted ,  t h e  .amounts of e t h a n e  and 

propane p re sen t  a r e  small  and do no t  s i g n i f i c a n t l y  a f f e c t  t he  conclus ions  of 

t h i s  study. 

Table 1 shows t h e  cond i t i ons  under which t h e  fou r  d i s p e r s i o n  tests were 

done. For a l l  tests t h e  humidity was lo", t h e  hea t ing  e f f e c t  was smal l ,  and 

the  temperature v s  concent ra t ion  curve is close t o  t h a t  of d r y  a i r  mixing wi th  

methane. F igu res  3-6 show t h e  comparison between t h e  t h e o r e t i c a l  change of 

temperature v s  methane concen t r a t ion  and t h e  measured r e s u l t s .  The measured 

r e s u l t s ,  i n  gene ra l ,  g ive  a higher  temperature than  expected,  and t h e  l o w  wind 

cases g i v e  poorer agreement than the  high wind case. I n  a d d i t i o n ,  t h e  magni- 

tude  of t h e  dis igreement  does not  appear t o  depend on t h e  di.stance downwind 

from the  s p i l l  po in t .  

Seve ra l  exp lana t ions  are p o s s i b l e  for t h i s  disagreement.  A s  t h e  wind , 

blows ac ros s  t h e  s p i l l  pond, it evaporates  water f r o m  t h e  pond and forms a ' '  

boundary l a y e r  of humid a i r .  close ' t o  t h e  Thus, t h e  humidity over t h e  
, . 

porid, which was not  measured, 'could be ' highe; t han '  t h e  humidity measured a t  

t h e  weather tower upwind of t h e  pond. The v a r i a t i o n  of  humidity w i th  he igh t  

i n  t h e  boundary l a y e r  v a r i e s  wi th  t h e  d i s t a n c e  from t h e  upwind edge of t h e  
. . 

. . TABLE 1: Parameters of four  d i s p e r s i o n  tests. 

Temperature, . R e l a t i v e  humidity, Wind v e l o c i t y ,  
0 T e s t  C 8 m / s  

LNG 18 

LNG .19 

LNG 20 

ING 21 
, 



Methane - mole 94 

FIG. 3 .  The expected temperature 

vs methane concentration ( s o l i d  

curve) and measured data for  LNG 18 

a t  various distances ftom t h e  s p i l l  . . 
. p i l l e .  



Methane - mole % 

-FIG. 4 .. The expected temperature 

vs methane concentration ( s o l i d  

curve) and measured data for  LNG 19 

a t  various d i s tances  from the  s p i l l  

po in t .  
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Methane - mole % 

F I G .  5. The expected temperature 

vs methane'' concentration (solid 

curve) and measured data for LNG 20 

a t  various distances from the s p i l l  

point . 



Methane - mole % 

FIG. 6 .  The exp& t e d  temperature vs methane concentration (solid curve) and 

measured data for LNG 21 at various distances from the spill point. 



pond, t h e  r e l a t i v e  humidity of t he  a i r  upwind of  t h e  pond, t h e  wind v e l o c i t y ,  

and t h e  temperature of t h e  pond. These f a c t o r s  make it d i f f i c u l t  t o  e s t i m a t e  
. . L 

t h e  magnitude of t h i s  e f f e c t .  

Another p o s s i b l e  explana t ion  f o r  t h e  disagreement is t h a t  t h e  vapor pres- 
. .  . .  
I "  

s u r e  f o r  water i n  t h e  pond is much higher  than  t h e  s a t u r a t i o n  vapor p r e s s u r e  
1 

for the  d i spe r s ing  plume s i n c e  t h e  pond is 'warm and t h e  plume is cold. There- 

f o r e ,  any water evapora t ing  from t h e  pool  is condensed by t h e  co ld  gas ,  in -  

c r e a s i n g  the gas  temperature.  Th i s  e f f e c t ,  a s  i n  t h e  case of t h e  humid 

boundary l a y e r ,  is a dynamic func t ion  of many parameters  and very d i f f i c u l t  t o  

e s t i m a t e  its magnitude. However, w e  note , : that  i n  LNG 21 t h e  wind over t h e  

pond dropped t o  a very  low va lue  (-1 m / s ) ,  and. t h e  vapor cloud had a iong 

r e s idence  time over t h e  pond. Th i s  t e s t  shows t h e  g r e a t e s t  disagreement  

between theory  and experiment,  and i n  p a r t i c u l a r  t h e  d a t a  points a t  about  60% 

methane would r e q u i r e  a humidity of more than  100% i n  t h e  a i r  t o  exp la in  t h e  

observed d i f f e r e n c e  i n  t he  temperature.  I n  LNG 20, where - t h e  wind v e l o c i t y  

was high,  t h e  c loud  had a s h o r t  res idence  . . t ime  over t h e  pond, and t h e  theory  

and experiment i n  t h i s  c a s e  a r e  i n  r e l a t i v e l y  good agreement. Th i s  sugges ts  

t h a t  t h e  evapora t ion  from t h e  pond may be s i g n i f i c a n t l y  hea t ing  t h e  cloud. 

A t  t h i s  t i m e .  t h e r e  a r e  i n s u f f i c i e n t  d a t a  to determine i f  t h e s e  e f f e c t s  

a r e  c o n t r i b u t i n g ' t o  t h e  disagreement between theory  and experiment or i f  t he  

d i f f e r e n c e  l ies elsewhere. On f u t u r e  d i s p e r s i o n  t e s t s  a t  China Lake, measure- 

ments a r e  planned t h a t  w i l l  address  t h e s e  ques t ions .  

CONCLUSION 

Since  it is p o s s i b l e  t h a t  a plume of LNG vapors may become 'buoyant wi th  

t h e  add i t i on  of  s u f f i c i e n t  hea t ,  it is necessary  t o  determine t h e  energy bud- 

g e t  of t h e  plume. There a r e  s e v e r a l  sources  of energy to hea t  t h e  plume, and 

each source could  be important depending ' on t h e  plume dynamics and t h e  condi- 

t i o n s  under which LNG is s p i l l e d .  Under cond i t i ons  of s u f f i c i e n t l y  high t e m p  

e r a t u r e  and humidity,  t h e  condensat ion of  water vapor can cause t h e  plume t o  

become buoyant f o r  mixtures  of a i r  and methane on t h e  order of 10% methane and- 

90% a i r .  

Comparison of t h e o r e t i c a l  expec ta t ions  of t he  e f f e c t  of humidity on t h e  

temperature wi th  experimental  measurements f o r  va r ious  mixtures '  of methane and 



a i r  . i n d i c a t e s  t h a t  t he  temperature is higher  than expected.- This  a l s o  ind i -  
I . + .  

c a t e s  t h a t  t h e r e  a r e  sources  of hea t  a d d i t i o n  t o  t h e  cloud t h a t  a r e  not  ac- 

counted f o r  by the theory. There a r e  s e v e r a l  p o s s i b l e  explana t ions  f o r  t h i s  

e f f e c t ,  however, t h e r e  a r e  i n s u f f i c i e n t  d a t a  to dec ide  t h e  cause of t h e  d i s -  
, ' +  

agreement. Fur ther  mik is planned i n  t h i s  area.  
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1.0 SUMMARY 

L ique f i ed  na tu ra l  gas (LNG) f i r e  and exp los ion  phenomena a r e  examined 

f rom the  v iewpoint  o f  es t ima t ing  hazard c h a r a c t e r i s t i c s .  Such i n fo rma t ion  

i s  needed f o r  decision-making r e l a t i n g  t o  LNG f a c i l i t y  s i t i n g  and operat ions.  

This  r e p o r t  attempts t o  d e l i n e a t e  and analyze areas where such dec is ions  

s t i l l ,  cannot be made w i t h  conf idence, and t o  recommend. the  most needed 

f u r t h e r  research. 

A necessary s t a r t i n g  p o i n t  i s  the  s p e c i f i c a t i o n ,  o f  parameters which 

c o n t r o l  combustion. Representat ive ranges and some severe case l i m i t s  

a re  stated.  As much as possib le,  these were based on knowledge o f  p o t e n t i a l  

re lease scenarios, and o f  l i q u i d  and vapor d i spe rs ion  phenomena. However, 

a s i g n i f i c a n t  degree o f  u n c e r t a i n t y  i s  unavoidable. 

1.1 FUEL DISTRIBUTION AND RELATED ASSUMPTIONS 

3 Release volumes on the order  of 2500 - 25,000 m a re  o f  most i n t e r e s t .  

Release r a t e s  considered vary from instantaneous t o  cont inuous. For 

most purposes, however, instantaneous re lease over open water leads t o  

f u e l  d i s t r i b u t i o n  parameters f o r  which combustion phenomena a re  p o t e n t i a l l y  

t he  most hazardous and the  most p o o r l y  understood. Natura l  vapo r i za t i on  

f l u x ,  d r i v e n  by  heat t r a n s f e r  f rom beneath the  re leased l i q u i d ,  i s  assumed 
2 t o  range'up t o  0.3 kg/m /sec. Scenarios which i n v o l v e  re lease o f  a l a r g e  

l i q u i d  volume i n t o  a b u i l t - u p  area o r  re lease from pressur ized storage 

a re  n o t  considered. 

1.1.1 V,er t i ca l  Layer S t ruc tu res  

The combustion phenomena o f  dominant i n t e r e s t  a re  determined by the  

v e r t i c a l  s t r u c t u r e  o f  t h e  LNG vapor cloud. Most impor tan t  i s  the  th ickness 

o f  t he  flammable l aye r ,  whose t y p i c a l  range - i s  taken as 3 - 50 m, w i t h  300 m 

as a severe l i m i t .  Other parameters' o f  concern are  the  t o t a l  amount o f  



f u e l  vapor i n  concentrat ions above the  lean l i m i t ,  the  v e l o c i t y  o f  the  . 

flammable l a y e r  r e l a t i v e  t o  a  s t a t i o n a r y  observer and t o  the  r i c h  l a y e r  

beneath, and turbulence c h a r a c t e r i s t i c s .  

1  .l. 2 Pool F i r e s  

The most important  pool f i r e  c h a r a c t e r i s t i c s  a re  the  na tu ra l  vapor i -  

z a t i o n  r a t e  and the  ho r i zon ta l  dimension up t o  1000 m o r  so. 
' .  

1.2 - RESEARCH EVALUATIONS BY TYPES OF COMBUSTION PHENOMENA 

Four types o f  combustion phenomena a r e  considered separa te ly  i n  the  r e -  

p o r t .  These are: i g n i t i o n ,  vapor c loud burnup, pool f i r e s ,  and detonat ion.  

Vapor c loud burnup encompasses a l l  aspects o f  f lame development i n  t h e  vapor 

c loud and the  i n t e r a c t i o n  o f  combustion-generated buoyancy w i t h  the  f l o w  pat-  

t e r n s  w i t h i n  the  cloud. S t r i c t l y  speaking, vapor c loud burnup inc ludes 

detonat ion  as a  spec ia l  case. I n  view o f  p u b l i c  concern w i t h  the  p o s s i b i l i t y  

o f  detonation, however remote, and the  l a r g e  body o f  spec ia l i zed  knowledge 

t h a t  has evolved respect ing  detonat ion phenomena, t h i s  sub jec t  i s  t r e a t e d  

separa te ly  and ex tens ive ly .  

For each o f  t he  f o u r  types o f  combustion phenomena i r id lca ted above, 

t h e  i n fo rmat ion  most needed f o r  hazard eva luat ion  purposes i s  i nd i ca ted  

f i r s t ,  then e x i s t i n g  techn ica l  understanding i s  reviewed, and f i n a l l y  

sa l  i e n t  conclusions and recommendations f o r  research are  stated.  ' ~ t  

the  end o f  the  repor t ,  t h e  more important  reconnnendations are r e c a p i t u l a t e d  

and p r i o r i t i e s  are  stated.  

1.2.1 I q n i  t i o n  

LNG vapor -a i r  mix tures  w i t h i n  f l a m m a b i l i t y  l i m i t s  a re  r e a d i l y  i g n i t e d  

by open flame and by most common sparks. Condi t ions f o r  i g n i t i o n  by hot, 

sur face o r  h o t  gases are  reasonably we1 1  understood. Should a  flammable 

m i x t u r e  envelop a  b u i l t - u p  area o f  a  f u n c t i o n i n g  ship, i g ' n i t i o n  p r o b a b i l i t y  

i s  very  high. If more p rec i se  answers a re  required,  e.g. t h e  probable t ime 

t o  i g n i t i o n  a f t e r " a  flammable c loud reaches a b u i l t - u p  layer ,  q u a n t i f i c a t i o n  



of the  d i s t r i bu t i on  of various types of ign i t ion  sources i s  the  most important 

information not immediately avai lable .  No new research on the  phenomena 

of ign i t ion  i s  needed f o r  LNG hazard analysis .  

1.2.2 Vapor Cloud B u r n u p  

Concern has been evidenced t h a t  a large  re lease  of LNG might burn i n . a  

" f i r e -ba l l "  mode. Unquestionably, i f  several 1000 m3 of LNG could be vaporized 

and ignited so as  t o  form a s ing le  large  f i re -ba l l . ,  in jur ious  thermal 

rad ia t ion  would be experienced f o r  g rea t  d is tances .  The most important 

needed information i s  the  extent  t o  which large-scale  f i r e -ba l l  behavior can 

ac tua l ly  be approached or ,  more precise ly ,  the  maximum length-scale of 

coherent vapor cloud combustion. Other needed information i s  the speed of 

flame spread from a point of ign i t ion  t o  t a rge t s  a t  r i s k ,  o r  whether a large  

l iqu id  s p i l l  wil l  become involved rapidly  enough t o  comprise a fu l l y -  

developed pool f i r e .  

The most important of vapor cloud b u r n u p  questions i s  how rapidly  

flame spreads through turbulent  vapor-air layers of thickness and ve r t i c a l  

concentration gradients character is ti.^ of LNG vapor clouds. I t  appears 

l i ke ly  t h a t  typical  flame spread r a t e s  wi l l  be only a few m/sec, but new 

experimental research wi l l  be required f o r  resolut ion.  Reasonably s t ra . ighl-  

forward sca le  modeling pr inciples  a r e  ava i lab le  t o  minimize the  s i z e  of 

the  required experiments. 

An ant ic ipated vapor cloud burnup phenomenon i s  turbulent  d i f fus ive  

burning of fue l - r i ch  volumes. There would be strong coupling between com- 

bustion-generated buoyancy and turbulent  d i f fus ion.  This coupling i s  f a r  

from we1 1 understood s c i e n t i f i c a l l y .  However, a ra t iona l  basis  i s  ava i lab le  

f o r  extrapolating r e s u l t s  of small-scale experiments t o  r e a l i s t i c  condit ions.  

A cha rac t e r i s t i c  of vapor cloud burnup, which possibly grows i n  im- 

portance as  length-scale increases,  i s  the ccmpetition between flow induced 

by combustion-generated buoyancy and turbulent  flame spread. The r o l e  of 

such competition i s  espec ia l ly  important when considering flame spread up- 

stream along a plume. This type of problem i s  d i f f i c u l t  t o  t r e a t  t heo re t i c a l l y ,  

b u t  there i s  a reasonable prospect f o r  useful scale-modeling. 



A ser ious concern i s  t h e  poss ib le  format ion o f  pressure waves 

capable o f  s t r u c t u r a l  damage. For simple geomet ry , .ab i l i t y  t o  c a l c u l a t e  

. pressure wave magnitude i s  1 i m i  t e d  p r i m a r i . 1 ~  by uncer ta in ty  i n  t u r b u l e n t  

f lame spread ra tes .  E f f e c t s  o f  complex geometry need f u r t h e r  i n v e s t i g a t i o n .  

As the  involvement length-sca le  increases, burn ing  vapor clouds pose 

a th,ermal r a d i a t i o n  hazard. P r e d i c t i o n  o f  thermal r a d i a t i o n  from burning 

vapor clouds i s  1 i m i  t ed  p r i m a r i  l y  by i nabi 1 i ty  t o  descr ibe the' e v o l u t i o n  

of f 1 ame beornetby. 

1.2.3 Pool' F i r e s  

Thermal r a d i a t i o n  i n c i d e n t  an t a r g e t s  d l  r i s k  uu ts ide  the f1Fe ' involve- 

ment area i s  f o r  p r a c t i c a l  purposes t h e  one chaPac te r i s t i c  o f  LNG pool f i r e s  

impor tant  t o  deci  sion-ma kers. Thi  s problem can be' broken down i nto  deter -  

m ina t ion  o f  f i r e  geometry and d e s c r i p t i o n  o f  thermal r a d i a t i o n  f l u x  a t  a 

perceived f lame boundary. Both types o f  i n fo rma t ion  are  ava i l ab le ,  a l b e i t  

i n  h i g h l y  approximate form. Hazard c h a r a c t e r i s t i c s  a re  o n l y  moderately 

s e n s i t i v e  t o  f lame geometry parameters and emission f l u x .  Thus, a1 though 

much s c i e n t i f i c  work remains t o  be done toward d e t a i l e d  understanding o f  

pool f i r e  .phenomena, a d d i t i o n a l  research i n  t h i s  area i s  n o t  considered t o  

be a h igh  p r i o r i t y  i n  hazard eva luat ion .  . . 

1.2.4 Detonation 

Detonation, as meant i n  t h i s  repo r t ,  cons is t s  o f  a very  s t rong shock 

wave fo l lowed immediately by a r e a c t i o n  zone i n  which heat i s  released. 

The,most impor tant  i n fo rma t ion  needed i s  d e f i n i t i o n  o f  what, i f  any, 

r e a l i s t i c a l l y  a n t i c i p a t e d  cond i t i ons  a l l o w  LNG vapor t o  be mixed w i  t.h a i r  

and detonated. I t  i s  well-known t h a t  r a t h e r  spec ia l  cond i t i ons  are  required 

f o r  such detonat ion.  The r e a l  problem i s  q u a n t i f i c a t i o n  o f  t he  p r o b a b i l i t y  

o f  such an u n l i k e l y  event.  

There remains some u n c e r t a i n t y  about how much exp los ive  energy.would 

be requ i red  t o  detonate a methane-air mix ture .  However, i t  i s  c l e a r  t h a t  

many kg o f  explos ives would be required.  On the  o the r  hand, moderate contami- 

n a t i o n  w i t h  h igher  hydrocarbons, such as propane, g r e a t l y  reduced the  i n i t i a -  

t i o n  requirement. 

D- 4 



I t  i s  a lso possib le f o r  a def lagrat ion,  a low speed combustion wave, 

t o  undergo t r a h s i t i o n  t o  detonation. The t r a n s i t i o n  process may be enhanced 

by sui  tab1 e geometric confinement. There i s  strong theore t i ca l  and exper i  - 
mental evidence t h a t  such t r a n s i t i o n  t o  detonations cannot occur under 

'condi t ions an t i c ipa ted  i n  t y p i c a l  LNG vapor clouds. However, there are 

numerous aspects o f  the phenomena t h a t  are incompletely understood,. and the 

i m p o s s i b i l i t y  o f  t r a n s i t i o n  t o  detonat ion i n  LNG vapor clouds i s  no t  y e t  

proven. 

If, indeed, a detonation can be i n i t i a t e d  i n  an LNG vapor cloud, there 

are s i gn i f i can t  uncer ta in t ies  i n  p red ic t ing  the h i s t o r y  o f  subsequent motion. 

Most important ly ,  the minimum layer  thickness required f o r  propagation, i .e.  

the quenching thickness, i s  no t  establ ished f o r  LNG vapor. The e f f e c t  o f  

composition s t r a t i f i c a t i o n  i s  a1 so inadequately understood. Such questions 

should be answerable by scale modeling experiments using f ue l s  t h a t  are 

r e l a t i v e l y  eas i l y  detonable. 

1.3 RECOMMENDATIONS 

A few, very large tes ts  w i l l  no t  the type o f  in format ion most 

needed by the planners. Planning should be biased towards s p i l l s  o f  s i ze  

t h a t  would permit -a substant ia l  number o f  we1 1 -instrumented and carefu l  l y  

i n te rp re ted  runs. Scale modeling procedures f o r  c r i t i c a l  phenomena should 

be aggressively .pursued. Also, some standardized spec i f i ca t ions  o f  i n i t i a l  

f ue l  d i s t r i b u t i o n ,  i g n i t i o n  charac te r i s t i cs ,  e tc .  are needed t o  def ine a' 

de ta i led  research program. 

The most important c lass o f  phenomena requ i r i ng  research ' is  vapor 

cloud burnup. 'Areas which m e r i t  fu r ther  inves t iga t ion  are flame spread i n  

tu rbu len t  layered gases, the i n t e r a c t i o n  o f  g r a v i t y  and flame spread, and 

non-detonative pressure wave charac te r i s t i cs .  Each o f  the'se areas, espe- 

c i a l l y  the f irst-mentioned, may be amenable t o  a s i g n i f i c a n t  degree o f  scale- 

down. 



. . 

Research aimed a t  detonation i s  o f '  lower p r i o r i t y .  To . . 

provide b e t t e r  understanding of detonat ion probabi 1 i ty,  three research 
.. v 

a c t i v i t i e s  a re  recomnended. The most important i s  t o  ascer ta in  a quenching 

thickness. Another i s  t o  improve understanding o f  the degree of confinement 
needed f o r  t r a n s i t i o n  from de f lag ra t ion  t o  detonation. The t h i r d  i s  be t t e r  

knowledge o f  d i r e c t  i n i t i a t i o n  requirements. The f i r s t  two are amenable 

t o  scale-down. The t h i r d  can be assisted M r k e d l y  through a q u i s i t i o n  o f  

improved chemical k i n e t i c  data t h a t  w i l l  enable r e l i a b l e  theore t i ca l  calcu- . , 

l a t i ons .  F a c i l i t i e s  t o  ob ta in  such data are ava i lab le ,  



2.0 INTRODUCTION 

Liquefied natural gas (LNG) i s  a fuel of moderate energy density and 
extreme vo la t i l i t y .  I t  . i s  normally contained by heavily insulated tanks, 

vessel compartments, e tc . ,  and translported. by pipe only ' fo r , r e l a t ive ly  
short  distances, e.g. between tanker vessels and shore, storage. Any 
substantial  release of LNG has potential for  hazardous rapid combustion. 

There a re  motivations fo r  expanded use of LNG i n  the next few years. 
Increases in the number of f a c i l i t i e s  and operations, and in  the scale of 
LNG inventories, a re  projected. Responsible government bodies must make 
decisions respecting s i t i ng  and operational constraints,  t o  assure public 
safety with minimal economic and energy penal t i e s .  

Such decisions depend on knowledge of release probabi l i t ies  and understanding 
of the post-release phenomena. The l a t t e r  may.be categorized as dispersion .and 

combustion. This report evaluates our understanding of the combustion category 
as needed for  decision making relat ing to  hazard evaluation and mitigation. 

2.1 SCIENTIFIC PERSPECTIVE 

The needed understanding of LNG combustion phenomena is only t o  a 
limited degree achievable through tes t ing .  The events of concern are  

accidents. I t  i s  necessary to  generalize conclusions t 0 . a  s e t  of plausible 
cases greatly exceeding tha t  for  which t e s t  data can be obtained. Moreover, 
consideration must be given to  releases too large f o r  tes t ing.  Releases of 
very large quant i t ies ,  a1 bei t of low probabi 1 i ty ,  conceivably co,uld. lead 
t o  catastrophic combustion. 
'I 

Generalization t o  untested combinations of variables and, especially,  
extrapolation t o  large length-scale require a de.gree of theoretical under- 
standi ng . Unwanted combustion typical ly  exhibits a number o f  complexly 
coupled phenomena which can be understood only a t  a rather  coarse. level of 
, de t a i l .  The only feasible  sc i en t i f i c  approach i s  t o  establ ish what pheno- 
mena a re  dominant, and to  re ly  on idealized theory and experiment fo r  quanti- 

t a t ive  relat ions.  The re su l t  w i  11 be an. es.timate 'of real i s t i c  combustion 



behavior.  The accuracy o f  est imates thus a r r i v e d  a t  i s  l i m i t e d  by uncer- 

t a i  n t y  i n  deduct ion from postu la ted scenarios, . . o f  parameters appearing i n  

theory  o r  i n  experimental c o r r e l a t i o n s .  For tunate ly ,  most o f  t he  hazardous 

cha rac te r i s t i ' cs  o f  unwanted combustion a r e  only '  moderately s e n s i t i v e  t o  

parameter unce r ta in t y .  
. . 

Th is  r e p o r t  i s  presented i n  the  s p i r i t  o u t l i n e d  i n  the  i reced ing  para- 

graph. It at tempts to :  

summarize our  a b i l i t y  t o  est imate magnitudes o f  'LNG combustion 

hazard c h a r a c t e r i s t i c s  

de l i nea te  and analyze areas where such est imates cannot be made 

w i t h  conf idence 
recommend most needed f u r t h e r  research'. 

The r e p o r t  i s  n o t  a compi la t ion  o f  a l l  s c i e n t i f i c  i n fo rma t ion  bear ing on LNG 

f i r e  and exp los ion  phenomena. Ne i ther  i s  i t  a programmatic eva lua t ion  o f  

on-goi ng research. 

2.2 ORGANIZATION OF THIS REPORT 

Analys is  o f  any combustion event requ i res  an i n i t i a l  f u e l  d l s t r S b u t i o n  

and s p e c i f i c a t i o n  o f  important  environmental c h a r a c t e r i s t i c s .  Sect ion 3 sets 

f o r t h  s a l i e n t  parameters and t h e i r  assumed ranges. A key assumption i s  t h a t  

t he  LNG i s  s to red  a t  near-atmospheric pressure, thus excluding the  h igh  

re lease  v e l o c i t i e s  and a d i a b a t i c  vapor i za t i on  encountered when l i q u e f i e d  

petroleum gas (LPG) i s  re leased from 'p ressu r i  zed storage. Sections f o l  low 

which deal w i t h  f o u r  major categor ies o f  phenomena important  t o  the  o v e r a l l  

behavior  of LNG combustion : 

Section 4 - I g n i t i o n  

Sect ion 5 - Vapor c loud burnup 

Sect ion 6 - Pool f i r e s  

Sect ion 7 - Detonation 

Sect ion 5 inc ludes t h e  important  quest ion of the  ex ten t .  t o  which so-ca l led  

"fi re-ba l  1" behavior  may 'real i s t i c a l  l y  b e a n t i c i p a t e d  f o l l  owing a l a r g e  LNG 

re1 ease. 



Each o f  t he  Sect ions .4 through 7 begins w i t h  a statement o f  t he  inf .or-  
' J *  

mation most needed f o r  hazard ana lys is ,  fo l lows w i t h  a review of techn ica l  

understanding, and ends wi t h  conclusions and recommendations. Sect ion  8 r e -  , , 

c a p i t u l a t e s  the  recommen&tions * . .  and, as l i m i t e d  by the  scope o f  t he  repor t ,  

sets p r i o r i t i e s .  De ta i l ed  p r i o r i t i e s  f o r  recommended f u r t h e r  work depend 

on f i r m e r  r e l e a s e l d i  spersion s p e c i f i c a t i o n s  than p resen t l y  ava i lab le . .  A1 so, 

such fac tors  as the  importance assigned t o  events o f  very  low p r o b a b i l i t y  

b u t  h igh  hazard l e v e l  must be q u a n t i f i e d .  

Sect ion 7 i s  r e l a t i v e l y  extensive. Th is  r e f l e c t s  the  great  amount o f  

work t h a t  has been devoted over the  years t o  detonat ion  phenomena i n  general 

and, recen t l y ,  t o  methane-air detonat ions p a r t i c u l a r l y .  It does n o t  imp ly  

t h a t  de tonat ion  i s  a dominant concern i n  LNG hazard ana lys is .  The unresolved 

issues most impor tant  f o r  hazard ana lys i s  f a l l  w i t h i n  t h e  scope o f  Zect ion  5. 
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.3.0 FUEL DISTRIBUTION AND RELATED ASSUMPTIONS 

This Section sets f o r t h  t he  assumptions respect ing f ue l  d i s t r i b u t i o n  

and combustion environment which guide the remainder o f  the repor t .  Idea l l y ,  

such assumptions should be derived from a spectrum o f  re lease scenarios and 

respect ive p robab i l i t i e s ,  and s ta te-o f - the-ar t  d ispersion analyses r e f l e c t i n g  

p robab i l i t y  d i s t r i b u t i o n s  o f  w ind  and other environmental var iables.  A 

fu r the r  probabi 1 i ty d i s t r i b u t i o n  o f  po ten t i a l  i g n i t i o n  sources, i n  time and' 

space, would make possib le de r i va t i on  o f  a spectrum o f  combustion scenarios. 

Such in format ion i s  not  present ly  ava i lab le .  The assumptions s ta ted below 

are judgments based on avai l a b l e  fac tua l  descr ip t ions o f  LNG operations, 

and discussions w i t h  various i nd i v i dua l s  concerned w i t h  LNG hazards. 

It i s  remarked t h a t  these assumptions are biased away from events f o r  

which LNG combustion phenomena are no t  ser ious ly  a t  issue i n  hazard analysis.  

An example would be a ruptured tank volume o f  on ly  a few 10 's  o f  m3 due, for  

example, t o  an LNG t ruck  c o l l i s i o n .  On the other hand, the assumptions are 

biased towards events which, a t  l e a s t  i n  theory, could cause tremendous 

damage, even though occurrence probabi 1 i t i e s  are  small. Thus considerable 

emphasis i s  devoted t o  events t h a t  could produce large-scale " f i r e - b a l l u -  

l i k e  behavior, o r  detonation. Publ ic  perception o f  the hazards o f  such 

catastrophic events demands c lear  quan t i f i ca t i on  o f  occurrence probabi 1 i t ies ,  

a t  l e a s t  i n  an upper-bound sense. 

3.1 ,EXCLUSIONS 
. i , . .  

Only scenarios consistent  w i t h  the cur rent  o r  pro jec ted s i t i n g  and 

operat ional  p o l i c y  are  considered. ~xc luded,  i n  pa r t i cu l a r ,  i s  the 

re lease o f  a la rge  volume o f  l i q u i d  i n t o  a bu i l t - up  area, as has 

occurred. i n  the past(  l ) .  Combined 1 i qyid/vapor f 1 ow, and bo i  l i n g  , 
i n  tunnels, bu i l d i ng  i n t e r i o r s ,  etc.  i s  no t  considered. 



Almost a l l  LNG i s  contained a t  near-atmospheric pressure, because tem- 
perature variation with pressure i s  so small, in comparison with the 
driving temperature differential for heat leaks, that pressurization 
yields only very small reduction in insulation or refrigeration costs. 
Only releases from near atmospheric pressure containment are considered. 
This contrasts with liquefied petroleum gas ( L P G )  which i s  typically 

stored a t  room temperature and pressures on the order of 10. atm. , 

Releases from pressurized storage exhibit high flow velocities and 
( 2 )  strong turbulent mixing, with characteristic "fire-ball behavior. 

Should LNG be stored u'nder pressure, a release would ,exhibit behavior 
similar t o  an LPG release. 

+ So-called "boi 1 ing explosions", wherein damaging dynamic' phenomena .may 

be encountered even in the absence of combustion, are mentioned for 
completeness in Section 7. However, this  type of phenomena can be 
considered carefully only in the context of liquid flow and boiling 
phenomena in general. The physical problem properly belongs in the 
category of dispersion phenomena. Only problem specifications perti- 
nent to hazardous combustion are considered. 

3 . 2  UNDERLYING ASSUMPTIONS -__ 

3.2.1 Release Magnitudes 

3 Volumes on the order of 2500 - 25,000 m are of most interest.  With 
the exception of truck or ra i l  transport, a l l  acceptable LNG fac i l i t i es  , .  

and operations will probably be sited under the assumption of potential 
' 

. releases of such magnitude. Fire behavior of smaller releases i s  discussed 
briefly in Section 6. Although there is. no clear upper-bound worst case, 

3 50,000 m (say, two. tanker .compartments) i s  appropriate as a severe release.. 

3.2.2 Release Duration 

~ a j ( ~ )  has given an estimate for the crossover time from instantaneous 
to continuous release of 1 iquid; for shorter release duration, the 1 iquid 
flow and boiling phenomena are essentially those of an instantaneous release. 



For a  10000 m3 re lease and a  conservat ive ly  h igh  vapor i za t i on  f l u x  o f  

0.3.kg/m2/sec, crossover t ime i s  a p p r o x i m a t ~ l y  60 sec; t h i s  t ime va r ies  as 

( re lease and i n v e r s e l y  w i t h  vapor i  z a t l o n  f l u x .  Considerat ion o f  

re lease mechanics suggests t h a t  instantaneous l i q u i d  re lease i s  a  b a r e l y  

achievable worst  case when vapor i za t i on  f l u x  i s  h igh  (over  open water) bu t  

i s  a  reasonable base l ine  case when low (over land).' 

For most purposes the  assumption o f  instantaneous l i q u i d  re lease i s  

conservat ive.  An except ion a r i ses  when consider ing the  p o s s i b i l i t y  t h a t  a  

continuous re lease might  produce a  combustible plume connect ing d i s t a n t  

downstream i g n i t i o n .  sources w i t h  ,the source o f  release, e.g. a  tanker w i t h  

some tanks f u l l  and o the r  rup tures  b u t  n o t  l o c a l l y  i g n i t e d .  The major i ssue 

i s  t he  l i k e l i h o o d  o f  upstream f lame propagat ion a long the  plume, and i s  

. d e a l t  w i t h  i n  Sect ion 5. 

3.2.3 Release S i t e  Charac te r i s t i cs  

The f o l l o w i n g  a re  judged rep resen ta t i ve  s i t e  s p e c i f i c a t i o n s  of g rea tes t  

importance. 

re lease on water o f  u n l i m i t e d  ex ten t  

near-shore re lease on water w i t h  an on-shore wind component and 

w i t h  s lop ing beach o r  sea-wall adequate t o  prevent  on-shore l i q u i d  

f l o w  

re lease from a tank on land i n  a  d i ked - in  area which conta ins a l l  

o f  the l i q u i d  

re lease from a tank on land i n  a  d i ked - in  area, w i t h  a  major escape 

due t o  surging o r  d i k e  breach. 

3.2.4 Vapor izat ion 

With the  p o s s i b i l i t y  o f  re lease from pressur ized storage neglected, 

' v a p o r i z a t i o n  i s  heat t r a n s f e r  c o n t r o l  led .  E x i s t i n g  data(4)  i nd i ca tes  t h a t  

0.2 kg/m2/sec. i s  t y p i c a l  over wate'r. Th is  i s  cons is ten t  w i t h  conven- 

t i o n a l l y  understood f i l m  boil.ing,mechan'ics. An increased order  o f  magnitude 

would r e q u i r e  a  mechanism f o r  se l f - sus ta ined  t u r b u l e n t  mix ing o f  LNG and 

water .  SUFI, a mechanism has been s p e c u l a t i v e l y  proposed(5) b u t  t he  



assumptions a re  so fa r  unsupported by e x i s t i n g  data o r  theory. I n  t h i s  report , .  

0.3 kgh2/sec.  i s  taken i s  an upper bound. Over !and, a1 though complex, 

t rans ien t  behavior must occur, time-inean ' vapo r i za t i on  ra tes  must be much 

lower. 

3.2.5 Mind 

The most important range o f  wind speeds i s  a few m/sec., say 3-15. For 

la rge  releases, e f f e c t s  o f  wind speed below t h i s  range a re  overwhelmed by 

g r a v i t y  vapor f low, except a t  very l a t e  stages o f  dfspersiot i .  Wlnd speed 

above t h i s  range i s  r e l a t i v e l y  un l i ke l y .  Because h igh wind 'speed enhances 

d i l u t i o n  t o  safe leve ls ,  considerat ion o f  the moderate range c i t e d  i s  con- 
. . 

servat ive i n  a sense. For example,. h igh wind speed reduces plume length f o r  

a given s p i l l  s ize. On the other hand,~maximum fiammable layer  thickness 

increases w i t h  increasing wind speed. Increasing flammable layer  thickness 

may exacerbate some aspects of LNG hazardous vapor combustion. 

3.2.6 Vapor Dispersion 

A number o f  approximate models have been pu t  forward, and comparatively 

reviewed bv Havens. ( 6 )  A r e l a t i v e l y  complete model has been developed by 

Science Applicat ions, Inc. ('! P red ic t i ve  accuracy, i n  general, appears t o  

be l i m i t e d  p r i m a r i l y  by uncer ta in ty  i n  treatment o f  tu rbu len t  phenomena. 

The uncer ta in ty  appl ies t o  time-mean t ranspor t  f luxes and, more severely, 

t o  f l uc tua t ions  o f  dimension approach1 ng the important ( v e r t i c a l  ) length  

scale o f  the phenomena o f  i n t e res t .  

3.3 FUEL CONFIGURATION ASSUMPTIONS 

The assumptions ou t l i ned  above i nd i ca te  that ,  p r i o r  t o  i g n i t i o n ,  LNG 

must be d i s t r i b u t e d  i n  a surface layer  t h a t  i s  t h i n  r e l a t i v e  t o  character is-  

t i c  hor izonta l  dimensions. This becomes more v a l i d  the l a rge r  the postu- 

l a t e d  release volume. Vapor combustion phenomena o f  i n t e r e s t  are detera 

mined p r i m a r i l y  by the l oca l  v e r t i c a l  s t ruc tu re  o f  the vapor layer .  Of 

course, r e a l i s t i c  p red i c t i on  o f  the combustion hazard o f  a cloud (o r  plume) 



o f  LNG vapor depends on addi t iona l  information, such as hor izonta l  dimensions 

and i g n i t i o n  point .  But t h i s  i s  p r ima r i l y  an i n t e r p r e t i v e  step, given a 

de ta i led  p re - i gn i t i on  dispersion scenario and understanding of various 

cont r ibutory  combustion phenomena as determined by l oca l  vapor layer  proper- 

t i e s .  Sections 5 and 7 are  w r i t t e n  i n  such s p i r i t .  Vapor l aye r  v e r t i c a l  

s t ruc tu re  and pool f i r e  fue l  conf igurat ion are addressed separately below. 

3.3.1 Vapor Layer Ver t i ca l  St ruc ture  

Most important i s  the thickness LF o f  the flammable l aye r  when l oca l  

turbu lent  time-mean fue l  vapor mole f r a c t i o n  < i s  between the r i ch .and  lean 

f lammabi l i ty  l i m i t s ,  tR and cL, respect ively.  The working value f o r  tR i s  

0.14. For pure methane' EL i s  0.05; however, allowance f o r  sp ik ing  w i t h  h igher 

hydrocarbons d ic ta tes  a somewhat lower value, here taken as 0.03. (8) 

The flammable l aye r  i s  mostly a i r .  I t s  f low proper t ies  are essen t i a l l y  

those o f  the ambient surface wind. One important flow property i s  a charac- 

t e r i s t i c  mean ve loc i t y  vF. Another i s  a cha rac te r i s t i c  mean r e l a t i v e  ve loc i t y  
- 
VFR between the flammable and r i c h  layers.  Because o f  g rav i t y  f l ow o f  the 

- 
l a t t e r ,  possib ly opposite t o  the  wind d i rec t ion ,  VFR can exceed vF. 

Beneath the flammable layer ,  i n  general, i s  a r i c h e r  l a y e r  which may, 

p o t e n t i a l l y  feed'continued combustion v i a  enhanced mixing as a r e s u l t  o f  

combustion-generated volume expansion and buoyance o f  the gases i n  the pre- 

i g n i t i o n  flammable layer.  The fue l  a v a i l a b i l i t y  i n  the f l a h a b l e  and r i c h  

layers  together i s  here characterized by thickness LT defined, f o r  d e f i n i t e -  

ness, as the equivalent  STP methane thickness o f  a l l  the f ue l  :vapor beneath 

the &L surface. Examinaticn o f  the concentrat ion p r o f i l e  from an idea l i zed  

one-dimensional d i f f u s i o n  analysis(9)  shows t h a t  the maximum r a t i o  of LF/LT 

i s  roughly 10, corresponding t o  disappearance o f  the r i c h  layer ,  and i s  on ly  

weakly sens i t i ve  t o  the choice 'of 61. 

.F ina l ly ,  i t  must be recognized t h a t  the flammable l aye r  should e x h i b i t  

tu rbu len t  f luc tuat ions,  notably o f  concentrat ion 6 6  and o f  v e l o c i t y  6VF. 

The tu rbu len t  scale, f o r  def in i teness'  the i n teg ra l  scale LI, i s  a l so  important. 



Numeri c a l  values , o f  the  above parameters a r e  tabu la ted be1 ow: 
I 

. . 

Parameter Range o f  Dominant I n t e r e s t  Severe L i m i t  

0 t o  max (VF, VFR) 

3.3.1.1 Comments. 

' ( i )  Repre- An example value o f  LF approaching 200 m has been published;: 

s e n t a t i v e  maximum~values o f  LT (vapor c loud formed by a massive re lease over 

water)  from a v a r i e t y  o f  sources have been compiled by ~av&s..(6) w i t h  

c o r r e c t i o n  t o  standard temperature, these range past  20:m, hence t h e  selec-  

t i o n  o f  30 m as a severe 1 l m i  t. To maximize LF, assume a h i g h l y  unstable 

atmosphere s u c h  t h a t  t h e  r i c h  l a y e r  i s  consumed a s h o r t  d i s i a n c e  downwind 

o f  t h e  maximum l i q u i d  pe r ime te r ,  and then  use t h e  k a t i o  ~~/i+ = 10. 
, 

It i s  e n t i r e l y  reasonable t o  assume t h a t  t h e  t u r b u l e n t  mean 6 va r ies  

smoothly through the  flammable l aye r .  Hence, i t  appears appropr ia te  always 

t o  assume t h e  ex is tence o f  an equivalence r a t i o  g rad ien t  o f  magnitude a t  

l e a s t  ( L ~ ) - I .  

I m p l i c i t  i n  developing the  severe l i m i t s  f o r  LF and LT i s  t h e  consi -  

de ra t i on  o f  t he  f i r s t  o f  the cases s t a t e d  i n  Sect ion  3.2.3. For t h e  o ther  

cases, no tab ly  t h e  t h l r d  and f ou r th ,  t he  l i r r ~ i l ;  values should be smal ler .  



Poo'l F i r e  Fuel D i s t r i b u t i o n s  

The f o l l o w i n g  assumptions apply t o  LNG pools, Sect ion 6. Natura l  

vapor i za t i on  r e f e r s  t o  t h a t  independent o f  f lame- to- fue l  energy feedback. 
. . 

3.3.2.1 Major re lease over open water - 

roughly c i r c u l a r  (poss ib le  d i s t o r t i o n  due t o  contac t  w i t h  ships, 

shore, p ie rs ,  e tc . )  

maximum rad ius  5000 m . .. 

maximum dura t i on  600 sec (non-instantaneous) 

na tu ra l  vapor i za t i on  r a t e  - up t o  0.3 kg/m2/sec 

3.3.2:2 Tank re lease contained by d i ke  - 

roughly square o r  c i r c u l a r  

maximum s ide  leng th  o r  diameter 300 m 

depth over 1  m 

n e g l i g i b l e  na tu ra l  vapor i za t i on  

3.3.2.3 Tank re lease w i t h  pool l o s t  from d i k e  - 

p o s s i b l y  e r r a t i c  shape 

e.  .maximum area 
. . : . /: . . !5 2 

. , : . . lP iqu id  . .. . 5  x  10 m 
6  2 .  

. . .  : . eqvelope & a  2 x  10 m 
maximum ? , du ra t i on  1200- sec. 
. .  - ' ? .  

. . 
2 na tu ra l  v a p o r i z ~ t i o n ' ~ a t e - u p  :. . . . , .. t o  0'.1kg/m /se.c. . '  
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4.0 IGNITION 

I g n i t i o n  o f  a cloud of LNG w i l l  occur on ly  i f  a vapor-air mixture w i t h i n  

the flammable range, approximately 3 t o  14 percent f u e l  by volume f o r  LNG 

vapor (Sect ion 3.3.1) comes i n t o  contact  w i t h  a su i tab le  i g n i t i o n  source. 

4.1 NEEDED 1NFORMAT.ION 

Informat ion i s  sought f o r  ascer ta in ing the probabi 1 i ty o f  i g n i t i o n  o f  

a vapor c loud and also, i f  i g n i t i o n  does occur, f o r  determining the range 

o f  probable t ime  and locat ion.  

The p r o b a b i l i t y  o f  i g n i t i o n  depends s t rong ly  on the s p i l l  scenario. 

For a s p i l l  over open water, o f  a magnitude such t h a t  flammable mixtures do 

not  reach land, i t  i s  u n l i k e l y  t h a t  i g n i t i o n  w i l l  occur except from sources 

aboard ships, e.g. the sh ip  from which the s p i l l  o r ig inates.  The ' p r o b a b i l i t y  

. o f  shipboard i g n i t i o n  i s  d i f f i c u l t  t o  assess, beyond observing t h a t  i t  appears 

somewhat s i m i l a r  t o  p r o b a b i l i t y  o f  i g n i t i o n  t h a t  would apply i f  the flammable 

mix ture  were t o  reach inhabited. por t ions o f  land. The s p i l l  scenario i n -  

vo lv ing  a c o l l i s i o n  between an LNG tanker and another vessel would r e s u l t  i n  

a h igh p r o b a b i l i t y  o f  i g n i t i o n .  Over land i n  remote areas, a flammable 

mixture from a la rge  cloud might we l l  encounter no i g n i t i o n  sources. 

However, i n  inhabi ted areas i t  appears t h a t  the p robab i l i t y  o f  no t  encoun- 

t e r i n g  an i g n i t i o n  source w i l l  be very low f o r  a c loud o f  appreciable extent. 

Since ea r l y  i g n i t i o n  may r e s u l t .  i n  a l oca l i zed  f i r e  wh i le  l a t e  i g n i t i o n  

may produce de f lag ra t ion  and pressure waves, which may be more damaging, 

p a r t i c u l a r l y  i f  they propagate through populated areas, knowledge o f  the t ime 

and l oca t i on  o f  i g n i t i o n  may be s i g n i f i c a n t  i n  hazard analysis.  

4.2 REVIEW 

. . , , 

( 1 0 ) ¶ ( l i ) .  4.2.1 I g n i t i o n  Modes . . 

I g n i t i o n  o f  methane'-air mixtures can be produced b y  a flame, by hot  

gases, by a hot  surface o r  by a spark. 
, , I 



4.2.1.1 Flame Ignition 

Ignition i s  pract ical ly  cer tain i f  the flammable mixture encounters 
a flame, even a small one such as the p i lo t  flame o f . 8  gas stove. Therefore, 
ignition times of methane-air mixtures exposed to  flames need not be 
studied i n  connection with the question of cloud ignition. 

Hot-gas Ignition 

Gases as  hot as combustion products i , n  flamcs exhibi t  ignition charac- 

t e r i s t i c s  similar to  flame ignition. Hot gases a t  lower temperature behave 
similarly to  hot 'surfaces i n  ignition. Since i t  seems l ike ly  tha t  hot 
surfaces would be encountered more often than would hot gases a t  temperatures 
below flame temperature, hot-surface ignition may be more relevant than 
igni t ion by lower-temperature hot gases. 

4.2.1 - 3  Hot-surface Ignition 

In ignition by a hot surface, the flammable mixture experiences an 
auto-ignition process, in the sense tha t  the surface heats the combustible 
gas and thereby i n i t i a t e s  chemical reactions tha t  lead eventually t o  pro- 
duction of radical species and to  combustion. If  the surface temperature i s  
below a c r i t i c a l  value, a reaction suf f ic ien t  to  produce radical buildup 
does not occur, and combustion i s  not observed, there being merely conduction 
of heat away from the surface through the gas. If  the surface temperature 
i s  equal to  the minimum auto-ignition temperature fo r  the combustible mix- 

t u re  (approximately 530°C for  methane-air mixtures and 470°C fo r  propane- 

a i r  mixtures), the ignition occurs a f t e r  a long delay time. As the surface 
temperature i s  increased fur ther ,  the delay time decreases. This decrease 
i s  qui te  pronounced, and therefore, in  practice,  a surface temperature equal 
t o  the minimum auto-ignition tenperature i s  suf f ic ien t  t o  igni te  the 
flammable mixture. 



4.2.1 '4 Spark Ignition 

In i gni ti on processes, as the.  r a t e  of energy deposi t ion increases, the 
ignition time decreases. For very rapid deposition, there i's a minimum 
to ta l  amount of energy tha t  must be deposi ted-in the gas to  produce ignition. 
This i s  the minimum ignition energy, which i s  relevant fo r  spark igni'tion. 
Minimum ignition energies a re  very small, on the order of 1 mil l i joule ,  
for  mixtures of LNG vapors with a i r .  ( I 2 )  Energies delivered by sparks i n ,  

automobile engines, f o r  example, a re  order of magnitude greater than the 
minimum ignition energy. Therefore, most sparks'encountered by a combustible 
cloud would produce ignition. 

4.2.2 Effects of Chemie(?l .Composition 

The flammable range vari-es with content of heavier hydrocarbons; the 
lower and upper l imits  both decrease with increasing molecular weight. For. ., 

. .  . 
example, ' the flammable range fo r  propane-air mixtures i s  roughly 2 t o  8 

percent fuel by volume. (8) Aside from t h i s  s h i f t  in  t h e  flammable range,, 
' there i s  no s ignif icant  e f fec t  of LNG composition.on flame.or spark.igni- 
t ion. There i s  a s ignif icant  e f f ec t  on auto-igni t i on '  (or  hot-surface 
i gni t i on ) ,  since ignition temperatures for  the higher" hydrocarbons a re  
substant ial ly  lower. This difference stems ultimately from the f a c t  t ha t  

the carbon-hydrogen bond i s  stronger than the'carbon-carbon bond, thereby 
making methane more s table  than other hydrocarbons t o  thermal, a t tack.  (13) 
In flame and spark ignition, the fuel molecule i s  attacked by energetic 
chemical species,. such as radicals ,  and the thermal s tabi  1 i ty  i s  re la t ive ly  

insignif icant .  In hot-surface igni t ion,  the fuel molecule i s  attacked 
thermally, .and the s t a b i l i t y  of methane becomes important. 

4.3 CONCLUSIONS AND RECOMMENDATIONS 

The preceding considerations indicate tha t  contact of the flammable 
mixture with nearly any spark or flame will produce' ignition.  n nit ion i s  
less  cer tain upon contact of the flammable mixture'with a hot surface, and 
i n  t h i s  case whether ignition occurs depends on the composition of the LNG, 

as we'll as on the temperature o f  the surface. Although some fur ther  research 



on auto-ignition of LNG-air mixtures might be jus t i f ied  on the basis of 
th i s  uncertainty, by f a r  the greatest  uncertainty l i e s  i n  the question o f .  
whether a flammable mi.xture will come into contact w i t h  an ignition source, 
and, i f  so, when and where the contact will occur. In populated areas, along 
with hot-surface sources will be spark and flame sources. In general, i t  
seems l ike ly  tha t  a flammable cloud in such an area will encounter one of 
these sources, b u t  the probability of this occurring is not known perfectly. 
Better quantification of -arrangements and accessi b i  1 i t ies ,  of spark and 
flame sources 'could impreve a b i l i t i e s  t o  predict ignitions resulting from 
LNG s p i l l s .  Also, uncertainties concerning sens i t iv i t i e s  of hazard analyses 
t o  ignition probabili t ies and t o  ignition times and locations remain and 
may warrant fur ther  investigation. 



5.0 VAP:OR CLOUD BURNUP :,. 

T h i s  Section i s  concerned wit:h the.. t ransient  combustion of a large cloud 

of LNG vapor. After ignition, the .region of combustfpn involvement expands 
due. to  flame spread and diminishes due to  fuel consumption. T h i s  region i s  

distorted by wind or by buoyancy-i nduced convection. Additional gas motion 

i s  a consequence, of expansion due to. combustion .heat release. The process 

ends w i t h  the disappearance of thelvapor cloud,.or w i t h  establishment of a 
pool f i r e .  . , 

As noted in Section 3, a typical large vapor cloud would l i e  on the 
water or  land surface, and i ts  height would be much less  than i t s  horizon- 
t a l  extent. I f ,  due to special i n i t i a l  conditions or  t o  post-ignition 
convection, the cloud develops comparable vertical and horizontal dimen- 
sions and i f  i t  becomes fu l ly  involved i n  flame, there would ex i s t  what 
i s  loosely referred to  as  a "f i re-bal l ."  Recognizing tha t  this i s  not neces- 
sa r i ly  the manner in which an LNG vapor cloud would burn ,  the f i re-bal l  
mode has been suggested (14) , ( '  5, , and dynamic and thermal behavior discussed. 
.Experimentation has been done on laboratory ( I 4 )  and larger ( b u t  s t i l l  much 
smaller t h a n  r ea l i s t i c ) (16)  length scales.  Participation of a large mass 
of LNG vapor i n  a f i re-bal l  would unquestionably const i tute  a severe 
thermal radiation hazard. (17) 

5.1 NEEDED INFORMATION 

An 'important character is t ic  of a vapor cloud burnup  event i s  the extent 
to  which large-scale f i re-bal l  behavior i s  approached, given r e a l i s t i c  
ini t ia1,vapor dis tr ibut ion.  Even i f  the complete cloud does not form a 
f i re -ba l l ,  the energy potentially available can be so large tha t  local 
b u r n i n g  concentrations on a length scale substantially smaller than t h a t '  . 

of the complete cloud may constitute a serious thermal radiation hazard. 

A second important charac ter i s t ic  i s  whether, and how rapidly, flame 

will spread from the ignition point to  targets a t  r i sk .  An example i s  
whether flame can propagate upstream along a plume t o  a par t ia l ly  emptied 
tanker. 



F ina l l y ,  i t  i s  necessary t o  estimate,combustion-driven pressure bu i ld -  

up we l l  enough t o  assess pressure wave hazards, p a r t i c u l a r l y  t o  persons and 

proper ty  beyond the r e g i o n  o f  d i r e c t  combbstion damage. 
# .  

' . . .  j ?  . . . a  

5.2 REVIEW 
i t  

Vapor cloud burnup e n t a i l s  m u l t i p l e  and complexly coupled physical  

mechanisms. To es tab l i sh  perspective, i t , i s  appropr iate t o  consider 

b r i e f l y  what cons t i tu tes  a reasonable approach t o  understanding o f  t h i s  

c lass o f  phenomena. 

I n  p r inc ip le ,  pos t - i gn i t i on  vapor cloud behavior.should be ca lcu lab le  

by computer f i e l d  so lu t i on  o f  the approprdate p a r t i a l  d i f f e r e n t i a l  equations. 

Techniques a re  evolv ing f o r  numerical computation o f  tu rbu len t  f lows w i t h  

chemical react ion(18) 9, and buoyancy ip te rac t ions (20) .  Vapor cloud 

burnup e n t a i l s  tu rbu len t  de f lag ra t ion  combined w i t h  d i f f u s i v e  burning, 

d i s t o r t e d  by convection. I n  general, the geometry o f  the essent ia l  features 

i s  three-dimensional. A major i n  f l ow  and combustion computing 

c a p a b i l i t y  i s  judged necessary such problems can be con f iden t l y  

t rea ted  v ia  f i e l d  solut ions.  

An a l t e r n a t i v e  approach i s  based on establishment o f  a few c r i t i c a l  

scenarios which would be subject  t o  d e f i n i t i v e  f i e l d  tes ts .  However, f o r  
every re iease/dispersion scenario, i t  would be necessary t o  consider a 

range o f  i g n i t i o n  times and a va r i e t y  o f  i g n i t l o n  locat ions.  The requ i red 

number o f '  t es t s  would be p roh ib i t i ve .  

The on ly  avenue t o  decision-making c r i t e r i a ,  encompassing a r e a l  i s t i c a l  l y  

wider spectrum o f  po ten t i a l  i g n i t i o n  events, i s  through understanding of 

important subsidiary phenomena i n  terms o f  dominant parameters. Accordingly , 
f i v e  main categories o f  phenomena are i d e n t i f i e d  and dea l t  w i t h  separately 

below. 



5.2.1 Flame Spread Through Flammable Volumes 

There are  two major elementsin the flame spread problem. e he f i r s t  i s  
jii11;- : 

determination of the r a t e  of advance of the flame front re la t ive  to  the local 
u n b u r n t  gas, here referred to  as  "propagation." .Gas volume expansion upon 

passage of the combustion front  disturbs the flow f i e ld .  Relatively small 

scale,  turbulent distortions are  part  of the.propagation problem. . Bulk 
gas motion due t o  volume expansion' constitutes the second element of the 
flame spread problem. ,'.-'. . ( 

5.2.1 .1 Propagation 

The heart of the propagation problem i s  the role  of turbulence. From, 

a rigorous sc ien t i f i c  standpoint,: t h i s  i s  f a r  from understood, especially i f  
there are  fluctuations i n  composition i n  addition to velocity. . . 

~ p p a r e n t l ~ ,  no experimental invest igat ions of the ef fec t  of compo- 
s i t ion  fluctuations oil! turbulent flame propagation have been reported. 
In th i s  paragraph, the ef fec t  of turbiilence on' flame propagation into corn- 
positionally uniform unburnt gas i s  reviewed. ' ~ i n d ( ? ~ )  has measured 

propagation ra t e  enhancement by turbulence developed upon propagation i nto 
a quiescent unburnt gas; the resul t  i s  propagation ST a t  approximately 
twice the laminar flame speed SL.~  The ef fec t  of pre-existing turbulence has 
been reviewed by Andrews e t  a1.(22), and additional measurements reported by 
Ballal and Lefebvre(23). Andrews e t  a l .  suggest a correlation i n  terms of '  

' a single parameter, navely a turbulence Renolds number (constructed from 
veloci ty fluctuation 6 V and a character is t ic  turbulence length scale) .  
This suggestion appears t o  be based on experimental data fo r  h i g h  inten-. 
s i t y  ( i  .e . ,  high 6 V ) .  and small scale turbulence. The resul t s  of Ballal 

and Lefebvre show a clear  dependence on a t  l eas t  one additional parameter, 
the velocity r a t i o  6 V/SL. . For the high intensity .regime 6 V/SL > 2 )  t he i r  
resul t s  suggest' tha t  ST declines as turbulence length scale increases 
independently, For low intensity turbulence (aV/SL < 2) there i s  a data 

gap for  turbulence integral length scale larger than a few mm. The 

existing data base i s  judged consistent with the wrinkled laminar flame 
concept as applied t o  turbulence parameters anticipated for  LNG vapor 



clouds; i . e .  ST/6V i s  o f  order  1, perhaps as h igh  as 2, and tends t o  decrease . ,. , ,! 
w i  t h  increas ing turbulence scale. An upper bound propagation r a t e  appears - 

t.0 be on t h e  order  o f  a  couple mlsec f o r  'a low value o f  t he  flammable l a y e r  

speed VF o r  TRF; f o r  h igher  values the"6orresponding expecta t ion  i s  some 

f r a c t i o n ,  w e l l  l ess  than u n i t y ,  o f  max (vF, V R F )  A  more comprehensive data 

base i s  needed t o  evaluate these conjectures.  

5.2.1.2 Ef fec ts  o f  Expansion-DrivenBulk Gas' Flow 

A general consequence o f  volume' expansion due t o  combustion i s  bu l k  

acce le ra t i on  o f  the  unburnt gas j u s t  ahead o f  the  f lame f r o n t .  Thus the  
spread ra te ,  de f ined  ere as t h e  r,ate o f  f lame advance i n  the frame o f  reference 

o f  t h e  l o c a l  gas before  d is turbance by combustion, genera l l y  exceeds the  

propagat ion v e l o c i t y .  Under circumstances where t ransverse motion t o  accommo- 

date  volume expansion i s  not  poss ib le  (i.!e. p a r a l l e l  s t reaml ine  f l ows)  such 

a c c e l e r a t i o n  might  cont inue i n d e f i n i t e l y .  However, if the  combustible gas 

l a y e r  i s  o f  f i n i t e  th ickness and f r e e  t o  expand i n  a t  l e a s t  one t ransverse 

d i r e c t i o n  ( i  .e. upwards i n  li k e l y  LNG" vapor c loud conf igura t ions) ,  a  steady 

spread r a t e  i s  even tua l l y  establ ish&. . 

What i s  the  spread rate-propagat ion r a t e  r a t i o  i n  an LNG v a p o r l a i r  

m i x t u r e  w i t h  u n l i m i t e d  a i r  above? small  -scale experiments w i t h  layered 

methanelai r suggest numbers on the  o rde r  o f  6. (24)   ow ever,' a n a l y t i c a l  

concepts have been p u t  forward which suggest g r a v i t y  enhancement such t h a t  

t h e  r a t i o  increases i n d e f i n i t e l y  w i t h  t h e  th ickness LF o f  t h e  flammable 

layer . (25)  Whether o r  n o t  t h i s  i s  t r u e  i; a c r i t i c a l  i ssue  which demands 

e a r l y  reso lu t i on .  I t  i s  emphasized t h a t  such r e s o l u t i o n  does not,  a t  l e a s t  

i n i t i a l l y ,  requi ' re l a r g e  sca le  LNG tests:  The c r i t i c a i  parameter i s  t he  

r a t i o  o f  the propagat ion v e l o c i t y  t o  a  buoyant v e l o c i t y ,  p ropor t i ona l  t o  

( L ~ ) ~ / ~ .  Th is  suggests sca lc  model experiments us i f id  f u e l l a i r  mix tures  w i t h  

laminar f lame speed SL lower than t h a t  o f  methanelair .  It i s  remarked t h a t  

SL i s  r e a d i l y  lowered w e l l  under h a l f  t h a t  of a  s t o i c h i o m e t r i c  methane-air 

through use o f  i n e r t  d i l uen ts ,  i n  say, propane-air. 



5.2.2 Turbulent Diffusive Burning 

After passage of flame through a flammable layer,  a degree of residual 
burning i s  probable. Because of concentration fluctuations,  fuel-rich pockets 
are  l ikely whenever the mean mixture r a t i o  prior t o  passage of the combustion 
front  i s  not too lean. Additionally ,there may be a large vol ume throughout 
which the local mean mixture r a t i o  i s  too rich t o  support combustion. Both 
fuel-rich pockets residual t o  flame passage and larger volumes of fuel-rich 
mixture b u r n  diffusively.  On an; iength scale of practical concern there 

. . 
must be substanti a1 turbulence. Turbulence enhances diffusion. Combustion 
heat release supports a bu~yancy~driven flow which generates continued turbu- 
lence. This coupling determines the r a t e  of fuel burnout, and the radiat ive 
characteris-tics of the flames. The radiative character is t ics  of principle 

in t e res t  a re  r a t e  of growth of the combustion volume, i t s  r a t e  of r i s e  and 
the e f fec t ive  emission f lux a t  i t s  outer '  surface. 

General theories of coupled turbulent diffusion and combustion generated. 
buoyancy a re  not available.  The point i s  approaching where some simple cases 
can be constructively studied by numerical computation. For a reasonably 

compact (ver t ical  thickness not too d i f fe rent  from horizontal extent) fuel 
cloud fu l ly  enveloped i n  flame, a simple b u t  convincing analysis of the 
e f fec ts  of length scale i s  available and provides a basis fo r  empirical 
correlation. ( l 5, A1 though fur ther  research can ref ine the picture,  i t  appears 
tha t ,  i f  sui table  i n i t i a l  conditions fo r  such "f i rebal l - l ike" burning exis t  
and are  known, the features of principal, concern to  decision makers can 
be estimated with reasonable confidence. ' 

The crucial question tha t  has repeatedly been brought up i n  the course 
of t h i s  evaluation 4s the ex ten t . to  which coherent diffusive burning i s  
. l ikely to  evolve, given a r e a l i s t i c  dispersion and ignition sc.enario. A 
discussion of th i s  follows. 



5.2.3 Envelopment Dynamics 

For most circumstances o f  concern, an LNG vapor cloud a t  the time 

o f  i g n i t i o n  has a v e r t i c a l  thickness much less than i t s  cha rac te r i s t i c  

hor i zon ta l  dimension. The most l i k e l y  i g n i t i o n  conf igurat ion i s  a s ing le  

po in t ,  o r  a few po in ts  concentrated i n  a reg ion recen t l y  overrun by the cloud. 

The probable i g n i t i o n  l oca t i on  i s  riear the edge o f  the .cloud. Two p a r t i -  

c u l a r l y  important general questions are  the fo l lowing.  W i l l  the e n t i r e  

cloud become invo lved and, .if so, how rap id l y?  W i l l  a d i f fus ive-burn ing f i r e -  

b a l l  mode, mentioned above, be establ ished either fo r  the e n t i r e  cloud re -  

maSnihg a f t e r  i n i t i a l  burn through o f  the flammable volume o r  a r e l a t i v e l y  

small y e t  perhaps dangerously la rge f r a c t i o n  o f  i t ?  Present knowledge does 

n o t  permi t  d e f i n i t e  answers t o  questions o f  t h i s  nature, even f o r  speci ' f ic .  

re lease scenarios and spec i f i c  i g n i t i o n  source postulates. A major po r t i on  

o f  the uncer ta in ty  stems from dispersion uncerta inty.  But, even f o r  known 

f u e l  vapor/a i r  d i s t r i b u t i o n  a t  the t ime o f  i g n i t i o n ,  there remain questions 

not  now answerable bu t  which should be answerable w i t h  improved engineering 

understanding o f  the phenomena. 

As an important example, consider a, wind-driven vapor plume emanating 

from a large LNG s p i l l ' o v e r  open water which encounters an i g n i t i o n  source 

a k i lometer  o r  so down-wind o f  the l i q u i d  f r o n t .  The flame spreads s lowly 

upstream against  the wind and vapor flow, and r e l a t i v e l y  r a p i d l y  downstream. 

Since the flammable layer  should be t h i ckes t  over the i n t e r i o r  o f  the plume, 

the flame spreads across the plume a t  a r a t e  which depends on the importance 

o f  the g rav i t y -con t ro l led  e f f e c t  o f  l ayer  thickness mentioned i n  the Section 

5.2.1. Eventual ly a more o r  less symmetrical f r o n t  propagating 'upstream 

should be establ  i shed. Behind the f ron t ,  hot  combustion products, perhaps 

augmented by d i f f u s i v e l y  burning f u e l - r i c h  pockets, form a buoyant column 

drawing an i n d r a f t  downstream; i .e. opposite the d i r e c t i o n  o f  the flamespread. 

I t  i s  e n t i r e l y  conceivable t h a t  t h i s  tendency can s t a l l  the upstream spreading 

flame. Suppose, conceptually, t h a t  the given plume i s  scaled up w i t h  compo- 

s i  ti on s t ruc tu re  homologously preserved. Then the downstream i n d r a f t  should 

increase as (L~) ' " ,  where LF i s  the flammable layer  thickness. 1 t  i s  then 



' 

of crucial importance whether the spread r a t e  r e l a t ive  to  the bulk blow of 
the flammable layer approaches a constant, increases as ( L ~ ) ~ / ~ ,  or perhaps 
increases more rapidly with LF. This par t icular  issue can be se t t led  by 
.bet ter  understanding of gravity influence on flame spread through layered 
media. 

As another example, consider the no wind case w i t h  vapor cloud spreading 
symmetrically over e i the r  land or water. The cloud again encounters a point 
ignition source a t  i t s  edge,. To fu l ly  envelop the cloud, a combustion f ront  
must propagate across the top or  around the perimeter. The ef fec t  of layer 
thickness and orientation or spread ra te ,  especially i n  the l imit  of large 
length scale,  again i s  too poorly known to  support a conceptual picture of 
the envelopment process. Perhaps the cloud i n  the area of the original 
ignition burns out or/  i s  carried out of the picture by buoyant convection, 
before the spriading combustion wave completes i t s  t ravel .  Perhaps, as  an ,, 

a l te rna t ive  t o  a coherent f i re-bal l  on the length-scale of . the . en t i r e  cloud, 
a smaller moving f i r eba l l  o r  a s e t  of localized f i r e b a l l s  appear. Ansvers 
applicable to  large length-scale phenomena depend on improved characteri-  
zation of turbulent mixing ra tes  as well as flame spread. 

Many other examples can be envisaged. ~ d i t i o n  of any s ignif icant  
geometrical complexity can only reduce prospects f o r  useful understanding 
on the basis of flame spread, buoyant convection, e t c .  Fortunately, the 
whole s e t  of envelopment dynamics 'prdblems appears amenable to  re la t ive ly  
straightforward scale modeling along the same l ines  outlined j n  the flame 
spread subsection. Specifically,  assuming flow dimensions large enough to  
assure strong turbulence, both flame spread and most complex envelopment 
phenomena should be modeled by reducing the laminar flame speed of the model 
f u e l l a i r  mixture as  (length sca le ) l I2 .  Detailed scale model design has 
not been formulated as  a part  of this evaluation, bu t  chances for  doing 
so rel iably and conveniently a re  judged promising. 



5.2.4 'Pressurd Uave 'Ef fec ts '  - - ,. 

Bul k  gas f 1 ow because o f  combustioi-generated volume expansion i s  neces- 

s a r i l y  associated w i t h  pre'ssure v a r i a t i o n .  depending on the  f u e l  vapor con- 

f i g u r a t i o n  and i g n i t i o n  cha rac te r i s t i cs ,  . a  g rea t  v a r i e t y  o f  pressure wave 

phenomena i s  poss ib le  i n  p r i n c i p l e .  Detonations, i n  which the  combustion 

phenomena are  s t r o n g l y  coupled w i t h  the  pressure wave - s p e c i f i c a l l y ,  v i a  

r e a c t i o n  i n i t i a t i o n  because o f  temperature increase across a shock, comprise 

a category t r e a t e d  separa te ly  i n  Sect ion 7. Much more l i k e l y  are  pressure 

waves o f  appreciable - and poss ib le  damaging - magnitude, i n  which the  

temperature r i s e  due t o  pressure increase i s  n o t  l a r g e  enough . t o  s i g n i f i c a n t l y  

couple w i t h  combustion chemistry. 

It i s  important  t o  est imate the  pressure wave.amplitude experienced by 

t a r g e t s  a t  r i s k .  Th is  task can be broken 'down i n t o  cons idera t ion  o f  a 

c h a r a c t e r i s t i c  pressure r i s e  AP associated w i t h  vapor c loud burnout, and 

cons idera t ion  o f  a t tenua t ion  as t h e  wave t r a v e l s  t o  t a r g e t s  ou ts ide  the  

cloud. The problem o f  a t tenua t ion  ou ts ide  the  c loud i s  the  same as f o r  the  

case o f  a detonation, and the  comment's i n  Sec t ion  7.2.5.2 apply. Est imat ion 

of AP i s  discussed below f o r  th ree  classes o f  cond i t ions .  

5.2.4.1 Quasi -steady F.lame Spread .A1 ong a Flammable Layer 

I n  t h i s  case, an est imate f o r  AP i s  

where p o  i s  t he  dens i t y  o f  the unburnt gas and SF i s  the  spread r a t e  i n  the 

flammable layer ,  measured i n  t h e  frame o f  reference o f  t he  flammable l a y e r  

undisturbed by combustion. Th is  can be seen by no t ing  tha t ,  i n  the  s t a t e d  

reference frame, the  stream approaches, b u t  does n o t  achieve, s tagnat ion.  

Th is  estimate-shows t h a t  AP w i l l  reach-damaging magnitudes o n l y  i f  SF reaches 

10 ' s  o f  m/sec; i .e .  a t  STP, SF = 100 m/sec corresponds t o  AP = 0.1 atm. As 

discussed i n  Sect ion 5.2.1, values o f  sF on t h i s  order  o f  magni tude appear 

u n l i k e l y ,  bu t  t he  r o l e  o f  turbulence and, espec ia l l y ,  t he  p o s s i b i l i t y  of 

extreme enhancement as l a y e r  th ickness LF reaches l a r g e  values are  unresolved. 



5.2.4.2 Blast Wave Development Due t o  Deflagration Ignition a t  a Point 

A conservative model i s  a spherically symmetric, combustion-driven 
pressure wave in a uniform pre-mixed sphere of radius I. LF. Analyses ci ted 
in Section 7.2.1.2 show that  magnitude of AP depends primarily on the flame 
propagation speed ST, and can reach damaging levels only i f  ST i s  several 
m/sec. Referring. again t o  Section .5.2..1, i t  is judged tha t  such occurrence 
i s  not l ike ly  b u t  must be recognized tha t  the role of turbulence i s  unresolved. 

5.2.4.3 Complex Wave Geometry # .  . . , 

If suitably shaped solid boundaries a re  present, pressure waves can be 
focused to  reach magnitudes s ignif icant ly higher than those s tated above. 
Simultaneous ignition a t  multiple points can lead t o  the same ef fec t .  L i t t l e  
can be stated in general about such ef fec ts .  Existing scenarios obviate 

such concerns. If  scenarios which suggest wave interaction ef fec ts  a re  
put forward, engineering estimates of AP should be derivable from appropriate 
idealized calculations,  e.g. 1-dimensional method of character is t ic  solu- 
t ions for  colliding waves. 

There i s  a potential for  scale 'mod61 ing the complex geometrical aspects 

of pressure wave buildup. The important scaling parameter is  the r a t io  of 
a character is t ic  turbulent spread.rate  SF to  the speed of sound. Since the 

l a t t e r  is essent ial ly  constant for  practical operations, the scal i n g  rule 
reduces t o  preservation of SF between model and prototype. Better under- 

standing of the dependence of SF on 1 ength (including concomitant depen- 
dence of turbulence character is t ics)  and on fuel character is t ics  (especial ly 
laminar flame speed SL) i s  needed before def in i te  pressure wave scale 
modeling procedures can be proposed. . '  

Thermal Radiation 

Thermal radiation potential of burning vapor clouds i s  determined by 
flame geometry and the emission charac ter i s t ics  of flame surfaces perceived 
by targets  a t  r isk.  A1 though the emi.ssion' character is t ics  ..of burning vapor 

clouds have not been extensively studied, they should be predictable to  



accuracy w i t h i n  a factor  of 2, and pvobab,.y substantially be t te r ,  on the 

basis of general knowledge of f i r e  radiation. For vapor cloud burnout, 
the uncertainty i n  flame geometry is much~worse than tha t  of emission 
character is t ics .  Further comments on emi.ssion character is t ics  appear in 
Section 6.2.2. Flame geometry will be predictable only to  the extent that  
progress is.made . i n  areas discussed i n  Sections 5.2.'1,' 5.2.2 and 5.2.3, 

5.3 CONCLUSIONS AND RECOMMENDATIONS 

The likelihood of " f i re -ba l l "  behavior and other hazardous character is t ics  
of vapor cloud burnup depend c r i t i c a l l y  on two incompletely understood 
classes of phenomena.' One i s  flame spread in turbulent, layered methane- _ 
a i r  mixtures. The other i s  the combined action of flame spread and combus- 
tion-induced buoyant flow, in Targe vapor clouds. Current, b u t  d i s t inc t ly  

incomplete, understanding of these phenomena suggests tha t  the l eng th  

scale  of coherent vapor cloud combustion has a l imi t  on the order of 100's 
of meters. To t e s t  t h i s  conjecture the following steps a re  recommended. 

Intermediate scale (e.g. character is t ic  dimension 2 m wide and deep 
x 50 m long) experiments on. flame spread i n  turbulent layered methane- 
a i r  and other mixtures should be carried out to  determine the extent 
that  gravity accelerates spread ra te .  There i s  good reason to  believe 
tha t  t h i s  phenomenon i s  a member of a much 'broader c lass  o f  yrdvi ty/ 
spread r a t e  interaction phenomena, a l l  of which can be scaled down 
through use of fuels  w i t h  re la t ive ly  slow laminar flame speeds. This 
scaling concept can be tested i n  the course of the intermediate scale 
flame spread experiments recommended here. 

If  the concept can be established, scaling of gravityIflame spread 
interactions should be applied to  clouds ,of fuel vapor and a i r . t o  
determine the length scale of coherent vapor cloud combustion for  
release/dispersion scenarios of in t e re s t .  

The potential for  formation of pressure-waves of destructive magnitude i s  

unclear. Certainly such potential i s  greater than tha t  of the deflagration 

to  detonation t ransi t ion covered in Section 7. The principle underlying 

uncertainty i s  the ra te  of flame spread in representative layers. 



Pressure magnitudes i n  flames spreading i n  layered gases, and de- 

f l  agration-supported b l a s t  waves $need add i t i ona l  study. E f fec ts  of 

fue l  d.i s t r i  but ion, geometry o f  bounding. surfaces, and flame accel er -  

a t i o n  should be invest igated theore t i ca l  ly.. With b e t t e r  understanding. 
b 

o f  f 1 ame spread phenomena, scal e model i ng procedures s houl d be sought. 

, 
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6.0 POOL FIRES 

As considered i n  t h i s  section, pool f i r e s  are  f u l l y  involved i n  flame, 

and gas-phase t rans ients  other than f luc tua t ions  are ignored. It i s  bel ieved 

t h a t  the f u l l  involvement assumption i s  conservative i n  hazard analysis. 

6.1 NEEDED INFORMATION 

Thermal r ad ia t i on  . i nc iden t  on targets  a t  r i s k  outs ide the f i r e  involve- 

ment area i s  f o r  p rac t i ca l  purposes . the one cha rac te r i s t i c  o f  LNG pool f i r e s  

important t o  decision. makers. Within the f i r e  invo l  vement area, the environ- 

ment may be assumed f a t a l  t o  exposed ind iv idua ls .  Property damage w i t h i n  

the involvement 'area, whether by rad ia t i on  o r  convection from the LNG flames, 

o r  by.subsequent burning o f  i g n i t e d  a u x i l i a r y  fue l ,  i s  bound.to be substan- 

t i a l ,  but  i s  d i f f i c u l t  t o  calculate.  i n  d e t a i l  and heav i ly  dependent on s i t e  

de ta i l s .  

.A s fgn i f i can t  problem i s  the thermal i n t e g r i t y  o f  LNG tanks o n  t rucks 

o r  ra i lway cars under pos t -co l l  i s i o n  f i r e  condit ions. The heating character i -  

s t i c s  of small tu rbu len t  LNG f i r e s  are needed. 

6.2 REVIEW , 

This review i s  concerned so le l y  w i t h  a b i l i t y  t o  p red i c t  . rad ia t i ve  expo- 

sure external  t o  the involved area. Radiat ion character izat ion'  can be spl  i t  

i n t o  two.pieces; One piece i s  determination o f  the "shape fac to r "  o r  "view 

factor"  ' o f  the f i r e  as.  viewed by each po ten t ia l  ta rget .  This requ i res  enough 

understanding o f  f i r e  s t ruc tu re  t o  con f iden t l y  def ine flame geometry i n  an 

overa l l  ( f luctuation-t ime-averaged) sense. The second. piece i s  the rad ia t i on  

emission. f l u x . a t  the perceived f i r e  surface, together w i t h  enough spectral  

- d e f i n i t i o n  t o  a1 low ca lcu la t ion  o f  atmospheric at tenuat ion.  Assuming modern 

, 'tank design and reasonable decisions o f  s i t i n g ,  d ik ing,  etc., on ly  la rge 



6.2.1 F i r e  Geometry 

Consider f i r s t  t h e  flame geometry o f  l a r g e  LNG pool f i r e s .  Th is  pro- 

blem i s  s impler  i n  a number of respects t h a t  t h e  geometric e v o l u t i o n  o f  

combustion i n  a vapor' cloud. ' ( I t  i s  noted t h a t  vapor c loud combustion 

behaviorencompasses t h e  i n t e r e s t i n g  quest ion o f  whether a l a r g e  l i q u i d  s p i l l ,  

especi a1 l y  over open water, becomes in,vol ved t o  an e x t e n t  t h a t  a quasi -steady 

pool f i r e  can exl:st, be fore  t h e  1 i 'qu id .  i s  evaporated. ) LNG pools are, i n  

cases o f  p r i m a r y . i n t e r e s t ,  more o r  l e s s  c i r c u l a r ,  over water o r  on land 

w i thou t  c 0 n f h i n . g  dikes, and more o r  l e s s  square, conf ined by d ikes.  I f ,  
as here assumed, t h e  envelopment process. i s  complete, t he  s t r u c t ~ ~ r . ~  and 
behavior o f  t he  f i r e  i s  independent o f  i g n i t i o n  mode. Also,  t h e  l a r g e r  the 

pool and i t s  burni.ng ra te ,  t h e  l e s s  suscept ib le  i t  i s  t o  wind d i s t o r t i o n .  

F i n a l  ly, the  p r i n c i p l e  s t r u c t u r a l  fea tures  o f  t u r b u l e n t  hydrocarbon pool 

. f i r e s  are  n e a r l y  independent. o f  f u e l  except i n s o f a r  .as f u e l  c h a r a c t e r i s t i c s  

i n f l u e n c e  the  burn ing  r a t e .  .And burning ra te ,  expressed as t h e  r a t e  o f  

a i r  requ i red  s t o i c h i o m e t r i c a l l y ~ b y  the  vapor iz ing  fuel., per  u n i t  pool area, 

scales a t  D ' / ~ ,  where D i s  t h e  pool d iameter  ( o r  c h a r a c t e r i s t i c  ho r i zon ta l  

l eng th ) .  (26) Thus dec is i ve  t e s t i n g  r e s p e c t i n g  f i r e  geometry i s  a reasonable 

possi  b i l  i ty. Furthermore, the  extremely r a p i d  . h ~ l r n i n g  r a t e  o f  an LNG pool 

over open water, which i s  the  most expensive case t o  t e s t ,  i s  e s p e c i a l l y  

amenable t o  re1  iable. sca le  modeling w i t h  r e l a t i v e l y  slow burning f u e l s .  

For a l a r g e  symmetrical f i r e ,  t he  most . important  geometric c h a r a c t e r i s t i c  

i s  (time-mean) flame height.. A secondary concern i s  f lame lean '  due t o  wind. 

A s t r o n g l y  burning symmetric f i r e  i n  an ambient wind f i e l d  could generate 

i n t e r n a l  f i r e w h i r l  s which, however, would n o t  in f luence r a d i a t i o n  ha-rard 

and, i n  view of f i r e  l o c a t i o n  assumptions, would nst be e x p e c t ~ d  tn  c o n t r i -  

bu te  t o  o ther  types o f  hazard. There e x i s t  useful engineering co r re la ' t i ons  

f o r  f lame height.(.27) I n  the  l i m i t  o f  s u f f i c i e n t l y  l a r g e  diameter D , r e l a -  

t l v e  t o  burning ra te ,  most l i k e l y  an unconfined s p i l l  over land, the  he igh t  

r a t i o  o f  even an LNG f i r e  might  be so low t h a t  t he  flames would n o t  be coherent 

on t h e  l eng th  sca le  D . ( ~ ~ )  AS such a l i m i t  i s  approached, the  engineer ing 



flame he ight  co r re l a t i on  would probably lead t o  moderately over-estimated 

shape fac tors .  This problem i s  a lso amenable t o  reduced-scale invest igat ion.  

For the small 'amount o f  wind-lean achievable w i t h  la rge LNGpool f i r e s ,  

the shape factor  per turbat ion would no t  be. .large, and .adequate co r rec t ion  
(28). techniques e x i s t  i n  any case. 

A aspect o f  LNG f i r e s .  t h a t  deserves mention i s  t h a t  the 

areal d i s t r i b u t i o n  o f  f ue l  vapor suppl ied from the pool t o  the flames may 

d i f f e r  from. t h a t  .o f  pool f i r e s  o f  more, conventional fue1.s. Over open water 

general ly, and perhaps near the f r o n t  o f  a pool spreading over land, the 

l oca l  vapor izat ion r a t e  i s  con t ro l led  by heat t r ans fe r ' f r om below ra ther  

than energy feedback from flames. Any tendency t o  concentrate the l oca l  

vapor izat ion near the perimeter o f  a. pool. r e l a t i v e  t o  the more t y p i c a l  

center-biased d i s t r i bu t i on ,  a t  constant net  energy release r a t e ,  would be 

expected t o  decrease flame height  and degrade coherency o f  the flames 

general ly. This i s  judged a minor considerat ion respect ing hazard analysis.. 

6.2.2 Radiat ive Emission I n t e n s i t y  

The rad ia t i ve  . behavior . of l a rge  tu rbu len t  flames. i s  not  well-understood 

from f i r s t  p r inc ip les ,  and  theore t i ca l  approaches are no t  'here discussed. 

Su f f i ce  i t  t o  say t h a t  there i s  moderate uncer ta in ty  i n  the emission f l u x  

value t o  be assigned. Typical engineering.numbers are i n  the 12 - 15 

~ / c m ~ ( ~ ~ )  range b u t  measurements as high as 22 W/cm2 have been' reported. 

It i s  judged t ha t  a number around 20 .W/cm2 i s  conservative f o r ,  hazard 

analysis. Also i t  would appear t h a t  the ve ry . la rge  f i r e s  o f  most concern . 

are s u f f i c i e n t l y  t h i c k  o p t i c a l l y  t h a t  atmospheric a t tenuat ion can be 

ca lcu la ted as the basis o f  grey-body spectral  d i s t r i b u t i o n .  Cer ta in ly ,  

measurement confirming the preceding judgments would be desirable; u l t r a -  

l a rge  f i r e s  are unnecessary f o r  t h i s  purpose. Careful '  measurements from a 

pool, say 100 m i n  diameter contain ing 100-200 m 3  LNG, should be adequate, 



. . 

A mod i f i ca t ion  o f  the approach stated above i s  to 'develop a value f o r  

a f r a ~ t i o n ' ~  o f  the coinbustionheat release rad ia ted f rom:the flames. May 
and McQueen repo r t  x - '0.14 .from t h e i r  me~suiements. (z9) For ,  a t a r g e t  f a r  

removed from an o p t i c a l l y  t h i n  f i r e ,  i nc iden t  r a d i a t i v e  f l u x  depends on ly  on 

x , the burn ing ra te ,  and', the distance. Time-integrated r a d i a t i v e  f l u x  de- 

pends analogously on t ime- integrated f ue l  consumption,, which i s  o f t en  a 

d i r e c t l y  spec i f i ed  parameter. O f  course, no la rge  f i r e . ,  i s  o p t i c a l l y  t h i n  

t o  i t s  own dominant rad ia t ion .  However, the: procedure ind icated above st41 1 

app l ies  i f -  the flame height/pool.diameter r a t i o  i s  c lose enough'to un i t y ,  

t o  j u s t i f y  i t s  treatment .as a po in t  .source; ,Otherw.ise., f i r e  geometry must 

s t i l l  .bedetermined,and knowledge 0 f . x  i s . o f  l ess  d i r e c t  u t i l i t y .  

6.3 CONCLUSIONS AND RECOMMENDATIONS 

For engineering purposes, the uncer ta in t ies  i n  la rge  pool f i r e  cha,rac- 

t e r i s t i c s  are no t  dramat ica l ly  large. However, i t  i s  pointed ou t  t h a t  

accurately reproducible data i s  almost non-existant f o r  1 ength scales above 

a few 10's o f  m. Even such f i r s t  order i n t e rp re ta t i ons  as pool energy 

balances have r a r e l y  been c a r r i e d  out. .and then on ly  w i t h  rough prec is ion.  

The uncer ta in t ies  due t o  behavior of a spec i f i c  f ue l  such as LNG are out-  

weighed by 1 ack o f  d e f i n i t e  know1 edge o f  pool ; f i r e  phcnomenon i n  yer~er~al .  

A1 though pool f i r e  phenomena a re .  beset w i  th.many s c i e n t i f i c  uncer- 

t a i n t i e s ,  no high p r i o r i t y ,  research i s  recoyended i n  t h i s  area. ' Some l o w  

p r i o r i t y  recommendations are 1 i sted be1 ow i n  order o f  importance. 

Further studies should be made o f  the flame geometry o f  l a rge  pool -- 
Plres I n  the weak ibur" ing r a t e  / d ( d i a ~ n e t e r ) ' / ~ ]  1 i m i  t, ' t o  improve 

shape fac to rs  e'stiinates f o r  l;rge unconfined LNG pools over land. 

A be t t e r  data base o f  thermal r a d i a t i o n  from LNG f i r e s  o f  a1 1 s izes 

should be developed. I n  p a r t i c u l a r  pools on the order o f  50 m diameter 

should be invest igated t o  an extent  permi t t i ng  meaningful s t a t i s t i c a l  

descr ip t ions o f  flame height, and emission f l u x  i n t e n s i t y  and spectral  

charac te r i s t i cs .  



A modest program of fire tests should be incorporated into any evalu- 
ation of the function of" vehicle LNG tank thermal protection systems 

under post-coll ision conditions. Small LNG fires are .relatively 

thin, optically. Hence convective heating would be correspondingly 

important. The convective heating characteristic of small turbulent 

fires are not well-understood. A~few.measurements.from well-charac- 

terized small .LNG spill fires would be worthwhile. 

The distribution of local fuel vaporization in an LNG pool. fi.re con- 

traits with that of a pdol fire fully controlled by energy feedback. 

This di'stri butional effect shbul d be further studied analytical ly to 

assess consequences for hazard analysis. 
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' 7.0 DETONATION 

As perceived by the publ ic ,  catastrophic explosion i s  a po ten t i a l  hazard 

whenever a large quan t i t y  o f  combustible vapor i s  released t o  the atmosphere. 

Detonation i s  a p a r t i c u l a r l y  dest ruc t ive  type o f  combustion-generated 

explosion. There i s  no evidence o f  detonation associated w i t h  any acciden- 

t a l  LNG release t o  date. Some analysts have concluded t ha t  detonation 

po ten t ia l  can be neglected i n  .LNG hazard analysis.  

7.1 NEEDED INFORMATION 

Decision-makers need t o  know under what, i f  any,. r e a l i s t i c a l l y  a n t i -  

c ipated condi t ions LNG vapor can be mixed w i t h  a i r  and detonated. Relevant 

condi t ions include the vapor composition ( the  i d e n t i f y  and amount o f  hydro- 

carbons other than methane), the spa t i a l  vapor d i s t r i b u t i o n  (notably the 

flammable layer  thickness LF), ' i g n i t i o n  charac te r i s t i cs ,  and, perhaps, the 

geometry o f  sol  i d  surfaces which might in f luence f low and pressure wave 

behavior. 

The sever i t y  o f  detonation imparts greater importance t o  es tab l i sh ing  

the p r o b a b i l i t y  o f  occurrence than t o  the d e t a i l s  o f  the phenomena once 

detonation i s  establ  ished. Nevertheless, i f  detonation i s  a t  a1 1 possible, 

i t  i s  necessary t o  est imate the damage po ten t i a l .  This i s  r e l a t i v e l y  

d i f f i c u l t  i f  the geometry i s  complex. 

7.2 REVIEW 

P r i o r  t o  discussing detonation hazards, i t  i s  important t o  c l e a r l y  

d i s t i ngu i sh  detonations from other types of explosions. 

7.2.1 C lass i f i ca t i on  .of Explosions 

There are three types o f  explosion hazards associated w i t h  s p i l l s  o f  

LNG. 



7.2.1.1 Explosive B.oiling 

An explosion tha t  does not involve combustion is caused by rapid energy 
release through phase t ransi t ion when cold LNG i s  spi l led on water. (4)9(5)9 
(30)-(38) This phenomenon, characterized as  "explosive boi 1 ing," i s  compl i -  

cated and deserves fur ther  study fo r  purely sc i en t i f i c  reasons, since con- 
di t ions for  i t s  occurrence have not been defined precisely. A1 though an 
instance has been reported i n  which the overpressure from an explosion of 
this type was suf f ic ien t ly  high to  break the wall of an aquarium in which an 
LNG experiment was being performed, current knowledge i s  adequate to  estan 
blish w i t h  reasonable cer tainty tha t  potential overpressures a re  insuff ic ient  
t o  i n i t i a t e  combustion. Therefore, explosive boiling appears to  have no 
bearing on the much more hazardous phenomena of combustion and detonation 
of LNG clouds. 

Defl agration-supported Pressure Fi.el ds 

Another type o f  explosion hazard involves combustion, b u t  not detonation, 
i n  the . sc ien t i f ic  sense of the term. I t  has been called a nonideal explosion 

but might be t te r  be termed a heflagration-suppor%d shock. The occurrence 
of t h i s  phenomenon stems from the f a c t  t ha t  a c8ibustion wave, even a low- 
speed deflagration, generates pressure waves, mainly through expansion of 
the hot products of reaction, and these pressure waves coalesce to  form shocks 
tha t  may be qui te  .damaging i f  the cloud of the combustible mixture i s  
1 arge. (39)-(42) As has been indicated in Section 5, uncertainties concerning 
the severi ty  of b las t  waves of this type are  suf f ic ien t ly  great t o  warrant 
fur ther  theoretical and experimental study, especially since typical spark 
or  flame ignitions r e su l t  i n i t i a l l y  in a deflagration tha t  will generate 
these pressure'waves. In .the present section, the concern with deflagration- 
supported pressure f i e lds  involves only the possibi 1 i ty  .of t h e i r  development 
into a detonation. 



7.2.1.3 D e f i n i t i o n  o f  Detonation 

T.he most. damaging: type o f  explosion i s  a detonation, which consists o f  

a very strong shock wave fo l lowed~immediately by a reac t ion  zone i n  which 

heat i s  released. (43) A1 though t h i s  reac t ion  zone sometimes has been termed 

a deflagrat ion, i t s  s t ruc tu re  i s  very d i f f e r e n t  from t h a t  o f  an ordinary, 

low-speed def lagrat ion,  since heat conduction and d i f f u s i o n  are unimportant 

i n  t h i s  zone, the reac t ion  being i n . i t i a t ed  by .the .increase o f  temperature 

associated w i t h  the shock. Detonations sometimes have been termed idea l  

explosions, although some invest igators  p re fe r ' . t o  r e s t r i c t  such terminology 

t o  point-source explosions, nuclear.: explosions o r  explosions from condensed 
. . expl os i  ves. 

. . 
7.2.2 Sever i ty  o f  Detonation . ' 

. . 

I n  open geometry detonqt ipns , .  produce . . ,  . .  .. very severe damage over d istances 

on the order o f  a few tens  o f  diameters o f  the combustible cloud. (4'4)-(47) 
- 

A detonation i n  an LNG cloud would traGel a t  about ,1800 m/.s and ca r r y  about 

15 atm overpressure, ) thereby destroying v i r t u a l l y  everything i n  i t s  path, 

t o  distances we1 1 beyond the edge o f  the cloud. These detonation pro'pert ies 

are known accurately from . . fundamental . . s o f  thermodynamics and f l  u i d  dynamics. 

I n  complex geometries, the behavior o f  detonations i s  much 1 ess p red ic tab le ;  

t h i s  problem area i s  discussed i n . d e t a i 1  i n  Section 7.2.4. 

7.2.3' Detonation I n i t i a t i o n  

I n  general, detonations occur ,e i the r  .. . through d i r e c t  i n i t i a t i o n  o r  

through t r a n s i t i o n  f r o m  d e f l a g r a t i o n  t o  detonation. 

7.2.3.1 Explosive I n i t i a t i o n  

The most s t ra ight forward way t o  i n i t i a t e  detonation o f  a combustible 

c loud d i r e c t l y  i s  t o  detonate an explosive charge w i t h i n  the cloud. The 

term de tonab i l i t y  connotes the ease w i t h  which detonat ion can be i n i t i a t e d .  



Parameters re levan t  t o  deton'abil i ty  may depend upon the  means o f  i n i t i a t i o n .  

For exp los ive  i n i t i a t i o n ,  d e t o n a b i l i t y  o f  t he  c loud can be evaluated i n  

terms of t h e  amount of exp los ive  needed f o r  producing a se l f - sus ta ined  

detonat ion.  o f  t he  cloud. Th is  amount may be measured i n ,  mass per  u n i t  area 

f o r  i n i t i a t i o n  o f  a p lanar  detonat ion by a s u f f i c i e n t l y  ' la rge sheet o f  
, 

explos ive,  i n  mass per  u n i t  l e n g t h  f o r  i n i t i a t i o n : ; o f  a c y l i n d r i c a l  detona- 

t i o n  by a s u f f i c i e n t l y  long l i n e  charge, o r  i n  mass f o r  i n i t i a t i o n  o f  a 

spher ica l  de tonat ion  by .a poi;? explos ive.  O f  these th ree conf igurat ions,  

spher ica l  symmetry i s  most r e l e v a n t  t o  c loud i n i t i a t i o n  i n  a sp411 scenario, 

and much o f  t he  a v a i l a b l e  i n fo rma t ion  concerns i n i t i a t i o n  by e s s e n t i a l l y  a 

p o i n t  charge. 

Propane A i r  It i s  known t h a t  approximately 100 g of t e t r y l ,  a  t y p i c a l  

explosive, i s  needed t o  i n i t i a t e  a spher ica l  detonat ion i n  a s t o i c h i o - '  
(49) me t r i c  mix ture  o f  propane w i t h  a i r .  

Methane-Air Because.of the greater  chemical s t a b i l i t y  o f  methane 

dur ing  thermal i g n i t i o n ,  discussed i n  Sect ion 4, a considerably g rea te r  

charge i s  requ i red  t o  i n i t i a t e  a .detonat ion i n  a s to i ch iomet r i c  m ix tu re  

o f  methane w i th '  a i r .  (49)-(53) The magnitude o f  t h i s  charge i s  impor- 

t a n t  because of t he  relevance o f  i n i t i a t i o n  requirements f o r  methane ' 

t o  detonat ion hazards o f  LNG s p i l l s .  The seriousness of the  qut ist ion 

has prompted a number of i n v e s t i g a t i o n s  dur ing  the p a s t  few years. 

Although considerable controversy remains, ,  i t  appears t h a t  a degree o f  

de f i n i t i veness  i n  the  r e s u l t s  has been a t t a i n e d  very recen t l y .  

Since i n i t i a t o r  requirements f o r  methane-air mixtures a re  too 

.great  t o  be s tud ied  exper imenta l ly  i n  the  labora tory ,  one approach 

has been t o  t e s t  methane-oxygen-nitrogen mix tures  enriched i n  oxygen, 

t o  increase r e a c t i v i t y .  (54) L inear e x t r a p o l a t i o n  t o  methane-air i n  a 

semi-log graph gave an i n i t i a t o r  requirement o f  22 kg o f  t e t r y l .  How- 

ever, theory  shows t h a t  the  e x t r a p o l a t i o n  should no t  be l i n e a r  and 

t h a t  t h e  requirement should exceed 22 kg s u b ~ t a n t l a l l ~ . ( ~ ~ ) - ( ~ ~ )  The 

theory was placed i n  doubt r e c e n t l y  by an observed i n i t i a t i d n ,  ou t -  

doors, by about 4 kg o f  explos ive.  (59) I t  should be recognized, how- 

ever, t h a t  t h i s  experiment invo lved i n i t i a t i o n  o f  a p lanar  detonation. 



Many investigators believe tha t  had the length of the bag containing 
the combustible mixture i n  t ha t  experiment been longer, say 50 m i n -  

stead of 12 m y  then the detonation most 1 i kely would have been ob- 
served to  decay as  i't apparently d i d  i n  some t e s t s .  Others disagree. 

The experiment established tha t  about 65 mg/cm2 is required to  
i n i t i a t e  a planar detonation b u t  did not provide the needed infor- 
mation on in i t i a t ion  of a spherical detonation. Thus, i t  i s  necessary 

to  resort  t o  theory to  obtain the in i t i a t ion  requirement in the 
spherical case. The best theoretical estimate currently available a 

i s  an extremely high value, in excess of 1000 kg of t e t r y l .  

If t h i s  theoret ical  value i s  correct ,  then i t  i s  highly unlikely 
that  d i rec t  i n i t i a t ion  of a .devastating spherical detonation i n  a 
stoichiometric mixture of methane and a i r .  a f t e r  a s p i l l  i n  the open 
ever would be encountered. However, there are  uncertainties i n  the 
prediction, stemming mainly from uncertainties in ra tes  of chemical 
reactions a t  elevated temperatuies found behind i n i t i a t i n g  shock waves 
i n  methane-air systems. 3, Further study of t h e  el evate'd-temperature 
chemistry def ini te ly seems warranted fo r  the purpose of ascertaining 
how accurate the prediction i s .  Nevertheless, i t  seems u n l  i kely tha t  
the uncertainties can be suff ic+ent ly great t o  allow in i t i a t ion  by 
less  than 50 kg of t e t r y l ,  an amount d i f f i c u l t  to  imagine being in- 
volved even in an a c t  of sabotage. 

E'ffects of'chemical Composition I t  should be noted tha t  addition of 
relat ively small amounts of higher hydrocarbons, such-as propane, 

(49)  , ( 5 8 )  greatly reduces the in i t i a t ion  requirements for  methane clouds. 
For example, w i t h  20 percent propane in a propane-methane mixture, 
about 800 g .of  t e t ry l  would be s-ufficient t o  i n i t i a t e  a spherical 
detonation. Typical compositions of LNG a r e  such that  d i rec t  ini t ' ia-  
tion will be appreciably less  d i f f i c u l t  than for methane-air mixtures. 

Especially hazardous i n  t h i s  respect.wou1d be the "heel" of higher 
hydrocarbons tha t  remains a f t e r  most of the methane has been boiled 
off fr0m.a s p i l l .  The I00 g f igure,  quoted above for  propane, would 



be representat ive o f  the order o f  magnitude o f  the charge required 

f o r  d i r e c t . i n i t i a t i o n  o f  spherical detonation i n  the heel. O f  course, 

only a f r a c t i o n  of the i n i t i a l  s p i l l  remains combustible when the 

heel becomes detonable. 
. , 

7.2.3.2 T rans i t i on  from Def lagrat ion t o  Detonation 

D i rec t  i n i t i a t i o n  o f  a . d e t o n ' a t i 0 n . i ~  . a r e l a t i v e l y  improbable event i n  

a s p i l l  o f  LNG. As ind icated i n  Section 4, typ ica l ' , f lame and spark sources 

i n i t i a t e  de f lag ra t ion  instead. Under su i tab le  condit ions, def lagrat ions 

undergo t r ans i t i ons  t o  detonations. The t r a n s i t i o n  process, which for  many 

years has been subjected t o  study i n  mixtures more reac t i ve  than methane-air, 

. is  qu i t e  complex, i nvo lv ing  generation and coalescence o f  pressure' waves, 

f 1 ame accelerat ion,  turbu lent  flame . phenomena and 1 ocal i g n i t i o n s  a t  hot  

spots. (60) since i g n i t i o n  o f  a d e f l i g + a t i i i  is:deemed l i k e l y  i n  LNG s p i l l s ,  

i t  i s  very important t o  define condi t ions needed f o r  t r a n s i t i o n  from def lagra- 

t i o n  t o  detonation. Th is  i s  an area worthy o f  f u r t h e r  research, both experi- 

mental and theore t i ca l ,  since many uncer ta in t ies  remain. (61)-(63) 

Status o f  Studies of T rans i t i on  i n  Methane-Air The l a rges t  scales a t  

which t r a n s i t i o n  from de f lag ra t ion  t o  detonation has been sought 

systemat ica l ly  i n  methane-air mixtures are open hemispheres 10 m i n  

radius. It has been establ ished t h a t  a t u rbu len t - l i ke  flame, t r ave l i ng  

f as te r  than a laminar flame, propagates through the methane-air mix- 

ture. ) s (64) - (66)  No tendency f o r  t r a n s i t i o n  t o  detonation was 

observed i n  the open. Moreover, recent theore t i ca l  considerat ions o f  

nonideal explosions suggest t ha t  t r a n s i t i o n  i s  unl i kely, flame accel- 

era t ions t o  speeds on the order o f  sound speed over times on the order 

o f  acoustic times being required. (41 ) However, these theor ies  are no t  

e n t i r e l y  d e f i n i t i v e ;  the process i s  coalplex, arid fur-Ltler- s Ludy i s  

needed. Unless these f u r t h e r  studies show otherwise, i t  w i l l  remain 

most l o g i c a l  t o  assume t h a t  t r a n s i t i o n  w i l l  no t  occur i n  the open. 



* 'E f f ec t s  o f  Confinement Many inves. t igators be l ieve t h a t  ne i the r  winds 

nor obstacles such as t rees o r  bu i ld ings  are l i k e l y  t o  induce t r ans i -  
.. . . 

t i o n  t o  detonation i n  methane-air clouds. Confinement appears t o  be 

needed f o r  focusing pressure waves t o  produce t r ans i t i on ,  although 

d i r e c t  proof  o f  t h i s  b e l i e f  has not  been obtained. These considerat ions 

ind ica te  t h a t  studies o f  e f f ec t s  o f  confinement ins ide  la rge  s t ruc-  

tures should,be o f  very high p r i o r i t y  w i t h  respect t o . t h e  question of 

detonation po ten t ia l  .. 

The degree o f  confinement. needed, and the s ize  o f  the chamber i n  

which the combustible mixture must be.found, are no t  known a t  present 

f o r  methane-air mixtures. (67 )9 t68)  Experiments i n  closed tubes 1 m 

i n  diameter have y ie lded  cont rovers ia l  . resu l t s ;  i t  now seems un- 

1 i ke ly  that .  a sustained detonation o f  s to ich iometr ic  methane-ai.r mix- 

tures would occur i n  a long .tube o f  t h i s  diameter. Theoret ical  e s t i -  . 
mates o f  required tube diameters have exceeded 50 m. The required 

s ize probably l i e s  somewhere between 1 and 50 m, t h i s  uncer ta in ty  

being so great  t h a t  experiments t o  es tab l i sh  t h i s  s i z e  more accurately 

are desirable. One scenario w i t h  a r e l a t i v e l y  h igh p o s s i b i l i t y  fo r  

detonation development may be a 1arge.LNG storage tank, p r a c t i c a l l y  

empty and s i tua ted .  w i  t h i n  a large combustible cloud, w i t h  asymmetric 

i g n i t i o n  o f  a near-sto ichiometr ic  mixture i ns i de  the tank. Some :in- 

vest igators  have suggested t h a t  t h i s  i s  an example o f  a s i t u a t i o n  i n  
. . 

which a very devastat ing detonat ion could develop. 1 i  should be. no ted  

. t ha t  there are no grounds t o  suppose t h a t  such a s i t u a t i o n  i s  l i k e l y  

t o  be encountered. Studies d i rec ted toward quan t i f y ing  the magnifude 

o f  t h i s  problem appear t o  be warranted. : 

7.2.3.3 D i rec t  Shockless I n i t i a t i o n ,  

A1 though there are complex conf igurat ions i n  which some inves t iga to rs  

have claimed achieving " d i r e c t  shockless i n i - t i a t i o n "  o f  detonation from com- 

bustion, such observations have perta ined t o  h i gh l y  reac t i ve  mixtures, no t  

representat ive o f  LNG clouds. 71) Lack o f  thoroighness o f  the observa- 
1 

t i ons  leaves room f o r  quest ion ing. the in te rp re ta t ions .  Uncer ta in t ies  are 

such that ,  a1 though relevance seems unl i kely, f u r t h e r  study i s  warranted. 



7.2.4 Propagati.on and Quenching o f  Detonations i n  Complex Geometries 

, .  . Uncer ta in t i es  remain concerning h i s t o r i e s  o f  detonat ion motions i n  

-complex geometries o f  types 1 i k e l y  t o  be encountered. 
I *  

7.2.4.1 Quest ions Associated w i t h  Emergence from Confinement 

A detonat ion de;eloped under confinement must be t ransmi t ted  successfu l ly  

t o  a detonabl,; m ix tu re  ou ts ide  o f  the  s t r i c t u r e  t o  cause severe damage t o  the  

d i s t a n t  surroundings. There have been o n l y  a few p r e l i m i n a r y  s tud ies  of t h i s  

transmSssion problem. There a re  some i n d i c a t i o n s  t h a t  under s u i t a b l e  condi- 
' ' .  

t i o n s  t u r b u l e n t  enhancement of combustion can f a c i l i t a t e  occurrence,of 

detonat ion o f  combustible mix tures  a t  e x i t s  t o  confinement. (70) ,However, t he  

r e s u l t s  are n o t  d e f i n i t i v e ,  and pressure r e l i e f  a t  e x i t s  may a i d  i n  p reven t ing  

t+ansmi ss ion o f  'detonations . More research i n t h i  s area i s needed. 
1 ' .  

7.2.4.2 Propagation and Quenching i n  Turbulent  Clouds 
4 ;  ' 

Even i f  a detonat ion  leaves a st ructure ' ,  i t  may n o t  propagate through 

a-combust ib le cloud. The c loud requ i res  appro'priate p roper t i es  t o  support 

a detonation. 

' Quenchin¶. Every combustible mix ture  has a. c h a r a c t e r i s t i c  quenching 

th ickness f o r  detonations, (72)-(75) such t h a t  i f  the  th ickness o f  the  

combustible l aye r ,  bounded below by the  ground and above by noncom- 

b u s t i b l e  gas, fo r  example, i s  l e s s  than the,.quenching thickness, then 

the  detonat ion  decays and f a i l s  t o  propagate through the  cloud. 

Quenching th ickness ranges from less  than 0.5 cm f o r ,  s to i ch iomet r i c  

hydrogen-oxygen mixtures t o  a value poss ib l y  w e l l  i n  excess o f  1 m f o r  

. s to i ch iomet r i c  methane-air mixtures.  It i s  important  t o  know'the 

quenching th ickness f o r  methane-ai r mixtures i n  connect ion w i  t h  deto- 

na t i on  hazards of LNG s p i l l s ,  and t h i s  value i s  known very  poor l y  a t  

present. Research on quenchlng thicknesses fir detonat ions therefore 
. . .  

seems warranted. 



s t r a t i f i c a t i o n  Ef fects.  I n  t h i s  l a s t  context, i t  should be observed . 

t ha t  turbu lent  d ispersal  o f  combustible gases from .LNG s p i l l s  produces 

gas mixtures having nonuniform compositions, w i t h  por t ions o f  the mix- 

t u re  being beyond the combustible range. The s ize  scales o f  these 

nonhomoger~eities are not  .wel l  known a t  present and deserve f u r t h e r  . 

study. The s t r a t i f i c a t i o n  i s  not  l i k e l y  t o  be s u f f i c i e n t l y  great  t o  

prevent propagation o f  def 1 agra t i ons , but  i t may prevent propagation 

o f  detonations. Experiments on detonation o f  layered methane-air mix- 

tures would be desi'rable, i n  an e f f o r t  t o  def ine how. small the scale 

o f  nonhomogeneity o f  the combustible mixture must be, and how la rge  

. :  
the thicknesses o f  the noncombustible . regions . must be, t o  prevent 

propagation. 

E f fec ts  o f  Chemical Composition. Propagation o f  detonations i s  f a c i l i -  

ta ted and quenching made less l i k e l y  by add i t i on  o f  h igher hydro- 

carbons t o  methane. Quenching data would be o f  i n t e r e s t  as. a func t ion  

o f  higher hydrocarbon content, f o r  est imat ing hazards from LNG clouds 

o f  d i f f e r i n g  compositions. Also, use o f  more reac t i ve  f ue l s  than 

methane can help t o  s imp l i f y  experimental problems o f  measuring pro- 

pagation and quenching i n  nonhomogeneous mixtures o f  complex geometries, 

through enabling o f  propagation t o  be achieved i n  experiments o f  

smaller scale. Combined w i t h  theory f o r  sca l ing t o  less  reac t i ve  

mixtures, .the r e s u l t s  could be employed f o r  est imat ing necessary con- 

d i t i o n s  f o r  detonation propagation i n  LNG clouds. 

7.2.5 Calcu la t ion o f  .Detonation-Produced Forces on Structures 

The 'pressure and ve loc i t y  f i e l d s  produced by detonations hust  be known 

i f  damage t o  structure;' i n  the v i c i n i t y  o f  detonations i s  t o  be calculated.  

7.2.5.1 ,Inside the Cloud 

Since ca l cu la t i on  o f  Chapman-Jouguet detonation pressures. and v e l o c i t i e s  

. . i s  a matter o f  well-known thermodynamics and f l u i d  mechanics, being n e g l i g i b l y  

dependent on Chemical k ine t i cs ,  (43) 9(60) these ca lcu la t ions are  s t ra ight forward 

f o r  locat ions w i t h i n  a detonable cloud and do no t  requ i re  f u r t h e r  invest igat ion.  



7.2.5.2 Outside the  Cloud 

Outside a combustible c loud the  pressure and v e l o c i t y  f i e l d s  decay as 

d is tance from the c loud increases. I n  geomet r ica l ly  symmetrical conf igura-  

t i ons ,  these decays can be c a l c u l a t e d ~ a c c u r a t e l y .  (76)  , (77)  There remain some 

u n c e r t a i n t i e s  and d i f f i c u l t i e s  : i n  ach iev ing  h igh  accuracy i n  such c a l c u l a t i o n s  

f o r  complex, nonsymmetrical geometr ical conf igura t ions .  Improvements i n  

a b i l i t i e s  t o  make such c a l c u l a t i o n s  would be usefu l  i n  es t imat ing  hazards from 

def lagra t ion-suppor ted pressure f i e l d s  as w e l l  as f rom detonat ions,  
. . 

7.3 CONCLUSIONS AND RCCOMMCNDATIOWS 

S p e c i f i c  areas i n  which unknowns e x i s t  and i n  whi'ch f u r t h e r  work may 

..be' use fu l  have been ind i ca ted  above. Spec i f i c  recommendations ex t rac ted  

therefrom appear below and i n  Sect ion 8. It i s  d i f f i c u l t  t o  ass ign  a p r i o r i t y  

t o  s tud ies  o f  detonat ion phenomena because t h i s  aspect  o f  t h e  sub jec t  invo lves  

extremes o f  probabi 1 i ty  . I n  general , i t  may be s a i d  tha.t  a1 though. 'detonat ion 

i s  n o t  a l i k e l y  r e s u l t  i n  an unwanted LNG s p i l l ,  i t s  p o t e n t i a l  f o r  devas- 

t a t i o n  i s  so g rea t  t h a t  f u r t h e r  study o f  var ious aspects o f  t h e  process, 

as o u t l i n e d  below, i s  j u s t i f i a b l e  p r i m a r i l y  f o r  t he  purpose o f  being ab le  

t o  q u a n t i f y  b e t t e r  how un ' l i ke ly  such an, event wou1.d be.- W i th in  t h e  detona- 

t i o n  category, i t  i s  eas ie r  t o  assign p r i o r i t i e s .  The f o l l o w i n g  l i s t  i s  

presented i n  the  judged order  o f  decreasing importance. 

Research shou'l d be f o c k e d  on r e a l ' i  s t i c  mix tures  and c o n f i g u r a t i o n s  
r ' 

o f  f u e l  v a p o r  and a i r .  The f u e l s  needing greates t  study a re  mixtures 

o f  1% t o  10% of h igher  hydrocarbons w i t h  methane. 'These a re  eas ie r  

t o  i n v e s t i g a t e  than pure methane and a l s o  more r e l e v a n t  t o  t h e  'hazard. 

The configurations needltig emphas5s are nonhomogeneous systems, such 

as layered media. 

Fur ther  experiments should be performed on detonat ion  i n  layered media, 

w i t h  volumes o f  combustibles separated by volumes o f  a i r .  The o b j e c t i v e  

should be t o  asce r ta in  quenching thicknesses f o r  de tonat ion  i n  LNG vapor 

as a f u n c t i o n a l  m ix tu re  composition, no tab ly  propane concentrat ion.  

Once t h i s  is 'accompl  ished, i t  should be poss ib le  t o  reduce t o  manageable 



proport ions the s i ze  o f  system exbkriments o f  r e a l i s t i c  fuel / a i r .  

conf igurat ion,  through use o f  propane o r  propane-methane mixtures. 

S t i l l  greater  scale-down might be achievable by subs t i t u t i ng  hydrogen 

f o r  hydrocarbons, and t h i s  approach should invest igated.  

. Further studies are needed t o  improve understanding o f  the degree o f  . . 
, confinement needed f o r  t r a n s i t i o n  from de f lag ra t ion  t o  detonation i n  

. . LNG vapors, .and o f  condi t ions under which a detonation developed under 

confinement can be t ransmit ted t o  a surrounding, Ppen, detonable cloud. 

Since it i s  widely accepted t h a t  appreciable confinement i s  necessary, 

studies should, be r e s t r i c t e d  t o  such condi t ions.  Again, model studies 

w i t h  f ue l s  more reac t i ve  than methane would be worthwhile. A few 

simple geometries should be explored systemat ical ly .  

Bet ter  knowledge i s  needed o f  requirements f o r  d i r e c t  i n i t i a t i o n  o f  

detonations i n  LNG vapor/a i r  mixtures by h igh explosives. A few 

large-scale t es t s  would be desirable, e.g., t es t s  o f  a s to ich iometr ic  

, methane-air mixture i n  a bag 50m x 2m x 2m w i t h  end i n i t i a t i o n  by a 

sheet explosive. O f  much greater importance than t h i s ,  however, would 

be acqu is i t i on  o f  improved k i n e t i c  data on the reac t ion  ra tes  o f  the 

combustible mixtures o f  i n t e r e s t  behind the shock o f  a Chapman-Jouguet 

wave. Shock-tube and f low-reactor  f a c i l i t i e s  are  ava i lab le  i n  which 

, the needed data can be generated a t  r e l a t i v e l y  low cost. Contents 

o f  higher hydrocarbons should be var ied i n  the tes ts .  The r e s u l t s  

would be re levant  t o  d i r e c t  i n i t i a t i o n  as wel l  as t o  t r a n s i t i o n  from 

def lagrat ion.  Data on au to i gn i t i on  temperatures and au to i gn i t i on  times 
< 

f o r  mixtures o f  methane w i t h  h igher hydrocarbons i n  a i r  would a lso  be 

re levant  here, f o r  temperatures ranging from s l i g h t l y  elevated values 

up t o  values t h a t  e x i s t  behind shocks preceding the combustion zone 

i n  detonations. 

* Improvements i n  methods f o r  theore t i ca l  l y  ca lcu l  sting pressure and 

ve loc i t y  f i e l d s  outs ide detonated clouds i n  complex geometries may be 

desirable. 
. - .  





8.0 RECOMMENDAT IONS 

This Section sets f o r t h  r e l a t i v e l y  h igh . p r i o r i t y  researc.h recommendation's 

respecting LNG f i r e  and explosion phenomena. Both general and spec i f i c  

categories o f  recommendations are .g iven i n  order o f  importance. 

8.1.1 F i e l d  Test Planning , ,  
/- 

Planning o f  f i e l d  t es t s  should be biased towards s p i l l s  o f  s i ze  t h a t  

permit a  substant ia l  number o f  well-instrumented and c a r e f u l l y  in te rp re ted  

runs, as opposed t o  a  few. r e l a t i v e l y  la rge  " r e a l i s t i c "  burns f o r  wh ich 's ign i -  

f i c a n t  parameters are no t  var ied i n  a  known manner, o r  f o r  which meaningful 

desc r ip t ion  o f  component processes i s  n o t  p o s i i  b l  e. The reasoning under- 

l y i n g  t h i s  recommendation i s  t h a t  conf ident  genera l iza t ion t o  a  r e a l i s t i c a l l y  

broad se t  o f  circumstances depends c r i t i c a l  l y  on engineering understanding 

o f  component phenomena, e.g. f lame spread r a t e  as' a  funct ion o f  plume 

structure.  

I 

8.1.2 Scale Modeling 

I n  comparison w i t h  work on the scale of.  even the more modest o f  suggested 

LNG f i e l d  tests,  the advantages o f  experiments small enough t o  a l low p l e n t i -  

f u l  rep l i ca t ion ,  and t o  f a c i l i t a t e  r e l i a b l e  and comprehens.ive measurements, 

are very.great .  .There i s  a  powerfu! incent ive f o r  scale modeling. 

Reasonably s t ra ight forward scal e  model i ng approaches t o  some c r i t i c a l  and 

poor ly  understood phenomena are se t  f o r t h  i n  t h i s  repor t .  For o ther  pheno- 

mena, there appears ' t o  be a t  Teast a  po ten t ia l  f o r  scale modeling. It i s  

recommended that ,scale modeling o f  LNG f i r e  and explosion phenomena be 

invest igated systemat ical ly .  Such inves t iga t ion  would encompass compi lat ion 

o f  possib le scal i ng  r u 1 . e ~  and, f o r  the more a t t r ac t i ve ,  experimental design 

i n  s u f f i c i e n t  d e t a i l  t o  a l low est imat ion o f  costs, p rac t i ca l  implementation 

d i f f i c u l t i e s ,  and the q u a l i t y  o f  resu l t s .  



8.1.3 Fuel D i s t r i b u t i o n  Scenarios 
- 

Some standarized spec i f i ca t ions  of i n i t i a l  f u e l  d i s t r i bu t i on ,  i g n i t i o n  

cha rac te r i s t i c s  and other '  assumptions governing combustion behavior should 

be developed. This set  i s  necessary if the p r o b a b i l i t i e s  of r a re  bu t  cata- 

s t roph ic  events such. as .detonations are, even i n  p r i nc i p l e ,  t o  be quant i f ied.  

8.2 SPECIFIC RECOMMENDATIONS . 

The c o l l e c t l o n  o f  phenomena here designated as "vapor c loud burnup" 

exh ib i t s  the greatest  uncer ta in ty  re levant  t o  LNG f i r e  and explosion hazard 

analysis.  This area should receive top p r i o r i t y  i n  de f in ing  f u r t he r  

research on unwanted combustion o f  LNG. I n  view o f  pub l i c  concern and 

because i t  i s  not  y e t  possible, i n  the judgment o f  the w r i t e r ,  t o  guarantee 

t h a t  detonation w i l l  no t  occur, some fur ther  work i n  t h a t  area should 

rece ive next, bu t  decidedly lower, p r i o r i t y .  No high p r i o r i t y  work.- on 

i g n i t i o n  o r  pool f i r e s  i s  recommended. Respecting pool f i r e s ,  however, a 

need f o r f u r t h e r  research may eventua.11~ develop i n  the l i g h t  o f  more de ta i led  

spec i f i ca t ions  of pool con f igu ra t ion  and natural  vapor izat ion f l u x  d i s t r i b u t i o n .  

I n  Sections 4-7, a number o f  r e l a t i v e l y  lower p r i o r i t y  research steps 

are a lso i d e n t i f i e d .  Some a t t e n t i o n  should be devoted t o  deal ing w i th  these 

low p r i o r i t y  items as low cost  opportuni ty i s  presented. 

8.2.1 Vapor Cloud Burnup Phenomena 

Flame Spread. i n  Turbulent Layered Gases Intermediate ,scale (e.g. 

cha rac te r i s t i c  dimension 2 m wide and deep x 50 m long) experiments 

on flame spread i n  tu rbu len t  layered methane a i r  mixt'ures should be 

,car r ied ,out t o  determine the extent  t h a t  g r a v i t y  accelerates spread 

rate. There i s  good reason t o  be l ieve t h a t  t h i s  phenomenon i s  a 

member o f  a much broader c lass of grav i ty lspread r a t e  i n t e rac t i on  

phenomena, a l l  of which can be scaled-down through use o f  f ue l s  w i t h  



r e l a t i v e l y  slow. laminar f lame speeds; .Th is .  scal  i n g  concept can be ,, 

t es ted  i n  t h e  course o f  t he  intermediate scale f lame spread exper i -  

ments recommended here. ,, ,.,; 

' Scale Modeling o f  Gravi ty lF lame Spread In terac t ions .  I f  the  concept 

can. be es tab l  ished, scal i n g  o f  g r a v i  t y l f l a m e  spread i n t e r a c t i o n s .  should 

be app l i ed  t o  complete clouds o f  f u e l  vapor and a i r  t o  determine which 
. . 

re lease/d i  spers ion scenarios w i  1.1 1 ead t o  f i reba l  1 -1 i ke behavior.  

Non-detonati ve. Pressure Wave: Charac ter is t i cs .  Pressure magnitudes i n  

fl'ames spreading i n  1 ayered gases, and d e f l  agrat ion-supported b l a s t  

waves need a d d i t i o n a l  study: E f f e c t s  o f  f u e l  d i s t r i b u t i o n ,  geometry 

o f  bounding. surfaces, and f lame acce le ra t i on  should be inves t iga ted :  
' C 

t h e o r e t i c a l l y .  With b e t t e r  understanding o f  f lame spread phenomena, 
, .. 

.scale model i n g  - procedures stioul d be sought. 

8.2.2 Detonation Phenomena 

e3 Detonation i n  Layered Gases. Fur ther  experiments should be performed 
4. 

on detonat ion i n  layered media, w i t h  volumes o f  combustibles separated 

by volumes o f  a i r .  The o b j e c t i v e  should be t o  asce r ta in  quenching 

thicknesses f o r  detonat ions i n  LNG vapor as a func t i ona l  m ix tu re  com- 

pos i t i on ,  no tab ly  propane concentrat ion.  Once t h i s  i s  accompl i shed, 

i t  should be poss ib le  t o  reduce t o  manageable propor t ions  the  s i z e  o f  

system experiments o f  r e a l i s t i c  f u e l l a i r  con f igu ra t i on ,  through use of 

propane o r  propane-methane . m i  x tu res  . S t i  1  1 g rea te r  scal  e-down might  

be achievable by s u b s t i t u t i n g  hydrogen f o r  hydrocarbons. 

*. Confi  nernent and Def.1 ag ra t i on  t o  .,Detonation Transi  t ior i .  Fu r the r  s tud ies  

a re  needed . t o  improve understanding o f  the 'degree o f  confinement 

needed f o r  t r a n s i t i o n  from d e f l a g r a t i o n  t o  d e t o n a t i o n ' i n  LNG vapors, 

and o f  cond i t i ons  under which a detonat ion  developed under confinement 

can be t ransmi t ted  t o  a surrounding, open; detonable cloud. Since it, 



i s  known t h a t  appreciable confinement i s  necessary, studies should be 

r e s t r i c t e d  t o  such condi t ions.  Again, model studies w i t h  f ue l s  more 

reac t i ve  than methane would be worthwhile. A few simple geometries 

should be explored systemat ical ly .  

D i r ec t  Detbnation I n i t i a t i o n '  Requirements. Bet ter  knowledge i s  needed 

o f  requirements f o r  d i r e c t  i n i t i d t i &  of detonations i n  LNG vapor la i r  

mixtures by h igh exp los i ves~  A few 'large-scale t es t s  would be desirable, 

e . 5  t e g t s  of a c i o i ch io& t r i c '  meth'8ne'-air mixture i n  a bag 50 m x 2 m x 

2 m w i t h  end i n i t i a t i o n  by a sheet 'explosive. The 'pr inc ipa l  need, how- 

ever, i s  f o r  improved data behind k i n e t i c s  t h a t  w i l l  enable r e l i a b l e  

theore t i ca l  ca l cu la t i on  o f  d i r e c t  i n i t i a t i o n .  There are ava i lab le  

shock-tube and f low-react ion f a c i l l i t i e s  i n  which the needed. data can 

be generated: Focus should be on condi t ions e x i s t i n g  behind the shock 

o f  a Chapman-Jouguet wave. Higher hydrocarbon content should be varied. 
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companies, p i p e l i n e  companies and gas companies, was contacted by telephone. 
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and repor ts '  concerning the  1944 Cleveland d i sas te r .  The .companies contacted 

- repor ted  vary ing  degrees o f  i n t e r e s t  i n  LNG. While most f e l t  they were 

l i k e l y  t o  become invo lved a t  some po in t ,  many were n o t  d i r e c t l y  invo lved 

w i t h  'LNG shipment, storage o r  use. 

Contacts were a l s o  made w i t h  o ther  research organ iza t ions  t h a t  had 

been o r  a re  p resen t l y  invo lved i n  LNG r e l a t e d  p ro jec ts .  These contacts 

were genera l l y  in-person, data and document gather ing v i s i t s . ,  Inc luded 
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American Gas Associat ion, A r l i ng ton ,  VA - M r .  L. Sarkes 
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W i  1  son 

In-depth techn ica l  d iscussions were 'he ld  a t  o f f i c e s  o f  a l l  o f  these research 

organ iza t ions  except American Gas Associat ion and I n s t i t u t e  o f  Gas Tech- 

no logy .  These d iscussions should n o t  i n  any sense be construed as c r i t i q u e s  

o f  programs and a c t i v i  t i e s o f  t h e  'host organizat ions,  b u t  r a t h e r  as open 
3 d 

discussion, between techn ica l  professionals, o f  t he  type o f  issyes 

d e a l t  w i t h  i n  f h i s  repo r t .  
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and D r .  R. A. Strehlow of the  U n i v e r s i t y  o f  I l l i n o i s  consul ted on the  

t o p i c  o f  detonat ion.  D r .  F. A. Wil1:iarns o f  the  U n i v e r s i t y  o f  Cal.i:fornia 

a t  San Diego consul ted on the topics. .detonat ion and i g n i t i o n  and a l so  
' 1 

prov ided a general c r i t i c a l  d iscuss i6n and manuscript review o f  t he  e n t i r e  

document . 
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SUMMARY 

The combustion of f uel-air  m'ixtures r e s u l t i n g  from poss ib le  l i q u e f i e d  

na tu ra l  gas (LNG) s p i l l s  is a c e n t r a l  problem i n  t h e  Lawrence Livermore Labo- 

r a t o r y  (LLL) Liquefied Gaseous Fuels  S p i l l  E f f e c t s  Program. This  combustion 

depends on a v a r i e t y  of f a c t o r s ,  including t h e  l o c a l  fue l -a i r  equivalence 

r a t i o ,  turbulence l e v e l s ,  humidity, c h a r a c t e r i s t i c s  of the  i g n i t i o n  source, 

and many others .  Numerical models deal ing  with t h e  LNG vapor cloud generat ion 

and d ispers ion  a r e  being developed a s  p a r t  of t h i s  program, and these  codes 

requi re  chemical k i n e t i c s  submodels t o  descr ibe  t h e  fue l -a i r  burning t h a t  

might occur i n  a l a r g e  LNG s p i l l .  ~ e c e n t  work on the  development of these  

chemical k i n e t i c s  s u h o d e l s  is described i n  t h i s . r e p o r t .  , 

INTRODUCTION 

The combustion of fue l -a i r  mixtures r e s u l t i n g  from poss ib le  l i q u e f i e d  

na tu ra l  gas (LNG) s p i l l s  depends on a v a r i e t y  of f ac to r s :  l o c a l  fue l -a i r  Y 

equivalence r a t i o ,  turbulence l e v e l s ,  humidity, c h a r a c t e r i s t i c s  of t h e  igni-  

' t i o n  source, and many others .  L i k e  o ther  por t ions  of the  Liquefied Gaseous 

Fuels  S p i l l  E f f e c t s  Program, t h i s  combustion is being analyzed using numerical 

models to provide a means of p red ic t ing  the  evolut ion of a r b i t r a r y  LNG s p i l l s .  

Numerical models deal ing with t h e  LNG vapor cloud generat ion and d ispers ion  

a r e  being developed a s  p a r t  of t h i s  program. These codes requi re  chemi- 

c a l  k i n e t i c s  submodels t o  descr ibe  t h e  f uel-air  burning ' t h a t  might occur i n  a 

l a r g e  LNG s p i l l .  I n  t h i s  r epor t  w e  descr ibe  some recent  work concerned with 

the  development of these  chemical .k inet ics  s u h o d e l s .  

Flame propagation s t u d i e s  have been c a r r i e d  o u t  using a one-dimensional 

(lo) modelf4 incorpora t ing  the  equations of f l u i d  mechanics with chemical 

k i n e t i c s  equations of a r b i t r a r y  complexity. I n  some of t h e  computations a 

d e t a i l e d  chemical k i n e t i c s  mechanism was used, while s impl i f i ed  k i n e t i c s  mech- 

anisms were used i n  t h e  remainder of t h e  computations. 

The atmosphere i n  which an LNG s p i l l  has occurred w i l l  i nev i t ab ly  b e . t u r -  

bulent .  I n  modeling the  propagation of a flame through a tu rbu len t  fue l -a i r  
. . , . - . . - - - .. . - - - 
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mixture,' we attempt to separa te  the problems of turbulence modeling £ram those  

of chemical k i n e t i c s ,  although the  two opera tors  a r e  c e r t a i n  t o  be coupled to  

same extent .  The  k i n e t i c s  submodel is approach+ by :modeling laminar 

propagation--a problem t h a t  is t h e o r e t i c a l l y  w e l l  defined. When we eventual ly  

apply t h e  r e s u l t i n g  k i n e t i c s  model to a tu rbu len t  regime, w e  hope- 'to account 

f o r  the turbulence & . a d j u s t i n g  the  thermal and mass t r anspor t  'rYtes i n  .$me 

appropr ia t e  fashion.  I n  t h e  in te r im w e  r equ i re  t h a t  our' . . chemical kihetics 
.. > ' _  . . 

submodel be a b l e  to reproduce 'experimental da ta  f o r  laminar flames. 
'. 

. .  . .  

DETAILED' KINGTICS 
, . .  . . 

W e  examined flame p r o p e r t i e s  f o r  methane-air mixtures a t  atmospheric 
5 - 7  

pressure  using a d e t a i l e d  chemical k i n e t i c s  r eac t ion  mechanism. 
-h 2 ?j, 

One Eur- - 

pose of these  c a l c u l a t i o n s  was to provide r e l i a b l p  da ta  to compare with t h e  

s , implif ied k i n e t i c s  schemes. w i t h  . t h i s  d e t a i l e d  'jnetics . .. model a l l  a v a i l a b l e -  

l abora to ry  'experimental dat; on laminar flame speed and flame s t r u c t u r e  A u l d  
' .  . .  . 

be accura te ly  reproduced.8 E f f e c t s  of v a r i a t i o n s  i n  .ambient pressure ,  ~ n -  , 

burned gas temperature, ,and fuel-& equivalence r a t i o  we& . a l l  accounted f o r ;  

a 1  though fo r  the  simulat ion of combustion :of LNGair  mixtures,, % ' on ly  t h e  e f f e c t s  
. . . . . *  . ( . of v a r i a t i o n s  i n  .equivalence ratio a r e  re levant .  . - .' . 

, . 
Computed results fo r  the  laminar flame speed df methane-ai'k-.at atmdpher- 

ic temperature and pressure  are s h a m  as a func t ion  of equivalence r a t i o  by 

the  s o l i d  curve i n  Fig. 1. Note t h a t  the  maximum value of the  lami'nar flame 

speed occurs j u s t  s l i g h t l y  r i c h e r  than s t o i c h i m e t r i c .  Also inotk t h a t  t h e  

flame speed becomes q u i t e  s m a l l  f o r  + 4 0.5 and f o r  @ b 1.6, &orresponding 

q u i t e  well with the  conventional  flammability l i m i t s  of methane-air. Computed 

flame speeds with t h i s  model a r e  always p o s i t i v e ,  -even o u t s i d e  t h e  experimen- 

t a l  f lammabil i ty l i m i t s ,  because no thermal loss mechanism is included i n  the  
t I S  

model equations. Radiat ion and other  processes render r e a l  flames smewhat 

nonadiabatic.  When these  heat  loss mechanisms exceed t h e  hea t  production 
' I  * '  " 

r a t e s  i n  t h e  flame, t h e  flame extinguishes.  Therefore, it is argued t h a t  a 

very  small  computed flame speed corresponds to a nonflammable mixture i n  prac- 

tice. Experience seems to ind ica te ,  a s  i n  Fig. 1, t h a t  t h e  upper flammability 

l i ldit  (UFL) and lower flammabil i ty l i m i t  (LFL) have been reached when the  com- . 

puted flame speed f a l i s  below about 5 &s. 

I n  addi t ion  to reproducing experimental flame speed da ta ,  w e  used the  

numerical model an8 d e t a i l e d  reac t ion  mechanism to examine t h e  e f f e c t s  of 

E- 2 
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FIG. 1. Computed results for the laminar flame speed of methane-air mixtures 

at atmospheric temperature and  pressure.^ 



adding mimr c o n s t i t u e n t s  t o  the  unburned fue l .  W e  found t h a t  t h e  add i t ion  of' 

water vapor to t h e  unburned mixture had v i r t u a l l y  no e f f e c t  on t h e  computed 

flame speed o r  f lammabil i ty l i m i t s , ,  The amount of water vapor ranged from 

f i v e  times t h e  s a t u r a t i o n  limit i n  normal a i r  down, to zero. The reason f o r  

t h i s  l ack  of e f f e c t  seems t o  be a competition between t w o  f a c t o r s .  The dis-  

s o c i a t i o n  of water molecules enhances t h e  production r a t e  of f r e e  r a d i c a l s ,  

increas ing the  flame speed. However, t h e  water a l s o  d i l u t e s  the  fue l -a i r  mix- 

t u r e ,  lowering its a d i a b a t i c  flame temperature, tending to .  reduce t h e  flame 

speed. These e f f e c t s  very near ly  cancel  each o t h e r ,  y i e ld ing  a n e g l i g i b l e  

change i n  flame speed. 

The impl ica t ions  of ,  these  p a r t i c u l a r  ca lcufa t ions  are important t~ t he  

LEL test program. If water vapor had a s i g n i f i c a n t  e f f e c t  on f lammabil i ty 

l i m i t s  or  flame speed, it would be d i f f i c u l t  t o  genera l i ze  d a t a  taken a t  dry 

d e s e r t  test sites t o  humid c o a s t a l  , l o c a t i o n s  t y p i c a l  of proposed LNG t emi .na l s .  

For tunate ly ,  s i n c e  water vapor has been found to' have l i t t l e  e f f e c t  on the  

flame p r o p e r t i e s  under t h e s e  condi t ions ,  flame s t u d i e s  a t  t h e  Nevada T e s t  S i t e  

(NTS) or  China Lake, C a l i f o r n i a  should be equal ly  v a l i d  under o the r  condi t ions  

of humidity. 

The second minor cons t i tuen t  examined with the  d e t a i l e d  reac t ion  mecha- 
5-7 nism was ethane. E a r l i e r  work indica ted  t h a t  . t h e  presence of 5-108 eth- 

ane ( t y p i c a l  i n  LNG) i n  t h e  primary methane fuel- *has a profound in f luence  on 

the  d e t o n a b i l i t y  of the  r e s u l t i n g  fue l -a i r  mixtures.' W e  .found t h a t  i n  con- 

t r a s t  to t h e '  results f o r  t h e  problem of de tonab i l i ty ,  ethane had very - L i t t l e  

e f f e c t  on the  flame p r o p e r t i e s  of LNG. Fuels  were considered i n  which t h e  

amount of ethane ranged from zero  to a s  high a s  25%, with methane a s  t h e  re- 

maining fue l .  These r e s u l t s  a r e  not  s u r p r i s i n g  i n  view of s e v e r a l  f ac to r s .  

Laminar flame speeds of methane, ethane, propane, and o ther  p a r a f f i n i c  

hydrocarbon f u e l s  i n  a i r  l i e  i n  a smail range between 38 and about 45 cm/s. 

The primary physica l  mechanisms responsib le  f o r  flame propagation a r e  thermal 

heat  conduction and f r e e  r a d i c a l  spec ies  d i f fus ion,  and both"processes  take  

p lace  a t  about t h e  same r a t e s  i n  a l l  of t h e  f lahes .  I n  c o n t r a s t ,  induction 

processes t h a t  a r e  responsib le  f o r  t h e  dramatic d i f f  ergnces i n  d e t o h a b i l i t y  

.between methane and ethane p lay  a very s m a l l  r o l e  i n  flame propagation. FOE 

t h e s e  reasons t h e  add i t ion  'of ' e thane  to methane has a very small e f f e c t  on t h e  

f lammabil i ty and flame speed of mixtures of vaporized LNG and a i r . '  A s  a 

result;: it .is poss ib le -  to use fl,ame da ta  f o r  methane-air, which a r e  a v a i l a b l e  
3 .  . , .. . . . . Z . 9 



i n  g r e a t  d e t a i l ,  t o  represent  flame p roper t i e s  of vaporized LNG i n  a i r  with : 

very reasonable accuracy.. 

SIMPLIFIED KINETICS 

I n  t h e  two-dimensional (2D) and three-dimensional (3D) codes being used 

to model the  vapor cloud dispers ion  and m m b u ~ t i o n , ~ - ~  it is e s s e n t i a l  to 

use s impl i f ied  k i n e t i c s  schemes t o  represent  t h e  chemistry. Deta i led  k i n e t i c s  

mechanisms are impract ica l  i n  2D and 3 D  because of the.large add i t iona l  number 

of d i f f e r e n t i a l  equations t h a t  must be solved, and because of t h e  problems of  

numerical s t i f f n e s s  they introduce i n t o  the  solu t ions .  ' 

The most common and elementary simple chemical k i n e t i c  mechanism c o n s i s t s  

of a s i n g l e  o v e r a l l  reac t ion ,  which f o r  methane can be wr i t t en  

The r a t e  of t h i s  o v e r a l l  r e a c t i 0 n . i ~  a complex funct ion  of temperature, pres- 

. sure ,  equivalence r a t i o ,  and other  var iables ,  but  it is sometimes poss ib le  t o  

average over these  parameters i n  some vague way t o  a r r i v e  a t  a s i n g l e  expres- 

s ion  f o r  the  r a t e .  In  p r a c t i c e ,  t h i s  averaging amounts to a type of curve 

f i t t i n g ,  which matches the  a v a i l a b l e  experimental data.  One drawback of t h i s  . 

type of r a t e  f i t t i n g  is t h a t  the  r e s u l t i n g  expression has only l imi ted  appl i -  

c a b i l i  t y ,  "lo and care  must be exercised not to u s e  the  expression ou t s ide  

its range of ' va l id i ty ,  which can of ten  be very narrow. For app l i ca t ions  such 

a s  those of LNG s p i l l s  i n  the  open a i r ,  we a r e  concerned.primari ly with the  

e f f e c t s  of v a r i a t i o n s  i n  l o c a l  equivalence r a t i o .  E f f e c t s  of  pressure  

va r i a t ion  are not important because a l l  the  s p i l l s  a r e  assumed to take  p lace  

a t  atmospheric pressure ,  and the  unburned fue l -a i r  mixture w i l l  not  be 

s u b s t a n t i a l l y  d i f f e r e n t  Srom normal atmospheric va lues . (300 + 50 K ) .  W e  

assume a s i n g l e  global  r eac t ion  r a t e  of the, form 

, k = A exp (-Ea/RT) [cH~] a lo2 lb , 

where A, Eat a ,  and b a r e  f i t t i n g  parameters. For methane oxidat ion  i n  

shock tubes, Ea is of the  order  of 50 kcal/mole, while the  sum a + bdepends  

on p ressure  And is genera l ly  found t o  l i e  between 0.7 and 2. l1 I n  a d d i t i o n .  

t o  t h e  shock tube data,  t h e r e  is a g lobal  expression derived from a study i n  a 



t u rbu len t  flow reac to r  by Dryer and Glassman'* t h a t  is used widely to model 

methane oxidat ion.  Their  r a t e  expression is 

The e f f e c t i v e  a c t i v a t i o n  energy E (48.4 kcal/mole) and the  values f o r  a 
a and b (a + b = 1.5) a r e  q u i t e  cons i s t en t  with t h e  expressions derived from 

shock tube data ,  even though the  pressure,  temperature, and fue l -a i r  equiva- 

l ence  r a t i o  regimes i n  t h e  flaw reactor  a r e  markedly d i f f e r e n t  from those  i n  

the  s h o c k  tube. Therefore, we have used E = 48.4 kcal/mole and a + b = 1.5 a 
f o r  most of t h e  flame models described herein. W e  allow a and b to vary, a s  

long a s  a + b = 1.5.- (Although i n , t h i s  r epor t  we a r e  not  concerned w i t h  vari-  

a t i o n s  of flame speed with pressure ,  the  g loba l  k i n e t i c s  mechanism,best r e p r w  

.duces that pressure  dependence when a + b = 1.5; s o  we p re fe r  to maintain t h a t  

c o n s t r a i n t  i n  t h i s  study.) 

When a, b l  and Ea are assigned s p e c i f i c  values,  the  laminar flame speed 

then depends only on t h e  preexponential  term A. This parameter was determined 

i n  the  following manner. W e  r equ i re  t h a t  f o r  a s t o i c h i m e t r i c  (i.e., f u e l - a i r  

equivalence r a t i o  4 equal  t o  unity)  mixture of methane and a i r ,  t h e  single-  

s t e p  g lobal  r a t e  g ives  t h e  same laminar flame speed a s  t h e  d e t a i l e d  mechanism 

( a l s o  equal to the  experimental value)  of  38 * 3b-cm/s. This requirement 

then f i x e s  t h e  parameters i n  t h e  g lobal  r a t e  expression.  With a l l  of these  

va lues  f ixed,  t h e  equivalence r a t i o  va r i e s ,  and the  flame speed a t  each value 

of 4 is computed. I n  Table 1 w e  list the  d i f f e r e n t  r a t e  expressions used, 

a l l  of which g ive  SU = 38 cm/s f o r  $I = 1. 

The sum a + b is equal  to 1.5, except f o r  Ser ies  5 i,n which both a and b 

were equal  to 1. S e r i e s  1 uses the values of a and h t.hat were derived by 

Dryer and G1assman.l2 When the  g lobal  r a t e  expression of Dryer and Glassman 
1 3  (with A = 1.5 x 10 ) was used, the  predic ted  flame speed f o r  @ = 1 is a p  

proximately 47 W s ,  about 25% l a r g e r  than t h e  experimental ly measured value. 

The value f o r  A of 1.0 x loi3 i n  Table 1 g ives  S = 38 cm/s, and the  two u 
ca lcu la ted  values of flame speed a r e  cons i s t en t  with elementary flame theory 

t h a t  p r e d i c t s  Su -A' under these  condit ions.  This  e r r o r  of about 25% f o r  

S wi th  the Dryer and Glassman . r a t e  po in t s  o u t  an important cons idera t ion  i n  u 
t h i s  type of modeling study. Flame speed depends on k i n e t i c  parameters and 

t r a n s p o r t  p roper t i e s ,  inc luding thermal conduct iv i ty  and spec ies  molecular 

d i f f u s i o n  c o e f f i c i e n t s .  Therefore, it, is e n t i r e l y  poss ib le  t h a t  d i f f e r e n t  



. - 
TABLE 1. Reaction r a t e  parameters i n  t h e  g lobal  r a t e  expression. 

Ser ies 

preexponential  k i n e t i c  terms a r e  needed i n  d i f f e r e n t  codes, which may not  

t r e a t  t r anspor t  e f f e c t s  i n  t h e  same manner. To resolve  t h i s  problem i n  a 

p a r t i c u l a r  code, we must reproduce the  results f o r  the  s t o i c h i m e t r i c  case  

($ = 1) by varying A by t h e  method j u s t  described. W e ,  therefore ' ,  do not 

recommend s p e c i f i c  values f o r  A but r a the r  ind ica te ,  wi th in  t h e  context  of t h e  

code (HCT) and the  t r anspor t  c o e f f i c i e n t s  used, which values of A reproduced 

the  s t o i c h i m e t r i c  mixture flame speed with the  glven values of a ,  b, and E . 
a 

I n  a l l  flame model ca lcu la t ions  reported here in ,  t h e  t r anspor t  p r o p e r t i e s  

were r e t a ined  without modificat ion from the  d e t a i l e d  k i n e t i c  mechanism r e s u l t s  

described e a r l i e r .  For each series of ca lcu la t ions  using t h e  r a t e s  shown i n  

Table 1, the  predic ted  flame speeds a r e  p l o t t e d  i n  Fig. 1 a s  dashed l i n e s ,  wi th  

t h e  r e s u l t s  from the  d e t a i l e d  k i n e t i c  mechanism shown a s  t h e  s o l i d  curve. 

series 3 and 4 g ive  q u i t e  good agreement with the  d e t a i l e d  model results and 

experiment, while t h e  o ther  s e r i e s  parameters do not. S e r i e s  1, 2, and 5 sub- 

s t a n t i a l l y  overest imate the  flame speed f o r  r i c h  ($ > 1) mixtures and under- 

es t imate  it f o r  l ean  ($ < 1) mixtures. I n  add i t ion  to e r r o r s  i n  t h e  numeri- 

c a l  values, ' S e r i e s  1, 2, and 5 also produce misleading es t imates  of flammabil- 

i t y  limits. Using the  arguments ou t l ined  e a r l i e r  f o r  r e l a t i n g  predic ted  flame 

speed t o  flammability l i m i t s ,  t hese  models (Se r i e s  1, 2, and 5) suggest  4 = 0.7 

f o r  the  LFL and $ = 2.0 f o r  UFL. S e r i e s  3 and 4 g ive  a value f o r  t h e  LFL of 

between $ = 0.5 and 0.6, which is q u i t e  reasonable and probably overes t imates  

the  UFL at: $ 1.8. However, for the  app l i ca t ions  intended i n  modeling LNG 

s p i l l s , ,  t h i s  UFL is not s e r i o u s l y  wrong, and the  accuracy i n  the  LFL is much 

more important. :. 
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I t  appears t h a t  the  most important term i n  the  r a t e  expression is the  ex- 

ponent a of the  methane concentrat ion.  A s  4 and t h e  CHI concentra t ion  in-. ' 

c rease ,  t h e  s ingle-s tep  r a t e  a l s o  increases.  .The chemical reason for.  t h e  

eventual  decrease i n  flame speed f o r  4 > 1.1 is t h a t  the  excess f u e l  becomes 

a near ly  i n e r t  d i luen t .  By including t h e  f u e l  concentra t ion  i n  t h e  r a t e  ex- 

press ion  with only a s i n g l e  term, the  model is not  a b l e  to d i s t i n g u i s h  between 

t h e  acce le ra t ing  e f f e c t  of having add i t iona l  f u e l  and t h e  dece le ra t ing  e f f e c t  

of  d i lu t ion .  A s  seen i n  Fig., 1, the  answer lies i n  keeping the  f u e l  exponent 

a .small so t h a t  t h e  inc rease  i n  r eac t ion  r a t e  with f u e l  concentra t ion  remains 

moderate. 

CONCLUSIONS 

. . Within t h e  l i m i t a t i o n s  inheren t  i n  t h e  use of a ' s ingle-s tep  reac t ion  

mechanism, it appears t h a t  a r a t e  expressi.on (Se r i e s  4) 

does a c r e d i t a b l e  job, of reproducing flame speed da ta  and flammability l i m i t s  . . 
f o r  methane-air flames i n  the  atmosphere. The parameters f o r  S e r i e s  3 also 

give  s a t i s f a c t o r y  r e s u l t s ,  although somewhat less accura te  than  Ser ies ,  4. The . . 
. . 

o the r  models, wi th  a > 0.3, produced flame speeds ~d f lammabil i ty l i m i t s  

t h a t  a r e  s u b s t a n t i a l l y  d i f f e r e n t  f tom experimental da ta ,  . and t h e i r  use is not  

recommended. Whenever poss ib le ,  t h e  preexponential  term A should be deter-  

mined f o r  each ind iv idua l  code by requi r ing  .. t h a t  t h e  code ' reproduce t h e  

c o r r e c t  f l q e  speed f o r  a s t o i c h i m e t r  3,c f.uel-air mixture under laminar condi- 

t ions .  

A s  a r e s u l t  of flame speed c a l c u l a t i o n s  using t h e ' d e t a i l e d  reac t ion  mech- 

anism, w e  found t h a t  t h e  add i t ion  of water vapor and ethane, even re la t ive -  

l y  l a r g e  amounts, had very l i t t l e  e f f e c t  on computed flame speed or flammabil- 

i t y  limits. Flame propagation i n  mixtures of vaporized LNG and a i r  can there-  

fore be well  described by da ta  f o r  mixtures of methane and a i r .  
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The problem of detonability of vaporized mktures of liquified natural 

gas and air is addressed, using a characteristic the analysis. 

numerical mdels are used t o  treat the evolution of the blast wave p d c e d  

by a charge of high explosive and the chemical ignition delay of the fuel- 

a ir  mixture. These models are d i n e d  with e x p e r h n t a l  data to  predict 

the -unt of high explosive required t o  hitiate a detonation o f  a stoichio- 

ntetric mixture of methane and air, giving an estimate of 50-100 kg of high 

explosive in spha ica l  geometry. The effects of minor c o n s t i ~ e n t s  such 

as ethane and propane on methane-air detonability ary examined, and the 

mchanism by which-these minor constituents kinetically sensitize the fuel  

is discussed. 



In the event of a large scale sp i l l  of LNG or other liquefied energy 

fuel, the liquid. fuel dl rapidly vaporize and mix with air. A s  the fuel 
. . 

mixes with air, some portion of the fuel-air mi- my 1 become fhmmble 
. .  . 

and/or detonable, depending on a variety of factors which are functiom, of ' . '' 

, . the sp i l l ,  s p i l l  site, ,the f u e l  i t s e l f ,  and many other pammters... In the ' . . 
. . 

. .  . . . .  
. . . .  . 

., . . 

I 
, ' . -sent work, factors' i n f l u e n a g  t h e  possibility of detonation o f  the fuel- 

. . . . . . , . . . 

. air -s a% d e d  by mans of ' conput& modeling techniques. ' The .: , . . . 
. . 4 > . . 

. type of modeling appmach de&ibed here is intended, t o  be used iri coo*tion . , 

. . 

' ' w i t h  experimental pmgrams. .. *mdels nust be validated by means of - '  ' . - . . . . 

~ i s o n  with e ~ p e p k t a l '  data, ' after which they .- be used.. t o  
' 

.. , 

the analysis of those experimnts and t o  extrapolate t o  conditi- ,&ch . . 
. . . .  . . 

are difficult  or  expensive t o  achieve expe '~tal ly.  .  model p r e d i c t i o ~  
. .  . .  . . 

mst periodically be verified by means of further experbm . . ts. :.. .The .primary, 

goal of nndeling complex systems such as detonations is t o  provide 
. . . . 

. . . . 
, . .  . . 

additio&'diajpostic . . tool? t o  . aid . in the interpretation of given experimmts 
. . .  . 3 . . . .. 

+ t o  substantially -=due the cost and. t i m e  r e q u h m t s , '  of a research 
.. . . . . . . . 

pmgrwn. In addition, n-cdel predictions can often . indicate potentially 
. . 

f rui t fu l  areas f o r  further experimental research OF point out potential 

GASEOUS DETONATIONS ' . . 

Perhaps the nost dangemus hazard which can result f r o m  an LNG s p i l l  

is the possibility of an atnospheric gaseous detonation. Detoriations can 



, . .. 

be produced, either by transition from def lagration or by, 'direct init iation 

from a blast wave. In either case there ~ Y X  quite restrictive conditions 

which must be satisfied i f  the detonation is . t o  propagate. The shock wave 

associated with .a detonation compresses and heats a mixture of unreacted 

gases very rapidly. In the  absence of c h d d  re&ions this shock wave 
. . 

would gradually weaken, dedaying , into . .  a simple 'compressional sound w&. 
. . 

It is possible t o  define a characteristic shock wave decay time, in the 
. . . . . . \ 

absence of reaction, as ,.the time required for  the shock pressure t o  - f a l l  
. . 

. . 

from one. value t o  so= other value. If the ihecked gas i s  reactive, then " ' 

. . . . . . . . .  

once the shock wave has compressed and heated the gas, chemical reactions .:. 

w i l l  begin t o  take place. . A t  the end of a chemical ignition delay period, 

rapid energy release again heats the . .. mixture and raises its pressure further. . .  
. . . . 

The heat and pressure .increase fran this reaction are needed .to. coi~nteract . ~ 

the gradual decay of the shock wave. Therefore, a useful measure of the 

stabil i ty of a detonation wave can be derived by comparing the character- 

i s t i c  shock wave decay t h  with the chemical induction tine. If the 

chemical time scale is longer than the shock decay time, the detonation w i l l  

weaken, decaying into a sound wave preceding a conventional deflagration. 

On the other hand, i f  the chemical time scale is  shorter than or  comparable 

t o  the shock wave t h  scale, the detonation w i l l  be stable and continue t o  

pmpagate . 
Lee ( 1) has shown that '  the minimum .high explosive charge required t o  

in i t ia te  detonation is strongly dependent on geometrical factors'and for  

spherical configurations th is  blast energy would depend on the cube 



. .  . . . : 

of the chemical induction. t.+. ' ~ e c e n t l ~  Westbmk (2 1 has developed a 
. . .: 

kinetic &el for  the oxidation of methane, ethane and air mixtures. This 

mdel  makes it possible t o  calculate chemical induction t h s  with a pre- 

cision and generality not previously possible. The evolution of high explosive 

blast  waves is nmputed using a numerical nodel developed specifically fo r  

such conditions ( 3 . . The. detonation , stabi l i ty  and direct  initation processes 

have thus been split~conceptually into a fluid mechanical nodel dealing with 
. . 

the blast  wave, and a chemical kineti c nodel dialing with the Ciwr 
. . 

tims. ' We w i l l  describe these two sub-nodels and show how they have been 

combined t o  analyze certain detonation phenoma. 

CHEMICAL IGNITION DELAY 

A great deal of work has been done in recent years on t h e  ignition of 

methane in shock tubes, and som studies of the shock tube ignition of ethane 

and higher alkanes have also appeared. A shock wave is propagated through a 

reactive gas sample, rapidly raising its density, tcxpmture, 831d p~essure 

t o  relatively high values. These post-shock conditions are similar t o  

those which are produced in detonation shock fronts. Under these post- 

shock conditions the fuel f i r s t  breaks apart into smaller frugment chenulcd 

species. This ignition or  induction phase, during which the gas 

temperature and pnessum are nearly constant, is followed by a very rapid 

oxidation phase during which these fragwnts react t o  form f ina l  products, 

w i ~ h  water and carbon dioxide being the mst significant. The dumtion of 

the ignition phase is rmch longer than the oxidation phase. In a typical 



, . 

case, the combined reaction t h  was 250 psec, with the f ina l  oxidation 

phase taking less than 1 psec. The dominance of the igtitio'n period ' is 
i ' 

-.A 

an important, feature of 'the chemical evolution of these systems. The end 
. . 

of the combiried reaction period is characterized by a sharp increase in 

temperature and pressure a s  the Chemical energy of the fue l  is released: 

This pressure increase during the, f ina l  fuel oxidation phase reinfoxes 
. . 

the shock' wave &' a . detonation . which is pmpagiting under relatively stable 
. * . . . . 

- conditions. 
. . . .  . 

. . .  . . 

A detailed reaction mchanism describing the chemical kinet ic  . . .  evolution' 

of mixtures o f  methane and ethane been presented by Westbrobk (2) and 
' . .  

is given in Table 1. ' Thi.5 .podel, reproduces experimatal data reported by 

Bunat e t  al. (4) for  the ignit ion delay of CH,+/02/Ar .and C+36/02/Ar 

f i ~ t ~ . . ~ .  These 'results are summarilied in ~ i ~ . .  1,' in the logarithm 

of the induction time is plotted as a function of recipmcax .temperature. 

The upper solid Line represents theexperimental data for methane and . 

. . . . . . 

the lower solid l ine shows the' experimentaldata for  ethane. Computed 
. . 

induction times arc ,  indicated as ' . dashed , iines , w i t h  the , key indicating the 

relative fuel ,fractions . .of. . methane and' ethane ; respectively. . From Fig. 1 
'. d 

it is clear that  t h e  . . model ,reprcduces very well the data of ~ ~ ~ r c a t '  et al. 

for  the pure fuels. 

With the mechanism' validated a t ,  both ends ,of th i s  compositional spectrum, 

the d e l  was then used t o  investigate the evolution of mixtures 'of methane 

and ethane, combined f i r s t  w i t h  stoichiomtric aixmunts of oxygen. Part icular ,  

attention was directed towards the compositional r a g e  which is closest t o  

that  encountered i n  nomlly-occurring LNGy with approximtely 90% CH4 and 

10% .C2H6. While the kinetic mechanisa is not yet able t o  deal with propane 



o r  higher alkane species,, there is , .both.:.experhsntal and theoretical 

evidence t o  suggest that  as f a r  as kinetic sensitization and induction delay 

are concerned, 'propane and . .  ethane . . .  behave., quite similarly'. 

This study of the &duction period .of methane-ethane mixtures demn- . . . ... 
. . 

strated several very significant. p0int.s. ' ,  First ,  the addition of quite .' 
. . 

. . 

small am~unts of e w e  . (5-10% . 1 . .  to.  mthape very sharply 'reduced the induction 
. . 

tirre of the composite 'fuel ' ~ e l a t i v e  to +t of pure' methane a& shown in Fig. 1. 
. *.. 

This reduction is also i l lus t ra ted ' in  ~ i g .  2 ,. in wh ich  'the induction t- at 
. . 

. . . .  . .  . 

several post-shock temperatures is as. a function of  fuel conpas.? tion. , . . . . . .  
. . . . . .  

.FOP example, when ethane is 5% of the fuel', the induction t i m e  is roughly 
. . 

half that  for  pure methane. This reduction in  induction time by a factor . . . .  . . 
. . 

of two would correspond t o  a reduction in ' the critical energy for  direct  

ini t ia t ion of a detonation by a factor of eight (Lee "(1) j'. ,This 'effect is 
. . 

. . 

'quite large and i l lus t ra tes  dramatically the need fo rde ta i l ed  chemical ' .  . ' .  
. .  . 

kinetic analysis of 'these 'systems. ' 'In an' important sense, the chemical.. - . 

behavior of LNG, at least  as f a r  as its , detonability is concerned, appears 
. .  ' . 

t o  be dominated 'by minor constituents such as ethane. 

This work was able t o  determine the, detailed chkdcal, mchanism: for  the 
. . 

fuel sensitization process. Methane i t se l f  is diff icul t  t o  detonate, due 

primarily t o  its very long chemical induction time. The Cl$ molecule is un- 

usually stable, with the hydrogen a t o ~ b o u n d  tightly t o  the carbon atom. 

In addition, when a hydrogen atom is abstracted, the resulting methyl 

radi.mls .(a3 1 a r e  even more diff icul t  t o  consume. Rather than being 

oxidized directly, mthyl  radicals combine together t o  f o m  ethane 

(CH3 + CH3 + C2H6 1. Much of methane consumption thus proceeds through 



ethane. , The hydrogen atoms in the ethane k l e c u l e  are'more easi ly  abstracted 

than i n  methark, and the consumption' of ethane is much mre rapid 'than methane. 

When ethane is present i n i t i a l l y ,  mfe hy&ogen atoms are available, and 

these hydrogen atoms i n i t i a t e  the chain branching reactions which rapidly 

consume the  available fuel.  The kinetic process. by which smll amunts o f  

ethane. can dominate' the  consumption of .methane and dramatically reduce the  

induction times, not only explaiw a i l  of the  exper-tal data but a lso  
. .. 

denonstrates , conclusively the  inadeqwcY of so-called :thenml sensit izat ion 

mchanisms . : Cmssley e t  al. ( 5 )  reached the same conclusion as t o  the  

inadequacy of the  the& sensit izat ioh mechanism, based on purely experi- 

mental. results .  . The consumption of the  two fuels . occurs s h l t a n e o u s l y ,  
. . . . . .  . 

and it is through the .free Mdical chain branching reactions t h a t  the  coupling 

occurs, not through. a -sequential release of .heat. . .. 

. .. 

It w a s  also shown (2)  t ha t  the  same degree:,of k inet ic  sensit izat ion 
. . 

occurs f o r  fuel-air mixtures which are n o t  stoichiometric. This conclusion 

is significant since wide,ranges in local  fuel-air equivalence r a t i o  would 

be expected in an actual LNG sp i l l .  In addition, the presence of water vapor 

in the air was found t o  have a negligible effect  on the  computed induction 

delay times; . . 

' . . I n  addition t o  the ear l i e r  kinetic mdeling work already described, 

we have carried out another ser ies  of shock tube ignition delay time calcu- 

lations t o  examine the effects  of changes in the munt of iner t .  diluent 

which is present along with the fuel  arid oxygen.' For the  sake of i l lus -  

t ra t ion we consider here the  resul ts  fo r  stoidhiometric methane-oxygen 



. a 

mixtures with differ& m u n t s  of dilution; results fo r  fuel mixtures 

of methane and ethane and for non-stoi&ometric mixtures are very similar. 

The experimental work of B u m a t  e t  al. '( 4 used argon as t h e  diluent , and 

the m l e  fraction of argon was five t h s  that of the oxygen. This w a s  
. . 

, .. . 
done in order t o  better approximate the heat capacity of air than if. 

greater ,dilution w e r e  used. . . : I n  the ie".:series of calculations, the 
. .  . .. , 

m u n t .  of argon diluent. was varied by 2 SO%, : w i t h  ..;i@tion &lay  times'. 
/ '  ' 8 .  

. . 

computed for  each'cbqosition a t  a varihty of initih post-shock temper . . 
. . 

. . , . 
* - 

. . .  

atures. . The i g k t i o n  de'laY 't-s for  ;om of these m i x t u ~  
. .  . 

s .* plotted . . , . .  . 
. . . . . . ..n.. . : . . ,  . .  . . .  

i n  Fig. ' 3 as functions. of kciprocal temperature. The effective activation 
. . . .  . . . .  . . 

energy appearsto . . . . increase slightly'.with increasing argon dilution. ,The , ,, . . 
. . 

computed results at  1500 K and at 1900' K are swmarized in Fig. 4as 
. .I::' . .  

functions o f  dilution. The ignition delay time can be s e e n t o  be pro- 
. . 

portional t o  the ra t io  [Arlo/( CO,lo. + CCH4 lo), with the constant of 

proportionality changing "with t-atu,.e. 

. .  

RELATING SHOCK DECAY TIMES TO INDUCTION TIMES 

A considerable m u n t  . of experimental information is available on the 

detonability of fuels  which are either pure methane o r  primwily mthane, 

in oxygen and i n  air. These e x p e r k n t s  have been carried out under 

nearly unconfined, amspher ic  conditionsand with carefully defined 

m u n t s  of fuel and oxidizer. In one series of experiments, Bull and 

co-workers ( 6 )  used stoichiomtric inixtures of methane and oxygen, diluted 

kith varying mounts of nitrogen. In each case they determined the m i n h  

m u n t  of high explosive required t o  in i t i a t e  a steady detonation in an 
. . 



unconfined spherical configuration. One goal of the i r  study was t o .  use 

results at low nitrogen concent~t ions,  where the experiments w e r e  simpler 

t o  perform, t o  extmpolate t o  conditions with large amunts of nitrogen 

(as in normal air) whene the experinrents . . . .  could not. be carried out. In  
. . 

the second series of experiments - reported . by Bull. e t  al. (7,8) , . . .  critical . 
. .  

, . 

masses of high explosive . .  were . determined for  various rmxtureS of methane 

and  ethane i n .  air. This data, sham in Fig. 5 ,  displays' the saI'lE rapid ' . 
. .  . . 

sensitization of methane by ethane described earlier. Again ,the ' data 

w e r e  extrapolated t o  the l i m i t  of % .  pure methane in a i r ,  w i t h  both extra- . . 

polationsindicating that . . appruximately 22 k g  of high explosive wodd 

be required t o  detonate a methane-air mixhrre. . 
. . . . 

Comparisons weremade w i t h  these. t w o  se ts  of . . exper&ts i n  a series ..' 
' 

. ... . 
of &el calculations. For each mixture -. selected a one-dmsnsional~ f i n i t e  

difference hy-c . numerical . . . .  node1 was  used t o  .calculate the evolution 
. . .  

of the time-dependent shock wave :produced by spherical: charges of b g h  

explosive for  charge' masses' ranging from 10 g m  t o  22 kg. 'lW shock decay 

ti& was defined somewhat. . . arbitrari ly as the time required . . fo r  the shock 

t o  decay fmn 20 t o  '10 bars. This pressure range was selected primarily 

because the ChapmanJouguet p ~ s & r e  for  a detonation in atmspheric 

WG-air is approximately 16 bars. The result of these calculations was 

a relation between charge mss and shock decay tim and is shown i n  Fig. 

6. The shock decay tim,was f o k d  t o  'vary as the cube. loot of the charge 

mss, as would be expected f r o m  analytic trea-bents of spherical shock 

front decay. A t  the same tine, chemical induction times w e r e  calculated 



. . . . 

for  each mixture. In these kinetics calculations, the i n i t i a l  post-shock 

3 density was held fixed at  6 x Nun andthe initial post-shock 

temperature was varied over a wide range. The results of the induction 

time calculations for  the CIZ, - C 2 H 6 m i x t u r e s  in air are plotted i n  Fig. 
. . 

. . .  . . . :. . . . 
' . .  .. . . 

7. E3y equatting the chemical ,hduction time with the shock decay time,, 
. . 

, . a correlation was established between t h e  critical ,masi' of high exp10sOSive . . .  
. .. 

. . 
. .  . . . . ,  , &d initial -w,&-*e tempera- : the gas, .: mi ' ' 

. . 8 .  

. . .  
. , . .  . . . . . . .  . . 

p r n c e m  is il lustrated by the , t-e large . . dots i n  Figs. 5-7, .. showing ., 
" 

the effect: of fubl conrpo&tion o n  critical hi@ explosive mass c h a r a c t e ~ '  
. . . .  . . . .  . .  

. . 

ist i c  shock decay t h e ,  and induction time . ' , An 'enti+ly 'inalogous pmcedure 
, . . .  . . . . . . 

. . .  

w a s  carried out for  the experimntal .data ' (6 1. 'in which the nitrogen -tent 
. .  . . .  . . .. . .. . . . . . . . . . . . 

varied. . Finally, t h e  characteristic hperature ' a m l a t i o m  . w e ,  e m -  
. . 

polated both cases t o  estimate the relevant inductidn time f b  nethand- . . .  
. . . . 

air. This pmcedm is i l l u s p a t e d  in  Fig. 7 by- the three se ts  of dashed 
. . .  . . .  . . 

' l i n e s  leading :'from t h e  large dots t o  the ..line representing  thane-air. . ,  
. 

. . 
. . 

Ihe dashed l ines  . . represent reasonable ' upper a d  lper limits for, the -a- . . 
. . 

poiition based on the d a t a  i n  Fig. 5, i d  the centml dashed line shows a 
. , . :.. . .. . . . . . . . . 

straight l ine extrapolation. :, R.Evwlating the intersectioq 'points back 
/ ' . . 

into critical charge masses gives values of % kg and 100 kg. The come- 
, . 

sponding values based on the other s e t  of experimental .data gives a 

range of 50-100 kg of high explosive. 
. . 

The choice of a chamcteristic pressure d e c a y ' t h  based on a decrease 

of the shock pressune from 20 t o  10 bars is of cause.s-what mi-. 
An interesting correlation can be derived i n  a sonwhat different fashion 

fran that described above, requiring only that  'the shock decay t h  'depend 
0 



on the cube mot  of the charge mss. The fuel mixture with 7.0% CH4 - 30% 

C2H6, a t  an initial post-shock temperafilre of 1400K was chosen for  reference., 

From Fig. 7, the induction time is 33 ps . Frwn ~ i ~ .  5, the experimental 

data' show that the cr i t ica l  high explosive mass for detonation init iation 

for  th is  mixhue is 360 p. These' two points, together w i t h  'the assumption 

of a ' cube ,mt dependence. . . of p z e s s ~ .  ,decay t h  on .charge rws , a l l o w  us ' ' 
, 

. t o .  use .the . other . data of Fig. 5,  a l l  at 1400K in i t i a l '  . . .  temperature, . . t o  pre- 
. . 

. . '. .. . 

dict  the dependence of critical charge mass on composition. . c he result o f .  . . 
. . .  

t h i s  process is i l l k t m t e d  by the dashed cuiwe 'in fig. 5 which shows a 
. . . . 

rwqkable agreement between predicted and experimental results. .The . . , . . . . . 
. . 

. . 

extrapolation of this  predicted curve t o  pure methane in a i r  gives a high. , ' 
' .  . . . . 

explosive mass of 106 kg. Data points quoted by Bcni, et al. (9) are . ,  ' . . . . . 

also indicated in Figure 5 and are consistent w i t h  the.predicted 'curve. 

The use of a constant initial post-shock tenperatme reflects the 

, fact  that  . . the ChapmanJouguet conditions for  mthane andethane a r e v e r y  . . ' 

. . 

s imi la r ,  so that the . .  post-shock . conditions *hi& , lead . t o  apropagating. , .. 

detonation should be the same for  al l  mixtures of fuels. The .tempera-' . . 

of 1400K was  used because it 'provided. the best .  f i t  t o  the' portion of Fig. 

5 for  which experimental data are available. 

The extrapolations carried out i n  th is  type of analysis have used 

temperature as a variable because this dependence is rather weak. The 
. . 

predicted cr i t ica l  charge rws for  pure methane in air is quite sensitiv= ' 

t o  the extrapolation method, so that the range quoted of 24-106 kg must be 

~ g a r d e d  as sonwhat uncertain. .However, the& appears ' to be no. way t o  

justify a predicted ,charge mass of mre than 1000 kg suggested by Boni 



e t  al. (1 0.). Boni e t  al. ('1 0) used a coupled fluid mchanics-chemical 

reaction &el i n  the i r  study, while the present study has decoupled the 

two processes, but it seems unlikely that the l m g e  differences in pre- 

dictions for mthane-air could be attributed solely t o  this one factor. 
. . .  

In addition, the chemical. reaction &el used in the present work i s  con- 
. . .  . . . . 

siderably IIDR sophisticated. and mre &liable than that '  used by Boni et ' "  
. . . . .  . . . .  . . . . 

. . . . . . . . . .  . . . .  
al. In this light,  no explanation c a r  be giv& for  the disagreernent~' 

. . . .  . . .  . . .  I . .  , , 

bewen the present results 'and those of Boni " e t  al. . , 

I t  mugt be emphasized:'again that whilethere is considerable . . . theoretical . 

interest  in the ini t ia t ion of a &tonallon in mefhane-air, there i s  some 

reason to' question how relevant that situation is t o  practical LNG safety. 

Since . . LNG contains appreciable m u n t s  o f  minor chemical species which 

have been determined, both experimentally and in our &d61ing stkl.i6&, t o  

significantly mdify its chemical behavior, predictions, of LNG. detonability 

m d e  on t h e  basis :of studies . . of puik w&hane can :be seriduslY misleading. 

Ps noted ea r l iw , '  w i t h  only 5% of -the" fuel 'consisting of ethane, the 

induction time ' ia  half that of pure methane. . ' , 'Ihis tlanslates into a 

reduction.of a factor of eight in the amunt of high explosive needed.to 

detonate such a mixture, and w i t h  a lltypicalll LNG composition of 90% CH,, 
and 10% ethane, pmpane .and other species, the . . critical mass is even 

smaller. In addition, the process of differential boiloff, i n  which t h e  

m o r e  volatile component methane evaporates f i r s t ,  w i l l  man that the com- 
. . 

position of the LNG 'vapor resulting from a typical s p i l l  w i l l  be pmgres- 

sively r ichw in these minor' constituents. . This effect wuld further reduce 

the required high explosive mass t o  . ini t ia te  a detonation. 



The kinetic mdeling presented here, as well as that discussed ea r l i e r  

by Westbrook (21,  suggests tha t  severLal+ypes of fuel  modification might 

be used t o  increase the  chemical induction tire of LNG-air mixtures, 

thereby reducing the detonability of the  mixtures. I f  some additive w e r e  

included in the fue l  which could serve as a means of' capturing H atoms, 

the chain branching of these systems would be sharply reduced. Similarly, 

i f  the amounts of minor constituents such as ethane o r  propane could be 

removed o r  at  least significantly reduced, the resul ts  in Fig. 1 indicate 

that  the induction tim would again be sharply increased. I n  addition, 

a chemically inert diluent species could be added tosthe LNG. Although 

i n  the computations described ea r l i e r  argon w a s  the diluent,  any such 

inert diluent would produce similar results. The need t o  be able t o  

liquefy the diluent at  about the sam temperature as the LNG would place 

res t r ic t ion on the choice of diluent,,,Any of these processes could 

significantly enhance the safety of handling and using the  fuel ,  so long 

as the process being used had no other effect  detrimental t o  the safej, 

o r  end use of the fuel.  

CONCLUSION 

It is important t o  consider tha t  typical LNG is composed not only of 

mthane, but tha t  approximately 10% of LNG is made up of ethane, propane, 

and other species. The induction time calculations descxCbed here show 

that  t h i s  10% makes a great deal of difference in the  induction tim and 

therefore i n  the detonability of LNG. Studies which have not o r  do not 

take t h i s  composition in to  account may not be a p p l i h l e  t o  the question 



of the detonability of ING vapor. ~ h e s e  impurities, o r  minor constituents 

play a major role in determining the:induction t h  and detonability of 
. . . . 

LNG. The purely kinetic mdel  described here has been validated by com- 

parison with experimental data and can be reliably applied t o  other sets  

of conditions trhich . have . not. rkceived experimental, attention. , This .was 
. . .  . . 

done t o  examine . . the possible effects of m e  presence of water vapor and 
. . - .  

effects of inert dilutioF"~and: fuel stoichiomtry , in addition t o  variations . ' . 
. . ,  . . .  . . .  

in f u r l  ~ a ~ n p s i t i o n .  F W l y ,  the dhbacter is t ic  t h ~  analysis described ' 
' 

. . 

w a s  used t o  correlate available .experimental data on unconfined detonations.. 

Extrapolations were lmde t o  estimate that. a high explosive G.ss ?f 24-106 
. . 

kg would be, required to' detonate . .  . a stoichiometric . . . . methane-air spherical 

. cloud. 
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Table I 

Methane-ethane oxidation mechanism. Reaction rates in 
cm3-molwec-kcal units, k = ATn exp.(-EJRT) 

Rate 
Reaction Reference 

I O ~ A  n Ea ( ~ e e  ~esthrook I 2 I )  
. . 

CH4+M + C H 3 + H + M  17.1 .0 '  . ' . 88.4. ~artiget'aI.il971) ' 

CH4+H +CH3+H2.,  14.1 0 . 1 . 1.9- ~aldwin er al. (1970) 

CH4+OH - + C H ~ + H ~ O '  3.5 3.08 2.0 Zellner and stein&, . . (1976). 

i3.2 .o '  C H ~ +  0 4 C H ~  + OH.. 9.2 ': ~er ion. (j'b69) , ' .  
.. . . 

CH4 + H02 +.CH3 + ~ 2 0 ~  13.3:; 0 18.0. skinner et al. (1 9.723 . . 

C y  H02  -+ CH30 + OH 13.2 . 0 0.0 Colket (1 975) 

CH3+OH, -*CH20+H2 . 12:6 ' 0  0.0 Fenimore (1969) 

C H 3 + 0 ,  +CH20+H.: 

C H ~  + o2 -+ C H ~ O  + o 
CH20 + CH3+ CH,'+ HCO 

CH3 + HCO -+ C H i  + CO 

CH3 + H02  -+ C H i  +, 0 2  . 

C H 3 0 + M  + C H 2 0 + H + M  . 

CH30 + O2 ,+CH20 +. H02  

CH20+M t H C O + H + M  

CH20 + OH + HCO +.H20. 

CH20 + H + HCO + H2 

CH20 + 0 -* HCO + OH 

CH20 + H02+ HCO + H202 

HCO+OH .+CO+,H20 

HCO+M + H + C O + M  

HCO+H -+CO+H2  

HCO+O . +CO+OH. 

: 2.0 ' Peeten .and Mahnen (1 973) 
..  . . . 

29.0 ' Brabbs and Brokaw (1975) 

6.0 ~uridei e t  al. ' 

0.4 Skinner e t  al. (1972)' 

21.0. .,Brabbs and Brokaw (1975) ' ,  . 

6.0 ~ngleman (1976) ' - . 

.72.0 Schecker and Jost (1969) 

6.3 .  o ow man (1975).: . ... . . 

3.8 Westenberg and ddHaar (1 972a) 

4.6 Bowman (1975) 

8.0 Lloyd (1974) ' . 

0.0 Bowman (1970) 

19.0 . Westbrook et  at. (1977) 

0.0 Niki et at. (1969) 

0.0 Westenberg and deHaas (1 972b) 

HCO + H 0 2  -* CH20 + 0, 14.0 0 3.0 Baldwin and Walker (1 973) 

HCO + O2 ,+ CO + H02 12.5 0 7.0 Westbrook et  a). (1.977) 

CO+OH + C 0 2 + H  7.1 1.3 -0.8 Baulch and Drysdale (1974) 

C O + H 0 2  +C02+OH 14.0 .O 23.0 . Baldwin et el. (1 070) 



Table I 

Methane-ethane oxidation mechanism. Reaction rates in 
cm3-mole-sec-kcal units, k = AT" exp (-E,/RT) conted . 

Rate 
Reaction Reference : 

log A n .' . ' E 

Gardiner et ai. (1 971) 

. . 
Baulch . et . al. .(I 973b) 

. . 

Baulch etal. (1973b) .: 
. . .  

Lloyd 11 974). . . 

.. Baulch e t  91. (1973b) 

Baulch et al. (1973b) 

,Lloyd-(1974). . -  
.. . 

Lloyd (1974) . . 

" , .  Baulch at al. (1973b) 

46 H, + M + H + H + M  1'4.3 0 .  96.0 . ' Baulch e t  al. (1973b)r . . 
. .  . 

47 C2H6 . +CH3 +CH3 '19.4 . -1 88.3 . Pacey (1973) , ' 

48 : C2H6+CH3+C2ti5+CH4 , '  -0.3 4 8.3 Clark and Dove (1 973) 

49 C2H6+H +C2H5+H2 2.7 3.5 5.2 Clark and Dove (1973) 

50 C2H6 + OH +C2H5 + H20 13.8 .O 2.4 Greiner (1970) 

51 C2H6+ 0 , +C2H5+ OH . 13.4 0 6.4  erron on and Huie (1973) 

52 C2H5 -*G.H4 + H 13.6 0 38.0 Lin and Back (1966) 

53 C2H5 + 0, +C2H4 + HO, 12.0 0 5.0 Cooke and Williams (1971) 

54 C2H6 + C2H3+C2H4 + C2H4 17.5 0 . 35.6 Benson and Haugen (1 967) 



Table l . : .. 

Methane-ethane oxidation mechanism. Reaction rates in 
cm3-mole-ssc-kcal units, k = AT" exp (-E,/RT) cont'd. 

Rate 
Reaction Reference . 

I 

E . '  !o9A n .  . 

55 ' C2H4 + 0 3 CH3 + HCO 13.0.' 0 ' .  1 .I " ~ a v i s  et al. (19721 . ' , . 

. . .. . . . 
9'8.2 Just e t  al. (i 977) i 56 C2H41+M '-rCiHi+H+M 14.0 '0 , 

58 C2H4+OH -rC2HJ+H20 14.0 0 I 3.5 Baldwin e t  at. (1966) 

59 C2H4 + 0 -r CH20 + CH2 13.4 0 . . . 5.0 Peeters 'and . Mahne'n . (1973) 
. . . . 

14.0 0 1 14.6 Jachimowski (1 977) 61 C2H2 + M ..+ C2H+.H + M 
. . 

62 .C*H2+O2 +HCO+HCO 12.6 0 28.0 Gardin'er and ~ a l  ker (1 968) 
. ., 

14.3 0 63 C2H2+H +C2H+H2 19.0 B r o k e  e t  al. (1 ,.. 969) . . .. 

64 C2H2 + OH. 4 C2H + H20 12.8 0 7.0 Vandooren and ~ a n ~ i g g e l e n  
(1977) . . 

65 C2H2 + O  -+ C2H+OH 15.5 -0.6 1 7.0 Brown et al. (1 969): 
. . . .  . . . 

13.8 - 0 4.0' ' Vandooren. and \ian~iggdlen 
(1977) . . , . 

' 67 c2H+02 +HCO+CO 13.0 0 7.0 Browne' et al. . (196g) , . !  

68 C2H+0 . +CO+CH 13.7 0 0.0 Browne et al. ( 1969)' 
\ 

69 CH2 +02 -. HCO+OH' 14.0 0 3.7 Benson and ~ a u ~ e n  i ( 1967) 

70 CH2+0 --+ CH+OH 1 1.3 .0.68 . 25.0 Mayer et:al. (1 967) : 

71 CH2+H -.CH+H2 1 1.4 0.67 . 25.7 Mayer e t  al. (1 967) 

72 CH2+OH 7CH+H20 11.4 0.67 25.7 Peeters and Vinckie! (1975) 

73 CH+02 -*CO+OH 11.1 0.67 25.7 Peeters and Vinckie( (1 975) 

74 CH+02 -, HCO+O 13.0 0 . 0.0 Jachimowski ( 1977) i 

75 CH30H+M -, CH3+OH + M  18.3 0 80.0 Westbrook and Dryer 



Figure 1. Logarithm o f  the chemical induction time " ( i n  A S )  

a t  d i f ferent  temperatures. Dashed l i c e s .  represent . 

. computed cases, w i th  t h e  ,key g i  vi.ng t h e  CH4-C2H6 percentages 

respectively.  Upper sol i d  1 ine  shows experimental data f o r  
CH4, lower. s o l i d  l i n e  f o r  C2H6- 

E 2 0  . 



Methane fuel percent 

Figure 2. Logarithm o f  chemical induction time (inps) a t  
selected post-shock temperatures, showing the ef fect  

o f - f u e l  composition. Remaining fuel  i s  ethane. 



Temperature - kelvins ; 

FG. 3 1gnitiqn delay time& as functions of 

temperratum for different amounts of 

Argon dilution. 



Fig. 4 Ignition delay t h s  as functions+ 
.. , 

'.of Argon dilution, evaluated for 

T = 1500K and 1900K. . o  



Fig.  5 Detonation thresholds as functions o f  composition. . '  



. . . .. char's mass (kg). . ' 

Fig. 6 shock decay t i n e s  (20-10 bars) f o r  varying 
' high explosive charge masses.. 



Fig. 7 Lcgarithm of chemical induction time ( i n  ys).  ,; 

f o r  variqus fuel  mixtures, shdwjng the' points 

used to  extrapolate t o  pure methane. 
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SUMMARY 

Increased concern ab0u.t t h e  d e t o n a b i l i t y  of gaseous 
. . 

mixtures i n  unconfined clouds renewed our inte,r.,est i n  the  behavior 
. - 

of t h e  detonation process under var ious  . t r a n s i e n t  , cond i t ions ,  such 

a s  a  nonun i fo rm,d i s t r ibu t ion  of pressuce,  . t empera tu re , .o r  
, . . ,  . 

composition. In  r e a d j u s t i n g  i t s e l f  during such a t r a n s i e n t  s t a t e ,  

the  process may e i t h e r  su rv ive  and continue a s  a  de tonat ion  wave o r  

may weaken s o  f a s t  t h a t  i t  transforms i n t b  a simple d e f l a g r a t i o n  

wave. A s i m i l a r  t r a n s i e n t  condit ion.may be imposed on the  wave by 

l e t t i n g  i t  pass  through an a r e a  change. Here aga in ,  t h e  wave may 

e i t h e r  survive  .or weaken t o  a  point  of its ex t inc t ion .  

Assuming t h a t  t h e  c e l l u l a r  s t r u c t u r e  of t h e  de tonat ion  wave is 

responsib le  f o r  its ex i s t ence  and its uniqueness, we inves t iga ted  

t h e  e f f e c t  of v a r i a t i o n  i n  t h e  c ross - sec t iona l  a r e a  of  t h e  tubes  on 

the  c e l l  s i z e  and on t h e ' s u r v i v a l  of  the  de tona t ive  process dur ing  

t h e  t r a n s i t i o n .  Comparison was made with t h e  r e s u l t s  of o t h e r  

i n v e s t i g a t o r s  who performed s i m i l a r  experiments f o r  d i f f e r e n t  

reasons. 

The r e s u l t s  show t h a t  it is not the  tube diameter nor t h e  

i n i t i a l  pressure  of  the'mediuni t h a t  c o n t r o l s  t h e  s u r v i v a l  of t h e  

wave but  t h a t  it is (1 )  t h e  number of c e l l s  a v a i l a b l e  t o  endure 

l o s s e s  from flow e f f e c t s  generated by t h e  t r a n s i e n t  condi t ions  and 

(2) t h e  number of c e l l s  remaining t o  regenerate new c e l l s  t o  
. . 

revive  the  detonation process. 



INTRODUCTION . 

Recent advances i n  t h e  f i e l d ,  of gaseous detonation have 

renewed. in teres t  i n  one of t h e  r e l a t i v e l y  untouched a r e a s  of t h e  

de tonat ive  process, t h a t  is, its behavior under t r a n s i e n t  

condi t ions  when one o r  more of t h e  c o n t r o l l i n g  va r i ab les  is not  

constant .  Such t r a n s i e n t  condi t ions  a r e  met when a detonation wave 

experiences a change i n  composition, pressure ,  temperature, o r  

confinement. The process begins t o  a d j u s t  i t s e l f  t o  a new set of 

condi t ions .and undergoes a change .in s t ruc tu re .  It a l s o  begins t o  

r e v e a l  its charac te r i sBic  f ea tu res .  Knowledge of such d e t a i l s  of 

t h e  charac ter  of  the.wave may lead us t o  a b e t t e r  understanding o f  

the  process and, i n  p a r t i c u l a r ,  of the  l i n k  between chemistry and 

hydrodynamics i n  a detonation wave. . . 

The l a s t  few decades have been very f r u i t f u l  i n  .p,roviding 

information about t h e  na ture  of  the  de tonat ive  process and the '  

e s s e n t i a l  f e a t u r e s  of its c e l l u l a r  s t ruc tu re .  Fu l l  d e t a i l s  about 

t h e  sub jec t  may be found i n  t h e  comprehensive reviews ~f Oppenheim 

e t  a l .  (1963), ~ t r e h l o w , ( l 9 6 8 ) ,  Lee et  a l .  (1969), 'and Lee. (1977). -- 
.It is believed t h a t  t h e  c e l l u l a r  s t r u c t u r e  of gaseous detonat ions  

has been proven beyond any :doubt and . t h a t  any new f indings  

connected wi th  the  behavior of the  detonation process must be. 

associa ted ,  one way o r  another ,  with thi 's . c e l l u l a r  s t ruc tu re .  



one important f inding t h a t  emerged from a l l  inves t iga t ions  

d u r i n g t h e  last few decades is t h a t  t h e  c e l l u l a r  s t r u c t u r e  not  only 

e x i s t s  but  is e s s e n t i a l  t o  the  de tonat ive  'process.  Its s i z e  and 

r e g u l a r i t y  'are c h a r a c t e r i s t i c  of  a p a r t i c u l a r  combination of 

i n i t i a l :  condi t ions ,  such a s  composition, pressure,  .and temperature. 

, .Var$ation o f  t h e s e  condi t ions  causes t h e  cell  s i s e  t o  dhange and 
. .  , 

'.: .' a t t a i n  a .new s i z e  that 'is c h a r a c ' t e r i s t i c  of the  new set of 

condit ions.  -Differences i n  confineinent (such a s  i n  t h e  tube  . . 

. . 
diameter)  o r '  t h e .  l ack  of  any confinement ( a s  i n  the  case  of 

' 

. 

. . . . 

s p h e r i c a l  de tona t ions ) ,  if kept  cons tant  during t h e  process,. w i l l  

have no e f f e c t  on the  c h a r a c t e r i s t i c  cell s i ze .  However, should 

t h e  detonation. wave e n t e r  an a r e a  change, t h e  c e l l  s i z e  ' w i l l  

immediately be a f fec ted  by the  change and w i l l  reveal  some of the  

t r a n s i e n t  f e a t u r e s  of t h e  phenomenon. . Local v a r i a t i o n s  i n  t h e s e  , 

condit$ons, including those  of the  c ross  s e c t i o n a l  a rea ,  w i l l  cause 

enhancement o f  t h e  de tona t ive .p rocess  o r  weakening of it with a 

. p o s s i b i l i t y  o f  a complete ex t inc t ion .  

The fLrst records  of a detonatiori'wave t r a v e l i n g  i n t o  both 

gradual  an'd' abrupt  changes of  t h e  cross-sec t ional  a rea  were shown 

by voitsekhovsky e t  al. (1963). Their records were taken with an 

open-shutter technique, and changes i n  c e l l  s i z e  and even complete 

l o s s  o f . c e l l u l a r  s t r u c t u r e  a r e  q u i t e  evident .  Strehlow and h i s  

group at '  the  u n i v e r s i t y  o f  I l l i r i o i s  have gathered an enormous 

amount o f '  valuable information on t h e  c e l l u l a r  s t r u c t u r e  and have: 

. .  . 



contributed significantly to our present understanding of the 

phenomenon. Their experiments (Strehlow et al., 1972) with an . . 

adjustable wedge inside the tube also reveal the effects caused by 

the change in the cross-sectional area and by the variation of the . 

cell size as the detonation wave propagates through such an area 

change. 

Our earlier unpublished experiments, in which an area change 

in the path of a detonation wave was-produced by'a wedge inserted 

into the 2.54 x 3.81-cm rectangular tube, also revealed some 

interesting results such as different threshold pressures for . . 

transition at different orientations of the wedge. Similar 

experiments with a convergent-divergent tube were performed .the . 

same year by Lee et al. (1965). However, it is his recent study . 

with Matsui (Matsui and Lee, 1978) on the transition of detona- . 

tionfrom- a planar geometry into a spherical one that stimulated .' 

the present work and led us to study the effects of cellular 

structure of the detonation wave on its transition from a tube 

of constant cross section into an expanded geometry. 

THE EFFECTS . . . . 

(. . . 

Ifwe examine the records ofstrehlowetal. (1972) and . . . .  ,.. 

Voitsekhovsky et al. (19631, as well as unpublished experiments of . , 



U r t i e w  and Oppenheim (19651, we f i n d  t h a t ' a s  t h e  de tona t ion  wave 
I 

prog re s se s  i n t o  an a r ea ' change  t h e  c e l l ' s i z e  e i t h e r  g e t s  smaller 

o r  larger depending on whether t h e  'de tona t ion  wave propagates ,  

r e s p e c t i v e l y ,  i n t o  a c o n t r a c t i o n  o r  expansion o f  t h e  tube. This  

p roces s  is q u a l i t a t i v e l y  i l l u s t r a t e d  i n  Fig. 1. 

Whari Lhe wave e n t e r s  a convergent s e c t i o n  (F ig .  l a ) ,  a n  

ob l ique  shock o r  a compression fan  is genera ted  a t  t h e  co rne r  o r  a t  

its g radua l  convergence.. The flow behind t h e  f r o n t  is a f f e c t e d  and 

t h e  wave becomes s l i g h t l y  overdriven.  A t  t h e  same time a t  t h e  wave 

f r o n t ,  t h e  t r i p l e - i n t e r s e c t i o n  p o i n t  n e a r e s t  t h e  converging wa l l  

meets a r e f l e c t i n g  s u r f a c e  sooner , than  i t  would. under cons t an t  area . 

f low,  and i t  r e f l e c t s  a t  h igher  pressure .  Therefore ,  t h e  ce l ls  

become smaller. The' effect '  is propagated r a d i a l l y  i n t o  t h e  tube ,  

cont inuous ly  changing t h e  ce l l  s i z e .  

When t h e .  wave e n t e r s  a divergent. sect.ion (F ig .  I b ) ,  i t  

encounters  a r a r e f a c t i o n  wave cen t e r ed  a t  t h e  corner  o r  spread  

around a g radua l  expansion (no t  shown). A t  t h e  same time, t h e  

t r i p l e - i n t e r s e c t i o n  p o i n t  n e a r e s t  t h e  wa l l  does n o t  f ind a 

r e f l e c t i n g  s u r f a c e  i n . t i m e  f o r  a r e g u l a r  enforcement of  t h e  

de tona t ion  process  and t h u s  becomes weaker and weaker. Both of 

t h e s e  effects must work hand i n  ,hand, because l o s s  of r e f l e c t i n g  

s u r f a c e  a lone  would n o t  p revent  t h e  wave from gene ra t i ng  a new 

explos ion  po in t  near  t h e  would-be r e f l e c t i o n  p o i n t  and thereby  
. . 

c o n t i n u e  t h e  p r o c e s s ,  as it does i n  s p h e r i c a l  de tona t ions .  .On t h e  
. . 



other  hand, r a re fac t ion  alone.(depending on its s t reng th )  may only 

weaken t h e  process,  which w i l l  still c a r r y  on u n t i l  marginal . 

condi t ions  a r e  a t t a ined .  .. . . . 

I n  the  case  of tube expansion,,, t he  s t r c k g t h  Of the  

. r a re fac t ion ,  namely, t h e  amount of  pressure ,drop ac ross  t h e  wave, .., . 

depends on the  amount of expansion, ,i. e., -- . . . 

where 6 is the  angle  of divergence. Rarefaction is an i s e n t r o p i c  

process dropagating a t  a l o c a l  ve loc i ty  of  sound. I n  a uniform 

flow, t h e  sound ve loc i ty  would be constant  and t h e  r a r e f a c t i o n  wave 

would t r a v e l  along a c h a r a c t e r i s t i c  curve toward the  cen te r  of the  

tube.. I n  t h e  case of a detonation wave with t h e . c e l l u l a r  

s t r u c t u r e ,  l o c a l  v e l o c i t i e s  of sound vary s o  much wi th in  t h e  cell  

t h a t  i n t e r a c t i o n  between t h e  detonation f r o n t  and t h e  incoming 
t 

r a re fac t ion  wave becomes very complex. The quest ion o f ' o r i g i n a l  

s t r eng th  becomes.very important. The ra re fac t ion  wave may not  be 

s u f f i c i e n t l y  s t rong  t o  overcome the  e f f e c t  of burning as it 

propagates through individual  c e l l s .  and may cease t o  e x i s t  a t  some 

point  along its path and toward the  cen te r  of the  flow. 



TRANSITION OF DETONATION FROM PLANAR TO SPHERICAL GEOMETRY 

Consider t h e  c a s e  of t r a n s i t i o n  from a p l ane  geometry i n t o  a 

hemispher ica l  one, which . r ep re sen t s  t h e . c a s e  where 6 = 90'. This  

case does no t  produce t h e  s t r o n g e s t  r a r e f a c t i o n  'wave a t .  t h e  
. ,. ." :! 5 ' 

c o r n e r ,  bu t  i t  r e p r e s e n t s  a s imple ca se  t h a t  may be compared wi th  

exper imenta l  s t u d i e s  of Matsui and Lee ( 1978). Unlike t h e  

r a r e f a c t i o n  caused by a p l ane  shock wave, t h e  e f f e c t s  o f  a 

r a r e f a c t i o n  wave genera ted  by a de tona t ion  wave w i l l  g r adua l ly  

d imin ish  as i t  propaga tes  towards t h e  c e n t e r l i n e  of t h e  hemisphere 

u n t i l ,  i f  t he  o r i g i n a l  t ube  diameter  is large enough, t h e  effects . 

become s o  smal l  t h a t  t h e  wave begins  to ; ; regenera te  new c e l l s  a s  i f  

it were a po r t i on  o f  a s p h e r i c a l  de tona t ion  wave.  h he c r i t e r i o n  

f o r  s u r v i v a l  is, then ,  t h e  d iameter  o f  t h e  tube  o r ,  r a t h e r ,  how 

much o f  t h e  i n n e r  c o r e  of t h e  de tona t ion  wave w i l l  remain 

una f f ec t ed  by t h e  r a r e f a c t i o n  wave and how well i t  w i l l  be a b l e  t o  

r e e s t a b l i s h  t h e  de tona t ion  p r o c e s s . i n  a s p h e r i c a l  geometry. 

To detebmine t h e  r e l a t i o n s h i p  of t h e  k e r - c o r e  d iameter ,  - d  
a ' 

w i t h  t h e  c r i t i c a l  diameter  of t h e  tube ,  dc, l e t  u s  relate t h e  

energy r equ i r ed  f o r  i n i t i a t i o n  o f  a s p h e r i c a l  wave wi th  t h e  work 

done by t h e  c o r e  of t he  wave on the ' und i s tu rbed  g a s  o u t s i d e  o f  t h e  

tube. If we cons ide r  t h e  geometry a s  i l l u s t r a t e d  i n  Fig.  2 ,  t h e  

work done (WD) by t h e  c o r e  on' t h e  o u t s i d e  gas w i l l  have t h e  
. . 

fo l lowing  approximate express ion :  



.(:, 6,' 

where P and u r ep re sen t  t h e  Chapman-Jouguet (C. J. ) pres su re  and 
. . 

p a r t i c l e  v e l o c i t y ,  .A is t h e  .area of  t h e  i n n e r  c o r e ,  and 
. . 

r e p r e s e n t s  t h e  time requ i r ed  by t h e  head o f  t h e  r a r e f a c t i o n  wave t o  

reach  the  o u t e r  edge o f  t h e  c o r e  a t  ro. There,  R and z a r e  t h e  

cel l  s i z e  dimensions i n  l e n g t h  and width,  r e s p e c t i v e l y ,  and D Is 

t h e  de tona t ion  v e l o c i t y  o f  t h e  wave. 
' 

. '  I n t e g r a t i n g  Eq. ( 1 1, one o b t a i n s  an - express ion  f o r  t h e  work 

done : 

I n  essence ,  t h i s  work done on t h e  o u t s i d e  g a s  by t h e  i n n e r  

c o r e  of  t h e  w a v e , i s  t h e  energy r equ i r ed  t o  i n i t i a t e  a de tona t ion  



process i n  a  hemisplierical geometry. . To compare ' its ,va lue  with the  

experimental value of ,Matsui  and Lee (1978.) f o r  t h e  spher i ca l  case ,  

we must t a k e  2 WD and express it i n  termi of d c  a s  follows: 

f . . :  , . , , . . 

A s  expected, Ec i s  pro~or t ' ional '  t o  dzprov id&h the  term i n  the ' .  

square brackets  remains constant .  If w e  a s s d e  various values f o r  

the  r a t i o  o f  dc/do, the  express ion '  i n  the  square brackets  a t t a i n s  ' .  

a maximum value of 0.15 when the  r a t i o  of d : to  d is  set equal t o  .. 
C 0 ' . 

1.5, which agrees  q u i t e  well  with experimental records of  Lee 

(1979). Using t h i s  value f o r  the  r a t i o  of dc/do, s e t t i n g  &/z = 2,  
t 

and c a l c u l a t i n g  t h e  C J  parameters f o r  each of t h e  mixtures '  

i nves t iga ted  by Matsui and Lee (1978), we can' compare our 

ca lcu la ted  energy .va lues :wi th  t h e i r s  b y . p l o t t i n g  both' va lues  
. .  . 

aga ins t  t h e i r  experimental ly determined values of the  crit ical 

diameter ,  dc. A 1 1  ca lcu la ted  values a r e  tab'wiated i n T a b l e  1,  while ' . 

t he  p l o t  of E versus do is shown i n  Fig. 3:: ,.. 
C 

The agreement between t h e  two s e t s . o f  values is q u i t e . e v i d e n t ,  

i n d i c a t i n g  t h a t  not only our expression f o r  t h e  . c r i t i c a l  energy is 

c o r r e c t  but  a l s o  t h a t  the  assumpt ionof  dc/do = 1.5 i s v a l i d .  
* 

Figure  3 a l s o  revea1.s t h a t ,  while a l l  t he  po in t s  of the  f u e l - a i r  

mixtures l i e  on the  same s t r a i g h t  l i n e ,  they do f a l l  below the  

extended fuel-oxygen l i n e .  This may be because 'of  the  chemical 



d i f fe rence  between the  fuel-oxygen and fue l -a i r  mixtures o r  simply 

because of  erroneous, although cons i s t en t ,  e x t r a p o l a t i o n  of  the  dc 

versus N 2 / 0 2  curves t o  N 2 / 0 2  f o r  a i r  (Matsui and Lee,, 1978). The 

c r i t i c a l  energy f o r  i n i t i a t i o n  of methane-air detonations r e s u l t e d  

8 ' 

i n  the  value of 1.74 x 10 J ,  which f a l l s  s l i g h t l y  below the  l i n e  
, .  . : 

but wi th in  t h e  range 'of t h e  predict+ons made by Bull':'.et -- a l .  (1976) 

and recen t ly  by Westbrook and Haselman (1979). However,.the 

r e s u l t i n g  value f a l l s  f a r  below t h a t .  of  Boni e t  a l .  (1978). 

Recently Vasi l iev  (1978) suggested a formula f o r  an es t imate  

of  t h e  energy required t o  i n i t i  a te : .a .  c y l i n d r i c a l  detonation ' wave. , 

Taking.h is  value of 0.1 'J/cm f o r  a s to ichiometr ic  oxy-acetylene 

mixture a t  ' i n i t i a l  pressure  of  0.1 atmiland s c a l i n g  it t o  s p h e r i c a l  

geometry a t  Po = 1 atm with. the  cell ' s ize  z = 2 mm, we g e t  a number 
-4 t h a t  agrees  very c lose ly  with our number.of E = 3 . 6 ' ~  1 0 .  J. 

C .  
. * 

Furthermore, h i s  r e l a t i v e  values of energy required t o  i n i t i a t e  

c y l i n d r i c a l  detonation i n  o the r  hydrocarbon mixtures, inc luding 

t h a t  of methane-air , when p lo t t ed  aga ins t  Lee's experimental dc, 

f a l l  on a s t r a i g h t  l i n e  with a quadra t ic  s lope ,  a s  one would expect 

f o r  c y l i n d r i c a l  geometry. This a l l  suggests  t h a t  our estimate of 

energy f o r  i n i t i a t i n g  a spher ica l -de tona t ion  is i n  good agreement 

with those found by o thers .  



QUANTITY OF CELLS NEEDED FOR TRANSITION 

In t h e i r .  experimental inves t iga t ion ,  Matsui and Lee (1978) 

found t h a t ,  f o r  a t r a n s i t i o n  of a gaseous detonation from a planar 

geometry i n t o  a s p h e r i c a l  one, t h e  c r i t i c a l  diameter of t h e  tube is 

r e l a t e d  to  t h e  ini t ial  pressure by . 
' 

. . 

where a and a we constants  for  each p a r t i c u l a r  mixture. E a r l i e r  

s t u d i e s  on t h e  cell  s i z e  dependence 'on i n i t i a l  pressure  (Strehlow 

and Engel, 1969 yielded 

where again b and 0 are cons tan t s  f o r  each ' p a r t i c u l a r  mixture. An 

a l g e b r a i c  manipulation l eads  t.0 a combined expression 

. . 

where n s t ands  for  the  number of  c e l l s  present  ac ross  the  c r i t i c a l  

diameter of the  tube,  and K and y are new constants  r e l a t e d  t o  t h e  

previous ones by 
. . 



. . 
For the  four  mixtures common to both s t u d i e s ,  values of  a l l  

cons tants  a r e  l is ted i n  Table 2. The numbers i n  brackets  f o r  t h e  

oxy-hydrogen system represent  a s l i g h t  co r rec t ion ,  which may be ' 

introduced by drawing another  l i n e  through t h e  experimental po in t s  

of Strehlow and Engel (1969). The values of  y i n  Table '2 a r e  much 

l e s s  than one, and the re fo re  t h e  e f f e c t  of i n i t i a l  pressure  is 

minimal. If t h i s  is . t r u e  f o r  the  o ther  explosive mixtures a s  wel l ,  

then it apparently is not  t h e  i n i t i a l  pressure  o r  t h e  diameter of  

the  tube t h a t  determines the  c r i t e r i o n  f o r  the  t r a n s i t i o n  but  the  

cell s i z e  2..  Also important is ' t h e  number of  c e l l s  a v a i l a b l e  t o  

suppress the  incoming ra re fac t ion  wave and t o  genera te  new c e l l s ,  . . 
which w i l l  rece ive  the  detonation process. The above r e s u l t s  seem 

t o  i n d i c a t e  t h a t  f o r , e a c h  mixture a p a r t i c u l a r  number o'f cells is 

required f o r  t h a t  purpose. 

.Of i n t e r e s t  here is the  s ign  before the exponent y. ' In 

c o n t r a s t  t o  acetylene-oxygen-, ethylene-oxygen, and methane-oxygen 

- mixtures (where a lower initia1,pressure~increases t he  .number of 

c e l l s  required ac ross  t h e  c r i t i c a l  diameter) ,  t h e  hydrogen-oxygen 

mixture has the  opposi te  e f f e c t ,  i.e., t he  number of c e l l s  

decreases a s  t h e  i n i t i a l  pressure  decreases. 



C EXTRAPOLATION OF n AND z $0 - CHL-AIR MIXTURE 

A t  one atmosphere i n i t i a l  p re s su re ,  t h e  va lue  of  K i n  Eq. ( 9 )  

r e p r e s e n t s  t h e  number of cells needed a c r o s s  t h e  cri t ical  diameter  

f o r  a t r a n s i t i o n  of de tona t ion  t o  t a k e  place.  A s  noted i n  t h e  

previous  s e c t i o n ,  t h i s  va lue  of  n var ies .  i nve r se ly  wi th  t h e  

s u s c e p t i b i l i t y  t o  de tona t ion .  P l o t t i n g  t h i s  va lue  of  n' ( s e e  ' ' 

Table  2) a g a i n s t  t h e  c r i t i c a l  diameter,  r e v e a l s  t h e  i n t e r e s t i n g  f a c t  

t h a t ,  w i th  t h e  except ion  o f  t h e  oxy-hydrogen mixture,  t h e  va lues  

f o r . a l l  t h e  hydrocarbon f u e l s  indeed f a l l  on. a s t r a i g h t  l i n e .  This  

l i n e  may then  be extended t o  t h e  c r i t i c a l  diameter of  t h e  least 

de tonab le  mixture,  methane-air. This  remarkable c o r r e l a t i o n  o f  n 

and z f o r  t h e  a v a i l a b l e  hydrocarbon-oxygen mixtures  is i l l u s t r a t e d  
- C "  .. -. 'i 

i n  Fig. 4. The . ex t r apo la t ion  o f  t h e  s t r a i g h t  l i n e s  t o  t h e  c r i t i c a l  
: , 

diameter  of CH4-air r e s u l t s  i n  n = 105'and z = 9 cm f o r  t h a t  

mixture. 

Thus, a t r a n s i t i o n  o f  de tona t ion  from a c y l i n d e r  t o  a 

hemisphere is assured  if a co re  of t h e  de tona t ion  ' k v e  remains 

unaf fec ted  by t h e  r a r e f a c t i o n  wave and is l a r g e  enough t'o supply 

t h e  necessary amount of  energy t o  t h e  undisturbed g a s  f o r  a 

hemispherical  i n i t i a t i o n  ( i . e .  Ec -. d3 wi th  do = 0.67 dc ,  and a c ' 
d i f f e r e n t  n f o r  each p a r t i c u l a r  gaseous system). 



. . 

I f ,  ins tead  of an open hemisphere, , -..- . t h e  - cyl inder  . .. "ends i n  a 

c i r c u l a r  cone wi th  a s o l i d  angle smaller  than 2a s t e r a d i a n s  ( i . e . ,  

where 6 < 90°j ,  t he  r a re fac t ion  generated a t  the  co.rner w i l l  be 

weaker and both dc and d d ' w i l l  become smaller:  f i r s t , ' b e c a u s e  of a 

weaker r a re fac t ion  and, second, because of a smaller  energy 

requirement a s  a r e s u l t  of a smaller s.01id a n g l a  of expansion. To 

t h e  f i r s t  approximation, t h i s  new c r i t i c a l  co re  diameter may then 

be expressed a s  , . 

where do6 is the  core diameter f o r  any expansion where o < 6 < 90, 
l 

and doo is the  minimum-constant-area tube diameter ( 6 ~ 0 )  capable 

of support ing a detonation wave, which i n  terms of a c e l l  s i z e  can 

be expected t o  be of t h e  order  of z/2. 

If the  geometry is kept  . t h e  same while t h e  i n i t i a l  pressure 

Po is lowered, then,  a s  noted e a r l i e r  by Matsui and Lee (1978), one 
. . 

needs a l a r g e r  dc. Because during ' t h e  der iva t ion  of Eq. ( 6 )  ' no 

p a r t i c u l a r  value of i n i t i a l  pressure was s t i p u l a t e d ,  t h e  r a t i o  of  
, . 

dc'do = 1.5 must still hold and, the re fo re ,  do w i l l  a l s o  be l a rge r .  

Following Strehlow and Engel (1969), z w i l l  a l s o  be l a r g e r ,  but t h e  

number of c e l l s ,  n = d c / z a n d  k = do/z, w i l l r e m a i n  i n  the  same 
.. . , ,  ' . ! .  

proport ion,  although s l i g h t l y  d i f f e r e n t  from t h e  atmospheric 

condit ion because of a small e f f e c t  of i n i t i a l  pressure i n  Eq. ( 9 ) .  
. . 



On t h e  Ec - d p l o t  o f  Fig.  3 ,  t h e  e f f e c t  of  i n i t i a l  p r e s s u r e  shows 
C 

a  q u a d r a t i c  behavior .  Th i s  is s o  because,  while D and u remain 

almost  i n v a r i a n t  w i th  Po, PCJ and d; vary  as Po and l /Po,  - ,  
2 r e s p e c t i v e l y .  This  causes  PC,-l/dc and Ec-dc. The e f f e c t  o f  

Po on t h e  Ec - dc r e l a t i o n s h i p  is i l l u s t r a t e d  i n  Fig. 3 f o r  t h e  
. . 

hydrogen-oxygen system. The o t h e r  systems are expected t o  fo l l ow  

COMPARISON OF THE DETONATION KERNEL TO THE DETONATION CELL 

It is of i n t e r e s t  t o  compare t h e  express ion  f o r  t h e  c r i t i c a l  

energy w i t h  t h a t  der ived  earlier by Lee and Ramamurthi (1976) f o r  

t h e  s p h e r i c a l  geometry and t o  c o r r e l a t e  t h e i r  f i n d i n g s  of  t h e .  
a 

c r i t i c a l  de tona t ion  ke rne l  RS wi th  t h e  dimensions of t h e  

detonation cell. 

Taking Lee's express ion  f o r  t h e  c r i t i c a l  energy, 

and equat ing  i t  to  6ur c r i t i c a l  energy equation ( 3 ) ,  w e  g e t  t h c  

express ion  f o r  t h e  c r i t i c a l  diameter  



7 .  

This expression can be s i m p l i f i e d  by s e t t i n g  
. . . . .  . . 

Then 

Introducing t y p i c a l  va lues  f o r  a hydrocarbon f u e l ,  we may set 



and .ge t  ' the value of the  detonation 'kernel  i n  terms of the  c r i t i c a l  

diameter dc , I 

* 
If we now take  Lee's argument t h a t  the  detonation kernel  s i z e ,  Rs, 

is comparable to  the c e l l  length ,  R ,  we would get only one s e t  of  

dc and do, i. e*. , 

dc = 5 . 7 7 ~ ~  
i f  R: = I, and fi = 22, then (19) 

do = 3.842. 

However, i f  d > 5.8 z ,  a s  it  appears from the  records  of  Lee, and 
C 

is approximately equal  t o  12 z, as suggested by Voitsekhovsky &. a. 
( 19631, tilam As is on the 6Pder ot' 4.16 z o r  2.08 k. This does not  

diminish t h e  s ign i f i cance  of t h e  detonation kernel  concept; however, 

it does change its r e l a t i o n s h i p  t o  the  c h a r a c t e r i s t i c  c e l l  s i ze .  
* 

Table 3 lists the  values  of RS f o r  t h e  f i v e  mixtures 

described earlier. The values of t h e  detonation kernel  a r e  given 

.in terms of . the  cel l  l eng th  R as obtained from combining Eqs, (6) 

and (13) ,  wi th  t h e  assumption t h a t  R/z = 2. Note t h a t  f o r  t h e  

acetylene-oxygen.mixture, which was the  main working medium f o r  



Lee and h i s  group, the  o r i t i c a l  s i z e  ;of t h e  detonation kernel  Rs ., 

is indeed very c lose  t o ' t h e  c e l l  length  a. The o the r  four  8 

mixtures, ethylene-oxygen , . hydrogen-oxygen , methane-oxygen, and 
. .. 

' 0  
methane-air, r e s u l t  i n  Rsequa l  t o  approximately 1.39 t, 5.2 R; 

2.98 R, and 18.21 ,R, respect ive ly .   gain note  t h a t  following i ts 

d i r e c t  p ropor t iona l i ty  with n,  the  c r i t i c a l  s i z e  of the  detonation 
, . 

kernel  Rs v a r i e s  inve r se ly  with the  s u s c e p t i b i l i t y  t o  detonation. 

This observation may be use fu l  i n  determining proper values f o r  
. . 

other  explosive mixtures i n  the  s e r i e s .  

SPHERICAL INITIATION OF' DETONATION 

I f ,  a s  previdusly noted i n .  Eq. (181, t h e  c r i t i c a l  s i z e  of  the  
.. 2 ' '  . I) 

detonation kernel  R s  is uniquely related..  t o  the  c r i t i c a l  diameter -, 

dc, one can use the  va lues  l i s t e d  i n  Table 3 t o  evaluate  t h e  

physical  s i z e ' o f  R ;  and. make a cornpabison with the  b l a s t  

i n i t i a t i o n  rad ius  computed with t h e  numerical techniques a s  used 

by Westbrook and 'Haselman ( 1978 1. 
. . . # 

For t h i s  purpose, t h e  numerical model described by Wilkins 
. . 

(1969) was used t o  c a l c u l a t e  the  d i s t ances  a t  which a b l a s t  wave' 

i n i t i a t e d  by a charge of  high explosiveri would decay t o  pressures  
. 

. . 
covering the  range of C J  pressures  f o r  mo$t 'fuel-oxygen and fuel -  

. . *. 
air mixtures. The r e s u l t s  a r e  shown i n  a reduced form i n  Fig. 5 ,  

where pressure is p lo t t ed  a s  a function of the  r a d i u s  normalized by 



t he  cube root  of the  c r i t i c a l  energy. The s o l i d  l i n e  r ep resen t s  

the  decay of  pressure  following a r e l e a s e  of energy from a charge 

i n t o  an i n e r t  atmosphere. When the  explosive charge is set o f f  i n  

an explos ive  medium, then the  energy of t h e  med iumi t se l f  a l s o  

c o n t r i b u t e s  t o  the  t o t a l  energy r e l e a s e  and the  decay of  the  b l a s t  

wave is somewhat slower, inc reas ing  the  r ad ius  a t  which a 

p a r t i c u l a r  pressure i s  a t t a i n e d .  Th i s  effect 1 a i l lus t ra ted  i n  

Fig. 5 by a broken l i n e ,  .which is somewhat a r b i t r a r y  because i t  is 
, .  . . . 

based on es t imates  made f o r  s e v e r a l  pressures.  

Also included i n  Fig. 5 a r e  t h e  po in t s  represent ing  t h e  

' 8 .  
va lues  of ' t h e  detonation ke rne l  R reduced by E:'~ f o r  the  ' f ive  

. .s 

mixtures described above. . . ' The agreement is r a t h e r  remarkable. 

This  confirms the  o r i g i n a l  notion of  Lee and Ramamurthi (1976) 
(I 

a b o u t  the  RS. They s a i d  t h a t  f o r  each p a r t i c u l a r  mixture, t h e r e  
0 

is a c e r t a i n  minimum d i s t ance  Rs wherein: the  chemical energy 

releas& by t h e  medium is comparable t o  the  energy re leased by the  

source;  s o  t h a t  the  subsequent, ,shock motion w i l l  be s t rong ly  

coupled t o . t h e  chemical processes and a detonation wave is 

sus ta ined.  However, t h e i r  pos tu la te  that the  s i z e  o f  the  

de tonat ion  kernel  i s  comparable t o  t h e  c e l l  length  is t r u e  only 

f o r  a mixture of  the  acetylene-oxygen. Other explosive 
. . (I 

hydrocarbon mixtures have t h e i r  r e l a t i v e  R S / l  r a t i o s  i n  t h e  

order  of  t h e i r  s u s c e p t i b i l i t y .  t o  detonation.  



I n  view o f  t h i s  f i n d i n g ,  one can invoke another  c r i t e r i o n  f o r  

t h e  se l f - sus tenance  df t h e  de tona t ion  wave: t o  cont inue  t h e  
. . 

e x i s t e n c e  o f  t h e  de tona t ive  process ,  one must have, i n  each 

p a r t i c u l a r  mix ture ,  a  c e r t a i n  number o f  cel ls  around t h e  per iphery  

of  t h e  s p h e r e  and tha t .  number can ,  be found from 

This  number is a l s o  l i s t e d  i n  Table 3. 

Thus, i n i t i a t i o n  of  s p h e r i c a l  de. tonat ion w i l l  occur  i f ,  a t  t h e  

proper  r a d i u s  from t h e  c e n t e r ' o f  t h e  b l a s t  wave, i . e . ,  t he  r a d i u s  

o f  t h e  de tona t ion  ke rne l  RS,  t h e  decay of  t h e  wave matches t h a t  of  

t h e  decay through the i n d i v i d u a l  c e l l  of  t h e  de tona t ion  wave. If  

t h e  i n i t i a l  charge is too  sma l l ,  then t h e  decay w i l l  be t o o  s t e e p  

and t h e  de tona t ive  process  w i l l  f a i l .  

This  c r i t e r i o n  f o r  s p h e r i c a l  i n i t i a t i o n  of  de tona t ion  can a l s o  

be a t t r i b u t e d  t o  t h e  amount of angular  expansion of  t h e  ce l l  as t h e  

wave propaga tes  r a d i a l l y  outward. For each p a r t i c u l a r  mix ture ,  

t h e r e  is a c e r t a i n  maximum of  such angular  expansion a t  which a new 

cel l  must be i n i t i a t e d  o r  t h e  process  w i l l  decay t o  its e x t i n c t i o n .  

Such angular  expansion may be expressed i n  terms of  



whose value f o r ' e a c h  of  the  f i v e  mixtures .ds  a l s o  l i s t e d  i n  . 

Table 3. Also note that p l o t t i n g  .0 versus d '  on the  log-log s c a l e  .. 
C 

w i l l  r e s u l t . . i n  a s t r a i g h t - l i n e  refa t ionship .  

Of coui-se, - t h e s e  ar'e purely physical  observatiohk of  the.  

phenomena* and cannot .be  6,onsidered a s  fundamental c r i t e r i a  f o r  t h e  

prooess. Her% the  ohomiotry of the medSw plays  the  most Iinportant 

r o l e .  The deaay o f - t h e  wave is inheren t ly  connected with t h e  

induction time 0 f . a  c e r t a i n  molecule o r  group of  molecules that, i f  

r e t a ined  i n ' s  thermodynamic s t a t e  f o r  a s u f f i c i e n t  length  of  time, . . 

w i l l  a u t o i g n i t e  and thereby s t a r t  a new l o c a l  explosion. This 

r e s u l t s  i n  a new c e l l .  Being an unsteady process,  i t  does not  lend ' . 

i tself  t o ,  an easjr a n a l y t i c a l  treatment. . Therefore, .observations 

such a s  those made here  a r e  considered very helpful.  and informative. 

I. . . . .  
. ' CONCLUSION . . 

. . . r '.!.. 

The ob jec t  o f  t h i s -  work was t o  s t u d y  the  ~ f f e c t c . o f  the  c e l l u l i r  ': 
. . .  . .. 

s t r u c t u r e  of t h e  detonation '  wave on the  t r a n s i t i o n  of t h e  process ' .  . 

i n t o  expanded geometries. .P rev ious  observations r e v e a l e d . t h a t ,  f o r  . .  . 

each i n i t i a l  pressure  the re '  is a ' c h a r a c t e r i s t i c  , o e l l .  s i z e  and .a 
, A  ,. 

cr5tical diameter from which . a '  t r a n s i t i o n  o f  detonation is . ..-. : 

possible.  We have demonstrated t h e  effect o f  t h e  c e l l u l a r  . . I . . . 

s t r u c t u r e  by showing the re  must be an inner  core of the  wave,, 

c o n s i s t i n g  of a c r i t i c a l  number of c e l l s  unaffected by s i d e  ; 

r a r e f a c t i o n s ,  t o  ensure t h e  t r a n s i t i o n  of  the  detonation process. 



I n  t h i s  s tudy,  the  work done on the  outer  gas  by t h a t  inner  

co re  of t h e  wave was compared with t h e  c r i t i c a l  energy. for  

spher i ca l  i n i t i a t i o n .  The agreement was remarkably good. 

Extrapolat ion of da ta  on t h e  log-log p l o t  of  c r i t i c a l  energy versus  

c r i t i c a l  diameter led  t o  a predic t ion  of the c r i t i c a l  energy needed 

t o  i n i t i a t e  detonation i n  a pure methane-air mixture. A p l o t  o f .  

t he  c h a r a c t e r i s t i c  c e l l  s i z e  and c r i t i c a l  number of  c e l l s  needed 

f o r  t r a n s i t i o n  a l s o  l ed  t o  q u a n t i t a t i v e  es t imates  of these  va lues  

f o r  the,methane-air mixtures. I n  f a c t ,  i f  we consider  values f o r  

t h e  whole range of  mixtures from t h e  most t o  t h e  l e a s t  suscep t ib le  

t o  detonation (acetylene-oxygen and methane-air, r e spec t ive ly )  and 

f ind  them t o  f a i l .  on a s t r a i g h t  l i n e  over s e v e r a l  decades on a 

log-log p l o t ,  we can p r e d i c t  the  behavior o f . a n y  o the r  explosive 

mixture, provided one of t h e  parameters becomes known. 
' 

Comparison o f  our ,results on ' t h e  c r i t i c a l  energy of  i n i t i a t i o n  

with those  previously reported by Lee and Ramamurthi (1976) l e d  t o  

a s l i g h t l y  d i f f e r e n t ' v i e w  on t h e  physical  s igni f icance ,  of the  

detonation kernel  and, i n  p a r t i c u l a r ,  its correspondence t o  t h e  

l eng th  of the  'de tonat ion  cell. While the  s i z e  of the  kernel  is 

e s s e n t i a l l y  unique i n  thab t h e  chemical energy contained within is ' . 
. . 

comparable t o  the  source energy re leased by the  i n i t i a t o r  charge,, 

t h e  s i z e  of t h e  kernel  i s , n o t  t h e  same a s  the  c h a r a c t e r i s t i c  length  

o f  the  detonation c e l l .  ,As reported here,  the  kernel  s i z e  v a r i e s  

according t o  t h e  s u s c e p t i b i l i t y  of  t h e  explosive mixture t o  



detonation.  The detonation kernel ,  however, &re=d well with the  

s i z e  of  the  r a d i u s  a t '  which numerical c a l c u l a t i o n s  predic ted  t h e  

b l a s t  wave would decay t o  the  detonation pressures  of the  gaseous 

. , 

mixture. 
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TABLE 1. Detonation Paraneters and Critical Values of mergy and 
Diameter for Various Ekplosive Mixtures 

. . 

Fuel Oxid Fuel ~ c "  dc ' P  D U C 6 
Ec 

Source (Vol $1 . ( J )  (cm) (atm) (m/s) (m/s). .(m/s) - '(J) 

C2H2 Air 12.5 1.29 x 10 8 .0  

'zH40 Air 12.3 7 . 6 2 ~ 1 0 )  30.0 

C2H4 Air 9 .5  1.2 x 10 80.0 - 
C H 

3 . 6  
Air 6 .6  7.55 x 10' 150.0 

'sH8 Air 5.7 2.52 x lo6 2'20.0 

C2H6 Air 5.7 5.09 x lo6 2 8 0 . 0  

H2 Air 29.6 4.16 x lo6 280.0 

CH4 Air' 12.3 2.28 x lo8 1020.0 

a~a lues  taken from Matsui and Lee (1978) ., 

b ~ a l u e s  i n  parentheses taken from Voitsekhovsky, -- e t  a l .  ( 1963). 



TAEXE.2. Parameters of 4s. (4) to (7) for Four.of the Explosive 
Mixtures Ooamrm to Studies of Matsui and L e  (1978) and 
Strehlw and Engel (1969) .- 

Fuel Oxid a a b . ' .  B K~ Y 

- -- pp 

= n at  P = 1 atm. 
b e s t h a t e d  on bas i s  of other mixtures diluted with 50% argon. 



TRBIE 3. Critical Paramters Evaluated in Present Study for Five 
Explosive Mixtures, Including that of Methane Air 

*d . 
Fuel Oxid dc n z = dc/n 1 = 22 . Rs R ~ .  N: 0 

Source (cm) (cm) (om) (cm) a 

O2 0.09 4.. 3 0.021 0.042 0.74 1 0.031 9.27 34.11 
C2H2 

O2 0.52 8 .O 0 i065 0.13 1.39 1 0.18 C2H4 17.40 19.851 

O2 2.01 30.0 0.067 0.13 5.2 1 0.67 62.83 5.71 
H2 
CHQ O2 5 00 17.2 0.29 0.58 2.98 R 1.72 ,.37.27 9-57 

CH4 A i r  1000.0 105.0 9.0 18.0 18.21 1 327.0 228.3 . 1.57 
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FIGURE 1. Sketch of a Cellular Detonation Wave Entering (a) Convergent 
Section and '(b) Divergent Section. 
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FIGURE 5 .  P l o t  of B l a s t  Pressure P  Versus t* J- Radius 
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SUMMARY , . 

This repor t .g i ves  a b r i e f  overview o f  computer codes developed 

by LLL to ' s imu la te  unsteady gaseous'combustion and f l u i d  dynamic processes. 

Areas of app l i ca t ion  include pool f i r e s ,  f i r e b a l l  formation and burn, 

and dispersion o f  f ue l  vapors both w i t h  and wi thout  wind. 
.. , 

Two codes are under development; the TDC (two-dimensional code) 

which models combustion and f l u i d  dynamics i n  an axisymmetric o r  a two- 

dimensional Cartesian coordinate system, and the COM3 code, which uses 

a three-dimensional Cartesian coordinate system. Both codes use state-  

o f - the-ar t  f i n i t e  d i f fe renc ing  methods t o  solve the viscous hydrodynamic 

conservation equati  bns. A1 though i t  i s ,  i n  p r inc ip le ,  feas ib le  t o  obta in  

an accurate so lu t ion  t o  these equations, i n  pract ice,  the number o f  zones 

required i s  too great  f o r  even the la rges t  computers. Thus coarse g r ids  

are used w i t h  subgrid-scale gas motions being simulated by a turbulence 

model. Because turbulence models are inheren t l y  empir ical,  the computer 

models must be chosen c a r e f u l l y  and va l idated against experimental data. 

Prel iminary computations have been made o f  pool f i r e s  and f i r e b a l l  

formation using the TDC code; however, these ca lcu la t ions cannot y e t  be 

considered pred ic t ive .  The primary app l i ca t ion  o f  the COM3 code w i l l .  

be plume combustion. 



OVERVIEW OF.' COMPUTER CODES 

For several years we have been developing computer codes f o r  s imulat ing 

unsteady gaseous combustion and f l u i d  dynamic processes. These include the  

TDC (two-dimensional combusti on) code, which models combusti on and f l u i d  

dynamics i n  an axisymmetric or  a two-dimensional Cartesian coordinate system, 

and the COM3 code, which uses a three-dimensional Cartesian coordinate system. 

A1 though o r i g i n a l l y  intended f o r  reciprocating' i n te rna l  combustion engines,l ' . 

these codes were developed w i th  suff  f c l  ent general i ty t o  be eas i l y  adaptable 

t o  other f i e l d s  o f  combustion, inc lud ing many problems o f  in te res t  f o r  l ique-  

f i e d  energy fuels (LEF). Areas of appl icat ion include pool f i res ,  f i r e b a l l  
formation and burn, and dispersion of LNG vapors both w i t h  and without wind. 

I 
Both TDC and COM3 use state-of- the-art  f i n i t e  d i f ferencing methods2s3 1 

t c  solve the viscous hydrodynamic conservation equations. These equations may 

be wr i t t en  as fol lows: 

Conscrvati on o f  mass 

Conservation o f  momentum' ' 

Conservati on o f  enerqy -- -- . 

Conservation of species 



w h e r e  p, 3, Z, and Yt are the density, veloci ty,  in te rna l  energy, and mass 

f r a c t i o n  of t h e l t h  species. ? i s  the viscous stress tensor, q i s  the heat 
f l u x  'from thermal d i f fus ion,  i s  an external body force, and S, Sv, Si are 

sources o f  mass, momentum, and species, respectively. W and Ki .are the rates, 

o f  change o f  energy and species due t o  chemical reactions. Di i s  the species 

d i f f us ion  constant. 
. Also needed i s  an equation o f  s ta te  f o r  the f l u i d .  I n  most cases t h i s  . . 

w i  11 be an i deal gas , equation o f  s tate given by 

where y i s  the r a t i o  o f  spec i f i c  heats. 9 

. . 
I ' 

. . 1n addition' t i  the bas i c  d i f f e ren t i a lequa t ions ,  there a re  cons t ra in ts  

needed t o  s a t i s f y  overa l l  cont inui ty.  - These ,are: 

From these equations are derived d i f fe renc ing  equations i n  t ime and space. 

: . . .Although i t i s  techn ica l l y  feas ib le t o  use these d i f fe renc ing  equations t o  
. .. . 

: achieve an accurate so lu t ion  t o  the d i f f e r e n t i a l  equations, i n  pract ice the 
. . number o f  zones needed t o  define the g r i d  i s  so great as t o  be p roh ib i t i ve  f o r  

. . 

, . ' even the largest  computers. Coarse g r i ds  are therefore used, the subgrid- 

. , .  ' sca le  gas motions being simulated by a turbulence model. Since turbulence 

.. , models are Inherent ly  empirical and r e l y  on a data base f o r  va l i d i t y ,  one must . . 

be carefu l  I n  applying them t o  LEF t o  choose appropriate models and val idate 

them against experimental data. An important pa r t  o f  the modeling e f f o r t  i s  

t o  determine tha t  the model cor rec t ly  accounts f o r  turbulence on several 

d i f fe ren t  scale sizes and under d i f f e r e n t  i n i t i a l  conditions, so the code may 
be used t o  extrapolate t o  large-scale s p i l l s  f o r  which there are no expei i -  

mental data. 
. . 

I ti-3 



I n  applying TDC and COM3 to.wind.d ispers ion o f  LEF vapors, pre l iminary 

numerical s e n s i t i v i t y  studies have shown t h e  problems t o  be inherent ly  three- 

dimensional. Thus,'most o f  the effort,,ip t h i s  area must be d i rected toward 

COM3. One aspect t ha t  can be studied two-dimensionally i s  the g rav i t y  spread 

o f  vapors under calm conditions. 

I n  addi t ion t o  the basic con'servation equations, models are needed f o r  

the phenomena t h a t  w i  11 a f fec t  the dispersion o f  LEF vapors. These inc lude 

pool spread and vaporization, humidity, heat addit ion due t o  rad ia t i on  from.. 

the  ground and sun, and convective heat t ransfer from the ground o r  water. 

To simulate combust i on  processes,, one must solve equations f o r  the k i n e t i c s  o f  

the chemical reac t ion  o f  the fue l  and oxidlzer.  Such chemical k ine t i cs  f o r  

even the  simp1 es t  hydrocarbons are extremely complex, requi r i .ng the simul tan- 

eous so lu t ion  of a la rge  set of d i f f e r e n t i a l  equations. Because a large amount 

o f  computer t ime would be needed f o r  accurately so lv ing the  chemical k i n e t i c s  

i n  two 'and three dimensions, these calcu lat ions are not p rac t ica l .&  .present. 

The approach now used i s  a simpl i f  l e d  scheme whereby one adjusts the  parameters 

u n t i l  t he  resu l t s  agree w i th  experiments or w i th  more accurate cal.cu1ation.s by 

complex nondimensional or one-dimensional chemical k i n e t t c  models, This i s  an 

acceptable and computational l y  e f f i c i e n t  method f o r  chemical .kinetics; however, 

i t  does not have the genera l i t y  o f  the more complex method and mqy n o t  y i e l d  

accurate resu l t s  i f  applied t o  s i tua t ions  other than tha t  f o r  which S t  was 

developed. 
There are two types o f  chemical k i n e t i c s  used by TDC. -The f i r s t  i s  a 

one-step react ion scheme i n  which the f u e l  plus oxidi,zer goes t o  products and 

the reac t ion  r a t e  1s cont ro l led  by 

dCi - -  6 (-B/T) a S 
dt. - -AT e '1'2 

where Ci i s  the  molar f u e l  concentration, C* i s  the molar oxygen 

concentration, T i s  the temperature, and A, B, a, 6, and 6 are constants. 
9 The second i s  a more sophist lcated model from Creighton t h a t  reacts methane 

w i th  oxygen t o  produce intermediate radicals, which then . react  w i th  oxygen t o  

produce products. I n  COM3 it i s  expected t h a t  on ly  the simple one-step scheme 

w i l l  be used, a t  l eas t  i n i t i a l l y .  



Most p rac t ica l  combustion problems -involve.,,the propagation o f  a tu rbu len t  

flame. The in te rac t ion  between the turbulence, which may be created by t h e  

f 1 ame or associated wi th  the medium tfi+ou$h which ~ttie.: flanie propagates, leads 

t o  flame ve loc i t i es  tha t  are s i g n i f i c a n t l y  fas te r  ' than laminar flame ve loc i -  

t ies .  The in te rac t ion  between the flame and the turbulence i s  a complex pro- 

cess tha t  i s  only q u a l i t a t i v e l y  understood.' A t  present there i s  no adequate, 

model t o  p red ic t  turbulent flame v l l o c i t i e s ,  so these ve loc i t i es  must be deter-  

mined experimentally. I f one knows :the turbulent  flame velocity, the various 

parameters i n  the chemical k ine t i cs  a n d  the turbulence models i n  TDC and COM3 

' can be adjusted t o  produce the observed flame veloci'ty; the codes then can. be 

used t o  study the f l u i d  dynamic motions resu l t i ng  from t h a t  flame veloci ty.  

Two combustion applications f o r  which TDC. may be used are pool f i r e s  and 

f i r e b a l l  formation. It mqy also have l i m i t e d  u t i . l . i t y  i n  studying plume burn. 

Pre l  i m i  nary calculat ions of these phenomeila have' .-been. done w i th  TDC;' however, 

these calcu l  n t i  ons cannot ye t  be considered predict ive. '   he primary combu.stion 

appl icat ion f o r  COM3 w i l l  be plume~combustion. 
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1.0 SUMMARY. 

This repor t  summarizes resul ts  o f  the LNG Release Prevention and Control 

(RPC) Task i n  the LNG Safety studies Project conducted by Pac i f i c  Northwest Lab- 

oratory (PNL). The basic objecti,ve o f  the RPC task i s  t o  develop an adequate 

understanding o f  LNG release prevention and control  systems and the factors 

which may nu1 1 i f y  t h e i r  usefulness. 

Scopi ng assessments have been completed o f  the typ ica l  re1 ease prevention 

and control  systems used i n  LNG f a c i l i t i e s .  Summaries o f  these assessments 

are included i n  t h i s  report. Bui ld ing upon the scoping assessments more deta i led ' 

assessments of a reference LNG import terminal and peakshaving f a c i  1 i t y  re1 ease 

prevention and control systems have been in i t i a ted .  Re1 ease prevention systems 

have been emphasized and the .progress t o  date i s  described. A study o f  LNG 

f i r e  and vapor control  systems has .been in i t i a ted .  Future plans i n  t h i s  area 

are discussed. 

The scoping assessments have i den t i f i ed  some general areas which mer i t  con- ' 

s iderat ion i n  more detai  1 ed analyses. These include human factors i n  .LNG opera- 

tions, LNG storage tank operations, and data gathering. Separate studies have 
> 

* 

been i n i t i a t e d  i n  these areas and future plans are described. , , 
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2.0 INTRODUCTION 

The LNG indus t ry  employs a va r i e t y  o f  release prevention and con t ro l  

mechanisms which contain LNG dur ing t r ans fe r  and storage and which detect  and I 

con t ro l  an LNG release i f  i t  occurs. . 

The LNG Release Prevention and Control Task i n  the LNG Safety Studies 

Pro jec t  was i n i t i a t e d  i n  l a t e  FY-1978 w i t h  a basic ob jec t i ve  o f  developing an 

adequate understanding o f  LNG release prevention and cont ro l  systems and the 

f ac to r s  which may nu1 1 i f y  t h e i r  usefulness. Some more spec i f i c  ob jec t ives 

include: 

I d e n t i f y i n g  the impbrtant features and possib le weak l i n k s  o f  release 

prevention and con t ro l  systems. 

I d e n t i f y i n g  data needs and informat ion gaps i n  the release prevention 

and con t ro l  area and prov id ing recommendations f o r ' o b t a i n i n g  the. necessary 

add i t iona l  in format ion through data gather'ing, ana l y t i ca l  studies and 

experimental studies. 

I d e n t i f y i n g  po ten t ia l  areas where release prevention and cont ro l  systems 

can be e f f ec t i ve l y .  improved i n  terms o f  safe ty  and cos t lbene f i t .  

A staged approach has been selected t o  accomplish the study object ives.  A 
reference descr ip t ion  o f  each type o f  LNG f a c i l i t y  i s  developed. This system 

descr ip t ion  i s  used t o  perform a 'scoping o r  f i r s t  l eve l  analysis [ i n i t i a l l y  

a pre l iminary  hazards analysis fo l lowed by a f a i l u r e  mode and e f f e c t  ana lys is )  

t o  i d e n t i f y  in format ion needs and po ten t ia l  re lease prevention and con t ro l  

areas which may mer i t  more de ta i led  study. ,The f e a s i b i l i t y  and methods o f  

o f  obta in ing the requ i red add i t i ona l  in format ion are invest igated and a 

d e ~ i s i o n  i s  made whether t o  perform a more de ta i l ed  assessment (possib ly a 

r e f i ned  f a i l u r e  mode and e f f e c t  analysis or, i f  the system d e t a i l  and'data 

warrant it, a f a u l t  t ree levent  t r e e  type analys is ) .  I n  conjunct ion w i t h  t h i s  

assessment, ana l y t i ca l  and experimental studies are recormended t o  f i 11 i n f o r -  

mation gaps; 

This r epo r t  summarizes the status o f  t h i s  p ro j ec t  as o f  the second quar ter  

o f  FY-1980. (The reader i s  re fe r red  t o  DOEIEV-0036 f o r  an e a r l i e r  s ta tus repor t . )  



The scoping assessments f o r  each o f  t he  basic types o f  LNG f a c i l i t i e s  have been 

completed. These i n c l  ude : 

Export  Terminal 

0 Marine Vessel 

Import  Terminal 

Peakshaving . F a c i l i t y  

Truck Tanker 

e S a t e l l i t e  F a c i l i t y  

These assessments c o n s i s t  o f  a reference syst'em desc r ip t i on ,  a p re l im ina ry  

hazards ana lys i s  (PHA) , and a 1 i s t  o f  rep resen ta t i ve  re1 ease scenarios. The 

emphasis o f  t h e  scoping assessments i s  t h e  re lease prevent ion area. Summaries 

of t h e  scoping assessments are  g iven i n  Sect ion .3 .  A f t e r  rev iewing the  

scoping assessments, a dec is ion  was made t o  concentrate on t h e  impor t  t e r -  

minal  and the  peakshaving f a c i l i t y  f o r  t h e  more d e t a i l e d  ana lys i s  phase. A 
summary o f  ongoing work on these two f a c i l i t i e s  i s  g iven i n  Sect ion 4. 

Sect ion  5 discusses planned work f o r  t h e  remainder o f  FY-1980. 



SCOPING ASSESSMENTS 

This sect ion presents a summary o f  the scoping assessments o f  the re lease 

prevention and con t ro l  systems o f  the basic types o f  LNG f a c i l i t i e s .  The i n i t i a l  

emphasis o f  the scoping assessments i s  the release prevention area. The basic . 
ob jec t ives are t o  i d e n t i f y  important release prevention features t h a t  may m e r i t  

more de ta i led  study and t o  i d e n t i f y  data needs and in format ion gaps. 

Each scoping assessment r epo r t  includes a reference system descr ipt ion,  a 

p re l  iminary hazards ana lys is  ( P H A )  , and a 1 i s t  o f  representat ive re1 ease scenarios. 

The system descr ip t ion  out1 ines the basic process f low, p l an t  layout,  and pro- 

cess descr ip t ion.  The PHA i d e n t i f i e s  the c r i t i c a l  release prevent\ion oper.ations. 

The 1 i s t  o f  representat ive release scenarios provides a format f o r  discussing 

po ten t ia l  i n i t i a t i n g  events, e f f ec t s  o f  the release prevention and con t ro l  systems, 

informat ion needs, and possib le design changes t o  prevent o'r reduce the conse- 

quences o f  a po ten t i  a1 re1 ease: The representat ive release scenarios w i  11 form 

the basis, f o r  the next  stage o f  analysis. ' 

The scoping assessments o f  the import terminal and the peakshaving p l an t  

are summarized i n  a f a i r  amount o f  d e t a i l .  The'export terminal,  marine vessel, 

and sate l ' l  i t e  f a c i  1 i t y  scoping assessments- are  b r i e f l y  summarized. 

3.1 SCOPING ASSESSMENT OF LNG IMPORT TERMINAL RELEASE PREVENTION AND CONTROL 

SYSTEMS . 
-ji 

3.1.1 Reference Import Terminal System Descr ipt ion Summary 

This sect ion provides a b r i e f  summary descr ip t ion  o f  each o f  the' major 

operations included i n the import terminal . More deta i  1 i s  inc luded i n  the 

reference import terminal  system descr ip t ion  which i s  no t  inc luded here bu t  

w i l l  be publ ished i n  the f i n a l  report .  F igure 1 i l l u s t r a t e s  the basic operations 

i n  the import terminal .  They are the marine terminal,  the storage system, and 

the vapor izat ion system. 

Marine Terminal 

The marine terminal  f o r  the LNG import f a c i l i t y  consists o f  a dock and a 

6,000-ft t r e s t l e  support ing a roadway and f ou r  t r ans fe r  l i nes .  The f ou r  major 

t ransfer  l i n e s  inc lude a 42-in. main LNG t ransfer  l i n e  from the t r e s t l e  t o  the 
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-NG storage facil i ty, a 16-in. vapor return , l ine to maintain adequate pressure 
in the ship's storage tanks, a 4-in. LNG recirculation line t o  maintain the 
LNG unloading transfer 1 i nes cold when not unloading a vessel , and a 10-i n .  
Bunker "C- fuel oil  l ine. 

Four 16-in. diameter articulated LNG loading arms are located on deck a t m  
the terminal. The loading arms connect with a 24-in. transfer line. Two sets  
of four 24-in. lines connect to a 42-in. header which t i es  into the 42-in. 
transfer 1 i ne. 

The marine terminal includes enough berths to accommodate two vessels, one 
on each side of the t res t le .  However, only one ship can unload a t  a time. A 

control tower overlooking the ship unloading ope,rations i s  a1 so included a t  
the terminal . 

Storage System 

LNG storage consists of two flat-bottom, double-wall ed, above-ground LNG'  

storage tanks with a capacity of 550,000 bbl each. The inner tank i s  construc- 
ted of 9% nickel-steel which possesses .excellent low temperature ductil i ty. 
The outer tank i s  constructed of carbon steel ,  which possesses a very poor 
low temperature ductility. Ttie dimensions of the tank are as follows: 

inner diameter: . 230 f t  
outer diameter: 239 f t  

inner shell height: 75 f t ,  1 in. 
outer tank shell height: 85 f t  

overall tank hei ght : 130 ft, 6 in. 
. , 

The high liquid level of LNG in the t a n k  is.approximately 74 f t ,  10 in. 

Expanded per1 i t e ,  a nonflammable material , i s  maintained in the annular 
space between the inner and outer shelld as insulation. A res i l ient  fiber- 

glass blanket i s  wrapped around the outside of the inner shell to alleviate 
perlite compaction due to normal movement of the inner shell .  Foamglass blocks, 

a load-bearing insulation, are employed as insulation for the t a n k  bottom. 

A 4-ft thick reinforced concrete slab supports each tank. An electrically 

~eated sandbed i s  located between the tank and the concrete slab. This prevents 



the s o i l  from f reez ing beneath the tank and causing frostheave. Engineered 

f i l l  i s  located d i r e c t l y  beneath the slab. 

The tanks are designed t o  withstand instantaneous- wind gusts up to '104 mph, 

earthquakes o f  up t o  7 on the Richter scale, and a maximym hor izonta l '  accelera- 

t i o n  o f  0.21 g. A1 1 p ip ing  t o  the  i nne r  tank enters through the .  r oo f  o f  the 

storage tank. 

A concrete d ike  wal l  surrounds cach storage tank. Each d ike w i l l  hold 

approximately 1-1 / 3  t imes the capacity o f  nne st-nrage tank. The i ns ide  o f  the 
d ike  wal l  i s  l i n e d  w i t h  i nsu la t i ng  mater ia l  t o  reduce the evaporation r a t e  o f  

LNG i n  the event o f  a tank fa i lu re ,  

A weather sh ie l d  extends from the. t o p o f  the con,crete d ike t o  the outer  , 

tank roo f  i n  order t o  keep p r e c i p i t a t i o n  from fa1 1 ing.' i n t o  the annular space. 

Normal tank b o i l o f f  and vapors from LNG tanker unloading are .handled by 

a vent gas compressor system. Storage tank pressure i s  mai,ntained by re tu rn ing  

vapors from the vent gas compressor. Excess vapors are compressed by f u e l  gas 
and p ipe l ine  compressors t o  be used as f ue l  o r  f o r  de l i ve ry  t o  the gas trans- 

\ mission pipel ine.  

Vaporization System 

Vapor4 t a t i o n  f o r  the .import terininal includes two major types o f  vaporizers : 

fa1 1 i ng- f l  l m  open-rack seawater vaporizers and submerged combustion gas-f i red 

vaporizers. These vaporizers provide the p lan t  ' w i t h  a t o t a l  output capaci ty 

o f  1 b i l l i o n  sc fd  o f  gas. 

Basel oad vapori zat ion occurs i n  f i v e  fa1 1 i ng-f i l m  open-rack seawater vapor- 

i z e r s  w i th  a t o t a l  capaci ty o f  550 MMscfd. LNG i s  introduced through manifolds 

a t  - t h e  bottom o f  banks o f  v e r t i c a l  panels constructed o f  specia,l extruded f i ns .  

The LNG passes upward ins ide  the tubes where i t  i s  heated by the water which 

f a l l s  as a f i ' l m  over the outs ide o f  the panels. LNG emerges i n  i t s  gaseous form 
a t  the .top. 

The fa1 1 i ng water f i l m  used i n  t h i s  design gives extremely high heat t rans- 

f e r  coe f f i c ien ts ,  which reduces the amount o f  i c e  formed, thus maintaining h igh 

performance. With t h i s  open type o f  system the amount o f  i c e  which i s  formed 



does no t  in te r fe re  w i t h  the f l ow  o f  water. The panels o f  f inned tubes and a l l  

par ts  i n  contact  w l t h  the LNG are made o f  aluminum a l l oy ,  which maintains i t s  

st rength a t  low temperature. 

.For standby o r  peaking vaporizat ion, fou r  submerged gas- f i red vaporizers 

are used having .a  t o t a l  capaci ty o f  450 MMscfd. The gas- f i red vaporizers are  

used approximately 800 hours per year. 

The gas- f i red vaporizers are  desi.gned such t h a t  the burners exhaust ho t  

combustion gases downward through a downcomer and i n t o ' a  water bath below the 

1 i q u i d  surface.   he 'exhaust forms bubbles i n  the water causing turbulence. 

mixing, and a " l i f t i n g "  act ion.  This l i f t i n g  ac t i on  forces the water up a t  a 

h igh ve loc i t y  through an annular space created by a wei r  around the downcomer. 

The water f lows over the top o f  the wei r  and i n t o  the more quiescent tank. A 

heat exchanger tube c o i l  f o r  the LNG i s  1ocated. in  the annular space between 

the wei r  and the downcomer where i t  i s  scrubbed.by the warm gas-water mixture 

thus t r ans fe r r i ng  the heat t o  the LNG a n d  vapor iz ing it. The vaporizers consume 

between 1.5% and 2.0% o f  the LNG vaporized as f ue l .  

The i n l e t  p ip ing,  a l l  p ip ing  t h a t  comes i n  contact  w i t h  the LNG feed stream 

ins ide  the vapori.zers and o u t l e t  p ip ing  t o  the f i r s t  f lange are a l l  s ta in less  

s tee l  const ruct ion on both the seawater. and gas- f i red vaporizers. An independent 
containment d i ke  i s  inc luded i n  the seawater vapor izer area t o  accommodate any LNG 

release- t h a t  might occur.. 

Compressors and Sendout Pumps 

This sect ion o f  p l an t  inc ludes a l l  the equipment operat ing a t  h igh pressure 

up .to 1300 psig. There.are t en  major compressors a t  the f a c i l i t y :  four,  c e n t r i -  

fugal  b o i l o f f  compressors which take suct ion o f  the storage tanks and boost the 

gas t o  10 psig; three two-stage rec iprocat ing f ue l  gas compressors which take 

gas from the b o i l o f f  compressors and increase i t s  pressure t o  150 psig; and three, 

two-stage, rec iprocat ing p i pe l i ne  compressors which compress the gas t o  1300 psig. 

Only the b o i l o f f  compressors run cold. A f ue l  gas preheater heats the b o i l o f f  

before i t  enters the f ue l  gas compressors. 



Each storage tank contains two'submerged primary sendout pumps which boost 

the  LNG t o  60 psig. These are fo l lowed by 1.0 secondary pumps. The secondary 

pumps are submersible, pot-mounted, 15-stage u n i t s  which r a i s e  the LNG up t o  

1330 psig. 

Safety Systems 

The p l an t  emergency shutdown system (ESD) has three shutdown c i r c u i t s :  

the Master Emergency shutdown (MES), the  Vaporizer Emergency Shutdown (VES) , 
and the Loading Emergency Shutdown (LES) . These systems automati ca l  l y  shutdown 

and i s o l a t e  por t ions of the qac i l  i ty  o r  the whole f a c i l i t y  i n  the case o f  the 

MES. I t  takes about 30 seconds t o  shutdown the p l an t  once the ESD i s  act ivated.  

The shutdown systems are ac t i va ted  by detectors located throughout the plant ,  by 
' 

c e r t a i n  process cont ro l  var iables o r  by the p l an t  operator. 

Combustible gas detectors,lUV flame detectors and temperature sensors are 

1 ocated throughout the p l  ant area. These detectors ac t i va te  a1 arms which 

i nd i ca te  the exact l oca t i on  0 f . a  s p i l l  o r  f i r e  on a graphic panel i n  the cont ro l  

room. 

The f i r e  con t ro l  system consists o f  f i x e d  and por tab le  d ry  chemical ex t in -  

guishers, expansion foam systems, an3 a f i r e  water system. 

3.1.2 Reference Import Terminal System Level Analysis 

The purpose o f  the system l eve l  analysis i s  t o  i d e n t i f y  those sections o f  

the import terminal t h a t  are most c r i t i c a l  w i th '  respect t o  release prevention 

and con t ro l .  This was accompf ished by i d e n t i f y i n g  the f l ow  r a t e  and inventory 

o f  LNG o r  LNG vapor i n  the appropr iate area t o  be considered. Containment/ 

confinement ba r r i e r s  which prevent sp i  11 s o r  releases were i d e n t i f i e d .  

Process operat ing condi t ions inc lud ing  f l ow  rates, temperature, pressure, 

and p i pe l i ne  s izes f o r  a l l  sect ions o f  the import terminal are presented i n  

Marine Termi nal and Unloading System 

The primary hazards involved i n  handl ing LNG a t  a marine terminal are the 

f lammabi l i ty  of the gas and the co ld  temperature o f  the l i q u i d .  



TABLE 1 . System Capacit ies and Flow Rates 

System Component 

lrlarine Terminal 42-in. LNG t ransfer  l i n e  
and Unloading 
Sys tem 4-in. LNG rec i rcu la t ion  

l i n e  

16-in. vapor re turn  l i n e  

Storage Storage tank 
Sendout Pumps Primary i n-tank pumps 

20-in. tank ou t l e t  l i n e  

Secondary pumps 

25-in. secondary pump 
sendou t 1 i ne 

Vaporization Seawater vaporizers 
System 

Submerged gas-f i r ed  
vaporizers 

Compressors Boi 1 o f f  compressor 

Fuel gas compressor 

Pipe1 ine  compressor 

Number o f  
Components 

1 

Flow Rate Operating Condition 
I n  Out Pressure (psig) Temperature (OF) 

1,500 gpm 1,500 gpm 60 -258 

16 MMscfd 16 MMscfd 10 -1 52 

53,000 gpm 4,550 gpm 0.8 -258 

4.000 gpm 4,000 gpm 60 -258 

4.,000 gpm 4,000 am 60 -258 

8,550 gpm ' 8.550 gpm 1,300 -252 

8,550 gpm 8,550 g~ 1,300 -252 

4,550 gpm 550 MMscfd 1,300 -252 
t o  30 

3.720 gpm 450 MMscfd 1,300 -252 
t o  30 

26-52Wscfd 26-52 MMscfd 10 -200 
t o  152 

5-36 MMscfd 5-36 MMscfd 150 285 

* Flowrate during unl oadl ng operations. 



The unloading sec t i on  inc ludes two primary methods. by which LNG o r  na tu ra l  

gas can be p o t e n t i a l l y  released f rom t h e  system: . 
o l eak  o r  rup tu re  i n  valves, pipes, f i t t i n g s ,  load ing and t r a n s f e r  arms, e tc .  

o , pressure re1 i e f  va lve  discharges from t r a n s f e r .  1 ines 

A containment system i s  l oca ted  under the  unloading p l a t f o r m  t o  h o l d  a1 1 

s p i l l s  from t h e  load ing  arms. Transfer  l i n e  dra'in valves are  inc luded i n  the  

t r a n s f e r  1 I ne so i t  can be'. drained i n t o  the containment system under the  dock. 

Any re1 ease o f  LNG between the  te rm ina l  and shore would fa1 1 i r . 1 1 ~  l t ~ e  ocean. 

A containment b a r r i e r  f o l l o w s  t h e  sh ip  unloading l i n e  from shore t o  the  storage 
. r 

tanks. ~ e c a u s h  o f ' t h e  s i z e  o f  t h e  t r a n s f e r  1 i n e  and the h igh  f low rates a s i n g l e  

l e a k  br break can r e s u l t  i n  a 1 arge sp i  11 . The maximum re1 ease i n  the  marine 

te rm ina l  area i s  approximately 880,000 ga l lons  f o r  a l a r g e  rup tu re  o f  t he  42-in. 

t r a n s f e r  1 i ne. 
< ,  

Storage System 

There a r e  th ree  pr imary methods f o r  a p o t e n t i a l  re lease i n  the  storage area: 

0 storage tank f a i l u r e  

e l e a k  o r  r u p t u r e  f rom i n l e t  o r  o u t l e t  p ip ing ,  f langes, valves, f i t t i n g s ,  e t c .  

e atmospheric discharge from a re1 i e f  va lve 

The inne r  conta iner  o f  t he  LNG storage tanks i s  constructed o f  9% n i c k e l  

s t e e l ,  s u i t a b l e  f o r  ope ra t i ng  ' a t  cryogenic temperatures. The ou te r  tank i s  
constructed o f  carbon s t e e l  and i s  suscept ib le  t o  f r a c t u r e  i f  contacted w i t h  

* .  

any LNG o r  c o l d  ;apors. ~ a c h  LNG storage- tank has dn insu la ted  concrete d i  kb 

w a l l  t o  conta in  any s p i l l s  o f  LNG from' the  tank. '  F a i l u r e  o f  the  i nne r  tank 

would even tua l l y  leab t o  f a i l u r e  o f  t h e  ou te r  tank. ' ~ l o i  ra tes  i n t o ' a n d  o u t  

o f  each tank are  inc luded i n  Tab le  1. 

Each tank has pressure and vacuum r e l i e f  va lves t o  p r o t e c t  aga ins t  T a i l u r e  

o f  t h e  tank from overpressure and underpressure-. An a u x i l i a r y  gas supply system 

a l s o  p ro tec ts  t h e  tanks f rom underpressure. . A c t i v a t i o n  o f  t he  master emergency 

shutdofin au tomat i ca l l y  stops a l l  f lows i n t o  and o u t  of t h e  tanks and i s o l a t e s  

them from t h e  r e s t  of t h e  p l a n t .  



, LNG Vaporizat ion System 

Vaporizat ion occurs i n  two types of vaporizers, fa1 1 i n g - f i  l m  open-rack 

seawater vaporizer, and submerged gas-f i red vaporizer. Th.e gas- f i red peaking 

vaporizers operate approximately 30 days/yr. . .  Table 1 gives inventor ies,  f l ow  

rates,  and process operat ing condi t ions f o r  each type o f  vaporizer. 
, . 

Primary, methods f o r  a po ten t ia l  LNG and LNG vapor release include: 

leak o r  rupture from i n l e t  and o u t l e t  p ip ing,  valves, f langes, f i t t i n g s ,  e tc .  

leaks from vaporizer heat t rans fe r  tubing o r  c o i l s  

A containment d ike surrounds the vaporizer area t o  contain any s p i l l s  

t h a t  might occur there. The vaporizers are connected t o  the Vaporizer Emer- 

gency Shutdown (VES) c i r c u i t .  When act ivated,  t h i s  system shuts down the feed 
pumps t o  the vaporizers, i so l a tes  the vaporizers from the r e s t  o f  the p l an t  . 

and vents a l l  gas handl ing equipment t o  the vent header. The VES i s  automa- 

t i c a l l y  ac t i va ted  by the loss  o f  seawater f low, by h igh water temperature, 

by low o u t l e t  gas temperature, and by UV flame detectors i n , t h e  area. It a lso 

can be ac t i va ted  manually from the vapor izer area as wel l  as the cont ro l  room. 

Ac t i va t ion  o f  the MES automat ical ly  ac t iva tes the VES. 

The maximum release i n  t h i s  area would probably r e s u l t  from a f a i l u r e  o f  

the 24-in. 1 i q u i d  t r ans fe r  1 i n e  from the secondary pumps t o  the vaporizers. A 
release of 105,000 gal o f  LNG, i s  estimated as the maximum s p i l l  s i ze  t h a t  can 

occur from t h i s  area. This assumes the VES i s  no t  ac t i va ted  o r  f a i l s  t o  func t ion  

properly. I f  the VES operates as designed the s p i l l  would be l i m i t e d  t o  23,000 

gal lons. Fa i lu re  9 f  the VES can a lso r e s u l t  i n  f a i l u r e  o f  the vaporizer o u t l e t  

1 ines i n  the event o f  l oss  o f  seawater o r  f ue l  gas. The co ld  'LNG could then ' 

contact  the carbon s tee l  o u t l e t  l i n e s  and cause them t o  crack. 

Compressors and Sendout Pumps 

The hazards involved w i t h  operat ion 0.f t h i s  equipment are the co ld  tempera- 

t u r e  o f  the LNG, the f lammabi, l i ty b f  the LNG vapor, and th; h igh pressure a t  . , 

which some o f  the components operate. . , 



There a r e  two general means by which LNG o r  LNG vapor can be p o t e n t i a l l y  

re leased from these systems: 
. .. 

f a i l u r e  o f  p ip ing ,  valves, f i t t i n g s ,  e tc .  

e. f a i l u r e  o f  t h e  compressors o r  pumps 

When ac t iva ted,  the .Master  Emergency Shutdown (MES) and t h e  Vaporizer Emer- 

gency Shutdown (VES) stops t h e  LNG sendout pumps and i s o l a t e s  them from the  

storage tank and t h e  vapnr i7ers.  The MES a l so  stops and i s o l a t c s  the  compres- 

s o r  systems.. The secondary pumps are  l oca ted  i n  t h e i r  own d iked area wh,ich-- 

has a d r y  Chemical f i r e  ext inguishment system and h igh  expansion foam system. ) 

The maximum s p i l l  i n  t h i s  area o f  t he  p l a n t  i s  approximately 23,000 ga11,ons 

assuming the  MES i s  a c t i v a t e d  promptly and func t ions  as designed. The s p i l l  

cou ld  be as l a r g e  as 100,000 ga l l ons  i f  t h e  system has t o  be shutdown manually. 

3.1 .3 ~ e f e r e n c e  Import  Terminal Component Level Analys is  

In fo rmat ion  generated from t h e  system 1 eve1 ana lys is  i n d i c a k s  a s i g n i f i -  

can t  re lease cou ld  come from any o f  t he  four systems analyzed. The l a r g e s t  

re leases could come from t h e  storage and s h i p  unloading systems. 

A p r e l  i m i n a r j  hazards ana lys i s  has been completed on each system p rev ious l y  

discussed. The p r e l  im inary  hazards ana lys i s  f o r  t h e  major components " i n  each .: 
sys tem analyzed a re  'presented i n  tabu1 a r  form. Th is  i n c l  udes p o t e n t i  a1 ha'zar'ds , 
e f f e c t s ,  and e x i s t i n g  p r e v e n t i v e ' c o n t r o l  s. . The PHA f o r  t h e  unloading system 

i s  g iven i n  Table 2. 

. The .unloading system may 'be t h e  most c r i t i c a l  system . a t  t he  te rm ina l .  

Extremely hi,gh f l o w  . rates combined w i t h  n a h r a l  f o rces  such as, l a r g e  waves, 

winds, earthquakes, etc., t h d  t cou ld  be encountered w i t h  t h i s  system make i t  

an. area ' o f  s a f e t y  i n t e r e s t .  

The fo l l ow ing  components were determined to.  be the  most important  w i t h  

respect  t o  re lease prevent ion and c o n t r o l .  

The 42-in. Diameter Transfer  Line. Th is  l i n e  inc ludes var ious valves, 

expansion j o i n t s  and o the r  f i t t i n g s .  A leak o r  r u p t u r e  i n  t h i s  l i n e  could 

r e s u l t  i n  a l a r g e  s p i l l .  



TABLE 2. Pre l iminary  Hazards Analysis f o r  the Marine Terminal 
. . 

Potent i  a1 Ex i s t i ng  Preventive 
Component Hazard Condit ion E f f e c t  and Control Measures 

16-in. loading Arm Fissure o r  break . LNG release .A s p i l l  containment system i s  
provided under the loading arms 

Closing a t  appropriate loading 
arm block valve 

LNG remdining i n  l i n e  i s  
. . drained . . 

24-In. p ipe p r i o r  LNG surge 
t o  air-operated 
valve 

Possible increase i n  Regulation o f  ship"s pumps, 
pressure release through pressure re1 i e f  

valve i n  24-in l i n e  ' 

Fissure or break LNG release A s p i l l  containment system i s  
provided under the loading arms 

Closing o f  appropriate loading 
arm block valve 

LNG remaining i n  i i n e  i s  
drained 

16-in. loading arm Bad f lange con- LNG release i n t o  Shutdown o f  pumps 
nect ion w i th  ship water 

24-in. p i p e  d i -  Fissure o r  break LNG release Ac t i va t i on  o f  loading ESD 
r e c t l y  a f t e r , a i r -  system unless there are valves 
operated valve . i n  the l i q u i d  ,header t o  

i s o l a t e  each 24-in. l i n e  from 
each other 

42-in. l i q u i d  
header 

Ai r-operated valve 

Unloading 1 ines 

Fissure o r  break LNG release Drainage o f  LNG remaining i n  
the l i n e s  

F a i l u r e  t o  c lose i f  LNG release and unable Loading ESD system act iva ted 
break occurs i n  the t o  i s o l a t e  24-in. l i n e  
1 ine  rupture  . and loading arms Drainage o f  LNG remaining i n  

the l i n e s  

Rupture LNG release Ac t i va t i on  o f  loading ESD 
system 

Blockage o r  r e s t r i c -  LNG f l ow  i.s backed up Closing o f  appropriate valves 
t i o n  o f  l i n e  or stopped t o  i s o l a t e  problem i f  not i n  

main '1 i q u i d  header 

Pressure bui ldup released 
through pressure safe ty  valve 

Drainage o f  LNG i n  l i n e  

42-in. l i q u i d  Fissure o r  break LNG release . Ac t i va t i on  o f  marine ESD 
t ransfer  l i n e  system . . . 

. . 

Remaining LNG i s  drained 



TABLE 2. (contd) 

Potent ia l  
Component Hazard Condit ion 

16-in. vapor Fissure or  break 
r e t u r n  ' l i n e  dur ing recyc 1 e t o  

cool down 1 i nes 

Fissure or break 
dur ing vapor re tu rn  

Increased vapor 
ro tu rn  flnw ' rate 

Vent gas compressor Fa i l u re  t o  operate 
( a l l )  

LNG tanker Any hazardous 
condition 

Ex i s t i ng  Preventive 
Ef fect  and Control Measures 

LNG release Loading ESD system i s  activated, 
d ra in  LNG 

LNG vapor release I so la t i on  o f  damage by c ios ing  
appropriate block valves 

Act ivate loading ESD system 

Pressure buildup ~ c t i v a t i o n  o f  the i n l i n e  
pressure safety valve 

No .vapor re tu rn  t o  A t t i v a t i o n  oi  tne loadlng ESD 
ship system 

Release o f  loading arms from . 
ship 

Act iva t ion  o f  the  loading ESD 
system 

Marine t r e s t l e  Large winds o r  Possible col lapse of Activation of Master ESD System 
earthquake t r e s t l e  

4-in. r ec i r cu la t i on  Fissure o r  break LNG release I so la t i on  o f  damage by c los ing  
l i n e  during appropriate valves 
rec i r cu la t i on  

Shutdown of primary pumps 

Drainage o f  LNG 

V a l v ~ s  i n  dock Rupture or  leak LNG release t o  dock Act iva t ion  o f  the loading ESD 
d ra in  l ines  Jr;a i 11 syst.t?m 

Foi  l u r e  t o  open Can't d ra in  loadinq 
arms 

Fa i l u re  t o  close LNG release t o  duck 
.drain 

9% Ni-steel  inner Fissure or break LNG leakaye i n t o  
b a r r i e r  annular space 

Possible col lapse of 
ex te r i o r  b a r r i e r  

~ n s u l a t i o n  Heat leak Pressure bui ldup 

Act iva t ion  o f  the loading ESD 
system 

Act iva t ion  of Master Emerpency 
Shutdown System 

LNG s p i l l  can be contained by 
an insulated concrete dike 
capable o f  hold ing 1.34 times 
the tank capaci ty 

Bo i l o f f  compressors handle 
smaller amounts o f  pressure 
bu i  1 dup 

Buildup I n  b o i l o f f  l i n e  can be 
handled by the  vent stack 
header 

Pressure r e l i e f  valves d is -  
charge vapor t o  the  atmosphere 
i n  the case o f  an excessive 
pressure buildup 



TABLE 2. , (cqntd) 

. % 

Potent i  a1 
Component Hazard Condition 

carbon steel  Fissure o r  break 
outer bar r ie r  

E l e c t r i c a l  heater Fa i lu re  to  operate 
f o r  storage tank 

Vent ' gas compressor Fai 1 ure t o  operate 
' ( a l l ' o f  them, no 

. backup available) 

; F a i l s  t o  t u r n  o f f  

E f fec t  

Heat leak could 
crack and collapse 
the tank 

Pressure gradient 
from inner tank t o  
annulus due t o  vapor 
release o f  annulus' 

Possible s o i l  freezing 
resu l t i ng  i n  f r o s t  
heaving, storage tank 
collapse, LNG s p i l l ,  , 

possible dike collapse 

Unable t o  re turn  vapor 
t o  the storage tank, 
possible under- 
pressur izat ion 

. . 

Overpressurization 

Ex is t ing  Preventive 
and Control Measures 

LNG s p i l l  contained by an 
insulated concrete dike 

A pressure gradient equi l  i- 
brated by the vapor. re tu rn  
l i n e .  

Act iva t ion  o f  Master Emergency 
Shutdown System 

Act iva t ion  o f  Master ESD System 

If the pressure drops below 
.0.15 psig, -a backup gas system 
supplies LNG from the gas 
transmission p ipe l ine  t o  the 

'storage tank 

I f  the pressure reaches 0.031 
psig, three 12-in. vacuum 

. r e l i e f  valves open t o  the 
atmosphere 

Act iva t ion  o f  MESD 

I f  pressure reaches 1.5 psig, 
three 12-in. pressure valves 
open t o  the atmosphere 

Pressure of vacuum safety 
valves, are f requent ly checked 
t o  insure operation 

Storage tank and Large earthquake Large LNG spi  11 . 
( 7 on Richter . , d ike 
scale) 

Loading Emergency F a i l s  t o  ac t iva te  The unloading system Operator detects malfunction 
Shutdown System upon demand would not  shutdown and responds 

automatical ly i n  an . 
emergency 



The Loading Arms and Ship Coupling Mechanism. The a b i l i t y  o f  the loading 

arms t o  maintain t h e i r  m o b i l i t y  i s  important. Redundant sensing 

devices are  included w i t h  each arm t h a t  detect  excessive motion and f 

< 

automatical l y  ac t i va te  the Loading Emergency Shutdown, (LES) system. 

The thermal stresses the arms undergo i s  o f  safe ty  i n t e r e s t  as they are 

repeatedly warmed and cooled. A good connection between the loading arm \ 

and sh ip  i s  a lso  important. 

Emergency Shutdown (LES) System. This system can . l  ? m i  t and, . -- - .. . . 

contro' l  the dinctiint o f  release . t t1~1  CdfI wcur. Iiowever, i f  t h i s  system 

does not  operate proper ly and a manual shutdown i s  necessary, t h i s  can. 

r e s u l t  i n  a s l g r i l f l can t  increase i r~  111% ai~~ount o f  LNG . released. . . . 

Storage . . 

Components o f  primary i n t e r e s t  as i d e n t i f i e d  by the PHA are  as , fo l lows:  . 

Pressure Control System. This system includes t h e  b@i l o f f  compressor, , " , ' 

the  pressure/vacuum re1 i e f '  valves , and pressure cont ro l  1 ers.'and ind ica to rs  ' 

on i n l e t  and,out le t  l i nes ,  

LNG 'Level Ind icators  and Alarms. These components sound an alarm i n  the 

cont ro l  room and ac t i va te  the Master .€mergeicy Shutdown system t o  p reven t  . . 

overf i 11 i ng the storage tank. 

Outer She1 1. This carbon s tee l  shel 1. pro tects  the inner  shel 1 ' and insula-  . . 

t i o n  from the environment and surroundings. 

' Annular Space' Insu la t ion.  This prevents excessive bo i  l o f f  o f  LNG vapors. 

The i nsu la t i on  a1 so protects  the carbon s tee l  outer  t a n k i r o m  being exposed 

t o  the cryogenic temperature o f  the'  LNG. ' ' . . . 

8 Inner She l l .  This 9% nicke l -s tee l  i s  con t inua l l y  exposed t o  cryogenic tem- 

peratures. Thus, any f a i l u r e  o f  t h i s  tank co'uld r e s u l t  i n  a complete s to r -  

age system f a i l u r e  and release la rge  quan t i t i es  o f  LNG 'and-LNG vapor. 
. .  . . . 

Vaporizat ion 
. . 

Primary components o f  i n t e r e s t  r e l a ted  t o  re lease prevention and cont ro l  
. . . . . . 

inc lude the f o l  lowing: 



The Temperature Control 1 ers and.Al arms. These are probably the most impor- 

t an t  components re lated t o  release prevention and control i n  t h i s  system. 

The temperature cont ro l le rs  ind lcate the vaporized LNG temperature and 

adjust the incoming LNG flow rates, the seawater in1 et. ra te  i n  the seawater 

vaporizers, and the a i r / f u e l  rates and r a t i o s  i n  the gas-f ired vaporizers. 

Any ma1 funct ion o f  these contro l lers  could r e s u l t  i n  a hazardous s i t ua t i on  

possibly re1 easi ng s ign i f i can t  quant i t ies o f  LNG o r  LNG vapor. 

Vaporizer I n l e t  Lines. A leak o r  rupture i n  any vaporizer i n l e t  1 ine  

releasing cold LNG could possibly cause f a i l u r e  o f  other components i n  the 

system tha t  are not designed t o  withstand the extreme cold. 

Compressors and Secondary Pumps 

Because o f  the high pressures and large f low rates a pipe f a i l u r e  i n .  these 

areas can r e s u l t  i n  a large release and could spray cold l i q u i d  o r  vapor and 

r e s u l t  i n  f a i l u re  o f  carbon steel  components i n  the area. Components o f  primary 

i n te res t  w i th  respect t o  release prevention and control  are given' below. ." . 

Emergency Shutdown System. Proper operation o f  the ESD system can pre- 

vent o r  s i g n i f i c a n t l y  reduce the s ize o f  releases i n  the vapor'izer area. 

Secondary Pumps. and. 24-in. Sendout Line t o  Vaporizers. This system not Q 

. , 

only accommodates a large LNG f low rate, but operates a t  a very.  high pres-. 
sure (1280 psig). A leak could spray LNG and. possibly cause f a i l u r e  o f  
some other component. 

Fuel Gas Preheater. Fai lure of ,  the fue l  "gs preheater o r  temperature con- 
, . 

t r o l l  ecs could a1 1 ow cold vapors t o  reach carbon-steel components resul t- 

ing  i n  the release o f  LNG vapor. 

3.1.4 Conclusions and Recommendations 

The scoping assessment o f  the import terminal has i d e n t i f i e d  some impor- 

t an t  release prevention features tha t  may mer i t  more deta i led study. The stor-  

age section and the unloading section o f  the import terminal have the potent ia l  

f o r  the largest  LNG releases. Key storage section components include the inner 

and outer tank structure, the pressure control  system, and the l iqu id - leve l  



i nd ica to rs  and a1 arms. Important unioad'i ng 'sect ion components include the t rans- 

fer  1 i ne, the 1 oadi ng arms and coup1 i ng mechanism, and the 1 oadi ng emergency 

shutdown system. . . . , ? I .  ; 4 

U t i l i z i n g  t he ,  r e s u l t s  o f  the scoping assessment, a 1 i s t  o f  representat ive 

re lease scenarios was developed and i s  shown i n  Table 3. I t  i s  recommended t ha t  

these scenarios form the basis f o r  a more de ta i led  assessment o f  the import 

terminal  release prevention and con t ro l  systems. As an i n i t i a t i n g  po in t  f o r  a ., , ,  

more deta i led  assessment, a pre l iminary  analysis ) .  .of these release scenarios . 

was performed. Potent ia l  i ,n i  t i a t i n g  events,. e f f ec t s  of the release prevention 

and cont ro l  systems, in format ion needs, and. po ten t ia l  design modi f ica t ions which 

could prevent o r  reduce the consequences o f  a po ten t ia l  release were examined. 

TABLE 3. Representative ~ e l e i i e  Events for  an LNG Import Terminal 

1. Fa i lu re  o f  n ine percent n i c k e l - s t e ~ l  inner  storage tank. 

2. Fa i lu re  o f  carbon-steel outer  bar r ie r ,  fo r  LNG storage. 1 

3. LNG release from 16-in. loading a q s .  

4. Fa i lu re  o f  42-in. l i q u i d  t r ans fe r  l i n e  from unloading dock t o  the storage 
tanks. t 

5 .  Fa i lu re  o f  20-in; LNG t rans fe r  l i n e  storage t o  the secondary pumps. 

6. Fa i lu re  o f  the 24-in. t rans fe r  l i n e  from the secondary pump t o  the 
vaporizers . 

7. Seawater vaporizer f a i l u r e .  

8. Submerged combustion vaporizer f a i l u r e .  

9. Fa i lu re  o f  vaporizer e x i t  1 ines. 

10. Fa i lu re  o f  p i pe l i ne  i n l e t  compressor 1 ine. 

11. Fa i lu re  o f  16-in. vapor r e tu rn  t o  sh ip ' s  tanks'. 

12. Fa i lu re  o f  30-in. vapor l i n e  from p ipe l i ne  compressors t o  gas transmission 
p ipe l ine.  

I n  performing the scopi ng assessment several areas requ i r i ng  add i t iona l  

in format ion were i den t i f i ed .  Same of these 'are out1 ined below. 



Component Stresses from ThermalbmCycling. Many components such as t he . s to r -  

age tanks, valves,,unloading arms, and t rans fe r  l i n e s  undergo a number of 

thermal cycles. Exact ly how many cycles each component i s  designed t o  wi th-  

stand needs t o  be determined. 

Terminal P i  p ing Network.. Deta,iG such as diameter, 1 ength, wal l  t h i  ckness , 
and mater ia ls  o f  const ruct ion are needed. f o r  the components t h a t  make up 

the termi nal p i  p i  ng . - ., ., . 
S t ruc tu ra l  Mechanics o f  the storage Tank. The e f f e c t  on the s t r uc tu ra l  

i n t e g r i t y  o f  the tank r e l a t i v e  t o  hazardous condi t ions i s  o f  major impor- 

tance. Such condi t ions include overpressure, o v e r f i l l i n g ,  and f i r e  o r  

explosion i n  the tank o r  nearby. A more de ta i led  descr ip t ion  o f  the heatup 

and cooldown procedures i s  necessary f o r  a complete analysis t o  be accom- 

pl ished. 

LNG Vaporizer Process Control .' More de ta i  1s on the '  temperature and f low ' 

con t ro l l e r s  are needed. Potent ia l  hazards and release.prevent ion d e t a i l s  

r e l a t i v e  t o  these cont ro ls  are a lso needed. Addi t ional  d e t a i l s  on the 

s ta r tup  and shutdown procedures are required t o  complete the analysis i n  

t h i s  area. 

Fa i l u re  Rate Data. The scoping assessment o f  the import terminal  d i d  no t  

e x p l i c i t l y  consider the po ten t ia l  release frequency. A more de ta i led  study 

o f  the export  terminal release prevention, detect ion, and con t ro l  systems 

must c a r e f u l l y  consider the l i k e l i h o o d  o f  the release i n i t i a t i n g  event and 

the r e l i a b i l i t y  o f  the release detect ion and con t ro l  systems. Due t o  the 

lack o f  operat ing experience o f  LNG f a c i l i t i e s ,  1 i  t t l e  data i s  ava i lab le  

f o r  LNG equipment f a i l u r e  rates.  

The next phase o f  the assessment o f  the import terminal  re lease prevent ion.  

and con t ro l  systems i s  t o  perform more de ta i led  analyses 'on the areas i d e n t i f i e d  

i n  t h i s  scopi ng assessment. The representat ive re1 ea'se scenarios w i  11 form 

the basis' o f  t h i s  analysis. Addi t ional  emphasis w i l l  be placed on analyzing 

the effect iveness o f  the release detect ion and cont ro l  systems. 



3.2 SCOPING ASSESSMENT OF' LNG PEAKSHAVING FACILITY RELEASE PREVENTION AND 

CONTROL SYSTEMS 

3.2.1 Reference Peakshaving F a c i l i t y  System Descr ipt ion Summary 

This sect ion provides a b r i e f  summary descr ip t ion  o f  each o f  the major 

operations included i n  the peakshaving f a c i l  ity. More de ta i led  informat ion i s  

inc luded i n  the reference peakshav'ing f a c i  1 i t y  system descr ip t ion which i s  not  

inc luded here bu t  w i l l  be' published i n  the f i n a l  repor t .  Figure 2 i l l u s t r a t e s  

the  basic operations i n  the peakshavinq f a c i l  i t ~ .  They a r e  gas treatment, 

l i que fac t ion ,  storage, vaporizat ion, and t r ans fe r  and t ranspor ta t ion operations. 

Gas Treatment System 

Natural gas from the p i pe l i ne  f i r s t  enters a f i l t e r  separator t o  remove 

any f r e e  1 iquids.  The 500-psia gas then passes through one o f  two molecular 

s ieve adsorbers where moisture and C02 are removed. Each adsorber i s  capable 

o f  handl ing up' t o  about 12 m i l l  i on  s c f d j o f  gas. A f t e r  passing through the 

adsorber, the gas i s  f i l t e r e d  t o  remove'dust. About h a l f  the t reated gas 

( ~ 6  m i  11 i o n  i c f d )  i s  routed a s  feed t o  i h e  1 ique fac t ion  u n i t  and the r e s t  o f  

the gas i s  used t o  regenerate the o f f - l i n e  adsorber. The regeneration gas 

i s  f i r s t  heated t o  about 550°F i n  a gas- f i red s a l t  bath heater and i s  then 

passed through the o f f - 1  i n e  adsorber. Next, the regeneration gas i s  f i  1 tered 

t o  remove dust, cooled i n  a fan cooler, and passed through a separator t o  

remove f r e e  l i q u i d s .  The gas i s  then compressed back t o  l i n e  pressure (about 

870 ps ia) ,  cooled i n  another fan coo ler  t o  under 120°F, and then reintroduced 

i n t o  the p i  pel i ne. 

L iquefact ion System 

A f t e r  treatment, the natura l  gas i s  cooled and l i q u e f i e d  i n  a mixed 

r e f r i g e r a n t  cyc le  t o  provide LNG f o r  storage. The l i que fac t i on  u n i t  i s  com- 

p r i sed  o f  a co ld  box, r e f r i g e r a n t  compressor and coolers, and r e f r i g e r a n t  

storage. The co ld  box contains heat exchangers, separator vessels, and 

associated p ip ing  and instrumentation, a l l  enclosed i n  an insu la ted she1 1. A1 1 

co ld  box equipment i s  constructed o f  s ta in less  s tee l ,  except f o r  the heat 

exchanger . tubing which i s  a1 uminum. The natura l  gas feed enters the co ld  box 
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a t  about 500 ps ia  and i s  passed through. a ser ies o f  s i x  heat exchangers where 

i t  i s  .progressively cooled u n t i l  i t  i s  1 iquefied.. . The l i q u e f i e d  gas leaves 

the co ld  box a t  about -260°F and about 475 psia. I t  i s  l e t  down t o  s l i g h t l y  

above atmospheric pressure ( 1  psig') as i t  i s  in t roduced i n t o  the storage tank.' 
' 

  he 'mixed re f r ige ran t ,  which i s  made up o f  nitrogen, methane, ethylene, 

propane, butane, and pentane, i s  cooled and condensed i n  stages and then 

expanded t o  provide cool i ng i n  the cold-box heat exchangers. The r e f r i g e r a n t  

i i then recompressed by a two-stage compressor w i t h  i nter-and a f te r - fan  c.001 ers  . 
- for  heat re jec t ion .  The b o i l o f f  gases from the LNG storage tank a1 SO provide 

cool i n g  for  the  r e f r i g e r a n t  i n  three cold-box heat excl~dngers. 

Storage System 

The LNG from the l iquefact ion system i s  stored i n  a flat-bottomed, 
double-wal led, aboveground storage tank w i t h  a capacity o f  about 350,000. bbl . , 

The inner  shel 1 o f  the tank i s .  coristructed o f  an a1 umlnum-magnesium a1 l o y  which 

tias excel l e n t  low temperature d u c t i l  i ty.  The outer shel 1 ' o f  the tank i s ,  made 

o f  carbon s tee l .  The tank dimensions ate: 

, . i nner  tank diameter: 164 ft 

outer tank diameter: 173 f t  
inner  tank height :  97 ft 
ou te r t ankheSyh t r  1 3 4 f t .  

The annular space between the inner  and outer .  tank wal l  s i s  f i l l e d  w i t h  

expanded per1 i t e  insu la t ion,  w i t h  a re,si l  i e n t  f iberglass blanket adjacent 

t o  the  inner.wal1 t o  p ro tec t  the p e r l i t e  from excessive pressure due to.expan- 

s i o n  and cont ract ion o f  the  inner  tank wall..   he c e l l  i n g  o f  the inner tank i s  

. a metal deck suspended from the r o o f  o f  the outer tank. P e r l i t e  i nsu la t i on  i s  
spread evenly over the deck. Open pipe vents are i n s t a l l e d  i n  the deck so pro- 

duct  vapor can c i r c u l a t e  f r e e l y  i n  the i nsu la t i on  space t o  keep the insu la t ion.  

dry.. The outer tank res t s  on a concrete r ingwa l l  foundation whi le  t he  inner  

tank res t s  on load-bearing. i nsu la t i on  placed on the foundation soi  1 . E l e c t r i c  

resistance heat ing c o i  1 s prevent the so i  1 underneath the tank from freezing. 



The storage tank i s  designed t o  operate a t  1.0 psig, w i t h  a maximum 

design pressure o f  2.0 psig. The.maximum external  design pressure i s  1 .O ounce 

gauge. Tank pressure i s  cont ro l  1 ed by ad just ing the bo i  1 o f f  compressor recyc le  

rate.  The tank i s  equipped w i t h  two pressure r e l i e f  valves which vent t o  the 

atmosphere. I n  the event o f  an underpressure, gas from p ipe l ine  i s  brought 

back i n t o  the tank and, i f  underpressure l i m i t s  .are s t i l l  exceeded, two vacuum 

r e l i e f  valves admit a i r  t o  the tank. I n  the event o f  an emergency, the' tank 

i s  i 'solated by i n te rna l  blockvalves on the i n l e t  and o u t l e t  l i q u i d  l i nes .  The 

1 i q u i d  l eve l  i n  the storage tank i s  monitored by 'a servo-powered, displacer-type 

l i q u i d  l eve l  'device and a d i f f e r e n t i a l  pressure gauge. 

B o i l o f f  gases from the storage tank are heated, compressed t o  pipe1 i n e  

pressure by one o f  two compressors, and cooled p r i o r  t o  discharge t o .  the pipe- 

1 i ne. Each compressor i s  capable o f  hand1 i ng 1.2 m i l  1 i o n  sc fd  o f  gas. The' 

- b o i l o f f  gas design r a t e  i s  about 0.6 m i l l i o n  scfd, w i t h  an addi t iona l  0.3 m i l l i o n  

sc fd  o f  f l a s h  gas dur ing 1 iquefact ion.  During 1 iquefact ion,  the . b o i l o f f  and 

f l a s h  gases are routed t o  the coldbox t o  provide ex t ra  cool ing, as described 

previously. 

Vaporization System 

LNG i s  pumped from the storage tank t o  the vaporizers by three v e r t i c a l  

submerged, pot-mounted pumps. With one pump as a spare, the t o t a l  ra ted  send-, 

ou t  capaci ty f o r  two pumps i s  about 200 m i l  l i o n  sc fd  (1660 gpm) a t  a discharge 

pressure o f  about 900 psia. . I n  the vaporizers, the LNG i s  vaporized i n  tube 

bundles submerged i n  a. heated water,  bath, a f t e r .  which the vaporized natura l  

gas i s  reintroduced i n t o  the pipel ine.  The vaporizers, ra ted a t  50 m i l l i o n  

sc fd  each, burn na tu ra l  gas and bubble the r e s u l t i n g  combustion gases through 

a water bath t o  heat the tube bundles and thus vaporize ' the LNG. With three 

vaporizers i n  service and one held as a spare, t o t a l  vapor izat ion capaci ty o f  

the p lan t  i s  150 m i l l i o n  scfd. A l l  vapor izat ion equipment normally car ry ing 

LNG i s  constructed o f  cryogenic materials, t o  the f i r s t  f lange on t h e  vaporizer 

ou t le t .  



Transportati.on and .Transfer System' 

' Spec ia l ly  designed t ruck  t r a i l e r s  can be used.to t ranspor t  LNG both t o  

and.from peakshavi ng f a c i  1 i t i e s  .+ Truck t ranspor t  i s  ma in l y  used t o  supply 

LNG e i t h e r  t o  sate1 1 i t e  f a c i  1 i t i e s  w i  t h o i t  1 iquefact ion capabi 1 i ty o r  t o  tem- 

p o r a r i l y  i so la ted  sections'of pipe1 ine. A peakshaving f a c i l i t y  would 1 i ke ly  

rece ive LNG only when i t s  1 iquefact ion u n i t  i s  inoperat ive f o r  an extended 

per iod o f  .time. 

The type o f  t h i c k  t r a i l e r  used f o r  LNG t ranspor t  consists o f  an inner  vessel 

of 5083 a1 umi num and an outer  vessel o f  carbon s tee l  . The *annular space i s  

f i l l e d  w i t h  p e r l i t e  and maintained .at a pressure o f  50 microns t o  insu la te  t.he 

inner  vessel. The inner  vessel i s  designed f o r  a maximum working pressure o f  

70 ps ig  but  t y p i c a l l y  operates a t  on ly  s l  i g h t l y  above atmospheric pressure. , The 

numerois pressure r e l i e f  valves on the l i q u i d  and vapor p ip ing  a l l  exhaust - t o  

a common elevated vent stack. Remotely operated shu to f f  valves are i n s t a l l e d  

i n  the l i q u i d  l i nes .  The t r a i l e r  has a capacity o f  about 10,500 gal lons and 

weighs about 60,000 1 bs when f u l l  . 
The t ruck ing  terminal a t  the peakshaving p lan t  i s  diked and trenched f o r  

sp i  11 re tent ion.  Trucks are 1 oaded and 'unloaded through 3 - i  nch-di ameter f l e x -  

i b l e  metal hoses which connect d i r e c t l y  t o  s ta in less s tee l  pipes a t  the terminal. 

I he hoses are drained a f t e r  each loading/unl oading p r i o r  t o  d i  sconnectian. 

Small LNG sendout pumps bare used t o  load, the t r a i l e r s ;  pump capaci ty i s  

350 gpm, y i e l d i n g  a f i l l i n g  t ime of about 1/2 hour. ~ o i l ' o f f  vapors from loading 

the t r a i l e r  are. returned t o  the storage tank through a 2-inch vapor re tu rn  1 ine. 2 

Weight scales and two overf low trycock valves ind ica te  the l i q u i d  leve l  i n  the 
t r a i  1 er .  . ) .  

Trucks can be unloaded by pumping but  are more o f ten  emptied bay using the,  
vapor pressure above the. l i q u i d .  I f  the vapor pressure i s  i n s u f f i c i e n t  f o r  good 

t ransfer ,  a small amountof  LNG i s  vapor ized. in  the.pressuce bui ldup c o i l  and 

routed t o  t he . t op  o f  the tank t o  provide s u f f i c i e n t  pressure. 



Safety Systems 
'. 

Combustible gas detectors, UV flame detectors, and temperature sensors 

are located throughout the p l an t  area. I n  the event of of f -standard condit ions, 

, thgse detectors ac t i va te  alarms i n  -the cont ro l  room. They can a lso be se t  
' t o  automat ical ly  ac t i va te  the emergency shutdown system o r  the f i r e  con t ro l  

sys tem. ? ' I 

The emergency shutdown system has two c i r c u i t s :  the Master Emergency 

Shutdown (MES) and the Vaporizer Emergency Shutdown .(YES). The systems can 

be ac t i va ted  e i t h e r  automat ical ly  by detector  alarms o r  manually by the p l a n t  

operators, ,  and they take about 30 seconds t o  shut down t h e  plant .  Upon a c t i -  

vat ion, the MES: c . .  . . , .. 

a de-energi zes normal p l an t  e l e c t r i c a l  c i  ? C U ~  t s  , ' whi 1 e 1 eavi ng essenti  a1 

p l an t  e l  e c t r i c a l  equipment energized 

e cioses valves a t  the p l an t  boindaries t o  i s o l a t e  the p l a n t  from the 

p i  pel i ne 

i so la tes  the LNG tank and d ike area from the r e s t  o f  the p l a n t  
' f, 

o sets a1 1 cont ro l  valves i n  t h e i r  r f a i l sa fe  pos i t i ons  

o vents gas from a l l  gas-handling equipment and l i n e s  v i a  the r e l i e f  

header t o  the vent stack. . . ,  
The VES, when act ivated,  shuts down the vaporizers and the LNG sendout pumps, 

i so l a tes  the vaporizers from both the pumps and the pipe1 i n e  and a lso i so l a tes  

the pumps +ram the LNG storage tank,'and vents gas .from a l l  equipment and 

1 ines t o  the vent .'stack. Both the MES and VES are energized by separate 

" ~ n ' i n t e r r u ~ t a b l e  Power Suppl i es "  which t r i p  the shutdown systems i f  they f a i l .  

The f i r e  cont ro l  system consists o f  f i x e d  and por tab le  dry  chemical f i r e  

ext inguishers, h igh expansion foam systems, Halon f i r e  ex t ingu ish ing systems, 

and a - f i r e  water system. Automatic vent ing and i s o l a t i o n  systems he lp  t o  

prevent accumulations o f  flammable gas mixtures i n  enclosed areas and f a c i l  i t a t e  

extinguishment o f  any f i r e s .  



The LNG storage tank and sendout pumps share a  s p i l l  bas in  t h a t  d ra ins  

i n t o  a  d iked impoundment basin. The d i k e  w a l l s  average 17 ft i n  height .  The 

impoundment bas in  i s  capable o f  ho ld ing  about 480,000 bbl  , o r  1.37 times the  

capac i t y  o f  t h e  storage tank. High expansion foam generat ion systems i n s t a l l e d  

i n  t h e  s p i l l  bas in  can be a c t i v a t e d  e i t h e r  manually o r  au tomat ica l ly .  The 

t r u c k i n g  te rmina l  i s  a1 so d iked and trenched and i s  equipped w i t h  several d ry  

chemical ex t ingu ishers .  T'he s p i l l  bas in  capac i ty  i s  g reater  than t h a t  o f  

a  tank t r a i l e r  p lus  t h e  loading/unloading t r a n s f e r  l i n e s ,  

3.2.2 Reference Peakshaving Faci 1  i ty  System Level Analys is  

The purpose o f  t h e  system l e v e l  ana lys is  i s  t o  i d e n t i f y  those sect ions o f  

t h e  peakshaving f a c i l i t y  t h a t  a re  t h e  most c r i t i c a l  w i t h  respect  t o  re lease 

prevent ion  and c o n t r o l .  The eva luat ion  o f  each system i s  based l a r g e l y  on two 

f a c t o r s  : 

1. t h e  q u a n t i t y  o f  a  potent ia, l  re lease due t o  e i t h e r  the  i nven to ry  o r  t h e '  
. . ... . 

f l o w  ra te ,  and 

2. t h e  p r o b a b i l i t y  o f  a  re lease as determined by sub jec t i ve  judgment. 

Process opera t ing  cond i t i ons  , incf;dihg capac i t ies ,  f l o w  ra tes ,  tempera- 

tu res ,  and pressures, a re  presented i n  Table 4  f o r  major components of t he  

gas treatment, l i q u e f a c t i o n ,  storage, vapor izat ion,  and t r a n s p o r t a t i o n  and 

t r a n s f e r  systems. 

Gas Treatment System . . 

The primary hazard associated w i t h  t h e  gas t reatment  system i s  t h e  flam- 

mabi l  i t y  o f  the  na tu ra l  gas being handled. There are  th ree pr imary methods 

f o r  a  p o t e n t i a l  n a t u r a l  gas re lease from t h e  system: 

adsorber vessel f a i l u r e  

e l e a k  o r  rup tu re  i n  i n l e t  o r  o u t l e t  p ip ing ,  f langes,  valves, f i t t i n g s ,  

tube f a i l u r e  i n  t h e  regenerat ion gas heater.  



TABLE 4. system Process. Operating Conditions 

Major Number o f  Component Flow Rates Operating Cchditions 
Sy s tem Components Components Capacities I n  Out - Dressure Temperature 

Gas Treatment Adsorbers 2 17.000 sc f  12.3 MMscfd 12.3 MNscfd 500 ps ia  68OF 

Liquefact ion Cold Box 1 -- 6.3 MMscfd 6.3 M s c f d  485 psia -257 t o  106Of 
(50 gpm) 

Storage Storage Tank 1 348.000 bb l  6.3 MMscfd 200 M s c f d  15,8 ps ia  -257'F 
(50 gpm) (1660 gpm) 

Sendout Pumps 3 - - 200 MMscfd 200 MMsfcd 900 psia -25J°F 
/ (1660 gpm) (1660 gpm) 

Bo i l o f  f Compressors 2 -- 0.9 MMscfd 0.9 MMscfd 870 ps ia  l.2O0F 

Vaporization Submerged Combustion 4 -- 150 MMscfd 150 MMscfd 900 psia -257 t o  70°F 
Vaporizers (1245 g~m)  

Transportation Truck T r a i l e r  1 lrJ.500 gal 42 MMscfd. 42 MMscfd 15 psia -25J°F 
and Transfer (350 gpm) (350 gpm) 

When act iva ted,  the Master Emergency Shutdown (MES) system i so l a tes  the 

gas treatment system f r om both the p i pe l i ne  and the r e s t  o f  the p l a n t  (except 

the 1 iquefact ion system), a f t e r  which gas contained i n  the '  system i s  vented v i a  

the r e l i e f  header t o  the vent stack. However, assuming the  MES f a i l s ,  i t  could 

take up t o  about 10 minutes +9 i s o l a t e  the gas treatment system. Normal system 

f l o w  dur ing t h i s  t ims wou1.d r e s u l t  i n  a. re lease o f  85,000 s c f  o f  gas. This 

coupled w i t h  a system holdup o f  about 34:,000 sc f ,  gives a maximum release o f  

119,000 s c f  o f  na tu ra l  gas. 

L iquefact ion System 

The 1 ique fac t ion  system contains both na tu ra l  gas and LNG. Besides the 

f l ammab i l i t y  hazard, there  i s  a l so  the hazard associated w i t h  the  cryogenic 

temperature o f  the LNG. The l i q u e f a c t i o n  system a lso contains a mixed r e f r i g -  

e ran t  w i t h  hazards s i m i l a r  t o  those o f  the LNG. 

The primary method by which LNG o r  na tu ra l  gas can be p o t e n t i a l l y  re'leased 

from the system i s  a 1 eak o r  rup tu re  i n  p ip ing,  f langes ,. valves, f i t t i n g s ,  etc.  

The primary methods o f  r e f r i g e r a n t  re lease are: 

leak or. rupture  i n  p ip ing,  f langes, valves, f i t t i n g s ,  etc.  

0' f a i l u r e  o f  separator vessel o r  r e f r i g e r a n t  compressor. 
. . 

' 

- w h e n  act ivated,, the MES i so l a tes  the 1 ique fac t ion  system from the r e s t  

o f  the. p l a n t  (except the gas treqtment system. ) Thus, the maximum release o f  . 

na tu ra l  gas and LNG from the l i q u e f a c t i o n  system i s  the same as t h a t  from the  



gas treatment system, 119,000 sc f .  The maximum release o f  r e f r i g e r a n t  i n  the 

system i s  3000 gal lons, which i s  the cyc le  f l u i d  storage capaci ty i n  the system. 

The 1 argest  r e f r i g e r a n t  storage tank i s  10,000 gal lons. 

Storage Sys tem 

There are three p r i nc i pa l  methods f 0 r . a  .po ten t ia l  release i n  the storage 

area : 

storage tank f a i l u r e  

a leak .or  rup tu re  i n  i n l e t  o,r o u t l e t  p ip ing,  f langes, valves, f i t t i n g s ,  

pumps, etc.  

a atmospheric discharge from a r e l 4 e f  valve. 

The inner  she l l  o f  the LNG storage tank i s  constructed o f  an aluminum- 

magnesium a1 l o y  which can withstand cryogenic temperatures. The outer  tank 

i s  constructed o f  carbon s tee l  and i s  suscept ib le t o  f r ac tu re  i f  contacted 

wi  t h  any LNG o r  co ld  vapors. Thus, fdi'l ure o f  the inner  tank would eventual ly  

lead t o  f a i l u r e  o f  the outer  tank. 

Ac t i va t ion  o f  the MES system stops any f lows i n t o  and ou t  o f  the tank and 

i s o l a t e s  the tank from the  r e s t  o f  t h e ' f a c i l l t y .  The rnaximu~l~ release from 

the  storage system i s  the t o t a l  capaci ty o f  the tank, which i s  348,000 bbl o f  

LNG. A pipe break i n  a 12-In. o u t l e t  1 i ne  which leaks f o r  10 minutes before 
the  block valve i s  closed would r e s u l t  i n  a leak o f  about 23 MMrcf (280,000 g a l ) .  

Vaporizat ion System 

Vaporizat ion takes place i n  f o u r  gas-f i red,  submerged combustion vaporizers. 

The vaporizers have the capacity t o  empty the storage tank .In about 15 days o f  
operation. 

Primdry methods fo r  a po ten t i a l  LNG or LNG vapor re lease from the vaporlza* 

t i o n  system are: 

o l e a k  o r  rupture ' i n  i n l e t  o r  ' ou t l e t  piping, f langes, valves, f i t t i n g s ,  
etc.  . 

f a i l u r e  o f  vapor izer heat t r ans fe r  tubes. 



'The Vaporizer Emergency Shutdown (VES) system, when activated, shuts down 

the vaporizers and the LNG sendout pumps;*i';olates - t h e  'vaporizers from the r e s t  

of the p lant ,  and vents a l l  gas-handling equipment and l i n e s  t o  the vent stack. 

The maximum release, from the vapor izat ion system would occur i f  the VES f a i l e d  

and the .  system had t o  be shut down manually, tak ing up t o  10 minutes. Normal . . 
f low through the system dur ing t h i s  t ime could r e s u l t  i n  a release o f  up t o  

1..0 MMscf o f  LNG and LNG vapor. 

Transportat ion and Transfer System 
. , 

LNG releases i n  the t ranspor ta t ion and t rans fe r  system may occur a t  the 

t ruck  terminal o r  dur ing t ranspor t  on pub l i c  roads. Primary methods f o r  a 

po ten t ia l  LNG release a t  the terminal are: 

leak o r  rupture i n  i n l e t  o'r o u t l e t  p ip ing,  flanges, valves, f i t t i n g s ,  
. . etc. 

. . 

e f d i l u r e  o f  . . t h e  double-shell tank t r a i l e r .  , ' 

A f a i  1 ure o f  .,the t r a i  1 e r  (due, f o r  instance, t o  overpressur izat ion) would 

r e s u l t  i n  a maximum re l ease  of 10,500 gal 1,qns o f  LNG. The probabi l  i ty o f  such 

a release i s  low. The prob8bi l  i ty o f  a . i e a k  .. i n  a t r ans fe r  1 i ne  i s  medium due 

t o  t h e  operator  in ter face.  such  a leak cont inuing f o r  "ten minutes a t  the normal 

loading , ra te  would re1 ease. 3,500 gal o f  LNG. 

The primary method f o r  release i n  t ranspor t  i s  f a i l u r e  o f  the t r a i l e r  due 

t o  co l  1 i sion o r  overturning. Overturning accidents f o r  LNG t r a i l e r s  are re1 a- 

t i v e l y  frequent because o f  t h e i r  h igh center o f  g rav i t y .  However, the pro- 

bab i l  i t y  o f  a release i s  low because o f  the excel l e n t  i n t e g r i t y  o f  the double- 

. she l l  t r a i l e r  construct ion.  

3.2.3 Reference Peakshaving F a c i l i t y  Component Level Analysis 

The purpose o f  the component l eve l  analysis i s  t o  i d e n t i f y  those compo- 

nents t h a t  are most c r i t i c a l  w i t h  respect t o  release prevention and con t ro l  f o r  

each o f  the systems. The system l eve l  analysis ind icates t h a t a  s i g n i f i -  

cant release could co.me from any o f  the f i v e  systems. The l a rges t  releases 

could come from the storage and vapor izat ion systems. 



A p re l  i m i  nary hazards ana lys is  (PHA)' h'as been, completed f o r  each system 

previously discussed. The PHA analyzes the major components with regard t o  

po ten t i a l  hazard condit ions, e f fec ts ,  and ex i s t i ng  preventive and contr 'ol  

measures. Each PHA i s  presented i n  tabu lar  form. The PHA f o r  t h e  i to rage  

system i s  given i n  Table 5. 

Gas Treatment System 

The gas treatment system i s  one o f  the less c r i t i c a l  ~~st&iis f n  the peak- 

shaving f a c i l  i ty w i t h  regard t o  release prevention and cont ro l  . This i s  

because o f  the r e l a t i v e l y  low f l ow  ra tes and the re la t i ve ly .sma l1  holdup i n  

t h i s '  system as compared t o  other systems i n  the f a c i l i t y .  

The fo l low ing  components o f  the system are judged t o .  be the most important 

w i t h  respect t o  release prevention and cont ro l  : 

Regeneration Gas Heater. This component contains heat; exchanger tubes - ,. .. 

which car ry  natural  gas. If a tube ruptures o r  leaks,-natural gas i s  

re1 eased i h  close prox imi ty  t o  the*  u n i t  ' s gas-f i  red burner, , and a subse- 

quent f i r e  o r  explosion i s  possible. The p robab i l i t y  o f  such a tube 

f a i l u r e  i s  judged t o  be medium. 

Molecular Sieve Adsorbers. ~ h e i e  are la rge  vessels (about 201 f t  high 

by 5.5 f t  i n  diameter) t h a t  contain gas under pressure (about 500 p~Sa) .  
Thus, the gas holdup i n  these vessels i s  s i gn i f i can t .  If a vessel ruptures 

o r  leaks, t h i s  holdup gas would be released along w i t h  any 'add i t iona l  gas 

f low ing  i n t o  the system before the feed l l n e s  are closed. The p robab i l i t y  

o f  adsorber vessel f a i l u r e  i s  judged t o  be low because o f  design and 
1 

maintenance considerations. 
, . 

Master Emergency Shutdown (MES) System. when operating properly, t h i s  

system 1 i m i  t s  the ' s i ze  o f  .a release. However, i.f the -system, does not  

operate proper ly and a manual shutdown i s  necessary, the amount o f  natural  

gas released can be s i g n i f i c a n t l y  increased. 



TABLE 5. Preliminary Hazards Analysis for the Storage System 

Potential .Hazard Condition . Effect " . , - ~ x i i t i n g  Preventive. and Cantrol lleasures Subsystem or. Component. 

Startup-Shutdan 
'Operations 

Possible explo;ive mixture when f i l l i n g  with ' Startud procedure . .. .. . 
LNG Operator expertise 

Inadequate nitrogen. purge 1. Storage Tank 

Overpressurization and possible. fa i lure o f  . High P a lam on tank Fails closed during purging 
. . 

process - .  outer tank, possible flaurnable gqs mixture . P r e l i e f  valves . . 
between she1 1 s 

2. Purge Ring 

. . . . 
. . . . .  

~ooldown.wonitorin~' system. fa i l s  . Tank f i l l s  too fast. resulting i n  rapid cool- Startup pmcedure . 
down with.possible fa i lure o f  inner tank Operator expertise . . o r  i s  ,inaccurate 
and release o f  LN6 , Sp i l l  basin 

3. Inner Tank 

Disperses Lffi unevenly Nonuniform cooldorm .of inner tank Gsul t i ng  
i n  possible tank fa i lure and release o f  
natural gas or possible s t r a t i f i c a t i . ~ ~  
and rollover 

~oold- mni tor ing instru- 
Pentation 
Operator attention 
Spi l l  basin 

.. . 

5. Storage Tank Overpressurization and possible fa i lure o f  
tank with release o f  natural .'gqs 

.e Tank mni tor ing instrumentation 
P r e l i e f  .valves 
Heatup procedure/operator expertise 

Heatup with hot natural .gas. too 
rapid 

Thermal shock f a i l s  inner tank. LN6 released 
to outer tank which subsequently f a i l s  and 
releases LN6 

Tank 'dn i to r ing  instrur~entation 
Heatup procedure/operator expertise 
Sp i l l  basin 

Possible explosive.mixture when a i r  admitted 
to tank 

Purging procedure 
O*rator expertise 
i Maintenance and inspection 

6. Combustible Gas 
Detector System 

Fails, results i n  inadequate n l t ro-  
gen purge 

Steady State Condition 

LNG released Line ruptures o r  leaks Block valves i n  l i n e  and i n  tank wt- 
l e t  

0 WSIVES 
Sp i l l  basin 

1. Liquid Discharge 
Line . . 

. Low discharge P al& on plllps. . . 
' #S/VES 

Uaintenance and inspection 
. : 

Vessel in tegr i ty  ._ .,._ 
Blbck valves i n  l i n e  and i n  tank 

Pump ruptures or leaks 2. Sendout PrPps Pump leaks t o  pcap vessel, m release, 

LNG released (sever* ty.  greatly increased. 
if p a p  f a i l s  i n  conjunction) 

. . 

3. Sedout Rtap Vessel Vessel ruptures or leaks 

out let 
Coabustlble gas detector a lam 
MES/VES 
Spill. basin 

Line.rupfures or leaks Ratural gas released r. Piping in tegr i  t y  
Comkrstible gas detector a l a m  
WS/VES 

4. Vapor Return l i n e  
from RPaps 



TABLE 5. (contd) 

Ef fec t  h t e n t i a l  Hazard Condition Subsystem o r  Component 

Steady State Condition 

5. Tank Foundation. 

Exist ing Pieventive and Control kasures - 

Sett les Nonunifonnly .Outer tank fa i l s ,  inner tank cannot support 
load and fa i l s ,  LNG released 

Frost heaving f a i l s  tank. LNG released - 

e I n teg r i t y  o f  foundation 
Maintenance and inspectlon 
S p i l l  basin 

Heating c o i l  system f a i l s  T i nstruaentation/operator a t ten t ion  
Maintenance and inspection 
S p i l l  basin 

6. LNG F i l l  Line Llne ruptures o r  leaks LL6 o r  natural gas released Piping i n teg r i t y  . 
Maintenance and inspection 
S p i l l  bazin 
C o ~ z s t i b l e  gas detector alarm 

LRG overflows and leak t o  outer tank. whfch i s  
f i l l e d  by cold and releases LNG 
I 

'Operator expertise/attention 
Tenperatwe instrwnentation would 
indicate unusual condi t ion 
S p i l l  basin 

7. High Level L i g r i d  
Alarm System 

Fai ls.  anci operator does not not ice 
dangerous condl t i o n  on 1 i qu id  
leve l  Wuge 

8. Inner Tank Shell Leaks o r  ruptures due t o  s t ruc tura l  
f a t  lure o r  earthquake 

LIE leaks t o  outer tank, which i s  f a i l e d  by 
co ld  and releases LN6 

Construcrion standards . 
k lntenance and inspection 
S p l l l  basin . 

Forces due to p e r l i t e  compaction f a i l  tank. 
LW6 released 

Inner she i l  moves o f f  -center Li.aear nuvement indicators 
Straln,gsuges . 
S p i l l  basin I 4  

I 
W +- 9. Outer Tank Shell Pmd T instrumentation on tank 

F i re  conlrol  systems 
Shell f a i l s  o r  .leaks 

Plan crashes i n t o  t a d  

Sabot&ge, bomb explodes 

1os.s o f  insulation, heating c f  LNG and release. 
and release o f  natural gas 

R s s l b l e  rupture o f  tank w i th  release o f  LN6 
and/or natural gas and probable f i r e  

Robable rupture o f  tank w i t h  release o f  LNG 
andlor. natural gas and probable f i r e  . 

S p i l l  babin 
F i re  control systems 

Security measures 
S p i l l  .basin. 
F i re  control  systems 

Rapid increase i n  vaporization and over- 
pressurization. possible f a i l u r e  o f  tank 
dome, and release o f  natural gas 

UNG leaks t o  outer tank, which f a i l s  due t o  . 
cold and releases LNG 

P and T Instwmentation 
Tank loading and mixing procedures 

Ro l l  c~wer 
. . 

Inner she l l  f a i l s  Construction standards 
k in tencnce and inspection 
Spll.1 b i s i n  . 

Extreme co ld  f a l l s  outer tank dome and 
natural gas i s  released, debris may foul 
ou t l e t  valves 

Structural  i n teg r i t y  o f  deck. 
Operator a t ten t ion  .. . 10. Suspended Insulated 

Deck 
Fa i l s  and f a l l s  i n t o  tank along 

w i t 1  i r su la t i on  

F a i l  
. . 

11. B o l l o f f  Heat 
Exchanrrs . 

Cold f a i l s  carbon steel  l i nes  r n d  natural 
gas i s  released " 

Lou 1 alann/operator a t ten t ion  
Cclnbustible gas detector alarm 
ndintenrnce and inspection . - 



TABLE 5. (contd) 

Subsystem o r  Component - Potential Hazard condit ion Ef fec t  - Exist ing Preventive and Control Measures -- 

Steady State Condition 

12. B o i l o f f  Compressors Compressor ruptures or  leaks 6 Release of natural gas Block valves e i ther  side o f  compressor 
a Combustible gas detector alarm 
a Maintenance and .inspection 

Cannot handle b o i l o f f  gases Pressure buildup i n  storage tank.' possible 
f as t  enough rupture of tank and release o f  natural gas 

Adequate 'compressor design 
Maintenance and Inspection 
i High P alarm on tank 

P r e l i e f  valves on tank 

13. Compressor After- Leaks o r  ruptures 
cooler 

Release of natural gas , Block valves e i ther  side o f  a f te r -  
.cooler 

: Co~~~bust ib le  gas detector alarm 
Maintenance aild inspection 

Fa i ls  to  adequately cool the shutdown of b o i l o f f  compresso;~ . leading 
compressed b o i l o f f  gases, . .  t o  pregsere buildup I n  tank,and possible 

rupture 

Adequate af tercooler design 
Maintenance and .inspection 
High P alann on tank 
P ,re1 i e f  valves on tank 

MBintenance and inspection 
. Tank, P instrunyntation/operator 

attent ior i  

'14. Tank Pressure Re1 i e f  Fa i ls  open 
Valve 

Release o f  natural gas, possible Pxplosive 
mixture I f  a i r  enters, tank 

. . . . 
Fa i ls  closed 

. . 
Pressure buildup i n  tank, possible f a i l u re  

o f  tank dome and release o f  natural gas 
~aintenance and inspection 
High P alarm on tank 
B o i l o f f  system can' help reduce P 

15. Tank Vacuum Rel ie f  Fa i ls  open 
Va 1 ve 

Possible release o f  natural gas, possible 
explosive mixture as a i r  enters ,tank 

.Maintenance and inspection 
Tank P inst.rumentation/operator 
at tent ion  

Fa i ls  closed Possible outer tank f a i l u r e  due t o  vacuum, 
wi th release o f  natural gas 

a Maintenance and inspection 
a Tank P instrumentation/operator atten- 

t i o n  
a L0w.P switch/natural gas i n l e t  

valve inter lock 
8 . .  

16. purge Ring Natural gas released through roof deck, per- 
l i t e  insulation, and purge r i n g  

Fa i ls  open Mdintenance and inspection 

17. Recirculation Line Ruptures o r  leaks 
from Pump t o  Storage , 

'Tank 

Release o f  LNG e. Piping i n teg r i t y  
a Pump/flES inter lock 

S p i l l  basin 
Combustible gas detector alarm 

18. Vapor Return Line Ruptures o r  leaks 
from Pump t o  Storage '.' ' 
Tank 

Release o f  natural gas a Combustible gas detector alarm 
Pump/flES inter lock- . 

, Piping i n teg r i t y  

19. Tank Outlet- Valve Fai ls open and out le t  l i n e  Release o f  tank contents . . , 

f a i l s  before secondary valve 
S p i l l  basin 
Maintenance and inspection 

20. MES Fa i ls  on demand Flows not stopped automatical'ly i n  an emer- 
gency . '. .  - 

Operator attentlon/manual shutdown 



Liquefact ion System 

The 1 iquefact ion system i s  another o f  the l ess - . ' i r i t i ca l  systems i n  the 

peakshaving f a c i l  i t y  because o f  i t s  r e l a t i v e l y  low f l ow  ra tes  and r e l a t i v e l y  

small holdup. 

System components o f  primary concern regarding release prevention and 

con t ro l  are  as fo l lows:  

Temperature and L i qu id  Level Instrumentation and Controls. These are . . 

probably the most important cbmponer~ts re1 ated to.  re1 ease prevention and ' . 

con t ro l  i n  t h i s  system. The temperature con t ro l l ' e r  i n  the LNG o u t l e t  

l i n e  ensures t h a t  the LNG i s  s u f f i c i e n t l y  co ld  before i t  i s  sent t o  the 

storage tank. I f  the c o n t r o l l e r  f a i l s  and warmer LNG o r  natura l  gas 

i s  introduced i n t o  the storage tank, excessive f l ash ing  w i l l  occur i n  the 

storage tank r e s u l t i n g . i n  increased tank pressure. If t h i s  increased, 

pressure cannot be con t ro l  l e d  by the b o i l o f f  system, the pressure r e l d e f  
1 '  

valves w i l l  open and release LNG vapors. I n  the r e f r i g e r a n t  system, .temp- 

era ture  and' l i q u i d  l eve l  instrumentat ion pro tects  against carryover o f  

l i q u i d  r e f r i g e r a n t  t o  the carbon s tee l  compressor suct ion pip ing,  I f  

.carryover occurs, b r i t t l e  f a i l u r e  o f  the accompanied by re1 ease 

o f  r e f r i g e r a n t  i s  l i k e l y .  Minor malfunctionsy'of instrumentat ion and con- 

t r o l  s are h i gh l y  probable but, because o f .  design considerations, the pro- 

bab i l  i ty o f  ma1 funct ions resul  t i n y  i n  the aforementioned re1 eases i s  

judged t o  be medi um.. 

Heat Exchangers and Vapor-Liquid Separator'Vessels. Leaks o r  ruptures 

i n  these vessels would r e s u l t  i n  the release o f  r e f r i g e r a n t  t o  the co ld  

- box and possib ly t o  the environment. The p r o b a b i l i t y  of vessel f a i l u r e  

i s  judged t o  be low because o f  design and maintenance considerat ions. 

MES System. When act ivated,  t h i s  5yste111 l i m i t s  thr! s i ze  o f  a release, 

However, i f  the system f a i l s  and a manual shutdown i s  required, a much 

l a rge r  release can occur. 

Storage System 

The storage system i s  probably the most c r i t i c a l  i n  the peakshaving f a c i l i t y  

w i t h  regard t o  re1 ease prevention and con t ro l .  This i s  due t o  the la rge  LNG inve 

t o r y  i n  t h i s  system. 



Storage system components o f  primary concern w i t h  respect t o  re lease pre- 

vent ion and cont ro l  inc lude the,,foll owing : 

Inner Tank Shel l .  Fa i l u re  o f  t h i s  component would cause the maximum 

re1 ease o f  LNG o r  LNG vapor (up t o  348,000 bbl  o f  LNG). The probabi 1 i t y  

o f  a f a i l u r e  o f  the inner  tank she l l  i s  judged t o  be low because o f  

design considerat ions. 

Annular Space Insu la t ion.  This component i s  important because i t  pre+ 

vents excessive b o i l o f f  o f  boil vapor and protects  the carbon s tee l  outer  

she l l  from cryogenic temperatures and subsequent f a i l u r e .  The loss  o f  

i nsu la t i on  i s  judged t o  have a low p r o b a b i l i t y  due t o  design and opera- 

t i o n a l  fac tors .  

Outer Tank She1 1 . This carbon' s tee l  she1 1 provides a vapor- t ight  seal 

and protects  the inner  she l l  and annular i nsu la t i on  from the environment. 

Fa i l u re  o f  the outer tank she l l  would r e s u l t  i n  l a rge  vapor releases 

and could possib ly r e s u l t  i n  the f a i l u r e  o f  the inner  she l l .  The pro- 

b a b i l i t y  o f  such a f a i l u r e  i s  judged t o  be low. 

Tank Discharge Line t o  PUSS. Fa i l u re  o f  t h i s  1 i n e  could r e s u l t  i n  the 

maximum release f o r  t h i s  system i f  no valves functioned t o  shut o f f  tank 

f low. The p r o b a b i l i t y  o f  the l i n e  f a i l i n g  i s  judged t o  be low because 

of the types o f  f a i l u r e  mechanisms considered. 

Storage Tank Pump Vessel. I f  the pump vesse l ,were. to  f a i l  and the feed 

valves t o  the vessel were open, a 1 arge LNG release (14,000 gal ) could 

occur. ' The p r o b a b i l i t y  o f  the pump vessel f a i l i n g  i s  judged t o  be low. 

Pressure Control System. This system includes the b o i l o f f  compressor 

and heat exchangers, the pressure/vacuum re1 i e f  valves, and pressure con- 

t r o l l e r s  and ind ica to rs  on i n l e t  and o u t l e t  l i nes .  Fa i l u re  o f  t h i s  system 

could r e s u l t  i n  over o r  underpressure i n  the storage tank which could 

lead t o  tank f a i l u r e  and the subsequent release o f  a t  l e a s t  p a r t  o f  the 

tank contents. Fa i lu re  o f  i nd i v i dua l  components (e.g., re1 i ' e f  valves 

f a i l  i n g  open) could r e s u l t  i n  the uncont ro l led release o f  LNG' vapors. 

Fa i lures o f  i nd iv idua l  components are judged t o  have low t o  medium proba- 

, b i l i t i e s ;  the p r o b a b i l i t y . o f  system f a i l u r e  r e s u l t i n g  i n  the. f a i l u r e  o f  

the storage tank i s  low. 



Vaporization System 
. ~ 

~ecause of the relatively high flow rates ' th rough  this system, i t  i s  one 
of the more critical .sy.stems in the facil i ty with respect t o  release prevention 

I 

and control. 

The PHA identifies the following system.components as being most important 
in terms of release prevention and control: 

Vaporizers. These components contain a. number of heat exchanger tubes. 

If one or. more o f  these tubes f a i l ,  LNG i s  released to the vaporizer and 

a subsequent f i r e  n r  explnsian I s  possible. The probabil it.y of a heat 
exchanger tube failure i s  judged t o  be rneddum. 

Natural Gas Discharge Line From Vaporizer. If this carbon steel line fai ls  

(possibly from cold LNG or vapors), LNG vapors or LNG will be released. 
The probability of this line failing i s  judged t o  be low considering the 
temperature control shutdown subsystem. 

Vaporizer Water Bath Tank. If the tank fa i ls ,  the loss of water could 
result in eithe'r. heat exchanger tube failure or discharge line failure. 
The probability of the tank failing i s  judged,, to be low. .. 

Temperature Control 1 er on Discharge Line. Tf this control 1 er fai 1 s ,  the 
discharge 1 ine could fa i l .  The probability of the control 1 er fail  ing i s  

judged t o  be mcdium. 

Transportation and Transfer System 

The transportation and transfer system i s  one ok the less critical systems 
in the peakshaving facil i ty. The PHA identifies the following system components 
judged t o  be most important with respect to release prevenelon and control: 

Double Shell Truck Tank .  Failure of this component causes the max7inrunr 
release of LNG for this system (10,500 gal ). ~urthermore, the release 
may occur on public roads where few or no release control measures are 
available and numerous sources of ignition are present. The probabi 1 i ty 
of a failure i s  low because of the extreme ruggedness uf the double-she1 1 

tank.  



Truck Pressure Re1 i e f  Devices. These components are important because 

t h e i r  f a i l u r e  i n  an over$&sure s i t u a t i o n  could lead t o  f a i l u r e  o f  the 

tank. The p robab i l i t y  o f  simultaneous f a i l u r e  o f  these components. i s  

low because o f  the redundancy o f  devices. 

% ~ a l v i n g  and Valve Controls. Fa i l u re  o f  these devices due t o  rear-end 

c o l l i s i o n  would completely stymie emergency response measures, poss ib ly  

leading t o  a slow but  t o t a l  release. The p r o b a b i l i t y  o f  such a f a i l u r e  

i s  1 ow because o f  jud ic ious valve placement. 

Operator In te r face  

A1 though the p lan t  operators are no t  t r a d i t i o n a l l y  viewed as p l an t  compo- 

nents, they are essent ia l  t o  the proper operat ion of the p lant .  The i n t e r -  

face between operator act ions and p l an t  operations i s  therefore  a c r i t i c a l  

fac tor  r e l a t i n g  t o  release prevention and cont ro l .  

Operators perform a number o f  d iverse tasks a t  the peakshaving f a c i l i t y ,  

most o f  which r e l a t e  t o  release prevention and cont ro l  e i t h e r  d i r e c t l y  o r  

i n d i r e c t l y .  During normal p l an t  operations, the operators run the p lan t  w i t h i n  

set  1 i m i t s  and standards t o  prevent condi t ions t h a t  may lead t o  releases. During 

of f -standard condi t ions , the operators must respond appropr ia te ly  t o  a1 arms, 

ind icators ,  and other s ignals t o  prevent releases from occurr ing o r  t o  l i m i t  

releases i n  progress. P lant  inspect ion and maintenance i s  a lso important t o  

i d e n t i f y  and remedy condi t ions t h a t  may lead t o  subsequent releases. 

Because o f  the number o f  operator tasks performed a t  the f a c i l i t y ,  the 

p r o b a b i l i t y  o f  operator e r r o r  i s  judged t o  be,medium t o  high. The p robab i l i t y  

o f  LNG o r  natura l  gas releases r e s u l t i n g  from operator e r ro rs  var ies from a 

high probabi 1 i t y  o f  no release t o  a low probabi 1 i t y  o f  a maximum release. 

3.2.4 Conclusions and Recommendations 

The scoping assessment o f  the LNG peakshaving f a c i l i t y  has i d e n t i f i e d  

some important release prevention features t h a t  may,merit  more de ta i led  study. 

The storage system and the vapor izat ion system have the po ten t i a l  f o r  the 

1 arges t LNG re1 eases from the f a c i  1 i ty . Key storage re1 ease prevention compo- 

nents include the inner '  and outer  tank s t ruc ture ,  the pressure cont ro l  system, 



the tank discharge 1 ine, and the storage tank pump vessel . Important vaporiza- 

t i o n  sys tem re1 ease prevention components i ncl  ude the vaporizer. heat exchanger 

tubes and water bath tank, the vaporizer discharge 1 ine, and 'the temperature 

c o n t r o l l e r  on the discharge l i n e .  I n  addi t ion,  the operator i n t e r f ace  can 

have a s i g n i f i c a n t  e f f e c t  on release prevention for  a l l  systems i n  the f a c i l i t y .  

U t i l i z i n g  the r e s u l t s  o f  the scoping assessment, a l i s t  o f  representat ive 

re lease events was developed and i s  shown,in Table 6. The release events f o r  

t ranspor ta t ion  and t r ans fe r  are  shown separately i n  Table 7. It i s  recommended 

t h a t  these events form the bases f o r  a more de ta i led  assessment o f  the peak- 

shaving f a c i l i t y  release prevention and cont ro l  systems. As an i n i t i a t i n g  

p o i n t  f o r  a more deta-iled assessment, a p re l  iminary analysis o f  these release 

events was performed. Potent i  a1 i n i t i a t i n g  events, e f f ec t s  o f  the ye1 ease 

prevention and con t ro l  systems, information needs, and po ten t ia l  .design modif ica- 

t i o n s  which could prevent o r  reduce the consequences o f  a release were examined. 

I n  performing the scoping assessment, several areas requ i r i ng  add i t iona l  

in format ion were i d e n t i f i e d .  Some'of these are ou t l i ned  below. 

e Component Stresses from Thermal Cycl i ng. Many p l an t  components ( i n c l u d i n g  

the storage tank, pipin,g, valves, and heat exchanger tubes) undergo thermal 

cycles dur ing operation. These cycles produce stresses t h a t  can r e s u l t  

i n  eventual component.fai1ure. Informat ion i s  needed on the number o f  

thermal cycles these various components can withstand p r i o r  t o  f a i l u re .  

P lant  and Component Construct ion Deta i ls .  Addi t ional  informat ion concern- 

i n g  the const ruct ion o f  the p l an t  and i t s  ind iv idua l  components would 

a1 low more complete and de ta i  1 ed analysis. Needed de ta i  1 s include such 

th ings as const ruct ion mater ia ls,  thicknesses, dimensions, valve place- 

ment, and equipment conf igurat ions.  

0 St ruc tu ra l  Mechanics o f  the Storage Tank. The e f f ec t s  o f  hazardous con- 

d i t i o n s  on the s t r uc tu ra l  i n t e g r i t y  o f  the tank are o f  major importance. 

Such .condit ions inc lude overpressure, o v e r f i l l i n g ,  and f i r e  o r  explosion 

i n  the tank o r  nearby. A more de ta i led  descr ip t ion  o f  the heatup and 

cool down procedures i s  necessary f o r  a complete analysis t o  be accompl i shed. 



TABLE 6. Representative Release Events for  an LNG 
Peakshaving Faci 1 i ty  

1. Gas supply l ine  from pipeline f a i l s .  

2. Mol ecul a r  sieve adsorber vessel f a i  1 s . 
3. Heat exchanger tube i n  regeneration gas heater f a i l s .  

4.  LNG piping i n  cold box f a i l s .  

5 .  Refrigerant compressor suction 1 i ne f a i  1 s. 
6. Refrigerant storage tank f a i l s .  

7.  LNG storage tank f a i l s .  

8. LNG out le t  l i ne  from storage tank f a i l s .  

9. LNG vapor vented t h r o u g h  re1 ief  valves a f t e r  overpres- 
surization of storage tank. 

10. Sendout pump vessel f a i l s .  

. 11 . LNG supply 1 ine t o  vaporizers f a i  1 s. . . 

. 12. Vaporizer heat exchanger tube f a i l s .  

13. Natural . gas . 1 ine from vaporizers f a i l s .  

TABLE 7. Representative Re1 ease Events for  Transportation 
and Transfer Operations 

1. Liquid l ine  from storage t o  the truck loading s tat ion 
f a i l s .  

2. Flexible 1 oadi ng/unl  oadi ng hoses f a i  1 . 
3. Vapor return l i n e  from the truck loading s tat ion to  

storage fa i  1 s. 
4. Liquid l ine  from the truck unloading s tat ion to  the 

storage tank f a i l s .  

5. Truck LNG tank f a i l s .  

6. . Trai ler  pressure buildup coil f a i l s .  



e F a i l u r e  Rate Data. The peakshaving f a c i l i t y  scoping assessment considered 

re lease frequency i n  a  q u a l i t a t i v e  manner. A  more d e t a i l e d  study o f  the  

re lease prevent ion and c o n t r o l  systems must c a r e f u l l y  consider  the  1  i ke- 

1  ihood o f  t h e  re lease i n i t i a t i n g  event and the  re1 i a b i l i t y  o f  t he  re lease 

de tec t i on  and c o n t r o l  systems. Due t o  the  l a c k  of opera t ing  experience 

a t  LNG f a c i l i t i e s ,  l i t t l e  data i s  a v a i l a b l e  f o r  LNG equipment f a i l u r e  ra tes .  

e Operator In te r face .  R e l i a b i l i t y  i n fo rma t ion  on operator  tasks performed 

a t  t he  f a c i l i t y  i s  needed. 

The nex t  phase o f  t h e  assessment o f  t h e  LNG peakshaving f a c i l i t y  re lease 

prevent ion  and c o n t r o l  systems i s  t o  per form more d e t a i l e d  analyses on t h e  areas 

i d e n t i f i e d  by t h i s  scoping assessment. The rep resen ta t i ve  re1  ease events w i l l  

form t h e  bases o f  t h i s  assessment. Add i t i ona l  emphasis w i l l  be placed on analy- 

z i n g  t h e  e f fec t i veness  o f  t he  re lease d e t e c t i o n  and c o n t r o l  systems. 

3 . 3  SCOPING ASSESSMENT OF LNG EXPORT TERMINAL RELEASE PREVENTION AND CONTROL 

SYSTEblS 

The scoping assessment of t h e  expor t  te rmina l  has i d e n t i f i e d  some impor- 

t a n t  re lease prevent ion features t h a t  may m e r i t  more d e t a i l e d  study. The 

storage sec t i on  and t h e  l oad ing  sec t i on  o f  t h e  expor t  te rmina l  have the  

p o t e n t i a l  f o r  t h e  l a r g e s t  LNG re1 eases. Key storage sec t i on  components i nc lude  

t h e  i nne r  and ou te r  tank s t ruc tu re ,  t h e  pressure c o n t r o l  system, the  i n t e r n a l  

s h u t o f f  valves, and t h e  1 i q u i d - l e v e l  i n d i c a t o r s  and a1 arms. Important load ing 

s e c t i o n  components i nc lude  the  t r a n s f e r  l i n e ,  t he  load ing arms and coup l ing  

mechanism, and t h e  l oad ing  emergency shutdown system. 

U t i l i z i n g  t h e  r e s u l t s  o f  t h e  scoping assessment, a  l i s t  o f  rep resen ta t i ve  

re lease scenarios were developed and i s  shown i n  Table 8. 

I n  per forming the  scoping assessment several areas r e q u i r i n g  a d d i t i o n a l  

in format ion were i d e n t i f i e d .  Some o f  these are  o u t l i n e d  below. 

o Emergency Shutdown (ESD) System. Of p a r t i c u l a r  i n t e r e s t  a re  the  l o c a t i o n  

and number o f  de tec tors  t h a t  a c t i v a t e  the  ESD, how q u i c k l y  the  shutdown 

occurs, e x a c t l y  what equipment i s  shutdown and what valves are  closed, and 

d e t a i l s  on the  inspect ion,  t e s t i n g ,  and maintenance o f  t h e  system. 



TABLE 8. List  of Representative Release Scenarios for  an 
LNG Export Terminal 

Rupture of the 36-i n. main' transfer 1 ine between the loading pumps 
and the dock. 

Rupture of the 24-in. liquid out le t  l i ne  between the storage tank 
and the f i r s t  block valve. 
Rupture of the 16-in. loading arms. . . 

Storage tank pressure re1 ief  valves open. 
Storage tank vacuum re l i e f  valves open. 
Inner tank i s  overfil led w i t h  LNG. 

Complete f a i lu re  of storage tank. 
Rupture of 18-in. feed gas l ine  in liquefaction t ra in .  
Rupture of 20-in. mixed refrigerant l iquid piping between high 
pressure separator and main cryogenic heat exchanger. 
Rupture of 10-in. nozzle to  propane/mixed refrigerant exchanger. 
Fai 1 ure of a refrigerant compressor (propane or  m i  xed refr igerant)  . . '  

Rupture of 12-in. t ransfer  l ine  from liquefaction area to  the 
storage tanks. 
Rupture of out1 e t  nozzle or  piping on refrigerant storage tanks 
(propane, ethylene) . 

. . 
o ,Plant Piping Network. . Details, such as diameter, l.ength, wall thickness,, .' . . . 

and material of construction are needed for  the p i p i n g ,  vessels, valves, 
I loading arms, expansion joints ,  e tc . ,  tha t  make up  the plant p i p i n g .  

e Structural Mechanics of Storage Tanks. A key factor  in t h i s  area i s  the . 

effec t  of various hazard conditions on the structural integri ty  of the 
+ tank. Such conditions include overpressure, overf i l l ing the inner tank, 

and a f i r e  or  explosion i n  another area of the plant. The ef fec t  of 
heatup and cooldown on the tank, the potential problems encountered d u r i n g  

these transi t ions , and. the correct heatup and cool down procedures are 
necessary for  more detai 1 ed analysis. 



s -  F a i l u r e  Rate Data. The scoping assessment o f  t he .expor t  te rmina l  d i d  n o t  

e x p l ' i c i  t l y  consider  the  p o t e n t i a l  re1 ease frequency. A more d e t a i l e d  

study o f  the  expor t  te rmina l  re1 ease prevention, de tec t ion ,  and con t ro l  

systems must c a r e f u l l y  consider  the  l i k e l i . h o o d , o f  the  re lease i n i t i a t i n g  

event and the  r e l i q b i l i t y  o f  the  re lease de tec t i on  and con t ro l  systems. 

, . Due t o  t h e  lack. o f  opera t ing  experience o f  LNG f a c i l i t i e s ,  l i t t l e  data i s  

a v a i l a b l e  f o r  4NG equipment f a i l u r e  ra tes .  

3.4 SCOPING ASSESSMENT OF LNG MARINE VESSEL RELEASE PREVENTION AND CONTROL 

SY STFMS 

The scoping assessment o f  t he  marine vessel has i d e n t i f i e d  some important  

r e l e a i e '  prevent ion fea tu res  t h a t  may m e r i t  more d e t a i l e d  study. The l a r g e s t  

p o t e n t i a l  s p i l l s  of LNG occur when one o r  more o f  the  cargo tanks rupture .  

F a i l u r e  o r  misoperat ion o f  t h e  cargo hand1 i n g  system genera l ly  r e s u l t  i n  smal le r  

s p i l l s .  Important  cargo storage tank components i nc lude  the  pr imary tank 

s t ruc tu re ,  t h e  ou te r  and ' inner '  h u l l  s, t he  cargo tank h u l l  i nd i ca to rs ,  and s a f e t y  

valves.  Important  cargo handl ing system components i nc lude  the  l i q u i d  header, 

crossover 1 i ne, valves, and t h e  emergency shutdown system. The human element 

i s  a l s o  a f a c t o r  du r ing  tanker load ing and unloading. Crewman and-operator  , P 

t r a i n i n g  and good communications between sh ip  and te rmina l  personnel a re  p a r t i -  

c u l  ar1.y important.  
. .' . r ! 

U t i l  i z i n g . t h e  r e s u l t s  o f  t he  scoping assessment, a 1 i s t  0-f rep resen ta t i ve  

re lease  scenarios was developed and i s  shown i n  Table 9 .  . . 

TABLE 9. Representat ive Re1 ease Scenarios f o r  
an LNG Marine Vessel 

1 . Sh'ip s inks  and a l l  f i v e  cargo tanks rup tu re  from overpressure. 

2. Rupture o r  leak  i n  one o f  the  LNG cargo tanks. , 
I 

3. Cargo tank i s  o v e r f i l l e d .  

4. Pressure s a f e t y  valves r e l i e v e  t o  the  atmosphere. 

5. Rupture o r  l e a k  i n  t h e  l i q u i d ' c a r g o  system. 1: 

6. Rupture o r  l eak  i n  the  vapor handl ing system. , . 

7. Release o f  LNG o r  n a t u r a l  gas from sh ip  due t o '  misoperat ion o f  ; 
t h e  cargo handl ing system. , 

? . r  1 



I n  per forming t h e  scoping assessment several areas r e q u i r i n g  a d d i t i o n a l  

i n fo rma t ion  were i d e n t i f i e d .  Some o f  these a re  o u t l i n e d  below. 

o C o l l i s i o n  P r o b a b i l i t y .  Several a n a l y t i c a l  methods have been app l i ed  t o  

Coast Guard C o l l i s i o n  data to .determine. the  p r o b a b i l i t y  o f  an LNG vessel 

being invo lved i n  a c o l l  i s i o n .  These methods u s u a l l y  i nc lude  a s a f e t y  

f a c t o r  . f o r  LNG vessels t o  account f o r  t h e  a d d i t i o n a l  nav iga t ion  and s a f e t y  

equipment on board, and t h e  specia l  nav iga t iona l  procedures used. ' Addi- 

- t i o n a l  research and ana lys i s  i s  needed t o  develop a standard method f o r  

c a l c u l a t i n g  these probabi 1 i ti es. 

e E f f e c t s  o f  a \Coil i s i o n  on an LNG Vessel. While the  c r i t i c a l  v e l o c i t y  

f o r  pene t ra t i on  o f  t h e  storage tanks has been ca lcu la ted,  l i t t l e  a t ten -  

t i o n  has been g iven t o  t h e  e f fec ts  o f  a c o l l i s i o n  on o t h e r  po r t i ons  o f ,  

t he  sh ip  such as t h e  cargo hand l ing  system and the  propu ls ion  system. 

Cargo Hand1 i n g  System. A complete p i p i n g  and inst rument  drawing of t h e  

cargo hand l ing  system i s  needed. 

0 E f f e c t s  o f  S p i l l s ,  Fires,, and Explosions. The e f f e c t  o f  these events on 

t h e  s t r u c t u r a l  i n t e g r i t y  o f  t he  ship, on t h e  cargo hand l ing  system, and 

t h e  cargd tanks heeds t o  be deteimined. 
, . 

o F a i l u r e  Rate Data. The scoping assessment of t h e  marine vessel d i d  n o t  

e x p l i c i t y  consider  t h e  p o t e n t i a l  rel 'ease frequency. A more .de ta i l ed  study 

o f  t h e  marine ' vessel re lease preventioh, de tec t ion ,  and c o n t r o l  systems 

must c a r e f u l l y  consider  t h e  l i k e l i h o o d  o f  t h e  re lease i n i t i a t i n g  events 

and t h e  r e l i a b i l i t y  o f  t h e  re lease d e t e c t i o n  and c o n t r o l  systems. Due 

t o  t h e  l a c k  o f  opera t ing  experience o f  LNG f a c i l i t i e s ,  l i t t l e  data i s  

a v a i l a b l e  f o r  LNG equipment f a i l u r e  ra tes .  

3.5 SCOPING ASSESSMENT OF LNG SATELLITE FACILITY RELEASE PREVENTION AND CONTROL 

SYSTEMS . 

The scoping assessment o f  t he  LNG s a t e l l i t e  f a c i l i t y  has i d e n t i f i e d  some 

impor tant  re lease prevent ion  fea tures  t h a t  may m e r i t  more d e t a i l e d  study. The 

storage system and . . t h e  t r a n s p o r t a t i o n  and t r a n s f e r  system o f  the  s a t e l l i t e  

f a c i l  i t y  have t h e  p o t e n t i a l  f o r  t he  l a r g e s t  LNG releases. Key st0rag.e r e a c t i o n  



components i n c l u d e  t h e  i n n e r  and ou te r  'tank s t ruc tu re ,  t h e  pressure con t ro l  ,, 

system, the  tank  d ischarge l i n e ,  the.LNG r e c i r c u l a t i o n  l i n e ,  t he  s torage ' tank  

pump,vessel, . and . t h e  b o i l o f f  . ) .  heaters. .. , Important t r a n s p o r t a t i o n  ,and t r a n s f e r  

system re lease prevent ion  components i nc lude  the  double s h e l l  t r u c k  tank, t h e  . 
, .. 

opera tor  i n te r face ,  and t h e  pressure r e l i e f  devices. 
. . . . . . .  

. U t i l  . i z i n g  t h e  r e s u l t s  o f  ,.the i&op ing assessment, a 1 i s t  o f  repres'i?nt,ative ' . .  . ,  . , .  . . . ,. 

re lease events was deve'loped and i s  shown i n    able 10. 

TABLE 10. Representat ive Release Events f o r  an LNG Sate1 1 i te Fac3 1 i ty  

. 7 .  

..8. 

9. 

lo. 

L i q u i d  1 i n e  f rom s to rage . t o  the  t r u c k  1,oading. s t d t i a n  f a i l s .  ' , . . .  

F l  e x i  b l  e .l oadq'ng .hoses ' f a i  1 , . . ... . .  . . . . . '  

Vapor - re turn . ,  1 i n e  f rom , the  . t r u c k  load ing s t a t i o n  . t o  storagea- .. ' , ; 
f a i l s .  

F l e x i b l e  unloading hoses f a i l .  
.'. : , 

L i q u i d  1 i n e  from the t r u c k  unloading s t a t i o n  t o  t h e  s a t e l l i t e  
s torage.  tank f a i  1 s. , , , . 

Truck.LNG tank f a i l s .  . . .. , - c 

T r a i l e r  pressure bu i ldup c o i l  f a i l s .  ,.. . 

Sate1 1 i t e .  s torage tank f a i l s .  . . .  

E x i t  gas 1 i n e  f rom t h e  bo i  l o f f  heaters f a i l s .  

L i q u i d  discharge 1 i n e  f ram the  sa te l  1 i t e  storage tank p r i o r  t o  
the  sendout pumps f a i l s .  

Sendout pump vessel f a i l s .  

L i q u i d  s recirculation 1 i n e  from the sendout pumps f a i l s .  

Vapor . re tu rn  l i n e  from the  sendout pumps f a i l s .  

14. L i q u i d  l i n e  t o  t h e  vapor izers  f a i l s .  

15. vapor izer  heat  exchanger tubes f a i l .  

16. Natura l  gas l i n e  from the  vapor izers f a i l s .  

I n  per forming t h e  scoping assessment.severa1 areas r e q u i r i n g  a d d i t i o n a l  

i n f o r m a t i o n  were i d e n t i f i e d .  Some o f  these are  o u t l i n e d  below. 

Thermal c y c l e  st resses.  In fo rmat ion  i s  needed on t h e  number o f  thermal 

cyc les  t h e  storage tank and var ious s izes  o f  pipes o r  tub ing  can take p r i o r  

t o f a i l u r e .  , 



Operator inter face. - Re1 i a b i  1 i ty i n f k a t i o n  on operator tasks re1 ated t o  

loading; transport,  and unloading i s  needed. 

LNG l i n e  r e l i e f  valves. R e l i a b i l i t y  information f o r  operation o f  LNG l i n e  
' 

re1 i e f  val  ves i s needed. 

B o i l o f f  system. Addit ional. information concerning the e n t i r e  b o i l o f f  system 

such as construct ion mater ia l  s, valve placement, and temperature cont ro l  1 ers 

are needed. 

o Storage tank. Information concerning discharge va lv ing f o r  the tank i s  

needed. 

Vaporizers. Information concerning the vaporizer i n te rna l  s such, as diameter 

o f  tubes, number o f  tubes, tube configuration, and f lowrates i s  needed. 

Informat ion concerned w i t h  vaporizer tube corrosion prob1,ems i s  needed. 

o Fa i lu re  r a t e  data. The sate1 1 i t e  ' f a c i l  i ty scoping assessment considered 

release frequency i n  a qua1 i t a t i v e  manner. A more de ta i led  study o f  the 

release and cont ro l  systems must ca re fu l l y  consider the l i k e -  

l ihood o f  the release i n i t i a t i n g  event and the re1 i a b i l i t y  o f  the release 

detect ion and cont ro l  systems. Due t o  the lack operating experience o f  

LNG f a c i l i t i e s ,  l i t t l e  data i s  ava i lab le  f o r  LNG equipment f a i l u r e  rates. 
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4.0 - MORE DETAILED ASSESSMENT OF . IMPORT TERMINAL- 

AND PEAKSHAVING FACILITY RELEASE PREVENTION SYSTEMS 

The scoping.assessments summarized i n  Section 3.0 form the basis f o r  a 

more de ta i led  assessment o f  release prevention and cont ro l  systems. An impor- 

t a n t  output o f  the scoping analyses was representat ive l i s t s  o f  release scenarios. 

Using these l i s t s  as a s t a r t i n g  point ,  a study analyzing the ef fect iveness o f  

the re1 ease prevention, re1 ease detection, and re1 ease cont ro l  systems was 

i n i t i a t e d  f o r  the reference import 'terminal and peakshaving f a c i l i t y .  The 

primary emphasis i s  on the re1 ease prevention systems. The representat ive 

release scenarios w i  11 be quan t i f  l e d  i n  terms o f  re lease  frequency and release 

quant i ty  using the best  ava i l ab le  information. A1 te rna t i ve  process options' and 

equipment designs w i l l '  be examined t o  'assess t h e i r  e f f e c t  on release frequency 

o r  quant i ty  . 

4.1 IMPORT TERMINAL ANALYSIS 

A f a i l u r e  modes and e f f ec t s  analysis ' ( ~ E A )  has been completed f o r  each 

process area o f  the reference import terminal . The scopi ng. assessment i ndi  - 
cated t h a t  the storage sect ion and the unloading sect ion have the highest 

po ten t ia l  f o r  la rge LNG releases. Consequently, these areas received special 

emphasis i n  the analysis. The FMEA ass is ts  i n  i d e n t i f y i n g  those component 

f a i l u r e  modes which are c r i t i c a l  w i t h  respect t o  release prevention and estimates 

the f a i l u r e  rates.  

A s imp l i f i ed  f a u l t  tree/event t r ee  analysis has been completed f o r  the 

ma jo r i t y  o f  the representat ive release events. Simple f a u l t  t rees are used t o  

estimate the frequency o f  the release event. Event t rees are he lp fu l  i n  evalua- 

t i n g  the post release events ( e f f e c t  o f  detectors, emergency shutdown systems, 

etc.  ) 

C r i t i c a l  system components have been i d e n t i f i e d  on a p i e l  i m i  nary basis. 

These are defined as the 'components which have the.most d i r e c t  e f f e c t  on 'the 

frequency o r  quant i ty  o f  release. Some examples include the loading areas,' 

expansion be1 lows, storage tank, l eve l  detectors, pressure cont ro l  1 er, block 

valves, and the operator. Improvements i n  the operating performance o f  these 

types o f  components could be achieved by such areas as: 



1 . improved maintenance and t e s t i n g  a - 
. . 

2. use o f  redundant components 

3. advanced o r  novel design 
. . 

I. 

4. add i t iona l  automati on i f  operator response i s  c r i t i c a l  

The next  phase o f  the import terminal  relea.se prevention analysis w i l l  

evaluate the effecit o f  Various al ternat ive" 'designs and operat ing procedures ' . 

us ing t h e  representat ive re lease events and the f au l  t /event  t r e e s  t h a t  have . 

' 

- ,  
, . . .:.? been, developed. 

1 

4.2 PEAKSHAVING ANALYSIS '' 

P he peakshavi ng f ac i  1 i t y  re lease prevention analysis general l y  para1 1 e l  s 

t h a t  o f  the import  terminal.  A f a i l u r e  modes and e f f e c t s  analysis has been ' 

completed f o r  the storage system and the vapor izat ion system. An analysis o f  

the representat ive  release events i d e n t i f i e d  by the scoping assessment has been 

i n i t i a t e d .  The next  phase o f  analysis i s  t o  complete the quan t i f i ca t i on  o f  the 

representat ive  re1 ease event frequency and .re1 ease quanti  ty  . The e f f e c t  o f .  

a1 t e r n a t i  ve designs and operat ing procedures I .  w i  11 then be evaluated. 

FUTURE PLANS. 

The planned work f o r  FY-1980 inc ludes:  1 ) ~ x t e n d  the scoping assessment 

t o  inc lude more de ta i l ed  analyses w i t h  add i t i ona l  emphasis on the re lease 

de tec t ion  and con t ro l  areas; 2) establ  i sh a data gather ing program' t o  support 

the above ana l i s i s ;  3) i n i t i a t e  a study o f  LNG f a c i l i t y  f i r e  and vapor con t ro l  

systems; and 4)  i n i t i a t e  a study of human fac to r s  i n  LNG reiease prevention 
. . . . 

and con t ro l .  Some d e t a i l s  on t h i s  work are discussed below. . 

Work performed t o  date has concentrated on release prevention. A complete 
m i  ti ga t ion  s t ra tegy f o r  LNG accident scenarios includes re1 ease prevention, : 
re lease detect ion, release con t ro l  , vapor con t ro l  ; f i r e  ' prevention, f i r e  detec- 

t i on ,  f i r e  cont ro l  , and damage control . .  I t  i s  an t i c ipa ted  t h a t  the LNG release 

prevention analyses w i  11 be completed a t  the end o f  FY-1980. ,   el ease detect ion 

and con t ro l  system ana.lyses w i  11 be i ncl  uded. o n  a p re l  iminary basis. The . . 

emphasis of future work i n  the pro j e i t  w i  11 be i n  t h e  ensinberi  . . ns aspects o f  
vapor con t ro l  and f i r e  prevention and cont ro l .  



A study o f  LNG f i r e  and vapor control  systems has been i n i t i a t e d  w i th  the 

basic object ive o f  assessing the current knowledge and LNG industry practices . 

r e la t i ng  t o  f i r e  and vapor control  systems. F i re ,  protect ion systems include . 

such systems as f i r e  hydrants, dry chemical e x t i  nguishi ng systems, halon e x t i  ng- 

u i  shi ng systems, water del uge systems, and high expansion foams. Vapor control  

systems include use o f  d ik ing systems, water curtains, and high expansion . . foams. 
. . 

This study w i  11 review ex is t ing  .models .whi,ch . . analyze potent ial  f i r e  condi t i i n s  ' 

and vapor dispersion w i th in  an LNG f a c i l i t y  and the effectiveness o f  the designed 

f i r e  and vapor control  systems. Results o f  t h i s  evaluation w i l l  form the basis 

. f o r  fu ture work on LNG. vapor control  and f i r e  prevention and, control. 
. . 

The scoping assessmbnts i d e n t i f i e d  some general areas which mer i t  considera- 

t i o n  i n  more deta i led analyses. These include human factors i n  LNG operations, 

LNG storage tank operations, ,and data gathering. Separate studies have been 
. . 

i n i t i a t e d  i n  each o f  these areas. 

The object ive of human factors study i s  t o  i d e n t i f y  possible gaps i k  the 

use o f  ex is t ing  information i n  applying - human re1 i a b i  1 i ty and engineering i n  

the design and operation of LNG f a c i  1 i t ies.  ~uma'n in te rac t ion  i s  %essential 

t o  the operations, test ing, and.maintenance o f  LNG release prevention and 

control  systems and consequently i s  a s i g n i f i c a n t ' f a c t o r  i n  an analysis o f  
- 

their .ef fect iveness. The degree o f  human involvement varizs w i th  the type 

o f  f a c i l i t y .  Shipping operations require a great deal o f  human involvement 

whi le some s a t e l l i t e  f a c i l i t i e s  are designed f o r  periods o f  unmanned operation. 

Some t yp i ca l  LNG 'operations where human operators key functions include 

the purglng o f  process equipment and vessels, the i n i t i a l  cooldown o f  process 

and storage equipment , maintenance and tes t ing  operations, and f i r e  extinguish- 

ment. Human engineering i s  extensively applied i n  m i l i t a r y  systems and i n  the , 

aerospace, nuclear.and chemical industries. Data from these sources w i l l  be 

reviewed t o  determine possib le needs- and opportunit ies f o r  applying t h i s  know- 

ledge i n  LNG. The resu l ts  o f  t h i s  study w i l l  provide input  t o  the evaluations 

o f  equipment .and .process options planned i .n the LNG release prevention and 
, . control  project.  

LNG, storage tank operations'are included i n  each o f  the LNG f a c i l i t i e s  

under study. i n  t h i s  project. Based on a contained inventory basis and the . , , 



magnitude of potential releases, LNG storage tank operations merit careful 
analysis. Information on various storage tank designs and prel imi nary safety 
compari sons w i  1 1 be performed for a1 ternat i  ve storage tank desi gns . Both i nter- 
nal incidents (such as weld f a i lu re  or  overfi 11 i n g )  and external hazards (such 
as adjacent f i r e  o r  earthquake) will be considered. 

A small data gathering e f fo r t  was i n i t i a t e d - i n  FY-1979. A more rigorous 
and formalized data gathering e f fo r t  was in i t ia ted  to  support the FY-1980 
release prevention and control analyses. T h i s  will pr-uvlde.an organized source 
f i l e  of LNG release prevention and control equipment character is t ics  and opera- 

* t ' . . ?  . .  .. , . . t i  ng procedures. 
r . . 
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The object ive  of t h i s  e f f o r t  was t o  i d e n t i f y , a n d  evaluate-new a n d .  

novel concepts f o r  reducing the  hazards .presented by LNG ' tanker; t r a n s i t s  

of navigable waters  i n  the  United S ta tes .  The study a l s o  included a 

preliminary assessment of the  t echn ica l  f e a s i b i l i t y  and the .  cos t s . .  

associated with the  concepts t h a t  were iden t i f i ed .  ' .  

. . . . . . This study considers tankers t h a t  t r anspor t  about 125,.000 'cubic ,meters 
, . .  . . . .. 

3 (m ) of LNG, which a r e  expected t o  dominate the  LNG shippi& t rade  and, i n  
. . 

. . .. . . .. 
f a c t ,  a r e  cur ren t ly  the  l a r g e s t  sh ips  i n  service .  ~ h i d s  of ' bo th  the  m k -  

. . . . .  brane and free-standing tank design were considered. 
. . . .  

A rapid  s p i l l  of the  e n t i r e  contents  of one LNG cargo tank (%25,000 
. . . .  . 3 ,m ) was genera l ly  used a s  the  b a s i c  acc iden ta l  event. .This volume is 

c h a r a c t e r i s t i c  of a p o t e n t i a l  s p i l l  expected by the  . co l l$s ion '  o f '  a l a r g e  

ship  with an LNG tanker. I n  r i s k  s t q d i e s  performed f o r  var ious  p ro jec t s ,  

the  c o l l i s i o n  accident  has  been consiqered a s  r epresen ta t ive  of the  most 

. hazardous occurrence deemed credible .  

The p r i n c i p a l  approaches t o  reducing LNG tanker hazards are modifi- 

ca t ions  t o  the  sh ip  and/or i ts  cargo s o  t h a t  the  magnitude of t h e '  f i r e  
. . .  

would be decreased should a s p i l l  occur. Generally, the re  is  l i t t l e  t h a t  

can be accomplished by f i r e  f i g h t i n g  o r  i n e t t i n g  the  flammable vapor once 

a l a r g e  s p i l l  has occurred. Methods t h a t  might be  r e t r o f i t t e d  t o  sh ips  
/ 

already b u i l t  a r e  regarded t o b e  of p a r t i c u l a r  importance.because many 

of t h e  sh ips  t h a t  w i l l  be used i n  the  U.S. LNG t r ade  over the  next  : . 

10 t o  20 years  may be e i t h e r  under const ruct ion oy a l t eady  i n  service. , , 





1.0  INTRODUCTION 

Liquefied Natural G a s  (LNG) tankers  present  a f i r e  hazard t o  

surrounding a reas  a s  they en te r  United S t a t e s  por ts .  These hazards 

de r ive  from t h e  p o s s i b i l i t y  t h a t  a major 'tanker accident  could r e s u l t .  

I n  a l a r g e  s p i l l  of a very v o l a t i l e  and 'flammable cargo. 

I n  t h i s  program methods of reducing these  f i r e  hazards a r e  iden- 

t i f i e d  and evaluated. They include: 

a Methods of reducing t h e  r a t e  andkor quant i ty  of LNG t h a t  might 

be re.leased i n  an accident;  . 

a Techniques f o r  a l t e r i n g  t h e  physica l  o r  chemical state of t h e  

car  go ; 
,. > 

' a  Systems f o r  protec t ing the  tanker and crew from t h e  thermal % ., . , , r .  
c .  ' 3 'I 

e f f e c t s  of a l a r g e  f i r e  and methods of disposing of the  cargo .~ :. 

from a damaged and disabled .tanker (so as t o  prevent the  es- 
2 .: 

c a l a t i o n  of an accident  t h a t  involved the  s p i l l  of the  contents  
. . .  

of only one of severa l  LNG conta iners  on board t h e  tanker) .  . _  .,,,. 
* .. I., 

i'! . . 
..;r I n  addi t ion ,  because t h e  hazards t h a t  a r e  t o  be reduced depend upon. .:.., ,,.:::.. 

.I . . ,. ) 
, .> ' . .. the  time of occurrence of i g n i t i o n  of s p i l l e d  cargo, a d e t a i l e d  inves- .. , . I $  ;: 

5 . ..,. . . 
t i g a t i o n  of the  propensity f o r  i g n i t i o n  t o  take p lace  a t  t h e  t i m e  of a 

c o l l i s i o n  impact was ca r r i ed  out .  + 

The e n t i r e  program has  now been completed, and the  f i n a l  r epor t  has 

been submitted t o  the  sponsor f o r  p r in t ing .  It is  expected t h a t  cop ies .  

of the  repor t  w i l l  become ava i l ab le  during June of 1980. 

A summary of the  work performed i n  t h i s  program is presented here.  
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2.0 HAZARD-REDUCTION METHODS 

2.1 HAZARD REDUCTIXJ 

The p e n e t r a t i o n  of a n  LNG cargo tank of an e x i s t i n g  tanker;  such a s  

could happen i n  a major c o l l i s i o n ,  is a p t  t o  r e s u l t  i n  t h e  r e l e a s e  'of t h e .  

e n t i r e  con ten t s  of t h e  tank  wi th in  a few minutes. I n  f a c t ,  t h e  s p i l l  

t ime has been es t imated  t o  be  s o  s h o r t  t h a t  t h e  modeling of s p i l l  hazards  

i n  most p r io r '  r i s k  e s t ima te s  &ssumes, f o r  reasons o f  s i m p l i c i t y  (and 

conservat ism),  t h a t  t h e  LNG s p i l l s  ins tan taneous ly .  

To e s t a b l i s h  t h e  ga ins  t o  be made by slowing down t h e  r a t e  of 

r e l e a s e  and/or  l i m i t i n g  t h e  to t a l . amoun t  t h a t  i s  r e l eased  i n  a s i n g l e  

s p i l l ,  e s t ima te s  have been made of t h e  r e s u l t a n t  decrease  i n  pool f i r e  

and vapor cloud hazards.  An.example of t h e  r e s u l t s  of t hese  e s t ima te s  is 
. . 

presented i n  Table 2.1. The t a b l e  shows t h a t  by reducing t h e  s p i l l  s i z e  t o  
3 3 only 1,000 m r a t h e r  than  25,000 m , and by causing t h e  s p i l l  t o . o c c u r  a t  a cons- 

t a n t  rate over  a per iod  of some 30 ,minutes  o r  more r a t h e r  than  nea r  i n s t an t a -  

neous, t h e  thermal r a d i a t i o n  hazard from a p o o 1 , f i r e  would be so  c u r t a i l e d  

t h a t  s i g n i f i c a n t  thermal e f f e c t s  would remain e s s e n t i a l l y  w i t h i n  t h e  

v i c i n i t y  .of t h e  s p i l l ;  i . e . ,  w i t h i n  about 400 f e e t  of t h e  c e n t e r  o f  t h e  

s p i l l .  The s i z e  of t h e  po ten t i a1 ,vapor  cloud (under adverse  meteoro logica l  

condi t ions)  would a l s o  be diminished; however, i t  would s t i l l  p re sen t  a 

hazard some 4500 f e e t  'from t h e  c e n t e r  of t he  ' s p i l l .  Grea ter  r educ t ions  

a r e  t h e o r e t i c a l l y  poss ib l e ,  bu t  become more d i f f i c u l t  and expensive t o  

'achieve. 

2 .2 .  METHODS 

We have considered fou r  d i f f e r e n t  ways i n  which t h e  a c c i d e n t a l  s p i l l  

quan t i t y  o r  r a t e  of r e l e a s e  of LNG may b e  reduced. ~ a c h  i s  descr ibed  below: 

(1) P a r t i t i o n i n g  sf .Exis t ing  Tank.Des ims  - Cargo tanks  may b e  

d iv ided  i n t o  s e p a r a t e  compartments, s o  t h a t  when a collision occurs  

only t h e  LNG i n  t h e  compartment t h a t  i s  a c c i d e n t a l l y  pene t ra ted  would 

be r e l ea sed .  To p a r t i t i o n  tanks i n  t h i s  manner, however, r e q u i r e s  t h a t  



TABLE '2.1 

THERMAL RADIATION AND VAPOR CLOUD HAZARDS 

FOR - 
DIFFERENT SPILL SIZES AND SPILL DURATIONS 

Distance of  
Harmful Maximum Maximum- 
~ h e r m a l  Travel Half Width 

S p i l l  3 S p i l l  Radiation from of Vapor of Vapor 
Size ,  m D u r ~ t i o i l ,  min. Pool F i r e ,  . . m* Cloud, ~m*' cloud, m 

25, 000 . "instantaneous"' 2100 

10,000 "instantaneous" 1500 14 500 

10 600 7.5 200 

1,000 " in~ tan taneous"  .-. 660 5 '200 

10 190 2.8 7 0 

30 120 1.4 35 

. . 
2 * dis tance  from center  of s p i l l  where r a d i a t i o n  = 5 kW/m . Raj (1977) 

and Appendix A, "The F e a s i b i l i t y  o f .  Methods and Systems f o r  
Reducing LNG Tanker F i r e  Hazards," Allen et  a l .  i n  press.  ( t o  
be a v a i l a b l e  through NTIS) . . . 

**. Maximum t r a v e l  d i s t ance  of unignited flammable vapor cloud ' ' 

assuming flammable l i m i t  is  5% methane i n  air,  atmosphere 
condit ion F; Germeles and Drake (1975) and Appendix B, "The 
F e a s i b i l i t y  of ~ e t h o d s  and Systems f o r  . Reducing LNG Tanker 
F i r e  Hazards," Allan e t  a l . ,  i n  press.  



t he  bulkheads be  s t r u c t u r a l l y  capable.of  withstanding t h e  l i q u i d  
"W 

, fo rces  when one compartment is emptied, and t h e  increased hea t  input  

t o  t h e  l i q u i d  i n  the' 'remaining.compartme.nts would a l s b  have t o  be . . .  . . 
accommodated. 

A review of t h e  designs.  o f  LNG t i h k e r i  a l ready b u i l t  o r  under 

cons t ruct ion  i n d i c a t e s  t h a t  t h e r e  a r e  severa l  d i f f i c u l t i e s  associa ted  

, with t h i s  approach. It does"not appear f e a s i b l e  t o  i n s e r t  bulkheads 

o r  p a r t i t i o n s  i n  e x i s t i n g  membrane . .. s)stems'within a reasonable c o s t  

s i n c e  t h e  meiiibrane l i n i n g s  w i l l -  not: i n  themselves provide adequate 

support.  ThO f r e e  standing ipherica ' l  conta iners  w i l l  support p a r t i -  
' 

t i o n s  bu t  because of t h e  increased d i f f i c u l t i e s  i n  analyzing s t r e s s e s  

i n  such a system the re  is some p o s s i b i l i t y  t h a t  t h e  c l a s s i f i c a t i o n  

of t h e  tanks would be changed;.thus introducing t h e  requirement t h a t  

a f u l l  .secondary cryogenic b a r r i e r  b e  introduced. . This .would not  L .!- 

appear t o  be p r a c t i c a l .  . . 

Only t h e . s e i f  support ing rec tangular  t ank l  of t h e  Conch design 

may be  recep t ive  t o  t h e  i n s t a l l a t 2 o n  of p a r t i t i o n s  without in t ro -  

ducing o t h e r ' s e v e r e  problems, bu t  the're is a l imi ted  number of 

sh ips  of t h i s  c o n f i g u r a t i o ~ .  ' I n  any event,  e i t h e r  a l a r g e  number 

of p a r t i t i o n s  o r  a complex and . . expensive design would be required 

i n  order  t o  .achieve l a r g e  reductions i n  sp i l l  quant i ty .  P a r t i t i o n i n g  

of tanks may be most cos t  e f fec t iGe,  however, when combined with . 

o the r  approaches such a s  t h e  add i t ion  of f i l l e r  ma te r i a l  t h a t  
. . 

would r e s t r i c t  the  ou t f low of ' LNG. . . 

(2) Multi-tank Ship Designs -.,'l%ere ar& two sh ip  designs t h a t  l i t i l i z e  

a l a r g e  number, of smaller  cargo tanks being proposed f o r  LNG t rade .  
. . 3 

. One of these  being offered  by Verolme uses  3,400-m uninsulated 

' - v e r t i c a l  cy l inders  located  i n  groups wi th in  insula ted  holds i n  t h e  

ship.  -   he &or e f f o r t  by Verolme a t  present  is concentrated on a 
3 

l a r g e  v e s s e l  design,  wi th  a payload of 330,000 m . Spi l l age  of LNG 

by pene t ra t ing  t h e  sh ip  i n '  a c o l l i s i o n  would be g r e a t l y  reduced, 

but  t h e  f looding of the  hold i n  such a case  may c r e a t e  vent ing  

problems f o r  t h e  undamaged containers .  



The o the r  s h i p  design re fe r red  t o  a s  t h e  OCEAN PHOENIX uses  a 

complex system of compartmented mu1 t iAobed  v e s s e l s  f o r  

LNG containment a t  pressures  i n  t h e  40 t o  70 p s i  range. This 

design provides ' the  advantage of reduced s p i l l  rates i n  an  accident ,  

b u t . b u r s t i n g  of pressurized vesse l s  due t o  thermal exposure could r e s u l t  

i n  explosions and poss ib le  p r o p a ~ a t i o n  of the  f a i l u r e  t o  o ther  tanks. 

Since both of these  sh ip  dceigns a r e  belug proposed as competitive 

a l t e r n a t i v e s  t o  e x i s t i n g  @hip configuratl~nnw, t h 9 i r  aoat  m y  Bc near 

t h a t  of sh ips  now being buil t .  oc s i m i l a r  capacity.  

(3) 1nsertioi.r of Opeu.~ell Filier mater ia l  - The ob jec t  of t h i s  . . 

approach would be t o  r e s t r i c t  t h e  f low of LNG from t h e  conta iner  by 

requ i r ing  it to  pass through small  r e s t r i c t i o n s  wi th in  an  open ce l l ed  

f i l l e r  ma te r i a l  t h a t  has been placed i n  t h e  tank. This p r i n c i p l e  has 

been appl ied  t o  small flammable l i q u i d  conta iners  using open-cell' 

foarne o r  rolled-up s e c t i o n s  of expanded aluminum t o  form a c e l l - l i k e  

s t r u c t u r e  wi th in  t h e  tank. Only a few percent of t h e  container volume 

is occupied by t h e  f i l l e r  mater ia l .  Additional ana lys i s  is required,  

however, before  t h e  l o s s  of,  cargo space and t h e  r e s t r i c t i o n  of outflow 

from an LN6 tank may be ea ta t l luhed.  

A v a r i a t i o n  of t h i s  approach u t i l i z i n g  much lees f i l l e r  wnuld be 

t h e  i n s t a l l a t i o n  of p a r t i t i o n s  of mater ia l  suspended a s  c u r t a i n s  ' 

J '  

which would tend t o  block tank openings crea ted  by s h i p ' c o l l i -  

' s i o n  penetrat ions.  The r a t e  of outflow would be 'reduced by the  

impedence, of fered by the  asmall passages through which the  LNG 

would have t o  travel. 

Thie agproach'appears t o  warrant f u r t h e r  inves t igat ion,  a t  least 

.ae a p o t e n t i a l  hazard reduction technique t h a t  might act as a re t ro -  

f i t  f o r  t h e  f r e e  s tanding tank designs. 

, (4). Combinti ~ e l l ' u l a r  F i l l e r  Material  with Compartmentalization - 
This approach o f f e r s  :the o$poit"nlty o f  reducing both t h e  r a t e  and 

quant i ty  of s p i l l .  It a l s o  'might a l low.  t h e  c e l l u l a r  mater ia l  t o  be 

applied only  t o  those  compartments t h a t  a r e  most vulnerable  t o  



penetra t ion during an accident ,  thus reducing t h e  l o s s  i n  cargo space 

and 'cost. I 

OTHER METHODS 0F.REDUCING TANKER FIRE HAZARDS 

Other techniques t h a t  a r e  considered f o r  achieving r e d u c e d ~ l e v e l s , o f  

f i r e  hazards from LNG tanker s p i l l s  a r e  described iri t h e  sub-sections 
. . 

t h a t  follow. . ,, 

2.3.1 , Gelled LNG 

Experiments have demonstrated t h a t  LNG can be transformed t o  a ge l  

using small percentages of e i t h e r  water o r  methanol. The g e l s  have been 

shown t o  evaporate a t  a slower r a t e a ( o n  a u n i t  a r e a  of heat  t r a n s f e r  

su r face  bas is )  than t h e  l i q u i d ,  and i t  i s  predicted t h a t  t h e  spreading 

race  of t h e  ge l  on water (on s p i l l i n g  from a cargo tank) would be l e s s  

than t h a t  of LNG as w e l l .  The maximum s i z e  of the  evdporating pool 

may a l s o  be reduced. It has  been est imated,  using the  r e s u l t s  of 

smali-scale experiments t h a t  t h e  maximum dis tance  t h a t  a vapor cloud. 

might t r a v e l  when g e l  i s  s p i l l e d  i n  water would be about one-fourth t h a t  

i f  the  same amount of LNG were s p i l l e d .  The e f f e c t  of g e l l i n g  of LNG 

on hazards from pool f i r e s  has  not  been estimated, but  s i g n i f i c a n t  

decreases might be expected. 

The .extent o f  a c t u a l  b e n e f i t s  t o  be derived ,' however, r equ i res  an 

evaluation of t h e  e f f e c t  of s c a l e  on pool s i z e  and evaporation rates. 

It Could a l s o  appear t h a t  add i t iona l  development work on t h e  manufactur- 

ing  process is a l s o  required so  a s  t o  b e t t e r  e s t a b l i s h  f e a s i b i l i t y  and 

cost .  



The conversion of methane, the  primary component of na tura l  gas, 

t o  methanol has been considered i n  the past  a s  a means of reducing the 

cost  'of transportation.  Methanol could be shipped i n  ' s l igh t ly  modified, . 

conventional (crude o i l )  tankers, which a re  much l e s s  cos t ly  than,LNG ' 

. . 
s h i p s .  The savings i n  t ransporta t ion,  howeve!: is not 'l;rge'enough t o  

compensate f o r  ' t h e  increased cokts assoc i i t ed  with energy lodiee  in- 

curred i n  the  conversion of na tura l .  gas tn methanol and t h i  l a & r  craI1A- ' 

f a ruL lon  of ~nethanol back to  a synthesis gas. This . t rade off a l so  

has become l e s s  a t t r a c t i v e  as  the  r e su l t  of the increases i n  gas p r ices  

t h a t  have been experienced i n  recent years. 

Methanol would be s a f e r  t o  transport .  It is  'miscible with water 

and when sp i l l ed  would disperse i n  water qu i te  rapidly t o  the point  

where the resu l tan t  mixture would no longer be flammable. Methanol a l so  

has a r e l a t i ve ly  low vapor pressure so t ha t  vapor cloud, hazards would 

be great ly  diminished. Large quant i t i es  sp i l l ed  and mixed with water 

would adversely a f f e c t  the  aquatic environment, and could be toxic  t o  

humans who obtain water from sources along shipping routes. 

The methanol approach, then, uffers the. opportunity of achieving 

sa f e r  t ransport ,  but a t  an increased cost .  This would probably be 

t rue  even i f  markets were developed fo r  the d i r ec t  use of methanol o r  

a s  a g a s o l h e  extender and the  cos t ly  reconversion t o  synthesis gas 

were t o  be eliminated. However, i f  the  cost  of LNG tankers.were to' be .  

increased f o r  sa fe ty  reasons, the  methanol route might become.more 

, a t t r a c t i v e ,  par t i cu la r ly  f o r  p ro jec t s  requiring long shipping distances.  

The.implementation of a methanol import projecti would..require'a l a rge  

c a p i t a l  investment., some r i sk ,  and an extended period of t imesbefore 
. . i t  could be put i n  operation. 

2.3.3 Flame t up press ants 

In.concept,  ex t ingu~shants ,  such a s  halons, .could be mixed with LNG 

and render it non-flammable. In  pract ice ,  however, excessive amounts 

would be required. Uniform mixtures.of the  suppressant and vapor 



could not be achieved, and the  separa t ion  and d i f f i c u l t i e s  associa ted  

with the  complete removal of the  extinguishant  a t  the  rece iv ing terminal  

might r e s u l t  in t r a c e  (but hazardous) q u a n t i t i e s  being present  i n  t h e  

gas send-out. This concept is  considered impract ical .  

2.3.4 Sol id  Natural  Gas 

If n a t u r a l  gas were t o  be shipped a s  a  s o l i d  ins tead  of a  l i q u i d ,  
I 

t he  s p i l l a g e  of cargo during the  most severe of c o l l i s i o n s  would be ex- . 

pected t o  be minimal and the .hazards  t o  the  surroundings g r e a t l y  re- 

duced, i f  not  completely el iminated.  The bas ic  technology f o r  con- 

v e r t i n g . t h e  l i q u i d  t o  s o l i d  e x i s t s  s o  t h a t  the  prime considera t ion  f o r  

shipping n a t u r a l  gas a s  a  s o l i d  reduces t o  the  increase  i n  c o s t s  re- 

l a t e d  t o  f a c i l i t i e s  and,energy f o r  convert ing l i q u i d  t o  s o l i d  (and back 

t o  l i q u i d  again a t  the  rece iv ing terminal)  r e l a t i v e  t o  t h e  b e n e f i t s  

t o  be derived from the  hazard reduction t h a t  is  achieved. Some of t h e  . 
. . 

increased c o s t s  associa ted  wi th  conversion might be a l l e v i a t e d ,  however, 

by t h e  p o t e n t i a l  use of lower cos t  s i n g l e  hul led  (but insu la ted )  tankers  
3 

f o r  t r anspor t ing  the  s o l i d .  
. : 

2.4 SYSTEM COSTS 

General19 speaking,i~&rovements i n  s a f e t y  a r e  accompanied by in- . 

creased c o s t s ,  and t h i s  a p p e a r s . t o  be t r u e  f o r  a l l  of the  LNG . . tanker.  f i r e  

reduction concepts t h a t  .have been reviewed i n  t h i s  study. I n  t h i s  pre- 

l iminary evaluat ion  we.consider  very approximate i n d i c a t o r s  o f , c o s t s  and 

b e n e f i t s  s o  a s  t o  i d e n t i f y  a reas  of p o t e n t i a l  i n t e r e s t  and to  e l imina te  

t o t a l l y  in feas ib le , concep t s .  

AS an i n d i c a t o r  of  hazard reduction (benef i t s )  t h a t  may be  akhievable 

with'' one o; more approaches, we assume t h a t  the' bes t  t h a t  might. be a t t a i n e d  
3 

is  t h a t  equivalent  t o  the  e f f e c t  of t h e  p r e d o u s l y  mentioned 1 , 0 0 0 a  

spill over a  period of 30 mknutes. 

For a  cos t  base l ine ,  w e  have used t h e  c o s t s  a s soc ia ted  with a some- 

what t y p i c a l  LNG p r o j e c t  cons i s t ing  of  a  b i l l i o n  standard cubic f e e t  

' per  day p ro jec t ,  with the '  LNG shipped from Algeria to' Texas.  he base- 

l i n e  c o s t s  a r e  shown i n  Table 2.2. 



TABLE 2.2 5 2  

ESTIMATE OF COSTS FOR 

LIQUEFYING, TRANSPORTING, AND REGASIFYING LNG 
. , 

(ARZEW, ALGERU' TO TEXAS) 

Cost of Gas 

Liquefact ion 

Fuel .075 

Operating Costs . I03 

Cap i t a l  Charges. .662 

Shipping . 

1 BSCFIDay - 

Percent of 
Cost i n  "Dollars  Tota l  Cost 

$0.50/M SCF .181 

Fuel .030 

Boil-Of f ,092 

Capi ta l  Charges 
(vesse l )  .790 

Fixed Costs .225 - 1.137' 

Receipt and ~ e ~ a s i f  i c a t  ion , .285 

TOTAL 2.762/# EGP 



Using t h i s  b a s e l i n e ,  we e s t ima te  t h a t  t h e  c o s t  of gas at send-out 

might be increased  by a s  much a s  1 percent  of t he  t 'o ta l '  (some 3dMSCF) 

f o r  tank  p a r t i t i o n i n g  and f o r  multi-tank v e s s e l  concepts .  A va lue  of 

less than 0.5 of 1 percent  i nc rease  might be reasonable f o r  t h e  concept . . 
involv ing  t h e  hanging wall. of:expanded meta l  used t o  impede t h e  ou t f low 

of LNG. 

.Since i n d u s t r i a l  processes  f o r  &king g e l l e d  o r  s o l i d  LNG i n  

q u a n t i t y  have no t  been developed, t he  c o s t s  a s s o c i a t e d  wi th  t h e s e  con- . .  . 

c e p t s  a r e  more unce r t a in  tllm the  above rnctl~ods f o r  reducing t h c  r a t e  

and q u a n t i t y  of s p i l l .  However, assuming t h a t  new and unique p l a n t s  

would have t o  be b u i l t  f o r  both concepts ,  and new s h i p  des igns  and 

te rmina l  f a c i l i t i e s  developed f o r  s o l i d  LNG, t h e  incrementa l  i n c r e a s e s  

i n  c o s t h o f  gas might be a s  much a s  15  p e r c e n t f o r  t h e  two concepts .  

It is a l s o  es t imated  t h a t  t h e  achievement of t he  improved'safety 

a t t a i n a b l e  by t r a n s p o r t i n g  methanol i n s t e a d  of  LNG might r e q u i r e  as 

much as a 10 pe rcen t ,  o r  more, i n c r e a s e  i n  c o s t  'per u n i t  o f  energy 

de l ivered .  

The economic impact of c o s t  i n c r e a s e s  of t h e  magnitude presented  

he re  w i l l  a l s o  r e q u i r e  cons iderable  a n a l y s i s .  . h e  pe r spec t ive ,  however, 

is t o  compare t h e  p o t e n t i a l  r educ t ion  in 'monetary l o s s  a t t a i n a b l e  by 
C 8 % .  

s i g n i f i c a n t  improvements i n  s a f e t y  wi th  t h e  c o s t  of empibyin'g t h e s e  

. improvements. I f ,  f o r  example, one.were t o  assume t h a t  a hazard- 

' r educ t ion  concept could achieve  a decrease  i n  t h e  t o t a l  l o s s e s  t h a t  

might occur i n  a s i n g l e  major acc iden t  of $100 m i l l i o n  ( inc lud ing  

proper ty  l o s s  p l u s  l o s s e s  a s s o c i a t e d  w i t h  t h e  s h i p  i t s e l f ) ,  and i f  i t  

i s  f u r t h e r  assumed t h a t  t h e  yea r ly  p r o b a b i l i t y  of such an acc iden t  

occurr ing  is unusual ly l a r g e ,  say  of t h e  o rde r  of 1 c h a n c e , i n  a 1000 

per  y e a r ,  then  t h e  p ro ra t ed  y e a r l y  sav ings  would b e  about $100,000. 

C l e a r l y ,  t h e  hazard r educ t ion  concepts  considered h e r e  would g r e a t l y  

exceed t h i s  va lue  and, on t h i s  b a s i s  a l o n e ,  might no t  b e  considered .. 
t o  b e  cos t - e f f ec t ive .  



This, however, does not cons ider  the  indeterminate value of losses  
.i .: 

, associa ted  with i n j u r i e s  and f a t a l i t i e s  t h a t  migfit r e s u l t  from a major 

acc ident  nor  does i t  t ake  i n t o  account the  p o s s i b i l i t y  t h a t  t h e  o v e r a l l  

impact of t h e  incremental  inc rease  i n  cos t  of gas might be  considered t o  

be low r e l a t i v e  t o  the  p o t e n t i a l  benef i t s .  



'3.G WLNERABILITY OF LNG TANKERS AND CREWS TO FIRES 

3.1  WLNERABILITY OF SHIP AND CRBW 
. . 

Most of t h e  published work on t h e  s a f e t y  of LNG tankers has centered 

on hazards presented t o  personnel and property external  t o  t h e  tanker 

i t s e l f .  However, a l a r g e  pool f i r e  from a 25,000-m3 -spill. of LNG might 

cause extensive damage t o  t h e  s h i p  and e i t h e r  severe ly  o r  f a t a l l y  i n j u r e  

the  crew a s  w e l l .  The f i r e  exposure might e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  

cause f a i l u r e s  of cargo tanks t h a t  a r e  not damaged i n  the  i n i t i a l  phases 

of t h e  accident  and, a t  the  very  l e a s t ,  may r e s u l t  i n  a severe ly  damaged 

and immobile vesse l  with no t ra ined crew t o  a s s i s t  i n  i t s  salvage. 

A prel iminary review of the  v u l n e r a b i l i t y  of ship  comibnents t o  f i r e  

from a l a r g e  LNG s p i l l  ind ica tes  - t h a t  f i r e  exposure may cause the  h u l l  

p l a t e s  t o  buckle o r  warp, o r  perhaps rupture t h e  ex te rna l  p ro tec t ion  of 

the  cargo containers and coinpromise t h e i r  insula t ion.  Piping, deck 

machinery, l i f e  boats ,  and communication aid'  navigation equipment may be 

severely damaged a n d  g l a s s  windows may be destroyed during t h e  e a r l y  
a 

phases of such an exposure. I f  t h e  l a t t e r  occurs, ho t  gases ky ente r  

c e r t a i n  a reas  and adversely a f f e c t  t h e  s h i p ' s  controls .  
. . 

On e x i s t i n g  tankers,  most, i f  not  a l l ,  of t h e  c r i t i c a l  loca t ions  

f o r  the  ship ' s  opera t ions  may b e  exposed. t o  t h e  thermal e f f e c t s  of f i r e .  

This'  includes pos i t ions ,wi th in  enclosures,  but  which become vulnerable  

due t o  hot  gases enter ing through window openings, a s  w e l l  a s  exposed 

loca t ions  on deck. 

3.2 PROTECTION OF SHIP AND CREW 

Thermal insu la t ion  o f f  e r e  an  oppor tuni ty  t o  reduce g r e a t l y  t h e  

c r i t i c a l  damage caused by f i r e .  Water deluge systems would a l s o  provide 

protec t ion,  but  t h e  r e l i a b i l i t y  of puinqs and water d i s t r i b u t i o n  systems 



is  quest ionable,  p a r t i c u l a r l y  i f  the  s h i p  were severe ly  damaged i n  a 
\ 

c o l l i s i o n .  P ro tec t ing  t h e  h u l l  would be extremely d i f f i c u l t ,  but  

thermal damage t o  a n  unprotected h u l l  would not  be expected t o  .be g r e a t  

enough t o  cause t h e  s h i p  t o  sink. The cargo tank.covers ,  piping,  c r i t i c a l '  

enclosures ( including windows), and o t h e r  equipment could, a t  l e a s t  i n  

theory, b e  protected by thermal insu la t ion .  Conventional i n s u l a t i n g  ' ' 

' .. 
mate r i a l s  may not  b e  adequate f o r  some components, however. "In t h e  

case  of p r o t e c t i v e  enclosures  f o r  crew members, special i n s u l a t i o n  would 
. . 

. . 
, b e  required.  On the  b a s i s  of a conservat ive  c t i t e r i o *  t h a t l , i ~ l n g  apace . , ' 

must b e  maintained a t  1 0 0 ' ~  o ' r  lower f o r  exposure t o  a f i r e  of one hour, .' 

s p e c i a l  insula t ' ive  coat ings  of t h e  in tumescentandldr  t r a n s p i r a t i o n a l  . . 
. .  , 

' . cool ing  type would b e  required.  l abora to ry - t ea red  . . coa t ings  t h a t  *ppear. , . 

adequate f o r  these '  purposes' a r e  ava i l ab le .  . . . .  . 



4.0 CARGO DISPOSAL AND PLANNING 

4.1 SALVAGE AND DISPOSAL 

Past  shipping accidents  with o the r  cargos ind ica te  t h a t  possibly t h e  

remaining cargo would have t o  be off-loaded from a severe ly  damaged LNG 
. . 

tanker a t  some. loca t ion  other  than a loading o r  unloading terminal.  
, . . 

' -  ith her, t h e  tanker would be incapable of being moved t o  a terminal o r  

being moved may be deemed t o  be too hazardous. 

cu r ren t ly ,  no s a t i s f a c t o r y  methdd' e x i s t s  f o r  the  emergency off -  
. . 

loading of. c a r i o  from LNG tankers o the r  than a t  ' terminals ,  unless  an 

empty tanker t h a t  could receive  t h e  cargo happens t o  be nearby. Equip- . ' 

ment and procedures need t o  be developed f o r  off-loading o r  d isposal  

of a'darnaged LNG tanker. . I n ' t h i s  study, we have considered the  t r a n s f e r  

of cargo t o  o the r  ships ,  t h e  disposa1,of  cargo by sh ip  f l a r e s  o r  com- 

bustors  aboard ship ,  and eventual  d isposal  a f t e r  the  ca rgo  has been 

t r ans fe r red  by p i p e l i n e  t o  some locat ion external  t o  the  vesse l .  

The t r a n s f e r  of -cargo from a disabled LNG tanker i n  o r  near a 

U.S. por t  t o  another c a r r i e r  during an emergency does not represent  a 

very l i k e l y  -solut ion,  s ince  i t  would be r a r e  f o r  another vesse l  t o  

b e ' a v a i l a b l e  and c lose  enough t o  e f f e c t  ' the trans.fer  within the  shor t  

i n t e r v a l  of t i m e  ( severa l  days) a s  denianded by t h e  urgency of the  

s i tua t ion .  Burning t h e  LNG on board t h e  tanker a t  t h e  high r a t e s  needed 

to  empty t h e  s h i p  i n  a shor t  time would be d i f f i c u l t ,  i f  not impossible, 

to  accomplish with f l a r e s ,  because of t h e  p o t e n t i a l  therinal damage t h a t  

could be e f fec ted  by t h e  l a r g e  flames. Combustion equipment t h a t  would 

provide f o r  burning aboard sh ip  with l i t t l e  o r  no thermal hazard cannot 

be accommodated aboard e x i s t i n g  ships ,  and would occupy excessive space 

on new tadkers. 



The t r a n s f e r  of cargo t o  platforms located  a t  an  appropr ia te  d i s t ance  

from t h e  damaged tanker,  however, o f f e r s  a n  opportunity of burning LNG 

a t  high r a t e s  without endangering t h e  LNG c a r r i e r .  A matr ix  of small 

f l a r e s ,  , o r  a series of waste hea t  b o i l e r s , .  mounted on a barge might be 

used f o r  d isposal .  The. development of f l e x i b l e  metal hoses f o r  t rans-  

f e r r i n g  t h e  LNG from t h e  s h i p  t o  t h e  barges a t  a d i s t ance  represen t s  a 

formidable undertaking, but appears t o '  be feas ib le .  

Another s'imgler but. pk-ha pa, l dmitad rneLllod -- Blsa requ l r  ing 

f l e x i b l e  t r a n s f e r  l i n e s  -- would be the  discharge and i g n i t i o n  of LNG 

on t h e  water a t  an  adequate d i s t ance  from t h e  tanker. This would 

e l iminate  t h e  need f o r  barges and.associa ted  burner equipment t o  be 

continuously on standby a t  each port .  Controlled pool burning of the  

LNG could b e  accomplished s a t i s f a c t o r i l y  i f  a l o c a t i o n  could be found 

i n  which thermal hazards would not endanger nearby property'. 

4.2 CONTINGENCY PLANNING 

Appropriate and timely responses t o  LNG tanker accidents  may prevent 

the  esca la t ion  of t h e  consequences of a n  accident .  Contingency planning 

is necessary t o  achieve proper response and t o  conserve l abor  and funds 

i n  carrying o u t  any plan. I n  t h i s  report ,  requirements f o r  contingency 

planning f o r  major LNG tanker accidents  a r e  considered, and primary 

inputs  t o  these  p lans  a r e  discussed. 



.. . 

The effectiveness of spill control methods depends upon whether 

ignition of the spilled cargo occurs at the time of.impact and a pool fire 

takes place or ignition occurs only after.an.unignited vapor cloud travels 

some distance and enters a populated area.(see Table 2.1).. Because 

the evidence that ignition will occur at the time of impact (although , 
generally considered to be true) is limited, the mechanisms by which 

~ 

ignition could occur were examined in this study. 

The statistics of past accidents involving collisions with tankers 

carrying flammable liquids were examined. It was found that a signifi- 

cant fraction (about 0.3) of the collisions where cargo was spilled 

resulted in immediate ignition. Where it could be determined that 

there was a significant penetration of the flammable liquid carrier by 

an impacting ship, immediate ignition occurred in almost 100 percent of 

the accidents. Hence, ignition sources appear to be present when there 

is a substantial impact of 'one ship with another. 

The potential causes of ignition were then analyzed using empirical 

and analytical data on the ignition of flammable gases. It was found 
I 

that hot surfaces created by frictional impact of two colliding ships 

are the most likely sources of ignition for LNG spill accidents. The 

sliding of one steel surface against another under the forces that 

would occur in a substantial impact collision would cause the surfaces 

to be heated, momentarily, to the melting point of the steel (= 1500°C). 

These surfaces when exposed will be large enough and remain sufficiently 

hot over a long enough period of time to Cause ignition of flammable 

methane-air mixtures. 

This determination was confirmed by a series of experiments in 

which thin strips of inert metal were rapidly heated to elevated 

temperatures, approaching the melting point of steel. The surface areas, 

temperatures, and times to ignition were consistent with the analysis1 

and supported theoretical correlations developed in this study. 
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Although this work demonstrated that ignition sources may be 

present in an impact .collision, consideration must also be given as to 

whether these sources will, in fact, be exposed to flammable mixtures 

of methane and air during an accident. For example, ignition may have 

been more likely in collisions of tankers carrying flammable liquids 

since the vapor space in the cargo tanks may have contained flammable 

mixtures of vapor and air at the time of the collision,.- 'I'hi.s,wnuld 

not he trnc for LNG earriers,and flammable mixtures would have to form 

after the cargo is released and the vapors external to the tank mix with 
. . , . 

... t . . . . 

air. 

The results of a first order analysis are unclear as to whether, 

in fact, flammable mixtures of methane and air will come in contact 

with-hot surfaces long enough for ignition to take place. By the 

nature of the collision impact, the exposed hot surfaces will tend to 

form in the region between the two hulls of the LNG vessel being impacted; 

an area where mixing of the spilled cargo vapors with air may be in- 

sufficient for significant volumes of flammable mixtures to occur. 
. a 

A more detailed analysis of  the otruc~ural deformation of the 

impacting ships and of the fluid mechanics associated with the dis- 

charges of cargo and its mixing. with air- is .needed 'bef'ote ':the. likelihood . .  : . .  . , . , ,; 1,. - .  
> . '. . 

of ignition at the time of impact for an LNG tanker accidenc,..can be 
... " . . 3 . :  '.. - .  . a .  . 

' predicted with reasonable certainty. . '  " . . 
. . . .  .. . , . - - , . ~* ' 

> .  ... . . 

. . . , 



: REPORT K 

safety Assessment of Gelled 
LNG . . 

M, I. Rudnicki . . . ,  I , .  

E. M. Vander Wall 

Prepared for the I 

Environmental and Safety Engineering 
Division 
U.S. Department of Energy 
and the Department of Commerce, 
Maritime Administration, 
Office of Commercial Development 
under Contract DE-AC-03-78EV02057 

Aerojet Energy Conversion Company 
Sacramento, California. 95813 



W A S  "INTENTIONALLY 

LEFT BLA,NK 



REPORT K 

TABLE OF CONTENTS . 

1.0 SUMMARY- . . K-1 

2.0 INTRODUCTION . . . . . . ... . . .  K-2 

3.0 EXPERIMENTAL RESULTS . . K-3 

3.1 GEL PREPARATION . . K-3 

3.2.1 Y ie ld  Stress . . . . K-4 

3:2.2 Rheological Character is t ics  . K-5 

' 3.2.3 'Flow cha rac te r i s t i c s  Under Simulated Transfer 
Conditions . . K-9 

3.2.4 Expulsion Behavior . . . K-10 

. ,  . . 3 .2 .5  Gel Ag ingCRaracter is t ics  . . K-11 

3.2.6 Boi l -Off 'Rates Under Simulated Storage 
Condit ions . . K-11 

3.3 SAFETY. EVALUATION TESTS . . K-11 

3.3.2 Leakage ~ e h a v i  o r  ' . . K-12 

3.3.3 Bo i l -O f f  Behavior ' . . K-16 

4.0' INDUSTRIAL SCALE GELATION PROCESS STUDIES . . K-21 

4.1 PRELIMINARY DESIGN OF AN INDUSTRIAL SCALE 
GELATION SYSTEM . . . K-21 I 

4.2 PRELIMINARY ECONOMIC ASSESSMENT . . K-22 

5.0 RECOMMENDATIONS . . K-24 

REFERENCES . . ..  . K-26 



. . 
. . . . 

FIGURES 
. . 

1. Character is t ic  Flow Curves o f  Gelled LNG A a t  102 K Prepared Using 
60 Vol. % Water. Gelant i n  the I n j e c t i o n  Gas Stream 

. . 

2. Unconf ined LN2 Land S p i l l  - Test # I  
. .. 

. ' 3. ~ n c o n f i n e d . ~ e l l e d  LNG Land S p i l l  - Test 'X3 

4. Confined Spl 1 1 Vaporizati,o,n . . Apparatus 
# . 

. . . . . . 
L ! 

' I .  ! ' . . . 
. . 

5. vapor izat ion'  Rate of LNG A and LNG A Gels o h  water ;, . . . . . . 
. . 

6 .  Vaporizat ion Rate of LNG A and Gelled LNG A on S i l i c a  S a n d i n  the 
Presence o f '  an. I g n i t i o n  Source 

.7. Continuous  elation Plant  Schematic, conversion of LNG t o  GELNG 

TABLES 

1. Y i e l d  Stress Data for  Methane and. LNG Gels a t  102 K.  prepared Using 
Approximately 25 Vol % Water Gelant i n  the I n j e c t i o n  Gas Stream 

2. Unconfined Land S p i l l  Test Results 



1.0 SUMMARY 

This project involved the characterization of gel led LNG (GELNG) 
. .  . 

with' respect to process, flow, and 'use properties and an examination of 

the degree of safety enhancement attainable by gelation. The investi- 

gation included ('1 ) an experimental examination of gel properties and .gel 

safety characteristics as well as (2) an analytical study involving 

the economics and preliminary design of an industrial scale gelation 

sys tem. 
>. 

. . 

The safety-related criterion, for t h e  successful appl icatioi o f  
" 

. . 

gelled LNG is the.substantia1 reduction of the Maximum Distance to'the 

Lower Flammability Limit (MDLFL). ' This.wil1 be achieved. by. first, .gel,. 

inhibition of the hydrodynamic pooling and spreading of the spil.1, and 

second, the'suppressed thermal transport properties of the GELNG relative 

to those of LNG. 

Experimental work on thi s contract revealed the superiority of water 

over methanol as a gelling agent for LNG on the basis of the minimum gelant . 
required to obtain a given gel' structure. Yield stresses were measured over 

a. range of gel conditions and- were found to increase with increasing gelant 

.content. Simil arly , determinations . . of. rheol ogical characteristics were con- 

ducted, revealing effects of gelant concentrati'on in the carrier gas and end 

product GELNG. Gels flowed easily through flow coils, exhibi ti,ng shear thin- 

ning with no evidence of,gel structure degradation even.after repeated shear- 

ing. Gel expulsion from tanks . . was found t o  be dependent on tank surfacearea. 

Expul s ion efficiencies greater than 90 percent of those exhibited by LNG 

were obtained for gel's using a tank with a surface area to volume ratio as 

large as 8.5 ft-'., There was little difference found between boiloff rates 

of LNG and GELNG under simulated storage conditions of low and moderate heat 

flux. Five gallon unconfined spills showed that gelation significantly 

increases total spill vaporization times and decreases maximum spill spread 
areas. Vaporization rates determined from 0.4 gallon 'confined spil 1s dn sand, 

concrete, and. water were also found to be lower for gels than for LNG. Rates 

were decreased as much as five fold at some points along the vaporization 



r a t e  vs t ime curves f o r  sand and concrete s p i l l  tes ts .  Rates were found 

t o  decrease by more than two times a t  some po in ts  along water s p i l l  vapqr- . . . 

i z a t i o n  r a t e  curves. 1t was found t h a t  2 weight % gelant  GELNG could not  

be d r i ven  through a simulated crack, even a t  up t o  20 ps ig  d r i v i n g  pressure; 

LNG was found t o  f l ow  f r e e l y  a t  lower pressures. 

The i n d u s t r i a l  scale ge la t ion  study evaluated a design capable o f  

producing -1 1,000 gal lons (LNG tank t ruck )  o f  gel i n  two hours. The increased 

cos t  o f  ge la t ion  using t h i s  equipment was estimated a t  $0.23/10~ Btu f o r  

p lants  w i t h  1 iquefact ion f a c i l i t i e s .  

The technical  r e s u l t s  o f  t h i s  study are support ive o f  the'conclusion 

t h a t  ge la t ion,o f  LNG w i l l  reduce; r e l a t i v e  t o  ungel led LNG, the hazard asso- 

c i a ted  w i t h  a given s ize  s p i l l .  Parameters, o f  i n t e r e s t  t o  the LNG f a c i l i t y  
operator (such as pumpabi l i ty)  are  no t  s i g n i f i c a n t l y  a f fec ted  by ge la t ion,  and , 

the impact on LNG del  i v e r y  cost  appears t o  be small, about 5%. Thus, the i n i t i a l  

assumption t h a t  ge la t ion  would provide a p rac t i ca l  means t o  enhance safe ty  i s  

supported by the r e s u l t s  o f  t h i s  study. Larger scale, comparative s p i l l  t es ts  
. o f  LNG and GELNG are now required t o  conf i rm the safe ty  aspects o f  use o f  the 

ge l led  mater ia l .  

The projected importat ion o f  l a rge  quan t i t i es  o f  LNG i n t o  the U.S., 

a s .a  r e s u l t  o f  the domestic natura l  gas shortage, has generated considerable ; 
pub l i c  concern and resistance because o f  the po ten t ia l  danger o f  catastrophic 

explosion o r  asph ix ia t ion  from vapor clouds formed by the rap id  evaporation o f  

acc iden ta l l y  s p i l l e d  LNG. Project ions o f  LNG imports of about 5 b i l l i o n  cfpd 

i n  1980 and over 10 b i l l i o n  cfpd by 1990 ind ica te  Ll~a t ,  by 1990, ships w i l l  

be of f - loading a t  the r a t e  o f  f i v e  ships per day w i t h  about 15 LNG c a r r i e r s  

i n  U.S. por ts  a t  a l l  times. Therefore, the po ten t ia l  f o r  accidental  s p i l l s  

r e s u l t i n g  from c o l l  i s ion ,  etc., cannot be considered neg l ig ib le .  The con- 

sequences o f  a major s p i l l ,  espec ia l ly  i n  a populated and/or i n d u s t r i a l  area, : 

a re  t o t a l l y  unacceptable. 



The g e l l i n g  o f  LNG i n h i b i t s  thevfree-f lowing character o f  the l i q u i d  ' 
and, by so doing, reduces the spread area and r a t e  o f  evaporation from a 

given amount t h a t  i s  acc iden ta l l y  sp i l l ed .  I n  concept, t h i s  could r e s u l t  

i n  a reduct ion i n  the magnitude o f  a pool f i r e  o r  o f  an un ign i ted vapor 

cloud. The r e l a t i v e  advantage o f  ge l l i ng ,  of course, depends upon the 

reduct ion i n  r i s k  and the cost  asso i ia ted w i t h  i t s  achievement. 

Successful experiments w i t h '  the gel 1 i ng  o f  cr'yogenic f l u i d s  were 

ca r r i ed  ou t  many years ago, and"the a b i l i t y  t o  gel LNG was demonstrated by 

~ e r o j e t ( l )  i n  1970.  he g e l l i n g  o f  LNG as a means o f  reducing shipping 
(2 )  hazards has been examined by Shanes . C 

The ob jec t i ve  o f  the ,program 'reported' herein was t o  character ize 

ge l  l ed  LNG f o r  process, f low, and .use proper t ies  and t o  explore' safe ty  
. . 

enhancement through the use o f  GELNG: To a t t a i n  the ob ject ive ,  a f i v e -  

task  technical  program was c a r r i e d  ou t  as fo l lows: 
, . 

Task 1 - Gel Preparation 

Task 2 - Gel character izat ion 

Task 3 - Safety ~ v a l b a t i o n  Tests 

Task 4 - Pre l  iminary Design o f  I n d u s t r i a l  -Scal e 
Gel a t i o n  System 

Task 5 - Prel iminary Economic Assessment 

3.0 EXPERIMENTAL . RESULTS AND DISCUSS ION 

Experimental work performed on the program was d i rec ted  toward comple- 

t i o n  o f  the f i r s t  three tasks. Accordingly, the r e s u l t s  .a re  presented under 

the fo l low ing  headings: 3.1, Task 1-Gel 'Preparation; 3.2, Task'2-Gel Charact- 

e r i z a t i o n ;  and 3.3, Task 3-safi t j .  Evaluation Tests. 

3.1 GEL PREPARATION 

Performance o f  the  gel  preparat ion task served two d i s t i n c t  

funct ions.  It produced ge ls  f o r  the ' character izat ion and safety evaluat ion 

task and furnished in format ion concerning ge lant  se lec t ion.  



The batch gel production f a c i l i t y  assembled under t h i s  task 

allowed f o r  the preparation and evaluation o f  approximately f o u r - l i t e r  

quan t i t i es  o f  gel.  A t o t a l  o f  approximately 90 gels were prepared f o r  char- 
~ 2 

ac te r i za t i on  and safety  tes t ing.  
. t 

Methane and two d i s t i n c t  LNG compositions containing heavier 

hydrocarbons were selected f o r  ge la t ion  studies. The two LNG compositions 

were designated LNG A and LNG B,with LNG.A containing nominally 93% CH4 

and 7% C2H6 and LNG B containing ,nominally 85% CHq, 10% C2H6, and 5% C3H8. 

Two gel a n t  cdr~rl l d a t ~ s  , methano l and watcr , were i n v c s l i y ~  Led 

w i t h  respect t o  propert ies exh ib i ted by gels produced using each gelant. 

The data show t h a t  s i g n i f i c a n t l y  more ge lant  was requit-cd ~ O I -  111eltlano1 

gels t o  obtain the same degree of s t ruc tu re  as water gels. For t h i s  reason, 

water gelant  gels dominated the invest igat ions i n  t h i s  program. ' 1 

, 

Gels prepared using a va r i e t y  o f  gelant  i n j e c t i o n  stream concen- 

t r a t i o n s  were characterized according t o  y i e l d  s t ress and rheological  

propert ies.  The trends observed i n  t h i s i s e t  o f  tes ts  made i t  evident t h a t  

ge ls  required less ge lant  t o  a t t a i n  a.given s t ruc tu re  when prepared using 

a lower gelant  i n j e c t i o n  concentrat ion. A gelant  i n j e c t i o n  stream concen- 

t r a t i o n  o f  25 volume percent was used f o r  the ma jo r i t y  o f  the experimental 

work. This concentrat ion was chosen i n  order t o  provide adequate dispersion 

wi thout  r equ i r i ng  excessively long ge la f ion  times. 

3.2 GEL CHARACTERIZATION 

Physical charac te r i s t i cs  o f  LNG4gels and t h e i r  va r i a t i on  w i t h  

ge lant  content, gel composition, gelant  type, and method o f  preparation were 

examined. Gels were characterized according t o  s i x  propert ies:  (1 ) y i e l d  

stress; (2) rheo log ica l  character is t ics ;  (3) f l ow  charac te r i s t i cs  under 

simulated t rans fe r  condit ions; (4) expulsion behavior ; (5)  gel aging charac- 

t e r i s t i c s ;  and (6) b o i l  - o f f  ra tes  under simulated storage condit ions. 

3.2.1 Y ie ld  Stress 
. . 

' .  . 

Y ie ld  s t ress measurements were made approximately 90 gels 

us ing the weighted sphere method. The method involved the determination of 



the maximum weight sphere that could be supported by a given gel .. Four 

glass spheres of the same diameter, containing various amounts of mercury to 

provide a range of weights, were employed. ' 

It is important to note that yield stresses determined by 

the weighted sphere method actually represent a yield 'stress range. This 

range corresponds to yield stress values between the 'maximum weight supported 

and the minimum weight which fails :to be supported. Since values listed in 

this report are determined from the maximum"supported weight, they represent 

minimum yield stress values. 
. , 

Under the. conditions of simi 1 ar composi tion and preparation 

methods, yield stresses for LNG and methane gels were found to increase with 

gelant content over the range of conditions .investigated. This can perhaps , 

best be seen through an examination: of each of the three sections of Table 1. 
Over these condition ranges the observed yield stress trend was evident with 

only a few mi nor exceptions. 

A comparison between the three sections of Table 1 reveals 
that yield stresses were less for LNG gels than for methane gels when the 

gels compare$ were of similargelant content with similar preparation histories. 

Yield stresses for the two types of LNG gels examined did not differ signifi- 

cantly over the range of conditions investigated. 

,Two gelant candidates, water and methanol, were examined 

with respect to the yield stresses exhibited by their corresponding gels. 

LNG A gel led with methanol required significantly more gelant to achieve 
yield stresses corresponding to those measured for gels gelled with water. 

Yield stress measurements were made on gels with differing .,pre- 

paration histories. The specific variation in gel preparation involved. . 

changes in the gelant concentration in the injection gas stream. Yield . . 

stresses increased with.decreasing 'gelant concentration for gels of similar 

composition, of similar gelant content, and of the same gelant type. 
I 

3.2.2 Rheological Characteristics 
I < 

Two types of tests were performed to characterize LNG 

and methane gels according to their rheological properties. Both types of 

5- 5 



TABLE 1 . ' 

YIELD STRESS DATA FOR METHANE AND LNG GELS AT 102 K 
PREPARED USING APPROXIMATELY 25 VOL % WATER 

GELANT I N  THE INJECTION GAS STREAM 

Approximate LNG 
Composition of Gel 

(Vol . Z as Gas) 
llsm!x-- 

04 11 6 
89 10 5 
88 8 4 
85 10 5 
85 10 5 
77 15 8 
81 13 6 

. 84 ' 11 5 
85 10 5 
85 10 5 

93 7 0 
90 10 0 
91 9 0 
93 7 0 
89 11 0 
93 7 0 
93 7 0 
93 7 0 

.91 9 0 
93 7 0 
93 7 0 
93 7 0 
93 7 0 

Water 
Water 
Water 
Water 
Water . 
Water 
Water 
Water 
Water 
Water 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Irlater 
Water 
Water 

-Water 
Water 
Water 
Water 
Water 
Water 

Vo lme % Gelant 
i n  In jec t i on  Gas 

r .- S tmm 

. . 
Y ie ld  
Stress 

$&nes/cm 

771 . 
771 

, ,771 
270 
771 
973 

- 973 
973 
973 . 
973 



testing involved flowing gels through coi 1 ed tubes under isothermal conditions. 
One test  type was designed to provide characteristic flow data by measuring 
shear rates for gels f 1 owed under selected constant shear stresses, 
while the other tes t  type involved determinations of the degree of gel 
structure degradation resulting fhom repeated flow cycles a t  high shear 
rates . 

Shear rates were determined i n  the isothermal gelation enclosure 
using a flow loop consisting o f  colled copper tubing .  After gel preparation, 
the gelat ion vessel was pressurlzed to  a preselected' va1 ue, and a valve was 
opened t o  allow flow through the loop. The volume of gel flowing through the 
t u b i n g  was recorded as a function of time. Typical results are plotted i n  

Figure 1. 

All gels subjected to characteristlc flow testtng showed shear- 
t h i n n i n g  (apparent viscosity decreases .as shear rate increases). This was 
true regardless of gelant content of the gel, LNG composition of the gel, 
gel ant type employed, or injection gel ant concentration. 

I 

7f; 

Flow characteristics were 'found to vary w i t h  gel ant content 
according to the following trends: . (a) Apparent viscosity a t  a given shear 
rate increased w i t h  gelant content. (b)  The degree of shear t h i n n i n g  
showed a weak tendency to increase w i t h  gelant content. See Figure 1 for 
typical results. 

Data was obtained for gels belonging to three different categories 
w i t h  respect to hydrocarbon composf tion, including gels containing only methane, 
gels containing methane and ethane (LNG A type gels), and gels containing 
methane, ethane and propane (LNG B type gels). Flow characteristics were 
found to vary w i t h  the hydrocarbon cornposi tions of gels according to the 
following trends: (a) Methane gels had higher apparent viscosities a t  low 
shear rates and exhibited a greater degree of shear t h i n n i n g  than corresponding 
LNG gels ( i  . e. , gel s contajning heavier hydrocarbons), and (b) LNG A type 
gels exhibited higher apparent viscosities a t  given shear rates than LNG B 
type gels. even when methane mole percentages were similar. 

Flow character i s  t ics  were investigated for two gel ant candidates, 
water and methanol. Apparent v-iscosi t ies  for methanol gelant type LNG gels 

- - -  . . 
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A Gelled LNG A (95 Vol. % CH4, 5 Vol. X C2H6) - 3.2 w t .  % water 
0 Gel 1 ed LNG A (94 Vol . % CH4, 6 Vol . % C2H6) - 3.7 w t .  X water 
0 Gel led  LNG A (92 Vol . % CHq, 8 Vol . % CZH6) - 5 . I  w t .  % water 

8V Shear Rate 6 , sec-I 

Figure 1. Characteristic Row Curves o f  Gel1 ed LNG A a t  102 K Prepared Usf ng 
60 Vol. % Water Gelant i n  the Injectton Gas Stream 



, were s i g n i f i c a n t l y  lower than those f ~ p  corresponding water gelant  type 

gels even a t  much higher gelant  contents. 

The preparation. var iab le  examined w i th  respect t o  rhe01o.g~ 

was i n j e c t i o n  stream gelant  concentration. Apparent v i scos i t y  a t  a given 

shear r a t e  increased w i t h  decreasing i n j e c t i o n  stream gelant  concentration. 

Shear degradation t es t i ng  was performed using the char- 

. a c t e r i s t i c  f l ow t e s t  apparatus. Gels were subjected t o  f i v e  f l ow  cycles 

. . from the preparation vessel t o  the rece iv ing vessel and back a t '  shear ra tes  

greater than 3000 sec-' . Yie ld  s t ress measurements were made before and a f t e r  

f lowing t o  determine the degree o f  gel . s t ruc tu re  degradation. Two LNG A. 

gels were subjected t o  shear degradation tes t ing .  One of the gels .was a 
2 3.5 weight percent water gel w i t h  a y i e l d  stress o f  270 dyneslcm . The 

other gel was a 4.7 weight percent water; gel w i t h  a y i e l d  stress o f  771 
2.  dyneslcm . No evidence o f  shear.degradation was noted f o r . e i t h e r  gel.  

3.2.3 Flow Character is t ics  Under Simulated Transfer Conditions 

Flow charac te r i s t i cs .  o f  LNG . A  and GELNG A were determined 

under comparabl e nonisothermal condi t ions by f lowing both substances 

through a con t ro l led  heat t rans fe r  apparatus. The apparatus consisted o f  , , 

a s ixteen inch long s ta in less s tee l  tube w i t h  a .18 inch inner  diameter. 

The tube was f i t t e d  w i t h  an external jacket  through whSch a measured, 

ambient temperature gaseous ni t rogen f 1 ow was passed t o  simulate thermal ~ 
condi t ions .associated w i t h  mater ia l  t ransfer .  ~ 

Transfer tes ts  using LNG A and LNG A gel containing 3.5 

weight percent water gelant  were performed. Flow ra tes determined from the 

tes ts  were 2630 cclmin f o r  LNG 'and 1516 cc/min f o r  the gel. This gel 

t rans fe r  r a t e  was as expected considering the experimentally-determined 

apparent v i scos i t i es  and the higher temperature condi t ions involved i n  

these tests .  No problems were encountered i n  GELNG t rans fe r .  



3.2.4 Expulsion Behavior . , 

Three types o f  t es t s  were conducted t o  inves t iga te  

expulston behavior. One se t  o f  t es t s  examined maximum expulsion o f  gels 

as a funct ion of y i e l d  stress,  gelant  content, and gel composition. A 
second t e s t  se t  involved expulsion behavior a t  a constant d r i v i n g  pressure. 

The t h i r d  t e s t  type probed the re l a t i onsh ip  between vessel surface area 

and expuls ion e f f i c i ency .  

Maximum expulsion t e s t s  ut i : l ized a transparent pyrex 

expulsion vessel w i t h  surface area t o  volume r a t i o  o f  0.i8cm-'. Tests were 

i n i t i a t e d  w i t h  the preparat ion o f  gel  i n  the expulsion vessel. The i n i t i a l  

.ge l  volume was noted and expulsion.was i n i t i a t e d  by pressur iz ing the vessel 

w i th  helium. Gel was expel led through the t rans fe r  tube t o  a po in t  outs ide 

the environmental enclosure using var iab le  d r i v i n g  pressures up t o  20 psig. 

A f t e r  expulsion had been campleted, the remaining .gel was allowed t o  s e t t l e  

i n  the expulsion vessel and the fi'nal volume was recorded. The data shows 

t ha t  expuls ion e f f ic ienc ies  f o r  ge ls  are  s l i g h t l y  lower than those fo r  LNG. 

I n  add i t ion,  expui s ion e f f  i c ienc ies  decrease s l  i g h t l y  w i t h  increasing, ge lant  

content  and w i t h  increasing y i e l d  stress f o r  gels w i t h  s i m i l a r  LNG composi- 

ti ons. . ~ i .  

f *  

Constant pressure expulsion tes ts  were performed using the 

same t e s t  apparatus and b a s i c a l l y  the sane procedure as f o r  the maximum 

expulsion tes ts .  Constant pressure t es t s  d i f f e red  by u t i l i z i n g  a constant 

d r i v i n g  pressure o f  7 ps ig  t o  expel the gel r a the r  than a va r iab le  pressure. 

The r e s u l t s  ind ica te  lower expulsion e f f i c i e n c i e s  f o r  gels d r i ven  by a constant 

7 ps ig  pressure than f o r  si ,milar gels expel led using a va r iab le  d r i v i n g  

pressure up t o  20 psig. 

Increased surface area expulsion t es t s  were conducted using 

a 700 cc transparent pyrex expulsi'on vessel wi'th a f u l l  vessel surface area 

t o  volume r a t i o  equal t o  0.89 cm-I. The i n i t i a l  gel volume i n  the expulsion 

vessel was recorded and expulsion was s ta r ted  by pressur iz ing the vessel w i t h  

helium. Results ind icated t h a t  expulsi'on e f f i c ienc ies  are much lower than 

might be expected on the basTs o f  the maximum expulsion t e s t  noted above. 

Findings suggest t h a t  expulsion e f f ic ienc ies  f o r  LNG gels are s t rong ly  

dependent on vessel surface area exposed t o  the gel.  It i s  probable t h a t  



tanks w i t h  smaller surfqce area t o  volume. r a t i o s  would have expulsion 

e f f i c i enc ies  more comparable t o  those for  LNG, 

3.2 :5 - Gel Aging Character+fs.tics 
?. , , f , .  

Two sets o f  gel aging t es t s  were conducted. Each s e t  

involved the s t a t i c  storage o f  three compositional l y  d i f f e r e n t  gels under 

isothermc~l condi t ions near t h e i r  bo i . l ing points.  A methane gel, an LNG A 

gel, and an LNG B .gel were selected f o r  storage i n  each t e s t  set. The 

f i r s t  t e s t  se t  was monitored f o r  over 24- hours, wh i le  the. second se t  had 

a t e s t  durat ion i n  excess o f  100 hours. , No v isua l  changes were noted i n  any 

o f  the gel samples over any o f  the monitored t e s t  periods. 

3.2.6 Boil-Off Rates Under Simulated Storage Conditions 
. . 

No s i g n i f i c a n t  d i f ference was observed between bo i  1 -o f f  

ra tes f o r  LNG and those . f o r  LNG gel s .under s t a t i c  storage t o n d i  t i ons  a t  low 
2 2 heat f luxes .corresponding t o  approximately 18 B t u / f t .  and 70.Bt .u / f t  . A t  

three d i s t i n c t  i nsu la t i ng  regimes,corr.esponding t o  LNG heat f l uxes  between 
2 114 s t u / f t 2  h r  and 317 B t u / f t  hr, gels tested were found t o  have s l i g h t l y  

higher bo i l - o f f  r a tes ' t han  LNG. This i s  counter t o  the. trend..seen dur ing 

sp i  11 s, i n  which high .heat f luxes a re .  encountered. The mechanisms involved 

i n  t h i s  r e s u l t  are not  known a t  t h i s  ' juncture.  Addi t ional  t e s t i n g  a t  h igher 

heat f luxes is.recomnended t o  c l a r i f y  t h i s  issue. 

3.3 SAFETY' EVALUATION TESTS ' 

Safety evaluat ion tes ts  were d i rec ted  toward de f in ing  the r e l a -  

t i v e  safety  charac te r i s t i cs  o f  GELNG w i t h  respect t o  those o f  LNG. The 

three .types o f  t es t s  selected to :  achieve t h i s  goal were s p i l l  behavior 

tes ts  , 1 ea kage behavior studies , and boi.1 - o f f  behavior determinations. 

: . 
.3.3.1 Task 3.1 - S p i l l  Behavior 

Three types o f t  tes ts  were used t o  evaluate s p i l l  behavior. 

Simulated one dimensfonal s p i l l  s, unconfined 1 and s p i l l s ,  and unconfined 
c *  



water s p i l l  s were, performed using both LNG A and GELNG A, 
\ . - - 

Simulated one dimensional s p i l l  t es t s  were conducted 

us ing a modi f ied vers ion o f  a s p i l l  apparatus designed under the d i r e c t i o n  

o f  Professor R. C. Reid a t  M.I.T. The apparatus.provided a cont ro l led,  

v i r t u a l  l y  one dimensiona.1 environment f o r  i nves t iga t ing  small scal e s p i l l  s  

o n  water. I t  consisted o f  a' 10 f o o t  l o n g  sect ion o f  c l ea r  Pyrex pipe w i t h  

a 6 inch . internal  diameter. ,Before i n i t i a t i n g  tes t ing ,  the pipe was h a l f  

f il l e d  w i t h  deionlzed water. ~pp rox ima te l y  one quar t  o f  t he .  t e s t  sampl e 

was then introduced i n t o  the system through. the en t ry  por t .  Small scale - . 
water s p i l l s  using l i q u f d  n i t rogen,  LNG and GELNG were conducted. Both 

l i q u i d  n i t rogen and LNG s p i l l s  produced vapor clouds which were v i s i h l ~  

fur  less' than 2 minutes. In con t ra i t ,  GELNti samples showed evidence o f  

gas evo lu t ion 'e ight  minutes a f t e r  the .spil!. 

S ix  unconfined land s p i l l s  were conducted. These tes ts  

included two l i q u i d  n i t rogen equipment check ou t  s p i l l s ,  one LNG A s p i l l ,  
' 4  

and th ree  GELNG A s p i l l s .  A1 1 gels tested showed a s i g n i f i c a n t  increase 

i n  t o t a l  vapor izat ion t ime and a decrease i n  maximum s p i l l  spread area. This 

i s  ev ident  from the s p i l l  t e s t  r e s u l t s  giyen i n  Table 2. A q u a l i t a t i v e  

view o f  vapor cloud d ispers ion behavior-.and s p i l l  vapor izat ion ra tes i s  

provided by the t ime sequenced photographs ' o f  land s p i l l  t e s t i n g  presented 

i n  Figures 2 and 3 f o r  LNG and GELNG, respect ively.  

One LNG A s p i l l  and one GELNG A s p i l l  were conducted on 

water. Total  vapor izat ion times were near ly  the same f o r  both unconfined 

water s p i l l s .  The gel ,  however, exh ib i ted  a decrease i n  maximum s p i l l  

spread area compared t o  t h a t  f o r  LNG. Review o f  the s p i l l  technique and 

r e s u l t s  o f  the water s p i l l  t es t s  leads t o  the-conclusion t h a t  the t e s t  

se r ies  should be redone using less  v i o l e n t  s p i l l i n g  nntn  the water surface. 

This would be more near l y  representat ive  nf marine s p i l l  scenarios. 

3.3.2 Leakage Behavior 

Two categor ies o f  1 ea kage t es t s  were conducted using both 

LNG and GELNG. One t e s t  type involved the determination o f  leakage ra tes  



Table 2 

UNCONFINED LAND SPILLcTEST RESULTS 

Parameter 

l e s t  Number 1 2 3 f 5 6 

Substance Spflled , LK2 
,J&(" 1.13) )*(4) 

U12 
GELNG(l ) * (5)  

Kass Spflled (lbs) 36.5 '21.5 6.0 18 30 21.5 

volume Spi l led (gal ) 5.1 5.8 1.6 4.9 4.4 5.6 

Klnd Mrectfon SY : SY IIE SSE- SSf mY 

Uind Speed (nphl 23-3 , 2  2- 3 5-1 0 5-10 0.5 

Average h b l e n t  1enperaqut-e (OF) 59 59 51 54 54 70 

Relrt lve M d f t y  (I) 45 4!i 80 6% 65 45 

Appmx. Maximum S p i l l  p a d  41 67 13 44 5@ 49 
A d  (sq. ft.) 

hppmx. spl 11 vaporl ta~io? 0.2 0.2 (10,7)(6J ( ~ . 8 ) ( ~ )  0.3 (7.0)'~) . .  8 T l m  (min.) 

Wslble Va r Cloud ,@sslpatlan : 1.8 . 1.4 t?. 5)'@? (4.3)(T) 1.4 5.5 
nw (n1n.r 

. .  i ' . '  

krouad Condltlons 
, 

ory . my mist "t bt Dry 

" .  
1') 411 ~ 1 s  mn preparrb'usl& rp&k1mte@25 w l m e  p m n t  water vapor getant I n  the i n j c t l o n  gas st-. 

( )  l%O LNG CObllPOS/tf& 8s .O<W '$ *S I S  9 q ~  @ and mc2H6+ 

(3) The LNG gel used uiiil a S.5g by rijgM d&lgrl w(th a y l r l d  stress o f  37.3 dynes/cn2. The LNG corposltlon 
o f  the get as vatma % p s  ms 9 s  CH4 and 7% C2H6. ',''4 

- - 

('I The LNG gel ur?d i 3.1s by weight m%' &I wlth h y le ld  stress 6 f  a 7 0  dynes/&+. The LN6 composltlon 
of th .@l rl@ 8 @S *S 9% m4 2~ 

(51! Thr LNB gel usdbklnl  3$g4 by uelaht wrtauigel W t h  a yCdd stress o f  a 7 0  dynes/cm2. The LNG colposlt lon 
of the gel.,es D gas was p4 q d z ~  ~ ~ 4 ~ .  

m sp f l l&  get waid$dW a f t e r  7.5 .I&!w &,burned for an idd i t lonal  3.2 mlnutes. 
*. - . *,>>. 

The gel .IS lgq&tt+~~ctar 4.3 minutes and hrqd ?or an addlttonal 1.5 minuta. 

The r r l n l n g  r)l was i g n l t i  a W  7 .0 ,d&pkmd b m d  less than O> minutes. 



. . . . .  . . -. 
INITIAL 20 SECONM OF TESTING AT 2 SECOND INTERVALS 

Figure 2 Unconfined IN2 Land Spi l l  - Test #I  



INITIAL 14 SECONDS OF TESTING AT 2 SECOND INTERVALS 

After  7 .5  min. A f te r  Ign i t ion  

F i g u r e 3  Unconfinedfhlled LNG Land S p i l l  - Test 13 



through ori f ices, while the second tes t  type examined leakage through 

a crack i n  a f i t t i n g .  

Leakage rates through two d i f fe ren t  or f f i ces  a t  a dr iv ing 
pressure of approximately 10.5 psig were detenpined. The o r i f i ces  involved 

i n  the tests were a .I28 fnch diameter round o r i f  i ce  and a square o r i f i c e  
-132 inch on a side. Both o r i f i ces  were tested i n  three d i f fe ren t  leakage 
environments (air ,  water, and air-water interface). Comparisons between 
leakage rates f o r  LNG and GELNG under s imi lar  conditions reveal mixed resul ts  

which are probably at t r ibutable t o  experimental error. M r e  data, 
par t icu lar ly  a t  lower dr iv ing pressures, would be valuable i n  evaluating 

these comparative rates. 

Leakage behavior o f  LNG and GELNG through a crack was 
investigated wi th an experimental setup very s imi lar  t o  that  used f o r  
o r i f i c e  leakage determinations. The crack was formed by notching a brass 

pipe f i t t i n g  and then stress cracking it along the notch by over-torqueing 

a threaded pipe in to  the f i t t i n g  threads. Microscopic examfnation showed the 

crack t o  be an opening wi th an approximate length o f  0.38 cm and a maximum 
width o f  .060 cm. LNG A flowed through the crack a t  a ra te  o f  964 g/min a t  
a dr iv ing pressure o f  10.5 psig, while gels with gelant content as low as 

2.0 weight percent showed no detectable f low through the crack a t  the same 
dr iv ing pressure. I n  addition, a 2.0 weight percent gel showed no detectable 
f low a t  a dr iv ing pressure o f  20 psig. A l l  gel tests i n  t h i s  set showed a 

small i n i t i a l  f low o f  material through the crack upon tank pressurization. - 
This i n i t i a l  flow was followed imnediately by f low cessation. 

3.3.3 b i t -W$-bhav fo r  - A  : 

.$ . 
Boi l  -off r a te  test 4 ng war caiductad us i ng mt)RDI. L,M. & . 1 

LH6 0, methane gels, LNG A gels, and LN6 B gels. Boil-off rates . Zt@ . CM~. . 
tafnwl spflls o f  various s i r s  were examined under four  d.iffcre& mtr of . , . 
s p i l l  conditions i n  order t o  obtain cgnparative data for gel led &&,..-@&id 
mdterial urrder each set o f  conditions. The four s p i l l  types employed were 
contained s p i l l s  on water, on land, on land i n  the presence'bf an i gn l t i on  
source and on concrete. 



Boil-qff rate determinations for contained spills on 
water were performed using a 4 inch deep, 20 inch by 19.5 tnch rectangular 
aluminum spill pan suspended from a 100 pound capacity load cell. During 
vaporization, the o u t p u t  of the load cell was continuously recorded t o  
determine mass versus ttme re1 attonships. The contained spi 11 apparatus i s  
shown i n  Flgure 4. Sixteen water spill tests were conducted. Typical results 
are presented tn Ffgure 5. Beneral characteristics of the methane and LNG 

2 vaporization curves are similar t o  those observed by Shanes . Vaporization 
rates, however, are lower than those observed by Shanes. I t  is  evident that 
gel atton signtf icantl y reduces the confined water spill vaporization rates 
o f  methane, LNG A, and LNG B. Further, gels prepared by methods used i n  
this study requtred greater than 4.4 weight percent water gelant t o  signi- 
ftcdntly reduce LNG vaporization rates for contained water spills. 

The apparatus employed for confined water spill testing 
was also used for confined land spill boil-off rate determinations. Instead 
of water, the aluminum pan was filled with s i l  ica sand. For the. confined 
land spills, as was the case for water sp'ills, i t  is  evident that gelation 
stgntficantly reduces the vapdrization rates o f  methane, LNG A, and LNG B. 
Land spill vaporization rates are effectively reduced for even the lowest 
water content gel tested (2.8 weight percent). 

Boil-off rate tests for confined land spills i n  the 
presence of an ignition source were conducted i n  the same manner as confined 
1 and spfll tests except that an elehtrical rest stance heated nichrome 
wire i g n i t i o n  source was placed i n  the v i ~ i n i t y  of the spill. Data for one 
LNG A and one GELNG' A land spill vaporization test i n  the presence of an 
i g n t t t o n  source are plotted in Figure 6. Material combustion increases the 
length o f  t f m e  that both LNG A and GELNG A exhibit h igh  land spill vapor- 
izatfon rates. In addition, i t  is evident that gelation significantly . 
reduces conftned land spill vaporization rates for LNG A even when a spill 
ignftton source Os present. 

An apparatus similar t o  the one used. for boll-off rate 
determtnations on water was employed t o  obtain vaporization rates on concrete. 

' A rectangular concrete sptll basin replaced the water spill surface i n  this 





Figure 5 Vaporization Rate o f  LNG A and LNG A Gels on Water 
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Figure 6. Vap~rizatioa Rate of LNG A and Gel led L M  A on S i l  ica Sand i n  the 
Presence of an f gni tion Source 



se t  o f  tes ts .  It was found t h a t  ge la t ion  s i g n i f i c a n t l y  reduces concrete s p i l l  

vapor izat ion ra tes f o r  methane, LNG A, and LNG 8, A1 1 LNG A gels tested 

exh ib i ted reductions i n  vapor izat ion r a t e  over LNG A even a t  gelant  contents 

as low as 1.9 wei'ght percent. ' Vaporizat ion ra tes  f o r  gel s increased w i t h  

decreasing gel ant  content. 

4.0 rNDUSTRrAL SCALE GELATION PROCESS STUDIES 

rndus t r i a l  scal e gel a t i o n  studies were performed t o  obta in  a p re l  imin- 

a r y  assessment concerning the f e a s i b i l i t y  and costs o f  the LNG ge la t ion  

process on a la rge  scale. The r e s u l t s  cons t i t u t e  work conducted under Tasks 4 

and 5 o f  the program and are presented under the f o l l ow ing  headings: 4.1, 

Task 4 - Prel iminary Design o f  an I n d u s t r i a l  Scale Gelat ion System and 4.2, 

Task 5 - Pre l  iminary Economic Assessment. 

The system designed i n  t h i s  task consists o f  the equipment re-  

quired t o  convert LNG t o  the gel  l ed  form, GELNG. A u x i l i a r y  equipment (e.g., 

regas. i f ica t ion ge lan t .  removal ) f o r  i .ntegrat ing the 'ge la t ion  system i n t o  an 

ove ra l l  LNG f a c i l i t y  i s  no t  coxered i n  the design, a1 though such ' fac to rs  

are  considered i n  the subsequent- economic evaluation'. 

The GELNG output  capaci ty o f  the system i s  chosen t o  provide 

' f i l l i n g  of an 11,000 ga l lon  LNG t ruck  i n  less  than two hours. The s p e c i f i c  

destgn po in t  chosen i s  6800 ga l  lons/hour. ,. For appl i c a t i o n  t o  a peak 

shaving plant ,  t h i s  converts t o  j u s t  over 600 d3 per day produced f o r  

storage. 

The required GELNG proper t ies  are  stated . i n  terms o f  the gelant  

content of 5%. Data from small-scale spi.11 t es t s  ind icates t h a t  a 5% ge lant  

concentrat ion w i l l  g i ve  ex'cell'ent vapor izat ion performance for:iGELNG i n  both 

l and  ahd water s p i l l s .  r t  i s  an t i c ipa ted  t ha t  i t  w i l l  be poss ib le  t o  reduce 

the gelant  content t o  2 t o  3% as additonal data i s  gathered and the methods 

of GELNG production are  re f ined  . .. 



The basic continuous ge la t ign  c ~ n c e p t  selected i s  fo r  the d i r e c t  

i n j e c t i o n  o f  a  gaseous gelant  feed stream i n t o  the LNG as i t  i s  t ransfer red 

t o  the LNG t r u c k  o r  peak shaving storage tank. The continuous ge la t ion  

p l a n t  schematic i s  shown i n  Figure 7. LNG i s  t ransfer red t o  a pre-process 

surge tank a t  a  ra ted  inpu t  o f  70,000 gal /hr .  An LNG pump ra ises the . 
process stream pressure t o  overcome system losses. The pumped LNG then f lows 

through the precondi t i o n e r  u n i t  t o  achieve the necessary condi t ions f o r  

t h e g e l a t i o n s t e p .  Thecon t ro l  p o i n t f o r t h e p r o c e s s s t r e a m o c c u r s a t t h e  

output  o f  the precondi t ioner.  The precondi t ioning o f  the LNG i s  monitored 

and con t ro l led  by the sensors and valves through the main process con t ro l  

panel . The condit ioned LNG then enters the gelator /separator  u n i t .  The 

gc lan t  i s  dispersed i n  the LNG i n  a continuous manner, pruduc5rly QELWG 

(6800 gal 1 ons/hour ra ted  capaci ty)  and natura l  gas vapor. The 1 a t t e r  , 
saturated and a t  atmospheric cbndi t ions,  i s  returned f u r  re1 iqudfact ion.  

4.2 PRELIMINARY ECONOMIC ASSESSMENT 

A pre l iminary  economic assessment has been made based upon the 

ge la t i on  p l an t  design described above. Included are cap i t a l  and operat ing 

costs for  the ge la t ion  p l a n t  as wel l  as the major economic  impact,^ on the 

ove ra l l  processing o f  GELNG (e. g. , re1 iquefact ion -o f  gel ator-produced 

natura l  gas). 

The ob jec t i ve  of the econornlc~ ilssesslnent i s  t o  c i l l cu la te  the 
increment of cost  t o  each u n i t  o f  gas de l ivered f o r  a  p l a n t  Incorporat ing 4 

ge la t i on  r e l a t i v e  t o  t h a t  of an unmodified LNG p lan t .  Thus, much s imp l i f i ca -  
t i o n  of the ca l  cu l  q t i o n  i s  va l  i d .  

The est imat ion o f  impacts on the e x i s t i n g  f a c i l i t y  requires some 

assumptions about how the  i n teg ra t i on  o f  the ge la t i on  p lant -would  be 

accomplished. For s imp l i c i t y ,  i t  i s  assumed t h a t  a  l i que fac t i on  f a c i l i t y  

ex i s t s  w i t h  s u f f i c i e n t  capaci ty t o  handle the r e t u r n  o f  gas from the ge la t ion  

p lan t ,  The assocfated re1  iquefact ion costs are  thus a t t r i b u t e d  t o  ex t ra  

energy costs. It i s  necessary t o  provide for ,  gelant  removal . i n ' t h e  eventual 

revapor izat ion,  o f  GELNG. A c a p i t a l  i tem has been included t o  account for  

t h i s ;  i t  i s  assumed t h a t  no add i t i ona l  operat ing costs o f  s ign i f i cance  are 

incur red by t h i s  add i t ion.  
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  he cap l ta l  cost  o f  equipment ($1,040,000) converts t b  a y e a r l y  

p lan t  cost equlval ent of .80/hour, as contrasted t o ,  the much 1 a,rger 

operating cost of $1 16/hour. The' combined e f f e c t  i s  an .incremental cost 

i n  the del i very  . o f  . "at-ural., gas ? f '  $0.2311 o6 ~t " ,  mos t l y  a t t r ibu ted  . . t o  

operating costs.. This can be .compar?.ed!.:'to the basic cost.  o f  NG a t  the 

d i s t r i b u t i o n  po in t  o f  about $4.25/.106 Btu. Thus& the added cost o f  

ge lat ion would be j u s t  over 5 %  f o r  the conditfons and assumptions o f  t h i s  , 

study. The addi t i o n  o f  1 iquefactton capacl ty, i f  .required, would have. a 

mPnor impact on t h i s  resu l t .  

Et f 5 .& ctltsclusi6n. 0 8  t h i s  c ~ s t .  .study tlsnt, ttle crpereting costs .  , 

are the domtnant cost factor i n  the increase i n  per-uni t cost. . ~ r a d e - o f f s  .. 

whlch decrease the annual operating cost for , increased i n l  t l a l  qapi t q l  costs 
would seem j u s t i f  fed i n .  fu tu re  design/economic studies. 

The f o l  1 owing reconnnendatlons are made f o r  fu ther  work: 

(1) comparative evaluation o f  GELNG versus LNG i n  large- scale 
(40 m 3 )  t es t s  a t  NWC, China Lake dfher t e s t  s i te .  

(2) Extending the evaluation. o f  rhoological c h a r a c t ~ r i s t i c s  t o  
' both higher and lower shear rates. 

(3) Conducting leakage tests  w i th  perfor.ation-type o r i f  ices. 

(4) Fur ther  examination o f  crack leakage t o  establ i s h  condit ions 
under which GECNG w i l l  f low through a crack (crack size, 

d r i v i ng  pressure). 

(5)  ' A comparative s p i l l ,  spread, burn, and extinguish t e s t  series 

f o r  LNG.:and GELNG a t  Brooklyn Union Gas Companyl.s Hellsgate F i re-  

f t g h t i n g  School with. the ceoperation sf the New York Municipal 
3 Ft re  Department; 40' m i s  recomended. 

(6) Unconfined water s p t l l  tes ts  5n which the cryogen i s  introduced 
- gent ly onto the water surface t o  more near ly  represent the 

martne s p t l ?  scenarfo. 



(7) Further tes t ing  a t  increased heat f lux t o  esti ibl ish. : : 
conditions under which GELNG begins t o  demonstrate 

supertori  t y  over LNG. 
. . 

(8) Additlonal , control l e d  unconfined land s p i l l  r a t e  tests .  
. . 
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Summary 

The J e t  Propuls ion  Laboratory (JPL) developed a  Two Band D i f f e r e n t i a l  
Radiometer (TBDR) f o r  monitor ing methane t h a t  was s u c c e s s f u l l y  t e s t e d  dur ing  
the  LNG s p i l l  t e s t s  he ld  i n  t he  f a l l  of 1978. The TBDR des ign  was modified 
t o  measure absorp t ion  a t  f o u r  wavelengths al lowing t h e  de te rmina t ion  of fou r  
parameters  of t h e  LNG cloud. This  Four Band D i f f e r e n t i a l  Radiometer (FBDR) 
is  descr ibed  i n  t h i s  S t a t u s  Report. This  r e p o r t  p rovides  d e t a i l s  of t h e  FBDR 
desagn and es t imated  performance toge the r  w i th  a  summary of r e c e n t  development, 
t e s t i n g  and des ign  v e r i f i c a t i o n  a c t i v i t i e s . .  

Fab r i ca t ion  and assembly of t h e  FBDR engineer ing  model was completed i n  
~ a n u a r ~ ' l 9 8 0  and r o u t i n e  ope ra t ion  of t h e  instrument  has  been achieved. Absorp- 
t i o n  d a t a  f o r  methane, e thane  and propane have been c o l l e c t e d  wi th  gas- to-air  
r a t i o s  of about 5, 1 5  and 30% a t  s i x  wavelengths. F i n a l  a n a l y s i s  of t hese  
r e s u l t s  w i l l  b e  t h e  b a s i s  f o r  s e l e c t i n g  t h e  four  wavelengths t o  b e  used i n  t h e  
f i e l d  u n i t s .  

A product ion pro to type  w i l l  b e  b u i l t  and used f o r  f i n a l  system i n t e g r a t i o n  
t e s t i n g .  Deta i led  opto-mechanical des ign  of t h e  pro to type  sensor  i s  complete 
and f a b r i c a t i o n  of o p t i c a l  and mechanical components has  begun. The f i n a l  e l ec -  
t r o n i c  packaging des ign  has a l s o  been s t a r t e d .  A f t e r  v e r i f i c a t i o n  t h a t  system 
i n t e g r a t i o n  and o v e r a l l  des ign  c o m p a t i b i l i t y  meets performance requirements ,  
t h e  product ion  of t e n  f i e l d  instrument  systems w i l l  begin.  

In t roduc t ion  

During 1978 t h e  J e t  Propuls ion  Laboratory developed a Two Band D i f f e r e n t i a l  
Radiometer (TBDR) f o r  monitor ing methane concen t r a t ion  a t  t h e  L i q u i f i e d  Na tu ra l  
G a s  (LNG) s p i l l  t e s t s , conduc ted  by the  U. S. Coast Guard and t h e  Department of 
Energy. That instrument  measured t h e  abso rp t ion  by t h e  LNG cloud a t  two wave- 
l eng ths  i n  t h e  near  i n f r a r e d ,  one a t  a  methane abso rp t ion  band and a second a t  
a s p e c t r a l  window. It w a s  s u c c e s s f u l l y  t e s t e d  a t  t h e  F a l l ,  1978, s p i l l  t e s t  
conducted a t  China Lake, C a l i f o r n i a  (1 ) .  Following the  1978 tests, i t  was 
recognized t h a t  a  c a p a b i l i t y  f o r  d i f f e r e n t i a t i n g  methane from e thane  and pro- 
pane was d e s i r a b l e .  The des ign  of t h e  TBDR is now being modified t o  measure 
t h e  abso rp t ion  a t  f o u r  wavelengths,  a l lowing the  de te rmina t ion  of fou r  para- 
meters of t h e  LNG cloud. The b a s e l i n e  des ign  of t h e  Four Band D i f f e r e n t i a l  
Radiometer (FBDR) c a l l s  f o r  t h e  measurement of methane, e thane ,  and propane. 
The f o u r t h  channel  i s  u t i l i z e d  t o  c o r r e c t  f o r  v a r i a t i o n s  of source  i n t e n s i t y  
o r  of broadband e x t i n c t i o n  i n  t he  o p t i c a l  path.  The s p e c t r a l  reg ion  of t h e  
2.0 t o  2.5 pm bands-of  methane, e thane ,  and propane w a s  s e l e c t e d  because of 
t h e  a v a i l a b i l i t y  of inexpensive components and h igh  performance room tempera- 
t u r e  d e t e c t o r s .  For example, crown g l a s s  t r ansmi t s  w e l l  h e r e ,  t he  lamp is  
a r e a d i l y  ava i l ab l e~commerc ia l  component, and t h e  l ead  s u l f i d e  d e t e c t o r s  y i e l d  
s p e c i f i c  d e t e c t i t i v e s  of rlO1° a t .  low c o s t .  

 his r e p o r t  g i v e s  some d e t a i l s  of t h e  des ign  cons ide ra t ions  and es t imated  
performance of t h e  FBDR. I n  a d d i t i o n ,  t h e  development, t e s t i n g  and des ign  v e r i -  
f i c a t i o n  a c t i v i t i e s  undertaken dur ing  t h e  per iod  August 1979 t o  A p r i l  1980 a r e  
described. F i n a l l y  p l a n s  a r e  summarized f o r  t h e  c o n s t r u c t i o n  of a  product ion  
pro to type ,  t h e  product ion  of tar f i e l d  u n i t s  and suppor t  of f i e l d  t e s t i n g  a t  
t h e  China Lake-Test  F a c i l i t y .  



Instrument Descript ion 

,. Figure 1 is  prel iminary i sometr ic  sketch of the  instrument sensor,  
which i s  contained i n  a sealed housing of approximate dimensions 5.4 x 13 x 20 cm. 
The source i s  an incandescent lamp operat ing a t  a  temperature of approximately 
1850 K. The source beam i s  chopped by a motor dr iven blade and e x i t s  t h e  sensot  

. . . 
housing through a condensor l ens  whiich i s  the  op.t ics  entrance pupil .  The sensor 
is  deployed i n  the  region of the  s p i l l  and i s  immersed i n  the  LNG vapor cloud 
during the s p i l l  t e s t .  Thus, the  absorption region,  r a t h e r  than being a c e l l  
a s  i n  labora tory  instruments, i s  ex te rna l  t o  the  sensor i n  the  path defined by 
t h e  .external  mirrors.  Nominally, four  a r e  made f o r  a  t o t a l  path length.  
of 60 cm. Upon re-entering the  housing through a window, the  beam i s  s p l i t  by. 
t h e  p a r t i a l l y  s i lve red  mirrors  indica ted  i n  t h e  drawing, and f i e l d  lenses  image 
t h e  entrance pup i l  on the  de tec to r s .  Four PbS de tec to r s  a r e  mounted i n  the  T- 
shaped de tec to r  block,  each i n t e g r a l  with an interferen.ce f i l t e r .  The de tec to r '  
assembly,. .consist ing of the  mounting block,  de tec to r s ,  de tec to r  masks and . in ter -  
ference  f i l t e r s  a r e  temperature control led  with a . ' thermoelectric '  cooler  i n  order 
t o  s t a b i l i z e  the respons iv i ty  of the  d e t e c t o r s  and the  pass bands of the  f i l t e r s :  

Figure 2 i l l u s t r a t e s  the  %nstrument. in block diagram.form. The PbS de- 
t e c t o r s  a r e  followed by the necessary s igna l . cond i t ion ing ,  d i g i t i z i n g  and in te r -  
f a c e  c i r c u i t s .  The test f a c i l i t y  a t  China Lake provides data  acqu i s i t ion ,  record- 
ing ,  and reduction.  

P r i n c i p l e  of Operation 

Idea l ly ,  the  instrument would u t i l i z e  three  absorption bands, each of which 
absorbs f o r  one of the th ree  gases,  and a four th  band, a  "window," absorbed by 
nonesof the  three.  None of the  four  bands would be absorbed by ambient atmos- 
pher ic  gases o r  water vapor. Addit ionally,  t h e  bands would be s p e c t r a l l y  ad- 
jacent  such t h a t  d i f f e r e n t i a l  e f f e c t s ,  f o r  example, those due t o  s c a t t e r i n g  and 
lamp temperature changes, would be small.  No such bands could be found f o r  
these  gases i n  t h e  v i s i b l e  and near inf rared.  There a r e ,  however, bands which 
a r e  absorbed s t rong ly  by one o r  two of the  hydrocarbons and less s t rongly  by 
t h e  o t h e r ( s ) .  There are a l s o  regions approximating windows, where t h e  absorp- 
t i o n  i s  small f o r  a l l  th ree  gases. 

Had i t  been poss ib le  t o  f i n d  i d e a l  absorption bands, it  would have been 
poss ib le  t o  der ive  gas concentrat ions from absorption da ta  i n  a c ~ m p u t a t i o n a l l y  
t r i v i a l  manner. The observed devia t ions  from t h e  i d e a l  lead t o  g rea te r  math- 
ematical  c o m p l e ~ i t y ,  

I n  a l l  of t h e  bands,studied ethane and pr0pan.e showed absorption proper tie^ 
which follow Beer's law: 

I = I exp ( -ace) 
0 

where I is t h e  i n t e n s i t y  of t h e  inc ident  l i g h t ,  I is the  transmitted i n t e n s i t y ,  
0 a i s  t h e  absorption c o e f f i c i e n t  (atm em) - I ,  c i s  the. gas concentrat ion (atm) , 

and i s ,  the  path length  (cm) . 
A t  s i x  of t h e  bands s tudied,  methane absorption a l s o  follows Beer's law, 

but  f o r  two bands s tud ied  the  absorption is described by an equation of t h e  
form . 

where B is a n  empir ica l  constant .  

L-2 



Figure 1. FBDR Conceptual Drawing 
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For mixtures of the  th ree  gases the  combined absorption i n  a given band j 
(j = 1, 2,  3, 4) is. described by a general  equation 

where c is  the  concentrat ion of methane and c and c a r e  the  concentrat ions 
1 2 3 

of ethane and propane respect ively ,  This general  equation is s impl i f i ed  by 
t h e  f a c t  t h a t  f o r  each band j e i t h e r  8 = 0 or  a = 0. Compensating f o r  

j j 1 
changes i n  lamp b r i l l i a n c e  and/or de tec to r  sensitivity is accomplished 
through a r a t i o i n g  technique. The band most c lose ly  approximating a window 
is designated "r'l 'and i s  used a s  a reference.  Thus 

Even though they a r e  non-linear, these th ree  simultaneous 'equations i n  
th ree  unknowns can be s o l v e d ' i n  closed form. The process e n t a i l s  f inding 
so lu t ions  of a cubic equation i n  one.unknown and then r e j e c t i n g  those s o l u t i o n s  
which make no physical  sense because they imply .a negative p a r t i a l  pressure  f o r  
one of the  th ree  gases. A simple i t e ra t ive 'me thod  of solving t h e  equations has 
a l s o  been demonstrated by computer. 

For convenient f i e l d  t e s t  and c a l i b r a t i o n  of t h e  instrument,  i t  is a l s o  
required  t o  have on-line so lu t ions  of these  equations. -The instrument support  
equipment w i l l  inc lude a microcomputer t o  ca lcula te ' the  concentrat ions of methane, 
ethane, ,and propane from the  absorption 'data supplied by t h e  .FBDR. Real-time 
opera t ion 2s not required  f o r  t h i s  support funct ion s ince  it is reasonable t o  
wait  f o r  severa l  seconds f o r  t h e  concentrat ion display.  . However, i t . m a y  l a t e r  
be required t o  process the  da ta  with a microcomputer i n  r e a l  time i n  which case  
f a s t  and simple' algori thms w i l l  be des i rab le .  

performance Requirements 

The TBDR used i n  t h e  F a l l ,  1 9 7 8 . s p i l l  tests performed w e l l .  The o f f s e t  
and gain  of the  ampl i f ier  were s t a b l e  but  t h e  rap id  sensor 'temperature change 
which occurred a t  t h e  incidence of the  cold LNG cloud caused t h e  responsivi ty  
of the  de tec to r s  t o  change rapidly .  The reference  channel cannot be  immediately 



u t i l i z e d  t o  c o r r e c t  f o r  t h i s  e f f e c t  s i n c e  the  d e t e c t o r  temperature c o e f f i c i e n t s  
a r e  no t  i d e n t i c a l .  An advantage of the  instrument,  however, i s  t h a t  such changes 
can be  c a l i b r a t e d  out  when a non-absorbing path again occurs. Since the  t e s t  
dura t ion  was s h o r t ,  it was poss ib le  t o  i n t e r p o l a t e  the  responsiv i ty  d r i f t  t h r o ~  
the  period of temperature change f o r  t h e  1978 spills. 

The performance requirements f o r  the.FBDR include immersion i n  the  LNG cloud 
f o r  much longer periods than .d id  the  e a ~ 3 i e r  ones. It is therefore  necessary t o  
s t a b i l i z e  the ' tempera ture  of t h e  PbS.detec tors .  To minimize the  average power 

0 required,  the  opera t ing  temperature,was s e l e ~ t e d ~ t o  be  20 C. A lower temperature 
would. have r e s u l t e d  i n  b e t t e r  noise  performance but  t h e  spiil instrumentat ion 
system i s  power l imi ted  because of p o r t a b i l i t y  requirements and the  2 0 ' ~  temper- 
a t u r e  r e s u l t s  i n  s u i t a b l e  performance. Table I is  a summary of o ther  performance 
requirements of the  FBDR. 

FBDR PERFORMANCE REQUIREMENTS SUMMARY 

LNG vapors measured 

Measurement threshold 

Range 

Accuracy 

Measurement output  during s p i l l  

Sampling r a t e  

Me thane 
Ethane 
Propane . 

0.4% volume of any of t h e . t h r e e  vapors 

Threshold t o  50% volume 

0.2% o r  10% of concentrat ion,  which- 
ever is  g r e a t e r  

Seven 16 b i t  words per  meas~ceaienr 

10 measurements per second 

Operating temperature range i n  -5 t o  +60°c i n t e r n a l  temperature 
c a l i b r a t i o n  ' 

. . Tota l  power (sum of mast mounted 25 watts maximum 
sensor and su r face  chass i s )  

Mass of mast mounted s e n s o r .  . 1.8 kg 

Absorption region length  15 ern 

' . 4  Number of passes i n  absorpt ion  ' region * 

I n t e r f e r i n g  gases I Performance of t h e  instrument w i l l  
: not b e  degraded by the  normally presen 

atmospheric gases (02, 
and water vapor below 



Design Considerations 

The LNG s p i l l  s i t e  system is designed t o  allow maximum p o r t a b i l i t y  f o r  
rapid compliance t o  changes i n  wind d i r e c t i o n .  The FBDR w i l l  be mounted on 
l i g h t  weight masts and operated from b a t t e r i e s .  For t h i s  reason, i t  is  im-  
por tant  t h a t  t h e  instruments be l ightweight ,  of small  c ross  sec t ion ,  and 
have low power requirements. It is  expected t h a t  the  weight es t imates  i n  
Table I w i l l  be met and t h a t  t h e  instrument power w i l l  be l e s s  than t h a t  
shown i n  the  t ab le .  

The sensor output  s i g n a l  i n  t h e  absence of absorbing gas i s  a 10 v o l t  
square wave d e f l e c t i o n  from each d e t e c t o r  corresponding t o  the  d i f fe rence  
between the  f u l l y  i r r a d i a t e d  and the  dark de tec to r  a s  the  chopper blade 
r o t a t e s .  A small  amount of gas i n  the  absorption region reduces the  ampli- 
tude of t h i s  s i g n a l  i n ' p r o p o r t i o n - t o  the  f r a c t i o n a l  absorption.  Thus, t h e  
infobnation is  i n  the  form of the  d i f fe rence  between two l a r g e  s igna l s .  The 
demodulator r e j e c t s  the  DC component of the  s i g n a l  and accura te ly  y i e l d s  the  
d i f fe rence  s i g n a l ,  propor t ional  t o  absorpt ion ,  which may be a s  small a s  one 
:part i n  1,000 of f u l l  s c a l e  a t  the  threshold of the  instrument. Although 
the  s i g n a l  processing task  and the  requi rements . for  de tec to r  s t a b i l i t y  a r e  
demanding, the  technique has  the  advantage t h a t  the  e f f e c t s  of d e t e c t o r  noise  
a r e  small i n  the  presence of t h e  t h e  l a r g e  i r r ad iance  ava i l ab le  from the  
tungsten lamp. The ca lcu la ted  s i g n a l  t o  no i se  r a t i o ,  based upon a ' d e t e c t o r  
NEP of 1.2 x 10-11 watts/Hz m, is  lo4  f o r  t h e  5 Hz bandwidth required f o r  
t h e '  10 measurement per  second sampling r a t e .  This S/N has  been v e r i f i e d  by 
labora tory  measurements. 

Numbeh. 0 6  ~ ~ e c t m 4 :  
. .. . 

The temptation i s  s t rong  t o  use a s i n g l e  de tec to r  and sample t h e  four  
bands ' s equen t i a l ly .  This opt ion  has n o t  been exercised because nonsimulta- 
n e i t y  of sampling coyld r e s u l t  i n  some complex form of a l i a s i n g  i f  the  
turbulence spectrum of t h e  cloud conta ins  appreciable  energy a t  frequencies 
g rea te r  than one ha l f  t h e  sampling frequency. Lacking a d e t a i l e d  knowledge 
of t h e  cloud turbulence, . the sampling of the  four  bands has been kept simul- 
taneous, obvia t ing  p o t e n t i a l  problems e x t e r n a l  ' to  the  - instrument 'design. '  The 
instrument output  is  thus  r ep resen ta t ive  of t h e  gas composition a t  the  t i m e  
of the  sampling. Of course,  a l i a s i n g  is s t i l l  poss ib le  i n  t h e  reconst ructed  
waveforms but  t h e  ind iv idua l  measurements w i l l  be c o r r e c t .  

The ambient temperature seen by t h e  instrument housing w i l l  vary from an 
extremg high a t  4 7 ' ~  ( t h e  record high temperature a t  China Lake) t o  a low 
of -20 C wi th in  t h e  LNG cloud. The i n s s l a t i o n ,  ground e f f e c t s ,  and 
d i s s i p a t i o n  f u r t h e r  in f luence  the  sensor  temperature. A hhermal a n a l y s i s  
i n d i c a t e s  t h a t  t h e  maximum housing temperature w i l l  be 60 C and t h a t  response 
o f ' t h e  housing t o  t h e  cold  LNG'cloud w i l l  be  moderately f a s t  ( ~ 2 5  minutes). 



Based upon t h e  temperature c o e f f i c i e n t  of responsiv i ty  of the  PbS 
d e t e c t o r s  of ~ % / O C  (2) and .a  requirement t h a t  t h e  r e l a t i v e  s e n s i t i v i t y  of 
the  four  channels remain constant  t o  one p a r t  i n  5000 to.meet  the  threshold 
and accuracy requirements, the  de tec to r  temperature must be he ld  s t a b l e  t o  

0 approximately 0.005 C throughout t h e  ambient temperature range for.unmatched 
de tec to r s .  This requirement may be relaxed.;by'an order  of magnitude by 
matching de tec to r s  and even f u r t h e r  i f  s e n s i t i v i t y  ' is s a c r i f i c e d  f o r  opera t ion  
i n  fog. The de tec to r  thermal c o n t r o l  c i r c u i t  must a l s o  meet t h i s  s t a b i l i t y  
requirement a s  the  housing temperature passes through t h e  con t ro l  temperature 
and t h e  junction c u r r e n t  d i r e c t i o n  is  reversed t o  switch between t h e  cooling 
and 'hea t ing  modes. A.thorough program t o  t e s t  t h i s  con t ro l  was planned with 
an engineering model of the  sensor. The e f f e c t  of ambient temperature on 
lamp radiance was a l s o  inves t iga ted . .  



The following sections describe FBDR development testing and design 
verification a c t i v i t i e s  that  have taken place since August 1979. 

FBDR ENGINEERING MODEL 

The IPBDR engineering model shown i n  Figure 3 has been designed and 
fabricated based upon the considerations presented above. The fabrication 
and assembly was completed i n  January 1980 and test ing of the uni t  has 
proceeded. 

The instrument is operating routinely a t  signal-to-noise ra t ios  (measured a t  
the &modulator output) of approximately the design value which is required t o  
give accuracy of gas measurement beyond the limits of flaannability of the three 
gasses of in teres t .  The thermal control servo system has been demonstrated to  
maintain q e  temperature of pe four lead sulf ide detectors a t  the control temper- 
atuze (+20 C) to within 0.03 C through the ambient temperature range of -20 t o  
+60 C. This level  of control coupled w i t h  the use of detectors with matched 
responsivity coefficients (% ARP C) gives :adequate control of responsivity non- 
l inea r i t i e s  between the four detectors so as  not to  be a l imiting factor i n  the 
system's performance. 

The Engineering Mdel has been wed to  col lec t  absorption data for  methane, 
ethane, and propane a t  gas-to-air ra t ios  of approximately 5, 15,,and 30% a t  s i x  
wavelengths that  appeared most promising i n  the breadboard testing. Additional 
detailed calibration data wil l  be taken to  extend the range of the absorption data 
base since the absorption characteristics a t  some wavelengths are non-linear and 
must be determined experimentally rather than by simple applications of Beer's 
Law. Final analysis of these results w i l l  culminate i n  the selection of the f ina l  
four wavelengths t o  be employed i n  the FBDR f i e l d  units and the necessary calibra- 
tion coeff ie ients  f o r  data reduction during the LNG Sp i l l  Tests. 

Data analysis algorithms and supporting software have been wri t ten t o  reduce 
the instrument data t o  gas concentration. Considerable e f fo r t  has taken place to 
develop sui table mathematical relations to  resolve individual gas concentrations 
from the complex functional form tha t  is taken by the absorption character is t ics  
of the three gasses. The resul t ing software w i l l  enable a snicroprocessor with 
limited speed and memory capability t o  carry out data reduction i n  near real- 
time. These program are  being used successfully to  reduce Engineering Model 
data output and w i l l  be incorporated in to  the design of the on-board microprocessor 
system of the Support and Calibration Equipment (SCE). The SCE w i l l  then be used 
i n  the f i e l d  to  reduce t e s t  data during calibration verification. 

The analog-to-digital conversion, multiplexing and interface c i rcu i t s  have 
been integrated in to  the system and design verif icat ion is  proceeding. Prelimin- 
ary test results indicate acceptable performance . 





An add i t iona l  i n t e r f a c e  t o  a dedicated mini-computer system has been worked 
t o  allow automated da ta  acqu i s i t ion  and reduc t ion .un t i1  the  SCE is opera t ional .  

Full-up system l e v e l  t e s t i n g  of the  Engineering Model instrument was begun 
the  week of Apr i l  7 ,  1980. 

FBDR PRODUCTION PROTOTYPE 

A production prototype w i l l  be b u i l t  a s  a f i n a l  v e r i f i c a t i o n  of design 
changes r e s u l t i n g  from Engineering Model t e s t i n g  and e f f o r t s  t o  make instrument 
production more economical. 'It w i l l  be used f o r  f i n a l  system i n t e g r a t i o n  t e s t i n g  
and be the  f i r s t  u n i t  a c t u a l l y  used i n  the  f i e l d  a t  China Lake. 

The d e t a i l e d  opto-mechanical design of the  prototype sensor has  been completed 
and the  fabr ica t ion  of o p t i c a l  and mechanical components of the  system has  begun. 

. . 

. Only s l i g h t  d i f ferences  exist i n  the  o p t i c a l  design of the prototype from 
t h a t  of the  Engineering Model. A computer-aided ray-based ana lys i s  of the  o p t i c a l  
design was c a r r i e d  out  t o  optimize the, system throughput a t  the  wavelengths of . . 

i n t e r e s t  and t o  e s t a b l i s h  t h e  l e v e l  of manufacturing to lerances  required  t o  most 
economically m e e t  the  performance requirements. The alignment c r i t e r i a  f o r  .as- 
sembly of the  Prototype and Production Units were determined. The design has a l s o  
been modified t o  give decreased s e n s i t i v i t y  t o  v ib ra t ion  and misalignment which 
might occur d u r i n g - t r a n s p o r t  and handling as. the  instrument s t a t i o n s  a r e  repo- 
s i t i o n e d  i n  the f i e l d  ar ray .  Heaters have been incorporated on,.the..e.xposed o p t i c a l  
surfaces  t o  minimize the  p o s s i b i l i t y  of fogging a t  these  surfaces. when the  ins t ru -  
ment r een te r s  a warm ambient environment a f t e r  being'enveloped i n  t h e  cold  LNG 
cloud f o r  some period of time. 

The modificat ions t o  the  e l e c t r o n i c  design a r e  a l s o  s l i g h t .  Additional band- 
width l i m i t i n g  i n  t h e  s i g n a l  conditioning c i r c u i t r y  a s  we l l  a s  more 'precise f re -  
quency c o n t r o l . i n  the  chopper and demodulator have been designed t o  give added 
r e l i a b i l i t y  and performance margin t o  the  FBDR system. Fiilal e l e c t r o n i c  packaging 
design (p r in ted ,wi r ing  board layout,  e t c . ) . h a s  begun. 

Final  assembly and acceptance t e s t i n g  of the  Production Prototype Unit is 
scheduled f o r  e a r l y  ~ u n e  1980. System i n t e g r a t i o n  t e s t i n g  with Lawrence Livermore 
~ a b o r a t o r i e s  da ta  a c q u i s i t i o n  system w i l l  be c a r r i e d  ou t  i n  mid-June a t  the  China 
Lake LNG S p i l l  Test F a c i l i t y .  

Design, assembly, and test of the  micro-processor based SCE is  scheduled t o  
be completed i n  t i m e  f o r  use during the  prototype in tegra t ion  t e s t i n g  a t  China 
Lake. 

PRODUCTION FIELD UNITS AND SUPPORT OF FIELD TESTING 

After  system in tegra t ion  and o v e r a l l . d e s i g n  coi igetabi l i ty ,wi th  the.perfdrmance 
requirements and t h e  Livermore system have been v e r i f i e d ,  production of t e n  f i e l d  
instrument systems w i l l  begin. The completion and i n t e g r a t i o n  of the  ten  f i e l d  
u n i t s  i n t o  the  China Lake System ready. t o  support  the  LNG S p i l l  Tests  is cur ren t ly  
scheduled f o r  e a r l y  September 1980. 



JPL plans t o  propose providing add i t iona l  f i e l d  support  and ass i s t ance  i n  
d a t a  reduction and ana lys i s  f o r  the  s u b s e q u e n t ' s p i l l  .test cycles.  Addit ionally,  
whi le  no hardware has  been incorporated,  space has  been a l l o t t e d  tn 'the ground 
e l e c t r o n i c s  enclosure  t o  allow integra t . ion  of a microprocessor t o  do rea l -  
. t i m e  d a t a ' r e d u c t i o n  f o r  t h e  FBDR system i f  t h a t  development 'effort  is  funded. 
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SUMMARY 

. . 1  , 

This report presents the performance goals, design considerations, and 
physical details of the miniature infrared absorption sensor being developed 
for the U.S. Department of Energy's Liquefied Natural Gas Spill Safety Program. 
The sensor is lightweight, battery-powered, portable, self-contained,'and able 
to interface readily with large-array data systems. Essentially a precision 
infrared differential spectrometer capable of operating over the full range 
of gas concentrations expected in the spill diffusion tests, the sensor is 
expected to cost less than $7,000 per unit. The present design of this 
open-cell, fast-response sensor allows it to measure two components, but 
it can be modified to measure additional components at a reduced sampling 
frequency. To minimize temperature effects and power consumption, the sensor 
has a single-source, single-detector design which includes a rotating chopper- 
filter wheel. A CMOS microprocessor interfaced with a fast arithmetic chip is 
used to linearize sensor output and correct for component interference. 

INTRODUCTION 

Our purpase in this effort has been to develop a small,.portabl.e, 
accurate gas sensor for array deployment during LNG spill dispqrsion tests, 
capable of operating over the full range of expected gas concentrations and 
within the.extremely dense fogs created when liquid methane (-164'~) comes 
in contact with humid air and liquid water. Goals are to meet all requirements 

- with ;a sensor that can be produced inexpensively and adapted easily to other 
. .  . purposes, such as monitoring other gases with mid&le-infrared absorption bards. 

.'-.This .development is a significant step forward in the state of the art of ir 
. .hydtocarbon sensors and should find significant application,. for example, in 
oilfield and refinery pollutant monitoring, where such gases are generated. 

The sensor described here is a direct evolution of the miniature portable 
C02 sensor developed by this ~aboratoryl with funding from the National 
Science Foundation (Grant DEB 77-16327) and the DOE carbon dioxide program 
(RPIS 003032). ' It uses the same design philosophy and many of the components 
previously developed for these program. . A  prototype C02 sensor modified 
to sense methane was successfully demonstrated in the LNG spill tests at the 
U. S. Naval Weapons Center, China ' Lake, during September and October 1978.2 



OPERATIONAL DESIGN GOALS 

The LNG sensor must be battery-powered and small enough for several such 
devices to be mounted on a lightweight, portable, aluminum mast. It must 
,operate in an explosive atmosphere and maintain its sensitivity and accuracy 
in the presence of extremely cold, dense fog in which it must function for up 
to 20 min. Sensor optical elements should not.have to be cleaned after each 
test but can be covered between tests to protect them from rain and windblown 
sand.. Optical coatings should be hard enough to withstand nonabrasive 
scrubbing without loss of transmission or reflection. Image sizes on optical 
surfaces should be large enough not to be significantly degraded by a single 
large water droplet. 

The sensor electronics, not included in the optical head, must reside in 
' 

the same electronics enclosure as the tower data. acquisition and transmiss ion 
system, whose power and communications facilities are. used by the sensor. 
Each sensor must also be capable of independent operation without the data 
station or the other sensors. Provision must be made for local and remote 
control, front panel control and display, and an internal status monitor. 
Specific operational design goals are as follows: 

0. Battery power: less than. 15 W total. 
Warmup time: fast. (<5 min),. 
,Capability: multigas: methane and ethane-propane (0.1-100% methane, 
0.1-25% ethane-propane). 
Sampling rate: 5/s per channel. 
Optical unit weight: less than 1 kg. 
Total optical sensor head volume: <SO0 cm3. 
Output: linearized in % concentration. 

SENSOR WAVELENGTH CONSIDERATIONS 

Methane and several other atmospheric gases have strong absorption bands 
in the near- and middle-ir regiona3 Methane has infrared absorption bands 
at 2.4, 3.4, and 7.7 pm.(see Fig. 1). Since strong water vapor and nitrous 
oxide absorption bands also occur in the 7.7-pm region, ,we considered only the 
2.4 and 3.4 pm regions. Two other spectra-dependent absorption characteristics 
become apparent from comparable. in£ rared spectrometer scans for the major 
components of natural gas in these two absorption regions (see Figs. 2 and 3). 
First, percent .transmission in the 3.:4-pm band is significantly lower for each 
gas than in the 2.4-pm band. Second, component separation is.much cleaner in 
the 3.4-pm band, where methane and ethane enjoy areas of nearly independent 
absorption. Figure 1 also shows that a water vapor absorption band exists' 
on the short-wavelength side of the 3.4-pm methane band, and long-path 
measurements indicate that some water vapor absorption occurs coincident with 
methane and ethane because of the tail of this band. However, at the short 
path lengths used in this sensor, these effects should be small and can be 
measured and corrected for as part of the differential scattering correction. 

The requirement that the sensor operate in dense fog also affects our 
choice of wavelength. Fot clouds and mature, fogs, transmission is nearly 
independent of wavelength (see Fig. 4 )  .4 That is because the particle 
distributions in these fogs show a wide range of droplet sizes, with a peak' 
concentration at a radius of about 3 pm and with a significant number of much 
larger particles (see Fig. 5). The large droplets form over tens of minutes 
by the dollision of smaller droplets. In the dispersion tests, however, 
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FIG. 1. Low-resolution comparison. of absorption i r  spectra showing methane vs 
other major atmospheric gases. (From Fig. 6-59, p. 228, of .Ref .' 3 . )  
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FIG. 2. Methane, ethane, and propane transmission in region of their 2.4-vm absorption band. Data 
are for 100% concentrations in a 1-mm cell. 
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FIG. 3. Methane, ethane, propane., arid butane transmission i n  region of their 3.4-vm aForpt ion band. .; 

I Data are for 100% concentrations i n  a 1-mmcell. . . 



Wavelength - prn , 

10: 

F 
I 
E l  
3 
I  

C, 
c 
al .- 
0 

al 

O lo0' 0 
c 
0 .- 
C, 
0 
c .- 
C, 
X 

10'- u 

Wavenurnber - crn-' 

FIG. 4. Attenuation of radiation due to broad spectrum aerosol. (From Fig. 33, 
p. 79, of Ref. 4.) - .< 

3 10' 
0 - 
C' 

1 02 I I  I I  1 1 1 . 1  I I  
0.25 0.5 1 2 3 4 5 6  8 1 0  

io2 
20 30 

I I 99 

ae 95 - - 
1 90- 
C 

O 80- % 70- 
, E 
2 50- 

30- 
10 - 
1 - 

0.1 - 

.Particle radius - prn 

FIG. 5. Cloud droplet size distribution 
typical of that in cumulus clouds and in heavy 
mature fogs. (From Fig. 34, p. 80, of Ref. 4.) 

I I I . I  I I I 

. . 

rr C~P'  - 

I k r n  

10-2 

10-1 

10' 



individual droplet half-lives will probably be of the order of a few,minutes,. 
and the peak will probably be at a significantly smaller ratio. 'Laboratory 
measurements of new fogs created using liquid nitrogen and water show very 
?w, if any, particles larger than 1 pm in radius. Since no measurements have 

,sen, made of the number density and size distr.ibution under open-air spill 
conditions., we are. forced to assume that fogs in open air .will be similarly 
composed . 

If we assume that the fog will be composed largely of ice.crystals smaller 
than 1 pm in radius, differential scattering becomes important.. If we assume 
that the size distribution in new fog can be approximated by an atmospheric 
aerosol. model5 s h o k  in Fig. 6, then both differential scattering7 and 
aerosol absorption. (largely water absorption; see Fig. 7) favor operation 
(i. e., higher transmission) . at the 3,. 4-vm wavelength. From an optics 
,standpoint, an instrument operating on the 2.4-pm band is cheaper to build, 
because it can use readily available glass lenses and an incandescent source. 
However, the long paths demanded at this wavelength are'incompatible with .the 
requirement for operating in the fog. For this reason, we have chosen to . 
design our instrument to operate on the 3.4-pm absorption band. 

Figure 3 shows that areas of semi-independent absorption for' methane 
'and ethane occur in the 3.4-vm band. In. the 3085 cm-1 (3.24 m) region, ,. 
moderate methane absorption occurs, while ,ethane absorption is. weak. A region 
very sensitive to ethane with only weak methane and. propane absorption occurs 
at 3030 c m l  (3.30 pm); A sensor with approximately equal sensitivity to 
ethane and propane can be built using a filter operating at. 2900 cm-1 
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FIG. 6. Aerosol size distribution typical of 
continental aerosol, which may also be similar . 

to that found in cryogenically created young , 

fogs. (From Fig. 1, p. 11, of Ref. 5.) 



, (3 .45  pm). However, absorpt ion  of  each spec ies  is not  t o t a l l y  independent i n  
any of  these  areas ;  a t  high concentra t ions ,  t h e  ethane t a i l  in t rudes  i n t o  t h e  
3085 c m - l  a r e a  (see Fig. 8 (a) ) , and methane absorpt ion  becomes s i g n i f i c a n t  
i n  t h e  3030 and 2900 c m - l  regions (see Fig. 8 ( b ) ) .  

To normalize t h e  o p t i c a l  system f o r  component'.and e l e c t r i c a l  d r i f t  and 
f o r  a t t enua t ion  by fog,  w e  need a reference  wavetength not  a t t enua ted  
s i g n i f i c a n t l y  by any of t h e  n a t u r a l  gas components. Because of t h e  water 
vapor band on t h e  s h o r t e r  wavelength s i d e ,  we have chosen our measurement 
r e fe rence  a t  3.85 pm. It is necessary to move t h i s  f a r  from t h e  3.4-vm band 
because of s i g n i f i c a n t  absorpt ion  by propane and butane a t  wavelengths close 
to our measurement wavelengths. The problem with e s t a b l i s h i n g  reference  and 
measurement wavelengths s o  f a r  a p a r t  a r i s e s  from d i f f e r e n t i a l  s c a t t e r i n g  from 
ae roso l s  i n  t h e  measurement path.  For p a r t i c l e s  much smal ler  than t h e  
wavelength of  i n t e r e s t ,  d i f f e r e n t i a l  s c a t t e r i n g  v a r i e s  a s  1-4 (Rayleigh 
s c a t t e r i n g ) .  For p a r t i c l e s  of t h e  same order as t h e  wavelength, it va r i e s  a6 

(Mie s c a t t e r i n g ) .  Since t h e  fog p a r t i c l e s  w i l l  have some d i s t r i b u t i o n  
and w i l l  approach t h e  same order as-the wavelength as t h e  fag grows, w e  expect  
s c a t t e r i n g  and absorpt ion  t o  a f f e c t  our system somewhere between these  values. 

To a d j u s t  f o r  any d i f f e r e n t i a l  s c a t t e r i n g  t h a t  may occur i n  t h e  system, 
t h e  sensor includes a second reference  f i l t e r ,  I m a t e d  between the  water 
absocption band and the  methane band a t  about 3.05 v m  (3280 c m - 1 ) .  The use 
of t h i s  f i l t e r  is described below. Since some water vapor absorpt ion  a l s o  
occurs a t  t h i s  wavelength, the  f i l t e r  can a l s o  be used t o  correct t h e  
measurement r a t i o s  f o r  changes i n  background water vapor concentra t ion  
occurr ing  during t h e  spf  11. 

Wavelength - pm 

Wavenumber - cm-' 

FIG. 7. Effec t  of atmosphere ae roso l  d i s t r i b u t i o n  on i r  extens ion i n  mid-ir 
region. (From Fig. 2, p. 14 ,  of Ref. 5. ) 



FIG. 8. High-resolution transmission spectra for methane and ethane 
concentrations in area of filters that will be used to determine their 
concentrations : (a) 3.24-1. filter for methane concentrations; (b) 
3.48-~rn filter for ethane concentrations.. 



The thick fog associated with the spill will greatly reduce the total power 
reaching the detector at all wavelengths. In controlled experiments using 
boiling water over liquid nitrogen, scattering coefficients have been 
observed6 for 3.39-vm radiation as high as 0.34 cm-1. Therefore, the 
sensor must have enough dynamic range to make accurate measurements when more 
than 60% of the radiation transmitted from the source has been lost due to 
scattering out of the beam. Inaccuracies caused by the change in path length 
because,of scattering out of the beam and then scattering back into the 
collection aperture can be minimized but not totally eliminated. Cryogenically 
generated fogs easily qualify as multiscattering media. 

Fortunately., high fog concentrations ace also associated with ,high 
methane concentrations and, in areas where fog is expected, the sensor path 
length can be.shortened by, an order of magnitude and still meet performance 
specifications. Two easily interchangeable optical aborptisn cells have baen ' 

de~igned for the senSor, one with a 25-cm absorption path length and the other 
with only 2.5 can. 

MEASUREMENT STRATEGY 

To make accurate measurements under these adverse conditions, the full 
power of the system microprocessor must be used. To allow for correction of 
as many effects as can be physically identif Led and measured, ' a high-speed 
calculator chip, the AM9511A, has been interfaced with the CMOS microprocessor. 
The combination of microprocessor arid. arithmetic chip can handle the 
logarithmic and power law calculations fast enough to allow for conversion of 
each individual data point before averaging. This is important since a scheme 
that aver ages the absorption measurements before' linearizing is taking a 
linear average of a lag-varying function, which can lead to serious 
measurement error in a rapidly varying function. 

The anticipated measurement sequence is as follows : 
1. Voltages (Vi) representing transmission through the three measurement 

filters and the reference filter in the optical head are transferred to the 
microprocessor. These.values .are determined in this order: reference 
measurement, fog and water vapor measurement, methane measurement and ethane 
measurement. (A sensor providing four'samples/s could also measure propane. 
The' propane filter would be scanned last. ) 

2. The .transmission voltages are then multiplied by a normalizing factor 
to correct for variations in transmitted power caused by f iltei ,bandwidth and 
differential source emi.9~ ion. This factor, Ti , is de'termined empirically 
with no gas or fog present in .the absorption path. 

3. Transmission ratios are made for each adjusted measurement with the 
reference, resulting in three new values: 

Vf/vr = rf; V&vs = rm: Ve/vr = re- 
4 -  The 'measurement ratios (rm, re) are corrected Lor differential 

scattering from fog and for water vapor effects, using empirically determined 
multiplicative factors , Fm and Fe. These constants , specific for each gas 
measurement filter ratio, are determined empirically by using the sensor 
prototype in a chamber with various aged, cryogenical.1y generated fog 
concentrations. The constants are s.tored in a look-up table, the proper value 
being determined by the corrected transmission ratio of the fog and reference 
filters . 

5. The scattering-corrected methane and ethane ratios (ti') are put 
into a linear algebra routine to correct,for mutual interference absorption, 



yielding a pair of totally corrected ratios (R, and R,) ready to convert 
to concentration. Since the constants used in the linear algebra routine are 
not really constants but vary with concentration, empirically determined sets 
of coefficients are stored in a look-up table accessible by using the value of 
the ethane ratio. (re') and the methane/ethane .ratio (rmv/rev) . 

.6. Linearization algorithms are now applied to the final corrected 
ratio. We expect these routines to resemble those used to determine the 
methane concentration from measurements by the initial (CO*)' prototype at 
China Lake in 1978. That expression took the form 

The microprocessor with the AM9511A should be:able to perform these 
calculations in 30-50 ms., well within the 200. m s  available between samples. 

7. Once the logarithmic and'pawer law operations have been removed from 
the data, true averages and other' linear statistics can be obtained. This 
work could be performed by the sensor's processor or sent to the data system 
for development. 

LNG SENSOR DESIGN 

To achieve the above goals and measurement strategy, the LNG sensor ,is 
designed in two packages: a small, lightweight optical head assembly'and the 
electronic control and processing unit. We intend that no reference voltages 
be present in the cable connecting these packages. For this reason the optical 
.head, which is about the .size.of a 12-oz soft drink can (see. Fig. 9), contains 
several electronic circuits.' The long-path absorption cell adds about 8 cm to 
the length of the optical head. 

The physical layout of the electronic control and processing unit is not 
settled yet, pending completion of the tower data acquis ition sys tem design. 
The prototype unit will use a single plane wire-wrap format with display and 

. keypad on the same plane as the microprocessor. Two-way communication with 
the tower data station processor is expected to start, stop, and possibly 
change the averaging time of the LNG sensor. 

Optical Head ~rrangement 

Figure 10 shows the main mechanical and optical components of the LNG 
sensor. The key to success of any low-power miniature ir sensor is its . 

source. Two years of joint Lawrence Livermore Laboratory and industry effort 
have gone into the present source design. Light.bulbs aren't efficient mid- 
infrared sources. Laser system, when available, are large, power-hungry, 
and difficult to maintain in the field. The most efficient available 
source is a blackbody radiator. Blackbodies have large source areas, high 

emissivity, and can be made quite small. They are stable over long periods 
and can be accurately controlled. However, they typically lose a'lot of heat 

I to their sur.roundings. Our main challenge has been to insulate the small 600 
to 1000'~ slug that forms the blackbody radiator from the rest of the 
electromechanical system: the better the insulation, the lower the power 
consumption of the source and the cooler the rest of the package. 



' PIG. 9. Concept drawings o f  o p t i c a l  head assenbly showing large-, and short- 
path absorption c e l l s .  The cover over the head assembly i s  about 

. the  s i z e  of a 12-02 s o f t  ,drink can. 



FIG. 10. Main mechanical and optical components of optical 'head assembly: 
(a) 25-cm folded-path absorption cell for low concentrations; and (b) 2.5-cm 
absorption cell, using a nonabsorbing prism, for use at higher concentrations. 

I :  



Our present source design uses an inverted quartz-glass vacuum Dewar with 
a small'hole in the bottom for radiant emission. This device uses about 50% 
less power than the source used during the 1978 China Lake tests. The Dewar 
has a 28-m O.D. and is about 45 mm long. Radiation is emitted in an f 1.3 
cone through a thin sapphire window. The window, epoxied to the outside of 
the Dewar, is easily changed; it prevents any low-temperature condensibles 
emitted from the source from contaminating the main collecting lens and 
minimizes convective cooling of the blackbody cone. 

The main collecting lens gathers source radiation at f 1.5 and transmits 
it to the first relay mirror at f 4.0. From this mirror, the radiation is 
reexpanded to lens size and reflected off a spherical mirror polished into the 
top of the sensor. From this point, it is refleoted to a second relay mirror 
adjacent to the first and then through a second collection lens on the head. 
This lens focuses the f 4.0 beam back to an f 1.5 cone and linages the 1-mm2 
source area on the rotating chopper-filter wheel. Leaving the filter wheel 
the expanding cone, is apertured to remove stray light and refocused on the 
detector's active area. Computer ray traces of the optical system indicate 
that the system is nearly diffraction-limited, providing an almmt perfect 1:l 
imaqe of the source onto the detect~r. 

With the long-path absorption cell, the smallest image outside the can is 
the diameter of the relay mirrors (1.2 cm). Using this inverted-white-cell 
design greatly reduces the effect of large droplet concentration on mirror 
reflectivity. The mirrors in the long-path cell are nickel-coated aluminum 
with a hard gold overcoat. 

Where significant fog concentrations are expected, the long-path cell is 
supplanted by the short-path 2.5-cm cell, which is basically a nonabsorbing 
bridge between the two lenses on top of the LNG sensor. Radiation enters the 
prism 1.25 cm above the output lens is reflected internally through the prism 
and then back into the optical sensor head. To minimize liquid water effects, 
a fine wire-mesh screen could be put around the optical bridge to cause 
particle collisions and prevent large droplets from entering the absorption 
path. The minimum beam size with the short-path cell is about 2 an. A 
photograph of the LNG prototype sensor with both the long- and short-path 
absorption cells is shown in Fig. 11. 

The optical head could be protected by an inexpensive fire-protection 
system: an insulated can on a vertical rail above it. If the can were 
suspended by a law-temperature-fuseable link, fire melting the link would drop 
it down over the head, protecting the head from radiation and short exposures 
to flame.. 

EleCtr ical bes i'gn 

As noted, the first design principle is absence of voltage-critical 
signals on the cable between the optical head assembly and the electronic 
control and processing unit, so the cable length can be varied. The 
electrical design has three other governing principles : 

To digitize the detector signal as close to detector as possible. 
To use CMOS components to reduce power consumption and volume. 
To design for long life, low maintenance, and high stability. 

Figure 12 is a block diagram showing circuits and electrical relationships 
between the optical head assembly and electronic control and processing unit. 



FIG. 11. LNG prototype sensor showing electrooptical compartment and both 
long-path and short-path external sample cells. Cap screws over short-path 
cell to eliminate absorption in path between two optical wedges. 
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t ical  Head Electronics. In t h i s  assembly are expected to  be the motor 
wntrol, f i l t e r  synchronization circuit,  and source control circuits, i n  
addition to  the detector and amplifier circuits. A photograph of the LNG 
prototype sensor wi th  the long-path cel l  attached and w i t h  the electronic 
compartment uncovered is shown i n  Fig. 13. 

Detector. Being used i n  the prototype is a 1- x 1-mm pyroelectric 
detector marketed by Molectron (Model P171). This detector is mounted i n  a 
T-05 can that also contains a law-noise 1012-Q resistor and a law-noise 
J-FET, providing the f i r s t  stage for the preamplifier . I n  t h i s  configuration, 
the detector response is limited to a signal frequency of about 20 Hz. While 
a lead-salt detector can be chopped a t  a higher rate, the PbSe detector must 
be therraoelectrically cooled, greatly increasing the sensor power and adds to  
the 'heat dissipation requirements of the optical head. 

FIG,  13. Prototype LNG sensor with electrooptical compartment cover removed. 
Stepper motor and drive circuit are clearly visible, along with chopper-filter 

reel. Long-path absorption cel l  is shown on sensor. 



Amplifier-Filter Section. A single detector-amplifier section is used so 
that electronic drift is ratioed out of the measurements. The amplifier rakes - 
the detector outpui voltage from the millivolt level to the full range of the 
analog-to-digital (A/D) converter (10 V) . Out-of-band noise suppress ion is 
achieved by a "gated-integration" amplifier and filter. 

Peak-Detecting A/D Converter. The amplifier is follawed by a peak- 
detector sample-hold circuit. The peak detector is reset by a zero-crossing 
circuit and tracks the amplifier signal unit it peaks. At this point, the 
peak detector holds the signal level until a conversion-complete signal is 
received from the A/D converter, which is a 12-bit CMOS single-chip converter 
made by Beckmann (7556 MCU) and having both series and parallel ouiputs. 

Filter Synchronization Circuit. A LED/photo transistor pair and a hole 
in the filter wheel are used to synchronize the signal processor with the 
proper filter. A simple pattern-recugnition routine in the processtor ccwrld he 
wed on initial startup and would suZfiCt2 if the signal were never totally 
loet. In dense fog, unfortunately, the passibility exists for completely 
attenuating the signal; hence, the need for positive synchronization. 

-1 

Mntor Speed Controller. Because of detector sensitivity to chopping sate 
changes, the chopper motor must run constant to within 0.1-0.01%. The speed 
control monitors motor speed and provides the high initial current needed for 
startup. 

Source Controller. This unit is a two-wire, constant-resistance, 
proportional controller regulating the source to *l°C. The source temperature 
can be adjusted from 600 to 1000~~. 

Electronic Control and Processins Package. This package, as n~ted, will be 
physically located within the tower data encloeure. It draws power from the 
data-station battery and communicates through the data-station processor. * 

Microprocessor. An RCA 1802 microprocessor controls the sensor, 
linearizes and separates its output, and monitors its status. The processor 
comunicates with the optical head through the serial interface and with the 
data-s tation processor through a separate, yet to be defined, interface. The 
processor uses CMOS RAM and EPROM to minimize power consumption. 

Arithmetic Processor. An AM 9511A fast-arithmetic processing chip is 
interfaced to the microprocessar to expedite computations. The combination is 
easy to program and can do number-processing at rates approaching those of 
larger machines. Since the arithmetic processor consumes 1.7 W when in 
operation, a circuit has been developed to turn the chip an and off quickly. 
The chip can be pawered up to one microprocessor cycle, 

Display. A liquid crystal display is provided for field calibration and 
checkout. A small key gad or series of switches will be included on the front 
panel to permit field communication with the processor. 

Calibration of the LNG prototype, configure as described in this report 
and wing standard gases, has been completed. Tf!a sensor has also been 



FIG. 14. Linear design for LNG sensor that uses same parts 
as folded-path design but has only two opt ica l  surfaces 
e x p e d  to fog. 



operated in a fog chamber with both the long- and short-path abeorption cells 
installed. Since the filters obtainable off the shelf are not optimal for our 
needs, final performance figures are not yet available to report. The sensor 
did verify that both the methane and ethane signals and the mutual 
interference of these gases show a power-law-dependent variation in absorption 
coefficient with concentration. Separation and linearization algorithnm using 
the relationships are ncm being prepared. 

The biggest problem with the ING prototype continues to be operation in 
fog. When operated in the fog (ice crystal) chamber for a long period, the 
windows and lenses--indeed the whole sensor-become coated with a heavy layer , 
of liquid water which eventually absorb or scatters all the radiation from 
the source. To alleviate this problem, we are rearranging the sensor 
components into the two-ended design shown in Fig. 14. The two halves of the 
sensor (source compartment and opto-electronic compartment) are held together 
by an open bushing which can be fabricated in different lengths to change the 
path length. This modified design not only 11- twa tewer optiual surfaces ko 
become water-coated, it is simpler to construct. This should significantly 
reduce' the cost of the sensor. The one drawback to this linear design is that 
the longer path lengths needed far acaurate measurements of low gas 
concentrations are longer than the small, high-frequency eddies for which 
studies have been proposed. This limits the frequency response capability of 
the sensor design at the lower 'concentrations. 
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SUMMARY 

The measurement of gas concentrations in Liquid Energy Fuel (LEE') disper- 

sion clouds by remote LIDAR sensing is an attractive alternative to the use of 

in situ instruments in regions where the gas concentration level is low. A 

compar ison of Raman and DIAL. LIDAR has shown that Raman LIDAR is best suited 

to measure the concentration levels of 'interest in the' LEE' progri. The LIDAR 

systems are limited primarily by the opaque fog produced by the evaporation 'of 

a cryogenic liquid fuel. The. limitation is most severe for methane, for which 

LIDAR is not useful for concentrations above, the flammability range. However, 

it is in this low concentration region that the spatial extent bf the cloud is 

large and not easily covered with an array. Comparison is made between a 
.3 ."fencen of in s i t u  instruments propos'ed for 40-m spills at China Lake (a 

row of 10 in s i t u  instrument stations] and a Raman LIDAR system of similar 

cost designed to.cover the same area of .the cloud. LIDAR offers substantially 
. . 

higher spatial resolution and coverage 'that better allows for wind variations. 

A feasibility test of the Raman LIDAR instrument on a 5-m3 spill 'at China '. 

Lake has demonstrated the usefulness of the technique. 

As a means of determining the effects of. a large-scale accidental spill 

of Liquefied Natural Gas (LNG) , the Lawrende Livermore Laboratory (LLL) is 
developing the . calculational capability to determine hcm the liquid spreads, 

vaporizes, and disperses under varying weather conditions. In order to exper- 

imentally verify the accuracy of 'models, it will probably be necessary to con- 
3 

. . .  

'duct and diagnose spills in the 200 to 1000 m range. The inaximum spill 

size will be chosen such .that r'esulte can be extrapolated with confidence to 

the capacity of presently operating LNG tankers. 



3 
Diagnosing planned experimental . spills . of 40 m , and subsequent spills 

3 
of 200 m or more, will require an extersive array of in s i t u  instruments 

that may cost several million dollars. Remote sensing is a means of poten- 

tially reducing the cost, and/or of providing better coverage than amore ex- 

tensive in s i t u  array could provide. 

LNG is predominantly methane. However, the heavier hydrocarbons are 

important because they are much more readily detoriable. They also have higher 

boiling temperatures than methane, and therefore tend to be concentrated in 

the vapor boiled off after most of the methane has evaporated. A remote 

sensor must therefore be capable of determining the time-varying concentcation 

level of several hydrocarbon species, especially methane (CH ) ,  ethane (c.'H ), 
. .4 2:, 6 

and propane (C3H8). . To be more generally useful in the IEP progtam, it 
. . 

should be adaptable for. gases of future interest as well. . , 

There are two LID=' (a laser ranging technique named by Galw to RADAR) 
. . 

systems curiently in use for measuring gas concentrations1 ;hat are poten- 

tially. applicable to the LEF progr'am: DIAL (a differential infrared absorp- 

tion technique) and Raman. Both have been used to measure hydrocarkh, concen- 

trations. The two methods are com2ared in this report. 
i c  

The feasibility og using Raman LIDAR on IWD spills was evaluated on a 
3 

. , *- 

5-m China Lake spill in September 1978. The expected performance was. 

verified, and the observed relationship between hydrocarbon concentration and 

fog-was consistent with calculations. Test results are described in this 

report . 
We ptopose that a Raman LIDAR system be built to diagnose the large . 

3 '  . volume, low concentration 'region on 40-m spills. For spills 'of this size, 

LIDAR is competitive in cost, and superior in to the alternative 

in s i t u  instruments. When larger spills are conducted, a LIDAR.system will 

result in a.significant reduction in total diagnostic cost. 

INFRARED ABSORPTION AND RAMAN SCA-NG 

Molecular excitations appear in three spectral regions: 
I 

a Visible-ultraviolet: electronic excitations 

a Infrared: vibrational excitations 
7 ' '  

a Microwave: rotational excitations 



Not all molecules have discrete electronic states (methane, for exampie) , and 
- .<- 

spherical top molecules have no rotational Raman structure. However, all 

' molecules have vibrational levels by which they can be identified. The infra- 

red structure will look qualitatively as shown in Fig. 1, where the width of 

the rotational structure is shown greatly exaggerated. Symbols used are as 

follows: . 

u = vibrational number 

J = rotational quantum number 

Yo = incident photon energy ' 

IO = incident photon flux 
* .  

Avo = energy shift in photonenergy produced by Raman interaction 

'T = transmission 

Q = designation for Au = +1 Gibrational excitation 

0,s = designations for rotation-vibration branches produced by the 

ensemble of AJ = f2 transitions. 

Widths and amplitudes of all lines in the spectrum are temperature-dependent. 

Molecular structure can be measured in both absorption and emission 

(~amiin)' spectroscopy. In absorption 6pectroscopy a photon, normally in the 
. . 3  

infrared ( r )  , is absorbed when its energy corresponds to that of a molecular 
excitation level. A Raman.interaction is not.absorptive, but.produces. a shift 

in the incident photon energy equal to the excitation energy of the molecular ' 
-4 

level. Since this reaction has a cross section with a A dependence, it 

is useful only with energetic (normally uv) photons. The incident photon 

energy can 'be shifted either up or down depending on whether the interaction 

excites or de-excites the level. Selection rules for the major transitions 

are given in Fig. 1. 
' 

Figure 1 shows the Q branch of one vibrational &e. Some molecules have 

several. In general, the number of vibrational degrees 'of freedom is 

Linear molecules: 3n - 5, 
Nonlinear molecules: 3n - 6, 

where n is the number of atoms in the molecule. Diatomic molecules have only 
. . r .  

one vibrational state.   ethane (n = 5) has nine. However, degeneracies 

reduce the total number of States (to four for CH ) . Of the nondegenerate 4 
states, some are "infraredn (absorption) inactive, because the excitation 
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produces no change in dipole moment. Others are Raman inactive due to the 

absence of a change in polarizability.~"Idost states ,have complex fine struc- 

ture resulting from rotation-vibration interactions. In addition, weak states 

'appear due to overtones (multiples of vibrational frequencies resulting £ram ' 

anharmonicities in the interatomic potential) , combinations (of different . 

vibrational modes), and combined rotation-vibration interactions. 

There are several vibratiqnal k e s  that zippear in hydrocarbon molecules 

with f reqiencies not strongly dependent on the. particular molecular specie. 

These frequencies are called ngr6ui: frequen=iesp2 The strongest group is 

always identifiable with the C-H stretch vibration. Unfortunately, the 

strongest lines from different hydrocarbon species ne'arly overlap. Therefore, 

the C-C stretch lines can be important .signatures, especially in Raman spectra 

since they are the. second most intensd lines.' Figures 2 through 4 give both' 

absorption (top) and Raman (bottom) spectra .of CH4, C2H6, andC H , respectively. 3 

, . 
3 8 .  

I 

As the foregoing discussion has indicated, there are two ways af using 

molecular ir structure to identify materials. The first is to pass infrared 

radiation, through 'a sample and measure the absorption spectrum. The second is 

to use. visible or uv radiation and measure the Raman spectrum. A single-ended 

absorption scheme is shown schematically in Fig. 5., which id taken from 

Ref. 4.' The laser frequency must be tuned to the precise frequency of a ,  

narrow absorption peak of the gas sample.of interest. When the gas is intro-, 

duced into the sample cell, the signal attenuation is measured, and can be 

related'directly to the gas concentration. This system was used by Stanford 
4 

Research Institute to measure methane. The results are shown in Fig. 5. 

If this system is to be used in an~uncontrolled environment, a second 

laser frequency immediately adjacent to. the absorption peak can be used to 

measure the backscatter efficiency and the effect of interferences from other 

gaseous species (hence, the term "differential"). 

If range information is required (as it is in a LIDAR measurement), two 

additional complications are introduced. First the laser must have a pulse 

width narrow enough to give the desired spatial'sampling length, and second, 



FIG. 2. Xnf rared absorption (top) and Raman (bottom) spectra of  methane. 

FIG. 3. Infrared absorption (top) and Raman (bottom) spectra of ethane. 
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FIG. 4. Infrared absorption (top) and Raman (bottom) . spectra of propane. 
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the laser power must provide an adequate backscattered signal from Mie (particu-. 
-4 

late) scattering interactions. (Molecular scattering has a cross section 

dependence, and 'i4 theref ore too weak for backscattering at irif rared wave- 

lengths.) A DIAL system is shown schematically in Fig. 6. 

The return signal in a DIAL measurement is given (assuming single scat- 

her ing] by the expression 

. . 

(.Id. , Pr (R) = Po (5) b (R) E~EP(R)Q e 

where 

R = distance of a range cell, 

Pr(R) = power in the signal returned from backscatter events at R, 

Po = transmitted laser power, 

c = speed of light, 

T = time width of the laser pulse, 

fl (R) = average volume-backscatter coefficient at R, 

€0 
= efficiency of transmitter, 

€r 
= efficiency of receiving optics and spectrometer, 

Q(R) = solid angle of receiving optics relative to the scattering point 

(at R) , 
Q = detector quantum efficiency, 

a(r) = volume extinction (scattering plus absorption) coefficient. 

, . 

. . A laser frequency must be .chosen with these conditions: . . 

a. a is due to the gas specie of interest. 

a, a has the right .magnitude. - . .  

a) if & is too large, there will be an inadequate return signal, 
from within the cloud. 

b) if. a is too mall, there will be .little absorption, and hence . . 

little accuracy in the deduced gas 'concentration. . 
The extinction coefficient is given by 

. . . v. . . 
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where 

0.. = extinction cross section for gas specie i. 
1 .  

. . 
Ni (R) = number density for gas specie i. 

. . 

Ignoring interfering species and..backscatter uncertainties, concentrati@ns 

could be derived from a measurement at a,. single laser frequency using the 

expression . . 

where it is assumed. in computing an 'average concentration, that the back- 

scatter coefficient is essentially constant across a range cell. If an adja- 

cent .frequency can be found that is off 'the absorption peak of .interest, but 

for 'which the cross sectf ons for backscatter ing and extinction by interf er ing 

species are unchanged, then these .effects can be measured and eliminated. The 

-concentration for the .specie of interest is 'then given by the expression 

- 
N(R) = - [in Pr (AIR) - ',in P (~,R+AR) - In P (X+AX,R) + In P (X+AX,R+AR) . a &  r .  r r I 
The uncertainty in the results is given by 

or, .for a system limited by Poisson statistics, 



For a linear system, the dynamic range is given simply by the minimum and 
. . 

maximum detectable signals. DIAL, however, is not linear and, in addition, . 

the measurement capability must be adequate to cover the necessary signal 

range from the front to the back range cells. Therefore, the dynamic range of 

the recording system must substantially exceed the range of concentrations- to 

be measured. 

The required system dynamic range depends on a number of factdrs, includ- 

ing the atmospheric visibility, which gives a measure of the backscatter effi- 

ciency. The relationship between system dynamic range and range of concentra- 

tion coverage cannot be given in a simple analytlcal'torm, but one ci%i 6btain 

some feel for it from the following example of its.use on a hypothetical LNG 

dispersion test: 

'~e~uirements 

--Range of concentrations to be measured = 10 (e.g. 1 to 108, 2 to 20% 

etc., depending on choice of absorption peak) 

--Maximum uncertainty = a factor of 2 

--Number of range cells = 20 

Conditions 

--No interference from other species 

--Visibility = 50 km 

--Distance between LIDAR and LNG cloud = 2 km . 

--Laser wavelength m.1 p~ 

Result 
$ 

-System dynamic range must be 500:l or greater' 

--Laser energy must be -1 J over the measuring time interval. 

A system dynamic range of 500:l is achievable. However, the requirements are 

barely adequate, and it may be difficu1.t to find appropriate absorption peaks 

that have essentialiy no interference from other gas species. In addition, 

the requirement of a large laser per gas specie of interest (or perhaps two, 

if a separate background channel .is required for each specie) causes DIAL - 

LIDAR to l&k unattractive in comparison' to Raman LIDAR for LNG, applications. 

This analysis has assumed a time-domain system for obtaining range ineor- 

mation. A system could be constructed using a ,CW laser dnd a heterodyne de- 
. . 

tection.system. Range information could be obtained using Fourier frequency 

analysis with a detection scheme proposed by ~irschfeld.~ No further . . 



description will be given here, as the system capabilities are not changed 

significantly from those of the system described. ' If a system were con- 

structed, however, the heterodyne approach might be preferred. 

Before proceeding to a discussion of Raman LIDAR, we should consider, DIAL 

in regard to optical penetration of the fog produced by the cold gas vapor 
0 

(methane evaporates at a,-161.5 C). Raman LIDAR requires the use of blue 

light or uv radiation, neither of which can be expected to penetrate the fog. 

Might not the ir radiation of a DIA~, system penetrate better (just as long- 

wavelength yellow headlights are used in fog in preference to white) ? One can 

give a "non answer without going into the details of Mie 'scattering by noting 

that DIAL requires Mie backscattering to work at all. If the backscatter co- 

efficient is large enough to permit measurements in regions of the cloud with 

no fog (i.e., from the small particulate content of clear air), then the laser 

radiation will certainly not penetrate a fog cloud.  his is in agreement with 
Mie scattering theory for spherical particles. (In the auto driver analogy, 

longer-wavelength headlights do not penetrate significantly better, but the 

angular distribution is more forward-peaked, and hence there is less reflected 

light .to blind the driver .) 

RAMAN LIDAR 

Raman LIDAR has several advantages over DIAL LIDAR: 

It is a simpler system becquse it does not require multiple laser fre- 

quencies that must be carefully tuned. 

It may be usable on burn tests. 

It may provide temperature data. 

Initial analysis is easier because it does not require high resolution 

'spectra of all gases of interest. 

The disadvantage of Raman LIDAR is that it will be difficult to detect much 

below 1% average concentrations in! 9-m range cells, especially for ethane and 

propane (and C02 and 0 in burn tests). 
2 

The return signal from a ~ & n a n  LIDAR is given by 



where 

T(AO) and T(A,) = atmospheric transmission factors for the incident 
0 

laser and return Raman scattered wavelengths, . 

da(180~)/dn = differential Raman cross section at 18d0 for 

the gas specie of interest, . '' 

N = specie concentration: , I 

Other symbols are .the same as in the bevious section. 

The atmospheric transmisiion and the Raman cross section are both 

strongly wavelength-dependent, the . trinsmission . falling of f  rapidly inS'the uv, 
.< 

and the cross section at longer wavkiengths, producing a distinct optimum in 

the waiielength response. For path lengths of interest for LNG diagnostids, 
the optimum wavelength is about 350 nm. The return Raman signal will be' 

frequency-shifted for different gas species of interest by the amounts shown 

in Fig. 7. All of the lines shown can be resolved except perhaps for 'the 
- 1 

hydrocarbons near 3000 cm , which will, in general, be dominated by methane 
in LNG vapors. The N2 line is convenient for examining temperature-dependent 

rotational structure, and for verifying system operation. 

The. cross section for Raman backscattering is 

where , 

-1 
Vo. 

= laser frequency in cm , 
- 1 v = frequency shift of the j state in cm , 

j 

gj 
= degeneracy of j state, 

P = polarizability term associated with state j. 
j 

several backscatter cross sections measured at 347.2 run and 488.0 nm are given 

in Table 1. 

The analysis of a Raman system is relatively straightforward in that it 

is linear, with sensitivity limited primarily by photon statistics. To maxi- 

mize the sensitivity, components must be as large and efficient as' feasible. 
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FIG. 7. Raman frequency skiif ts of gas species in 'an LNG. cloud. 



TABLE 1. Raman cross sections of gases. a 

Relative Cross section at Cross section at 

Raman line cross section 4880'A and 1800 3472 A and 180' 

shift Av, compared to observation angle observation angle 

Compound Formula -1 an nitrogen cm molecule-' cm 2 molecule-' 2 

Carbon 
dioxide C02 1286 

Carbon 
dioxide 

Ethane 

Ethane 

Me thane 

Nitrogen 

Oxygen 

' Propane 

Propane 

Water 

a 
Taken from Ref. 6. 

... : 

Specifications that appear reasonable with presently available equipment are .... 

listed i n  Table 2. The laser and teiescope couldbe larger, but only with a 

significant increase in cost. .The laser-beam divergence 'md telescope accep . 
tance angle must be small to permit operation with daylight, or flame back- 

ground. The spectrometer efficiency .is high, 'and would require some effort to 

' build. Details of specifications will be discussed further in a later section 

of this report. 

Based on these specifications (tho laser being. a frquuiauy tripled YAQ), 

and assuming a 1-km distance: between LIDAR and LNG vapor, the following is the .. 

rate of detector photoelectrons produced by gases at 1% concentration levels: 

. cH4 N = l20/s, 

which indicate that statistically significant information can be obtained down . 
to a fraction of a percent concentration. 



TABLE 2. Specifications for a Raman LIDAR system. 

E(1aser) 1 0.15 J/pulse - 10 pps, I 10 ns/pulse 
d(te1escope) 2 35 cm .. 
Beam divergence 5 0.1 mrad 

Telescope acceptance cone -0.1 mrad 

X(1aser) - 300 nm to 400 nm 
Data channels 1 4 (CH4, C2H6, C3H8, N2) 

s (telescope-speckrometer) = efficiency -0.5 

Q = detector quantum efficiency 2 0.3 

Digitizer £requency r 267 m bits/sec (8 bit words, 30 ns/word) 
4 

Memory 2 1.64 x 10 words (128 x 128) 

Control system--real-time variation in scanning 

. . .. Data system--data collection, storage, averaging, display, plotting . 

portability-move. in one day or less 

In a dispersion test, there will be a background due to scattering of 

sunlight from air or from the cryogenically produced fog. The sky radiance at 

396.0 nm (methane Stokes line using a tripled YAG source) is approximately ' 

2 
5 x W/nmocm sr. Assuming a 1.0-nm resolution, and the system 

specifications of Table 2, the number of detected background photoelectrons is 

N(sky radiance) = 6/s. 

If a fog is present, background light may be,predominantly from,the scattering 

of sunlight in the fog. To get a rough estimate of this source, assume that 

sunlight entering the cloud (@ 
2 396nm - 0.12 W/cm *pm) is multiply-scattered 

until it is emitted uniformly from the cloud surf aces. Then the. radiance of 
2 

scattered light is -3 x W/cm *nm sr, which is similar to the 5 x 
2 W/nm*cm sr shown above for air scattering. We conclude that'the proposed 

system will be usable in peak daylight conditions without serious background 

due to scattered sunlight. 

One of the advantages of  am& LIDAR listed at the beginning of this 
section is its potential for measuring concentrations before and during burn 

tests, and for measuring gas temperatures. During burn tests, most 'in situ , 

instruments will have to. be removed from the burn area. The LIDAR can make 

measurements until the cloud is ignited so that the,condition of the cloud 



immediately prior to ignition will be known. It may also be possible to-make 

LIDAR measurements during the burn. Raman LIDAR has been used for measurements 

in both flames and rocket exhaust gases.6. However the reported results are 

not sufficiently quantitative to all- extrapolation to a burning LNG cloud. 

~aboratory measurements of cross sections and flame backgrounds will be 

necessary h determine the feasibility of Raman LIDAR for this application. 

Temperature measurements are also possible in principle. There are 

several, temperature-dependent,, spectral quantities, some ,of which are as 

follows a 

A t  low temp.raturea (diopersion teats) 

Width of the rotational envelope 

--around the Rayleigh line 

--around the Q line 

At high temperatures (burn tests) 

Q lines Stokes-Anti-Stokes ratio 

Q line width 

Rayleigh line width 

Q line ratios 

At low temperatures, the intensity of data around the Q line (of N ) would 
2 

be too weak to obtain temperatures with better than 10 to 20% accuracy. 

The rotational envelow about the Rayloigh line is 200 times stronger but dis- 
crimination against the intense Mie scattering is a problem that will require 

further investigation. 

At high temperatures there are several potentially useful temperature- 

dependent quantities. Hcrwever there are very fm high temperature laboratory 

measurements to base an analyeis on. .Rl-nck 13ngincering6 11,s used the ratio 

of the 1286- and 1388-cm-l lines of 00 to measure temperatures below 
2 

about 600'~. At higher temperatures, other Zine retl,os might be useful. 

However, laborakory measurements will be' required to determine if there is a 
. . 

feasible technique. 

EFFECTS OF CRYOGENICALLY PRODUCED FOG 

. . 
Before proceeding to describe the China Lake feasibility test, we should 

condder the effkts that can be expected from the fog produced by the cold 



. . 
m 

LNG vapor. If air is cooled to below the. dew point, water will be condensed, 

thereby keeping 'the relative humidity from exceeding 100%: If the air is then 

heated by turbulent mixing, the fog will begin to evaporate, until at the dew ; 

point it disappears. Actually this.is an oversimplification, because it does 

not account for radiant heating or the per,sistence.of a fog below.100% relative 

humidity. But it does give a first-order indication of the relationship . . 
between temperature, hydrocarbon concentration, and f.og.density. A program to 

relate the two was written with these conditions: . . 

Input parameters 

Initial temperature, density, and specific heat for air and the chosen 

hydrocarbon specie 

Initial relative humidity 

Saturation water vapor density vs temperature 

Final equilibrium temperature, T . . 
eq 

Energy exchange terms 

Temperature change due to air-hydrocarbon mixing . . . . 

Condensation of water vapor 

Solidification'of water vapor I .  

The output is , . 

. Concentration of hydrocarbon in the.mixed gas at.T 
eq' 

Curves of methane concentration and water condensation as functions of 

equilibrium temperature are shown in Fig. 8, with initial conditions being. 

those of'China Lake during the dispersl.on test that will be described in the 
0 

next.section. For these conditions--a typical warm September evening (81 F) 

with water content of air (29% relative humidity) also typical for summer .. . 

months--concentrations above about 9% will be mixed with fog. 

How far can we expect the 1aser.light to penetrate the fog? An estimate 

can be obtained from ~ie-scattering theory.' According to Mie theory for 

spherical dielectric particles with an index of refraction of 1.33, (water), 

the intensity of unscattered light is given by 

where . . . .  , . , 



Methane concentration - % 

FIG. 8. Equilibrium temperature and water condensation versus methane con- 

centration for conditions of China Lake LNG spill test. 



2 
na = geometrical cross section of a particle of radius a, 

N(a) = density of particles of radius a, 

Q(a) = efficiency factor for particles of radius a. 

Expressed in terms of the "size parameter" 2na/i, i becomes 

The physics of Mie scattering is contained in the efficiency factor plotted' as 

a function of the size parameter in Fig. 9. The exact particle-size distribu- 

tion fqr. a cryogenically produced fog is unknown, but a large fraction of the 

particles can be expected to lie between 1 and 10 p. Assuming 100% condensa- 

tion, the value of y-l (i.e., the l/e extinction length) is 
- 1 

for 10-pm particles, y = 450 cm, 
- 1 

for 1-rn particles, y = 3.5 cm. 

Since the condensation rises rapidly with hydrocarbon concentration, the fog 

will be, virtually impenetrable. However, water is not primarily an absorption 

source, but is rather a scattering source. The angular distribution for fog 

particles is strongly forward-peaked, being most anisotropic when the size 

parameter equals 6, or, for a N laser wavelength, when the particle radius 
2 

eq~als~0.34 pm.,The effect of the anisotropy is indicated in Fig. lo., which 

shows the integrated value of the Mie cross section between 0 and 4s0, and 
0 between 0 and 90 scattering angles over the range of particle sizes , 

calculated by Blurrier. *" For comparison, integrated values are shown for , 

isotropic scattering also. 

Because of the weak absorption, one would expect to detect Raman return 

signals in a LIDAR measurement even after the light has scattered in the fog. 

However, the Raman interaction will be at some unknown location reached by 

multiple Mie scattering, and the information will not be useful in any quanti- 

tative sense. 

The foregoing discussion indicates the most serious limitation of a LIDAR 

system. Even for the weather conditions of our China Lake feasibility test, 

we should not expect to cover fully the range of flammability concentrations 

of methane. In the winter months, when the air is cooler, LIDAR is even more 

Limited. Figure 11 gives a band of methane concentration values that should 

be associated with the onset of fog condensation. The'limits are based on 
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PIG. 11. Fog versus methane concentration for different months of the year at 

China Lake. 



monthly average, and average maximum temperatures at China Lake. Between noon 

and sunset, temperatures rarely drop below the average values shown. On most 

'days, the average temperature is exceeded during morning hours as w'ell. 

However, there will be days during the winter months when a LIDAR gystem Auld 

likely not measure significantly above the lower f lammabili~ty limit (LFL) . 
.The usefulness of LIDAR is much greater when the fuels are ethane or propane, 

as Fig. 12. indicates. This r.estilts from the combination of higher boiling 

temperatures and.lawer flammability ranges. For propane in particular, even 

during '.the coidest months, the ent ire  f f axanability r k n ~ a  a& bc diagiloserl 

without interference from fog. 

. . 
LIDAR FEASIBILITY TEST AT CHINA LAKE 

The construction at LLL of even a simple LIDAR system for a-feasibility 

test would have required a significant investment of time and effort. There- 

fore, a contract was given to Computer Genetics Corporation (CGC) to field . 

their existing instrumentation and mobile van on a 5-m3 LNG dispersion test 

at China Lake. The corporation's system was capable of measuring total hydro- 

carbons at eight range-gated positions across a vapor cloud. Specifications 

for the CGC system are given in Table 3. The system did not incorporate a 

TABLE 3. CGC Raman LIDAR specifications. 

P(1aser) = 0.2 W (1 mJ/pulse, 200 pps, At = 10 ,ns) 

X(1aser) = 337 nm (N2) 

Beam divergence 2 to 10 m a d  (-1-m d i m  at spill) 

d(Raman telescopej = 20 cm 

d(e1astic 6 telescope) = 5 om 
Raman te&escope acceptant@ angle 5 10 mrad 

.Elastic B telescope acceptance angle S 10 mrad 

Data channels--2 (not simul.taneous) 

Filters--374.0 f 1.5 nm (hydrooarbons) 
365.8 + 1.5 nm (nitrogen) 

Q = PM (RCA 8850) quantum efficiency -0.3 

Memory--1024 words and cassette tape 
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scanning capability. Also, the' test had. to be.performed:at. night because of 
. . 

the 1- laser power, and large laser-divergence and. telescope-acceptance 
angles. However, the system was adequate to..provide a test' of the usefulness 

of a remote measuring system. A block diagram of the CGC LIDAR systeln is 

shown in Fig. 13. 

The LIDAR van, with N2 laser and receiving telescope, was situated 

relative to the LNG spill pond as shown in Fig. 14. Near the pond, the laser 

beam was 0.6 m above the ground (2.4 m above the water level) . The total path 
length from the van to a reflector across the pond wae 135 m. The laser 

emitted pulses of 10-ns duration (3.0 m spatially). The Raman-scattered light 

was gated to produce eight return signals per laser pulse, corresponding to 

the eight 9-m regions shown on the figure. ,, The signals were digitized and - .  
recorded in a computer memory for later analysis. The presence of fog in the 

laser path was monitored by recording on an oscilloscope, an elastically back- 

scattered component of the laser light. The oscilloscope face was photo- 

graphed with an 8-mm motion picture camera 'to. provide a.permanent record. 
, , ,.: 

A complete description of the China ~ a k e  test is contained in a final 

report prepared by CGC.~' In the following, a summary- of the data is given 

along with an analysis of its significance. 

Examples of scope traces used to determine fog backscattering ate.given 

in Fig. 15. The first figure shows the black target return signal (no fog), 

From this and a scale calibration of 200 ns per major division, the location 

of the fog can be determined. The position of the fog as .a function of time 

after the spill is indicated in Fig. 16. Some of the data are from within or 

behind fog regions, as is indicated in the figure. In some of these areas, 

the density of the fog was low enough that accurate - concentration ,data ' could 

have been derived. However, for this test the method of recording.fog attenu- 

ation made accurate corrections to the.Raman dat,a difficult, so we have net 

attempted, to make them. . . 

Concentration data are shown for each range cell in Figs. 17 and 18. 

Zero time corresponds to the beginning of the spill, Each point represents a . . 

0.92-s average of the Raman return'signal.  h he' data .points fluctuate rapidly,. 
probably due primarily to vertical turbulence. 



FIG. 13. B l o c k  diagram of CGC Raman LIDAR system. 
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PEG. 18. Measured methane concentration$ for range cells 5 to 8. 



Due to limited magnetic tape storage capacity, data beyond 97 s were 

averaged over 18.4-s intervals. During that time, .the cloud had drifted so 

that it was largely in or beyond range cell eight. As a result, only in 

region eight was there a. siignificant hydrocarbon concentration. Figure 19 

shows data from region eight averaged over 18.'4-s intervals and extending to 

207 s. 

Examining range cells that are just ahead of the fog (see Fig. 20), we 

find that concentrations in clear air extend to as high.as 14%. (Data for 

t > 95 s are not included, for reasons given below.) This exceeds the cal- . ' 

culated 9% peak concentration for the temperature and humidity conditions at 

the time of the spill. This is encouraging, especially considering that' 

spatial and temporal averaging undoubtedly lowered peak concentration levels. 

The relationship of measured hydrocarbon concentrations to the presence 

of fog appears to change at late times. After 95 s, almost no fog appears, 

even though the apparent hydrocarbon concentration level increases to as high . 

as 29% (see Fig. 20). A plausible explanation for this is that differential 

boiloff is causing heavy hydrocarbons to appear late in the spill. As 

indicated in the previous sectipn, concentration levels producing fog are 

higher for the heavy hydrocarbons because their boiling points are consider- 

ably higher than that of methane. Under the weather conditions of the spill, 

calculated levels of the onset of fog condensation are 11% for ethane and 17% 

for propane (vs 9% for methane). It should be noted that the system was not 

calibrated for the heavier hydrocarbons, so the reported levels, which assume 

. . a methane gas, cannot be directly applied to other hydrocarbons, for which 
cross sections over the spectral width covered are higher by a factor of 2 to 

5. Future measurements should incorporate separate.calibrated ethane and pro- 

pane channels. 

It is interesting to find that flammable mixtures extend beyond one edge, 

and nearly to the other edge of the pond. Even at that, both LIDAP and in 

situ instruments missed much of the late time data due to the variability of , 

the wind direction over even the 2- to 3-min duration of the spill. With a 

LIDAR system, the range of coverage is easily increased to allow for the vari- 
t 

ation observed. 
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FIG. 19. Methane concentrations i n  

. . range cell  8 with 19 s time windows. 

FIG. 20. Histogram o f  methane concentration l e v e l s  measured i n  range g a t e s .  

just ahead of the fog, and of methane (or methane equivalent) l e v e l s  a l  l a t e  

times .when a fog no. longer appeared . 



N o  

s p a t i a l  

d e t a i l e d  comparison of in s i t u  a& LIDAR da ta  can be made due t o  the  
i 

averaging nature  of the  LIDAR, and to t h e  1.8-m depression of t h e  

pond, which prevented the  l a s e r  beam from being located  a t  the  same height  a s  

the  neares t  i n  s i t u  sensors.  Average concentra t ions  from t h e  LIDAR,are about 

one-third those of nearby, bu t  lower in  s i t u  instruments (range g a t e  4 vs  - 

s t a t i o n s  1 and 3,  and range g a t e  5 vs  s t a t i o n s  2 an 4 ) .  This is c o n s i s t e n t  

with the  h e i g h t ' d i s t r i b u t i o n  of the  one re l evan t  in  s i t u  s t a t i o n  (No. 3, 

with sensors  a t  1.5 and 3.0 m above the  pond l e v e l ) .  .. 
. 1 

PROPOSED RAMAN LIDAR SYSTEM 

The test of a Raman LIDAR system a t  China Lake demonstrated both its 

advantages and disadvantages. The p r i n c i p a l  advantage of LIDAR over in s i t u  

instruments is s p a t i a l  coverage. The LIDAR s y s t e m ' a t  China Lake provided 

adequate . . .  t i m e  resolu t ion ,  and a s p a t i a l  coverage comparable to t h a t  of t h e  

e n t i r e  i n  s i t u  array.  This  was t r l ~ e  even though the  LIDAR system was not  

designed express ly  f o r  t h i s  app l i ca t ion ,  and the re fo re -  f e l l  f a r  s h o r t  of t h e  - 
s p a t i a l  coverage it was capable of providfng with some r e l a t i v e l y  minor addi- 

,. , 

t i ons .  During t h e  4-min d i spe r s ion ,pe r iod ,  t h e  wind changed d i r e c t i o n  by a t  

l e a s t  20°. The LID- system, proper ly  designed, would follow the  cloud 

without  requi r ing  a compromise i n  resolu t ion .  With i n  s i t u  sensors  spaced 

r e l a t i v e l y ,  f a r  apa r t ,  a s  they w i l l  have to be i n  the  f u t u r e  large-scale tests, 

s i g n i f i c a n t  concentrat ion f l u c t u a t i o n s  may .occur between sensors. A LIDAR 
\ 

system i n t e g r a t e s  s c a t t e r e d  l i g h t  from a l l  of the  gas  wi th in  range cells. 

Taken together ,  the  range cells give  a 30-cm-diam tube of gas  spanning t h e  

cloud t h a t  is compl.etely 'sampled with a s i n g l e  l a s e r  pulse. With t h e  ' addi t ion  

of v e r t i c a l  scanning, hor i zon ta l  tubes  from d i s c r e t e  v e r t i c a l  po8 i t ions  can be 

measured. The tubes form a plane through which t h e  gas  flow is monitored. 

Knowing the  flow c h a r a c t e r i s t i c s  of the  d i spe r s ing  gas  cloud through t h e  plane 

w i l l  be extremely important f o r  compar i son of  model c a l c u l a t i o n s  with exper i- 

ments . 
The p r i n c i p a l  disadvantage of LIDAR is t h a t  it is unable to p e n e t r a t e  t h e  

dense fog assoc ia ted  wi th  LNG s p i l l s .  . Due to t h e  low b o i l i n g  po in t  of meth- 

ane, LIDAR is l imi ted  t o  concentra t ions  below 'the upper f lammabil i ty l i m i t :  



(UFL), and approaching the LFL for some winter days. For most other gases, 

including propane, LIDAR will not be seriously limited. And LIDAR would pro- 

vide a compcinsatiLg advantage in expanding the range of wind conditions under 
. . 

which spills could be conducted.. 

The spatial averaging -na.ture of - LIDAR has .been cited as an advantage. 
This could also be a disadvantage in a region of large concentration fluctua- . . 
tions. .In situ instruiients could determine: fl~ctuations with a volume 

resolution of about 10 an'. LID* is limited by a sample volume of about . . . _>_ . . .  . .  
2 '. - . .  

Is LIDAR worth building. £.orzithe, LEE:.,program,. and for the LNG diagnostics 

in particular? We feel the answer is yes, "because LIDAR, in spite of. limita- 

tions or; the detectable concentration range-, .=an cover most bf the dispersing 
I - 5 ' .  

gas cloud. It presently appears that, for the most effective comparison of 

spill test results and model calculations, it will be necessary to follow the 

gas .to concentrations levels.substantially below the LFL. . This greatly in- 
. . 

creases the volume to be covered, and. the attractiveness . . of LIDAR. The 

strengths &d weaknesses of the .LIDAR 'seem to complement those of the in 

situ instruments. We believe that an id& system for dispersion measure- 
* -... .% 

merits of LEI? spills would consist'of in 8itu instruments relatively close to 

the spill point and a LIDAR for measurements near'and below the LFL contour. 

As presently planned the in' situ array of instruments .will cover the 

dispersion cloud in four "fences," one of which is shown in Fig. 21. A 

"fence" will consist.of approximately.10 instrument towers to map concentra- 

tion levels at same radial distance E'ram.the spill point. The cost of a fence 

will be about $400,000. We propose to replace one fence with a LIDAR system. 

Consider a fence iocated at .a distance from the spill point corresponding to' . 

the maximum width of the LFL contour line, as shown in Fig. 21. This 40-m 3 

3 
spill has been modeled under conditions of a 4-m/s wind, and a 16-m /min 

spill rate.'' The distance from the spill point and maximum width ok the LFL 

'are predicted to be about 400 and 128 m, respectively. Between contour . lines, 

the maximum concentration given by the model is 7%. If the wind direction was 

stable and known in advance, the 10 towers would cover the cloud with a 13-m 

transverse resolution. However, experience to date at China Lake suggests 

that at least 30' be allowed for 'variations in wind direction. This adds 
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214 m t o  t h e  t r a n s v e r s e  coverage, f o r  a t o t a l .  fence  width of 342 m. The 

r e s o l u t i o n  becomes 38 m, w i th  normally only  t h r e e  t o  four  s t a t i o n s  appearing 

w i t h i n  t h e  LFL contours .  
\ 

A LIDAR system could  be b u i l t  f o r  $400,000 t h a t  would cover t h e  same 

r eg ion  wi th  9-m range cells. For t h e  same-model a s  j u s t  mentioned, 14 cells 

would f a l l  w i t h i n  t h e  cloud,  g iv ing  fou r  times t h e  coverage of t h e  in situ 

. a r ray .  The system would inc lude  v e r t i c a l  scanning,  and channels  f o r  methane,. 

e thane ,  and propane. I f  necessary t o  al low f o r  wind v a r i a t i o n s ,  t h e  range 

coverage could be increased  over t h a t  assumed f o r  t h e  in situ a r r a y  wi thou t  

.loss of r e so lu t ion .  I n  addi t- ion t o  t h e  improved coverage, t h e  use of.LIDAR of 
3 

40-m s p i l l s  would provide  va luab le  e q e r i e n c e  f o r  l a r g e r , s p i l l s . ,  where the 

cost sav ings  of  LIDAR w i l l  be of major importance.. 

The proposed 'LID= system c o n s i s t s  of a l a s e r  and a r ece ive r .  For a 

Raman LIDAR t h e  r ece ive r  i nc ludes  a t e l e scope ,  s p e c t r a l  ana lyzer ,  d e t e c t o r s ,  

, and e l e c t r o n i c s  f o r  c o n t r o l ,  daea record ing ,  a n a l y s i s  and d isp lay1  (see'. 

Fig.  22) .  ~ b t h  t h e  laser and r ece ive r  a r e  c o n c e n t r i c a l l y  a l i gned  and aimed a t  

t h e  t a r g e t  through a common scan  mir ror .  The e n t i r e  system, except  f o r  t h e  

scan  mi r ro r ,  would be mounted i n  a mobile van. The scan  mir ror  would be' 

mounted s e p a r a t e l y  f o r  mechanical i s o l a t i o n .  

S p e c i f i c a t i o n s  f o r  t h e  Raman LIDAR system based on s t a t e  of  t h e  art tech-  

nology were g iven  earlier and a r e  summarized i n  Table 2. . The major components 

. w i l l  now be descr ibed .  

LASER 

The i n i t i a l  requirements  f o r  t h e  l a s e r  a r e  f o r  0.15 J /pulse  a t  300 t o  

400 nm. Addi t iona l  requirements  f o r  range r e s o l u t i o n  l i m i t  t h e  pul..se l e n g t h  

to 10 ns. A reasonable  scanning speed rcq11i.tas a t  l e a s t  a 10-Hz repetition 

rate f o r  an average power of 1.5 W. 

Of t he  v a r i o u s  l a s e r s  commercially a v a i l a b l e ,  t r i p l e d  Y'AG appears  to come . 

closest t o  t h e  r equ i r ed  performance. The b e s t  commercial, t r i p l e d  YAG l a s e r  

d e l i v e r s  aboaut  0.10 J /pu l se  and 10 pu l se s / s  (1 -W average)  a t  354 nm. Typica l  

p u l s e  l e n g t h s  a r e  8 ns. I t  is p o s s i b l e  t h a t  t h e  o u t p u t  power could be in- 

c r eased  t o  a b o i u t  0.20 J /pu l se  and t h e  p u l s e  rate increased  t o  perhaps a s  high 
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as 20 or 30 Hz. ,A significant advantage of the .tripled YAG is its high reli- . 

ability and. continuous operation capabilities. Ruggedized versions.'dre avail- 

able that would be ideal for iield use.. 
. .  . 

Two othei: pulsed lasers that m&t the wavelength requirements were aiso 
. . . . 

considered. The rare gas halide, or .excimer 'lasers, can currently produce 

about 0.1 to 0.2 J/pulse at up to 20 Hz from xenon'fluoride at 350 nm, or from 

' . %enon chloride or 308 nm. These lasers have just come onto the market, and 

currently have ,several major disadvantages. ~ h 6  pulse length, is about 20 ns, 

thereby limiting rangy resolution.  he beamquality is quite poor, thus 
limiting the amount of energy that can be pr.opagated. They are TEA lasers. 

containing very high voltage .discharges, making thew eleeerieally . . noisy and 

subject to severe breakdown problems. The highly reactive gases involved 

cause ' same .maintenance problems and, theref ore, TEA lasers tend, to be less 

reliable than the solid state lasers. ~Awever, a considerable amount of 

research is being done on excimer lasers, and the properties of .commercially 

available units can be expected to improve. . . 

The doubled ruby is capable oi as much as 1 J/pulse outputs in the uv, 

and it has been used in ,LIDAR iys~ems. However, its p m r  thermal characteris- 

. . . . .  
. tics limit its repetition rates to less than one pulse per minute, which is 

inadequate . . for this application. 
I .  

RECEIVER 

A modular approach is used for the receiver. Optically it consists of 

three units, the telescope, analyzer and detectors. Each unit is designed to 

take advantage of current technology and be adaptable to new technology as it 

. ' becomes commercially available. . . 

1. Telescope 

The only experimental constrhints on the telescope are the. aperture and 

field of view. The amount of light collected is proportional to the square of 
' . the aperture diameter; 1/3 m is considered the ininifdm acceptable diameter. 

. . 
The largest telescopes available "off the shelfn .have apertures bf about 

35 cm. Larger telescopes up to 1-m' d i m  'were considered, but 'the cost impact 
. . 

: on the total LIDAR system is quite large. . ' 



The best commercially available telescope is a Schmidt-Cassegrain with an 
1 

aperture of 35 cm and a focal length of 3.9 m. The corrector plate in the 

Schmidt telescope is a transmission element, that must be transmissive in the / 
I uv. Telescopes are available with the plate made of BK-7, for which the , 

optical transmission is greater than 0.95 at 350 nm, and improves at longer 

wavelengths. 

The field of view of the telescope must be kept as small as possible to 

minimize the background radiation from ambient light, yet it must be suffi- 

ciently large to encompass the entire laser beam. Atmospheric turbulence will 

cause the laser beam to expand at a divergence of about 25 yrad (i.e., a 

10-cm-diam beam will double in size in 4 km). This number is from actual 

experience at NTS and is subject to considerable fluctuation depending on 

conditions.12 A field of view of 100 yrad appears to provide a reasonable 

minimum diameter. This gives a 10-cm-diam circle at a range of 1 km. 

The field of view is established by a field stop in the focal plane of 

the telescope. The image diameter of the field would be 0.39 mm. The resolu- 

tion limit of the telescope is 5 yrad (0.02 mm in the image plane), a small 

fraction of the field of view. 

Probably the most critical tolerance will be internal alignment of the 

telescope and coalignment with the laser. To maintain a 100 yrad field, the 

internal and external laser alignment should be maintained within 10 prad. 

This tolerance suggests using a fixed telescope with a separate mechanically 

isolated scan mirror. 

2. Analyzer 

Three analyzer techniques have been considered: spectrometers, filters , : 

and Fabrey-Perot etalons. Figure 7 shows a series of Raman shifts for the 

interesting constituents. The basic requirement is that every specie be 

' resolved, if possible, using the C-H stretch lines. 

The use of filters is the simplest analyzer technique, but both the 

resolution and throughput are limited. A series of filters could be used as 

dichroics to look at several lines (Fig. 23). The typical minimum bandwidth 

of filters in the 300-to-400-nm range is about 1.5-nm'FWHM. Typical trans- 

missions are 10%. With a great deal of effort the bandwidth can be reduced to 

1.0 nm and the transmission increased to 20%. 
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A grating spectrometer is.probably the most efficient analyzer. Holo- 

graphic gratings are available with up to 3600 g/m and efficiencies of 70 to 

80%. For a given grating and spectrometer length, the resolution will be 

limited by the entrance slit of 0.39 mm, which gives the 100 prad field of 

view. For example, a 1.5-m spectrometer using a 3600 g/mm grating would, have 

a resolution of about 0.06 nm. 

A single spectrometer should be adequate to discriminate-between the 

Raman signals, and the more intense Rayleigh and Mie scattering. A good holo- 
-5 

graphic grating has a stray light (ghost) level of about 10 . If required, 

this could be improved by a double spectrometer configuration (Fig; 23), which 
-9 

would reduce stray light to 10 . 
Gratings are typically polarization-specific, so that a spectrometer also 

tends to be a polarizer. This effect can be used to advantage in that both 

the sky light and the Raman light are polarized. Sky light is typically 

polarized horizontally. The amount of polarization is dependent on the line- 

of-sight orientation with respect to the sun, being maximum at 900. Multi- 

ple scattering, such as from a cloud, is generally not polarized. Raman radi- 

ation for a symmetric.molecule will be completely polarized in the direction. 

of the pump laser. A nonsymmetric molecule could give some depolarization 

depending on the 'orientation of the transition. .By using a vertidally polar- 

ized laser and a polarization specific receiver, the ratio between sky light 

and Raman signal can be substantially enhanced. 

Another analyzer that deserves consideration would be configured like the 

filter scheme, but with the filters replaced by Fabrey-Perot etalons. This 
, . 

would improve the resolution and thereby make it possible to resolve the C-H 

stretch lines of different hydrocarbon species. To do this, a finesse of 20 

would be required. (Finesse is the ratio between the resolution and free 

spectral range.) Although theoretically such etalons can have transmissions 

well above SO%, in practice this is difficult to achieve due to the extreme 

flatness requirements. The most limiting requirement will be stability and 

calibration. The extreme physical and thermal stability limitations (< A/200) 

would require an active, closed-loop calibration system. Because of the 

limited free spectral range, a Fabrey-Perot etalon would have to be used with 

=Q auxiliary filter or spectrometer. 



In conclusion, a spectrometer is the most versatile analyzer that has 

both high. efficiency and the resolution needed to separate the hydrocarbon C-H 

lines. With filters, the C-C and C-H hydrocarbon lines could be separated, 

but the higher cross-section C-H lines could not be used to measure the heavy 

hydrocarbons. In addition, the low efficiencies of the filters woul'd severely 

limit their usefulness. Fabrey-Perot. etalons have extremely .high resolution 

capabilities, but the difficulty of fabrication and operation would probably 

preclude their use for this application. 

3. Detectors 

The photomultiplier is clearly the most sensitive detector in the 350-to- 

400-nm region. Several types of photocathodes are available in the 20-to-30% 

quantum efficiency range. The gallium arsenide reflective photocathodes are 

the most efficient, being nominally about 30% (best performance 40%). These 

reflective photocathodes are gener'ally deep inside the tube making coupling 

difficult. One vendor is now making a semitransparent GaAs photocathode that 

is only slightly 1ess.efficient. The bialkali and multialkali cathodes are 

about 20 to 25% efficient. These are semitransparent, coated directly on the 

inside of the tube face making coupling substantially easier. 

When uged with the filter analyzers, the semitransparent photocathode 

tubes would be placed behind the appropriate fil.ters. For the reflective 

cathodes, auxiliary focusing lenses would have to be used between each fiLtar 

and tube. For the spectrometer, a mask would be placed in the image plane 

with a series of mirrors or quartz light conduits directing various band-pass 

segments to each tube. Again, auxiliary lenses would be necessary for the 

reflective photocathodes. 

An alternate detector concept usable only with the spectrometer would be 

to couple the image plane to a streak tube that i s  mated to a vidicon caiaera. 

This would eliminate the need for astivc electronic range gating of a group of 
PMT's by providing a complete spectrum-versus-time matrix. This approach. 

would probably not provide the sensitivity of photomultiplier tubes, because 

only the semitransparent photocathodes cou1.d be used. However it would allow . , 
the integration of several laser'pulses . . to be done directly by the super- 

position of light on the vidicon. 
..-., , . .. ..- . . ,  . . . - ..-.--- ' " . 



4. System Transmission. 

Transmission estimatesqfor each subsystem are given in Table 4. These 

estimates are based on using dielectric reflector coatings with a reflectivity 

of 0.99. (Some coatings are available with reflectivities as high as 0.998.) 

Antire.flection coatings on transmission elements give transmission efficien- 

cies of 0.995 per surface. Gratings are based on a 0.80 ruling efficiency and 

a 0.90 reflective coating. - 

TABLE 4. Optical transmission of LIDAR components. 

- - 

Subsystem Transmission 

1 .  . .. 

. 3 .  ,.. . - >. 

Transmitter , . .  

a Collimator . . 

a Mirrors (turning'and scan) 

< l a ,  

Receiver . :a- : : .  

a Telescope (and scanner) 

--Obscuration 

--Mirrors (4) 
I 

Analyzer 

Single grating (double) 

a ~irrors' (4) 

a Auxiliary' lens 
i 

Total receiver ' transmission ' Single spectrometer 0.63 

Double spectrometer 0.45 
. . 



5. Data Storage, Analysis, and Display : ' .  

There are two approaches to digitization of data. One uses a high- 

frequency fast.-sampling ADC with an integrating front end. The second ap- 

proach would use simple low-frequency ADC's for each range gate, as employed . - 
in the CGC system shown schematically in Fig. 13. Either approach would 

allow,.with commercially available equipment, range resolution even higher 

than proposed in this report. The choice between the two'approaches would 

depend on the number of range cells to be analyzed. 

Data analysis and display is a straightforward application of commercial- 

ly available or LLL-designed equipment. In particular, equipment designed 

for data gathering in nuclear weapons testing, utilizing LSI-11 microproces- 

sors with large core memories and image display routines, could be adapted 

for this application. 

SYSTEM COSTS 

A $400,000 estimate for the total cost of the LIDAR system was given 

earlier. The estimate was derived from a detailed analysis of component 

costs, as shown in Table 5. Both performance and cost estimates are based on 

commercially available components and subsystems that can be inleyrated with 

little engineering design effort. Proven state-of-the-art technology is 

used, and no development items are considered. 

For a comparison with the in situ sensors, this estimate assumes four 

data channels measuring methane, ethane, propane, and nitrogen. Additional 

data channels could be added as required to monitor the fog boundary, combus- 

tion products, etc. The cost of additional channels is relatively small, 

resulting primarily from the increased data handling equipment required. 

Hardware costs are all taken either from catalog listings, manufacturers 

quotes or recent procurement experience. Manpower estimates are based on an 

average burdened cost of $70,000 per .FTE year. 



TABLE 5. ~ ~ ~ ~ ~ . s y s t e r n  costs. 

I 

Cost , thousand 

Equipment Source of estimate of dollars 

a Laser . . 
? 

YAG ~hlectron quote ' 
45 

Optics 

35-cm telescope 

Special coatings 

Scan mirror . 

Celestron quote 

Recent experience 

Recent experience 

Miscellaneous optics, mounts 10 

Spectrometer 

Predisperser Quotes 3.5 

Grating ' Catalogue 10-20 

Rotary table w i t h  accessories Catalogue 3.5 

Detectors 

PM tubes 

Tube bases 

Catalogue 

Catalogue 

- Power supplies Catalogue 5 

Hardware 

Scan mirror mount 

Bench 

Van w i t h  ac and power 

~lectron'ick (4-channel system) 

Biomation' 8100 

Tape u n i t s  

Interface 

LSI I1 computer . 

Floppy d i s k  . . 

LSI I1 scanning interface 

TEK 4012 

TEK hard copy 

Versatek printer 

Miscellaneous 

Total equipment 

Carson Instr. quote 

NRC catalogue 

Catalogue 

~ u o t e s  

Recent purchase 

Recent purchase 

~ e c e n t  purchase 

~ e c e n t  purchase 

Catalogue 

. Catalogue 

Catalogue. 



TABLE 5. (Continqed. ) 

t 

Cost (at 70/F!PE) 

Manpower ETE FY80 in thousands of dollars ' 

Systems engineer/physics 0.5 . . 

Systems technician 0.5 

Mechanical desigddraf ti rig 

Mechanical siiop/optico shop . 

~lectronick technician 

qrryramer . . 

Total manpier 

Total cost ' . 394 - 

3 For 40 m spills, LIDAR is cost competitive with the in s i t u  instru- 

ments it replaces. For larger spills there is a significant cost advantage in 
3 using LIDAR. If the spill size were increased to 1000 m , the fences of in 

situ sensors would be increased in both length and numbers. The proposed 

LIDAR system would accommodate the increased fence length with additional 

range cells. This requires only the detection of scattered light over a 

longer time interval, with at most, a minor additton to data-handling 

equipment. 

Additional downwind coverage (multiple fences) could be added either by 

using multiple LIDAR systems or by adding a horizontal scanning capability to 

the proposed system. 

Additional LIDARs similar to the one proposed could be added at approxi- 

mately $400,000 per unit. A LIDAR with a horizont'al scan capability would be 

more difficult to build, and would cost between $1 and '$1.5 million. In .the 



: long run, however, a two-axis scanning LIDAR may be t h e  most cos t -e f fec t ive  

system a s  it would provide a three-dimensional map of a major i ty  of t h e  cloud 

volume. Scanning add i t iona l  volume without s a c r i f i c i n g  da ta  a t  any sampled 

po in t  would requ i re  a s ign i fkcan t  increase  i n  t h e  da ta  c o l l e c t i o n  r a t e .  Since 

t h e  system proposed here  is photon-limited, t h e  increase  can be accomplished 

only by an inc rease  i n  l a s e r  power and/or teles.cope and scan.mirror  s i ze .  

Neither a ' l a r g e r  l a s e r  nor a te lescope is a v a i l a b l e  "off t h e  she l f  ." Hdwever, 

both are' wi th in  the  current.state-of-the-art. 

The te lescope and scan mirror could be increased to provide a 1-m 

ape r tu re  with technology a v a i l a b l e  'to severa l  vendors. The increased s i z e  and 

speed of a scan mirror mount would requ i re  s ~ i b s t a n t i a l  engineering e f f o r t ,  but  

is wi th in  the  c a p a b i l i t y  of commercial supp l i e r s .  

Laser power could be increased to about l ' ~ / ~ u l s ' e  using e i t h e r  of t w o  

approaches. The f i r s t  is based on an es t ab l i shed  technique of mult iplexing 

p a r a l l e l  s o l i d - s t a t e  ampl i f i e r s  f ram a common o s c i l l a t o r .  This  would incorpo- 

r a t e  t h e  l a s e r  proposed f o r  the  smaller  system. * 

The a l t e r n a t i v e  is .use of a s i n g l e  l a r g e  rare-gas ha l ide  l a s e r  system.' 

This  a l t e r n a t i v e  is less c e r t a i n  because it depends on advances i n  t h e  tech- 

nology of r a r e  gas h a l i d e  l a s e r s .  However, much research  is c u r r e n t l y  being 

done i n  t h i s  area.  

A l a r g e r  system would requ i re  changes i n  t h e  spectrometer,  and i n  t h e  

c o n t r o l  and' data-recording e lec t ron ics .  The increased s i z e  and complexity 

would a l s o  inc rease  the  e f f o r t  involved i n  i n t e g r a t i n g  t h e  components i n t o  a 

workable system. This  would r e s u l t  i n  incr.eased L U  manpower e f f o r t ,  and 

inareased l ead  t i m e  f o r  development. 

ACKNOWLEDGMENTS 

Severa l  people .  gave he lp fu l  input  to t h e  LIDAR analys is .  W e  e s p e c i a l l y  

wish to thank D. Redhead, H. Koehler and W. Wakeman of LLL, S. Klainer of t h e  

~ a w r e n c e  Berkeley Laboratory, L. Jelsma of  Arizona S t a t e  Universi ty,  R. Byer 

of Stanford  Unive r s i ty , . and  D. Murcray of t h e  Univers i ty  of Denver. 



REFERENCES 

1. For a general description, see.E. D. Hinkley: Laser Monitoring.of  t h e  

Atmosphere (Springer-Verlag, Berlin, 1976). 

2. N. B. Colthup, L. H. Daly and S. E. Wiberley; Introduct ion  t o  Infrared  

and Raman S p e c l o s c o p y  (Academic .Press, New York, 1975). 

3. Raman/IR Atlas of Organic Compounds, B. Schrader and W. Meier, E ~ E ,  

(Verlag Chemie, Weinheim, 1974), volt &. 

4. 8. It. ~ u i ~ a ~ ,  J. Y. van der ~ a a n  and J. G. '~awle~, Applied Optics 15, 

NO. 12 (1976) . . , .. 

5. T. ~irschf eld, private commuhicatioi (February 1979) . 
. 6. 6. Klainer , Lawrence Berkeley Laboratory, prhate communication (November 

1978). 

7. E. J. McCartney, Optics of the Atmosphere (wiley, New York, 1976). 

8,- H. Elmer, 2. f. Phys. 38, 119. (1926). 
9. H. Blumer, '2. f .  Phys. 38, 304 (1926). 

10. D. A. Leonard and B. Caputo, Remote Sensing of LNG Spill Vapor Dispersion 

Using Raman LIDAR, Computer Genetics Corporation, 18 Lakeside Office 

Park, Wakefield, Mass. 01880, for Lawrence Livermore Laboratory, 

Livermore, Calif., Rept. UCRL-13984 (1979) . 
11. L. Hazelman, private communication (March 1979). 

b 

12. J. Coutts, private communication (February 1979). 



. . , . ,, . . .  . .  

REPORT O . . . .  \ . .  . , . ,  _ .. . . . .  

The LLL Data Acquisition 
System for Liquefied Gaseous . 
Fuels Program 

J. Baker 
. I  . 

Prepared for the 
Environmental and Safety Engineering 
Division 
U.S. Department of Energy 
under Contract W-7405-ENG-48 

Lawrence Livermore Laboratory 
Livermore, California 94550 



W A S  ';INTENTION:ALLY 
LEFT BLANK 

1 



REPORT 0 

TABLE OF CONTENTS 

SUMMARY . .. • . .  . . 0-1 

INTRODUCTION . . 0-1 

REQUIREMENTS . . 0-2 

MICROCOMPUTERS TO CONTROL SYSTEM . . 0-7 

DATA ACQUISITION STATIONS . . 0-7 
. , 

COMMAND, CONTROL, AND DATA RECORDING SYSTEM . . 0-13 

FIGURES 

3 1. Sensor Array f o r  40-m Tests a t  Naval . Weapons Center, 
China .Lake ' . . . .  0 - 3 . .  

2. Gas Sensor S t a t i o n  . 0-4 

3. Wea the rs ta t i on  . . 0-5 

4. Turbulence S t a t i o n  . 0-6 

5 .  Block Diagram o f  Overa l l  LEF Data A c q u i s i t i o n  System . . 0-10 

6. Block Diagram o f  Turbulence Date A c q u i s i t i o n  U n i t  . . . . 0-12 
. :  

7. Block Diagram o f  Command, Contro l ,  and Data Recording 
System (CCDRS) . . 0-14 

1. Data from i a s  .Sensor Sta t ions  . . 0-8 

2. Data f rom Weather s t a t i o n s  . . 0-8 

3. Data f rom Turbulence S t a t i o n s - .  . .O-9 



THE LLL DATA ACQUISITION SYSTEM FOR 

LIQUEFIED GASEOUS FUELS PROGRAM 

A data acqu is i t i on  system i s  being developed by EG&G, Inc., and the  

Elect ron ics  Engineering Department of LLL f o r  use dur ing upcoming 1 iquef  ied  

natura l  gas (LNG) dispersion tests. The system w i l l  employ 51  battery-powered 

complementary metal-'oxide semiconductor (CMOS) data acqu is i t i on  u n i t s  t o  

measure gas concentration, wind d i  r hc t i on  and speed, temperature, humidity, 

and heat f l ux .  
Data acquired by the CMOS data acquis i t ion un i t s  w i l l .  be telemetered . v i a  

UHF rad io  l i n k s  t o  a t ra i ler -based microcomputer command, control ,  and data 

recording system (CCDRS). I n  the CCDRS, wind data w i l l  be displayed . . 

graphical ly .  A l l  data w i l l  be recorded on disk u n i t s  f o r  subsequent a n a l y s i i  

a t  the Livermore time-sharing system computer ' f ac i  1 i ty. , 

INTRODUCTION 

The L iquef ied Gaseous Fuels (LGF) Program i s  scheduled t o  begin . 

dispersion tes ts  i n  May 1980 a t  the Naval Weapons Center, China Lake, 
Q 

Cal i forn ia .  These tes ts  w i l l  invo lve s p i l l s  o f  l iquef ied natura l  gas i n  
3 quan t i t i es  up t o  40 m . Up t o  51 s ta t ions w i l l  be measuring the wind ' 

d i r ec t i on  and speed, gas concentration, temperature, heat f l ux ,  and humidity 

t o  provide data f o r  v e r i f i c a t i o n  o f  computer models of the dispersion o f  the 

gases. The s ta t ions w i l l  be located i n  an area approximately 500 m wide by 

2000 m long. They must be por tab le  and consume l i t t l e  power. Approximately 

700 channels o f  analog o r  d i g i t a l  s ignals must be recorded fo r  periods of  1/2 
hour o r  more f o r  each test .  Safety requ i res . tha t  the wind d i r ec t i on  and 

ve loc i t y  be displayed graphica l ly  before and during the tests.  A comnercial 

data acquis i t ion system i s  not ava i lab le  which w i l l  meet the needs o f  the LGF 



Program; therefore the F i e l d  Test Systems D i v i s i on  (FTSD) o f  the LLL 

E lec t ron ics  Engineering Department was asked t o  undertake the development of 

the.  necessary system. FTSD personnel determi ned the system requirements and 

then undertook t.he design o f  the system. 

The ove ra l l  system design i s  now complete. Most of the de ta i led  des,igns 

are complete, and much of the necessary e l e c t r i c a l  - and e lec t ron ic  components 

have been ordered. 

. - . . . . 

. , REQUIREMENTS 

, , 

. . The f o l l ow ing  a re , t he  basic requirements o f  the data acqu is i t i on  s'ystem:', , . 
. .  . 

. , . . 

1: To g raph ica l l y  d i s p l a y  wind data from the weather s ta t ions  before and 

- 'du r ing  the s p i l l  t es t s  so t ha t  the t e s t  di.rec.tor can be sure t h a t  the' gas w . i l l  
d r i f t  over the data acqu is i t i on  un i ts .  . . .  

2 .  ' To record  wind data from twenty weather s ta t ions  and s i x  turbulence. . . 

s ta t ions  from 15 min before the s p i l l  t e s t  u n t i l  15 min a f t e r  the s p . i l l  t es t .  

3. To receive a s igna l  (contact  c losure) i n d i c a t i n g  the s t a r t  o f  the 

s p i l l  t e s t  f o r  t iming o f  the.gas.sensor ,data acqu is i t i on  system. 

4. To. record data from twenty- f ive gas sensor s ta t ions  duri.ng the spi l .1 

t e s t s  i n  add i t i on  t o  the weather and turbulence'data. 

, The sensor ar ray for  t h e  40-m3 experiments a t  China Lake i s  shown i n  

Fig. 1. Calculated gas concentrat ion contours from the COM3 code are also 

shown i n  Fig. 1. Figures 2 through 4 show schematic diagrams o f  a gas sensor 

s ta t ion,  a weather s ta t ion,  and a turbulence s ta t ion.  

The s ignal  sources a t  the weather s ta t ions  .are the two-axis anemometers. 

They w i l l  measure wind d i r e c t i o n  and speed a t  twenty locat ions on the s i te .  

~ l l ' o f  these measurement locat ions are shown i n  Fig. 1 except the two fur thest  

upwind anemomet.ers. Wind vectors w i l l  be averaged over a 10-s period, then 
t ransmi t ted t o  the t ra i le r -based data recording system and displayed on a 

cathode ray tube (CRT) d i sp lay  un i t .  

Gas concentrat i on  arid temperature w i  11 be measured a t  three' d i f f e r e n t  

heights a t  each o f  the gas sensor stat ions.  Some s ta t ions w i l l  a lso have 
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FIG.  1. Sensor array for 40-m3 tests a t  Naval Weapons Center, China Lake. ' - .  
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FIG. 4. Turbulence s ta t ion .  



humid i ty  sensors, heat f l u x  sensors, and radiometers. Measurements w i l l  be 

made once per second and the data recorded i n  the  t r a j l e r  f o r  subsequent 

analysis. 

Wind ve loc i ty ,  gas concentration, and temperature data w i l l  be acquired 

a t  three d i f f e r e n t  heights, f i v e  times $e&: second a t  f i v e  o f  the  turbulence 

stati 'ons. The s i x t h  turbulence s ta t i on  wil1:acquire 'wind v e l o c i t y  and 

temperature only. Th is  unaveraged data w i  11 a1 so be ,recorded. 

a Altogether, approximately 700 channels o f  data nust  be recorded fo r  

periods b f  one-half hour or  more. ~ a b l e s  1 through, 3.show the ove ra l l  s igna l  

requ i remen t s . 
.Other requirements are por tab i  1 i.ty and low power .consumption. Previous 

dispersion t es t s  ind icated t h a t  por tab i  1 i ty was a necessary requirement 

because o f  the v a r i a b i l i t y  o f  the w'ind d i rec t ion .  LOW-power-consuming 

components are necessary f o r  the data 'acqu is i t ion u n i t s  because they are 

battery-powered. The la rge  area covered by the ar ray precludes the use o f  

power , cab1 es and commerci a1 power. 

,MICROCOMPUTERS 'TO CONTROL SYSTEM 

Comnercially ava i lab le  microcomputers w i l l  be used i n  the data 

acquis i t ion,  data, recording, and display. They w i l l  be programed. t o  perform 

system s e l f - t e s t  and ca l ib ra t ion ,  t o  i n i t i a t e  the data' acquis i t ion,  t o  acquire 

and t o  t ransmi t  the data t o  the recording system, t o  rece ive and t o  record the 

data, and t o  d isp lay  the wind d i r e c t i o n  and ve loc i t y .  Comnunications between 

the microcomputers. w i l l  be ca r r ied  ou t  by means o f  a UHF comnand and data 

te lemetry system. Because o f  the large and var iab le  distance between data 

acqu is i t i on  un i ts ,  each w i l l  have i t s  own comnand rece iver  and data 

t ransmit ter .  F igure 5 shows a block diagram o f  the ove ra l l  system. 

DATA ACQUISITION STATIONS 

The data acqu is i t i on  u n i t s  w i l l  be o f  three types: weather s ta t ions  

(20), gas sensor s ta t ions  (25), and turbulence s ta t ions  (6). A l l  o f  the 

s ta t ions w i l l  employ the  I n t e r s i l  IM6100 low-power CMOS microprocessor. The 

IM6100 microprocessors w i l l  be suppl ied t o  LLL by Pac i f i c  Cyber/Metrix as the 



TABLE 1. D3ta from gas sensor stations.' 
(25 Statiions: 1 samplds; data not  needed i n  t r a i l e r  dur ing tes t . )  

Signal source R an ge Accuracy 
No. o f  

Signal . type channels 

S ix  thermocouples, Type K -150 t o  +70°c O . l O c  Analog 12 b i  t s  6 .  

IST gas sensor 0 to '  25% 10% o f  reading Analog 8 b i t s  1 
LLL gas sensor * 

(methane, ethane, f o g  , 
reference) 0 t o  100% 1% D i g i t a l  12 b i t s  4 -.- . .. . ,.. - . -  . , . .  . , , , .  - - . . . .  

Humi d i  t y  0 t o  100%' - + 3% Analog 8 b i t s  1 

JPL gas sensor 
..-* . , . . x  . : 

(methane , ethane , - . . . .  -. 
. . 

propane, reference) 0 t o .  50% 1% . D i g i t a l  12 b i t s  4 

o Time (2  words) 
I 
Co 

0 t o  .14,400 ' s 
. .. 

(4  hrs ) 1 i7.. D i g i t a l  ' 12 b i t s  2 

TABLE 2. Data .from weat her s t a t  ions.. 
(20 stat ions:  5 s ta t ions  upwind, 15 s ta t ions  downwind, 1 sample/s; 

data averagej over 10; data must be t ransmit ted t o  command t r a i l e r  from 
a t  l eas t  10 s ta t ions  during' t e s t  w i t h i n  10 s o f  r e a l  time.) 

, 
No. o f  

Signal source ---- - -  - Range Accuracy Signal type Bytes/ s 

1 

Anemometer 0 t o  3590 0.70 .Analog 12 b i t s  21s 
0 t o  50 m/s " 0.05 m/s ( two-axis) 

Time (2 words) 0 t o  14,400 s 1 s D i g i t a l  12 b f t i  2/s . n 



TABLE 3. Data from turbulence.stat ions (6 s tat ions:  5 w i t h  gas sensors, 5 samples/s, 
begin acquir ing data 15 minutes before s p i l l . )  

. . .  . . 

NO. o f  
Signal :sour.ce Range Accuracy Signal type channels 

. . 

Three thermocouples, Type K -150 t o  +70°c O. lOc  Analog 12 b i t s  22.5/s 

Three LLL gas sensors 
(methane, ethane, 'and fog)  ' 0 t o  100% 

Three JPL gas sensors 0 t o  50% 1% 
0 . 0 4 ~  Three anemometers (3-axi s) -45 t o  +4s0 

, .  . 
D i g i t a l  i2 b i t s  . : 22.5/s 

D i g i t a l 1 2 b i t s  301s 
-- 

Anal'og 12 b i t s  - '  22.5/s 

? . -- -50 t o  +50° 0 .05~ ' Analog 12 b i t s  
cO 

0 t o  13 mls 0.006 m/s Analog 12 b i t s  

Time (2 words) 0 t o  14,400 s 0.1 s D i g i t a l  12 b i t s  

98 bytes/s 
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r e s u l t  of a competi t ive b i d  on an LLL speci f icat ion.  P a c i f i c  .Cyber/Metrix 

w i l l  provide the microprocessor systems w i th  up t o  8,500 twelve-b i t  words of 

read/wr i t e  memory, 3000 words o f  read-only-memory, three para1 1 e l  i npu t  

channels, two p a r a l l e l  output channels, f i v e  s e r i a l  input /output  (I/O) 
channels, and a 16-channel mu1 t ip lexed  analog- to-d ig i ta l  converter (ADC). 

We w i l l  i n s t a l l  these microprocessors i n  a m i l  i t a ry - t ype  enclosure along 

w i t h  instrumentation amp1 i f  iers ,  power supplies, r a d i o  transmi t ter / rece ivers ,  

and other compgnents. Each o f  the s ta t ions w i l l  inc lude a low-power UHF 

comnand receiver and data t ransmi t ter .  Analog signals, such as the 

thermocouples, three-axis anemometers, humidi ty sensors, etc., w i l l  be 

d i g i t i z e d  by the 16-channel mu1 t ip lexed  analog-to-dig i t 'a l  converter. Power 

w i l l  be provided by ge l led -e lec t ro ly te  12-V storage ba t t e r i es  w i t h  'solar c e l l  

rechargers. The dc converters w i l l  generate the 5-Volts, -+ - 15 Volts, and 

other dc voltages required by the  microprocessors. Figure 6 i s  a block 

diagram o f  the turbulence data acqu is i t i on  un i t .  

The UHF.command and data te lemetry system w i l l  operate i n  the 406 t o  420 

MHZ band. Conunerci a1 (Monitron Corporation) wide-band (50-kHz) transmi t t e G  

and receivers w i l l  handle the  data channels which w i l l  send data 

asynchronously up t o  19.6 kbaud. The asynchronous mode permits the use .of 

standard uni  versa1 asynchrono,us receiver/transmi t t e r  (UART) i ntegrated 

c i r c u i t s  a t  both ends o f  the comnunicat ion channels. Narrow-band (3-kHz) 

t ransmi t ters  and receivers w i l l  be used f o r  the comnand l i n k s  and the lower 

baud-'rate weather systems data channel s. A three- level  b ina ry  

(pseudo-ternary) i n t e r f ace  was designed a t  LLL t o  connect the microprocessors 

t o  the r a d i o  un i t s .  This in te r face  permits ac-coupled t ransmi t ters  t o  send 

the pulse-coded modulated (PCM) data by e l im ina t ing  dc components. 

The CMOS microprocessors w i l l  be commanded t o  begin acqui r ing data '  by a 

t ra i le r -based command, cont ro l  and data recording system (CCDRS). The weather 
' 

s ta t ions  w i l l  acquire ten 1-s samples o f  the wind d i r e c t i o n  and speed, they 

w i l l  convert these t o  north and east vectors, and they w i l l  average them. 

Upon command from the CCDRS, each o f  'the twenty weather s t a t i on  

microprocessors w i l l  t ransmit  i t s  data t o  be recorded and displayed and w i l l  

begin acqui r ing new wind d i r ec t i on  and speed data. 
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FIG. 6. Block diagram o f  turbulence data acquisit ion un i t .  
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_.-. . . 
The gas sensor s ta t ions  w i l l  be comnanded by the CCDRS t o  acquire data a t  

f i v e  samples per second from gas sensors, thermocouples, etc., t o  average t h a t  

data, and t o  t ransmit  the 1-s,'averages t o  the CCDRS, upon command, 

approximately every 60 s. The data. wi-11 be recorded on ly  and not  displayed. 

The turbulence s ta t ions  w i l l  a iquirk data from gas sensors, three-axis 

anemometers, and thermocouples f i v e  times per second and w i l l  t ransmit  t he  
. . 

data t o  the CCDRS approximately evecy 10. s upon.,,co.@arid. The  . dpta . w i  11 be ' .  ., ' .  . ..'. 
. , 

recorded ' i n  . the CCDRS t r a i l e r  only. . . .  . _.. , . . ' 

The microprocessors w i  11 be programmed i n a "high- leve l  " assembly 

1 angu'age using .LLL-developed "s t ruc tured macros ,I' such - as "IF-THEN-ELSE" and 

"LOOP-UNTIL" constructs simi 1 ar t o  t hose  used i n  . ALGOL . I '  ;and , other + . modern - .  
1 anguages. . ,  . . .-  

'I 
, .  . 

- .  . . . . 
. . . . 

COWND, CONTROL,.,AND DATA RECORDING' SYSTEM 

.. . 

The  ove ra l l  system w i l l  be con t ro l  l ed  b i .  the  microcomputer-based CCDRS. 

D i g i t a l  Equipment Corporation LSI-11 microcomputers located i n  the CCDRS 

t r a i l e r  w i l l  be programed by EG&G, ' Inc., personnel t o  comnand the por tab le  

data acqu is i t i on  un i t s  t o  acquire, t o  'average, and t o  t ransmi t  the .gas sensor 

and other 'data  back t o  the  CCDRS sys,tem where i t  w i l l .  be recorded f o r  f u t u r e  

analysis on the Livermore time-sharing syste. (LTSS). Figure 7 i s  a block 

diagram o f  the  CCDRS. A l l  t iming and sequencing w i l l  be con t ro l led  through 

the CCDRS microcomputers. Each major subsystem ( the  .weather stat ions,  the gas 

sensor stat ions,  and the  turbulence s ta t ions )  w i l l  communicate i t s  data t o  i t s  

respect ive LSI-11 f k t  end brcicessor (FEP). The data w i l l  be stored on the 

10-M byte d isk  memory u n i t  ,attached t o  the FEP. ,The . .weather . s ta t ion -  . , .  FEP w i l l  ,.( .. 

a1 so comnunicate wind vectors t o  t h e  attached ~ e k t r o n i x  4025 graphics 

terminal.  Fol lowing each tes t ,  the data w i l l  be r e t r i eved  from the disks and 

re-recorded on magnetic tape t o  be read on the LLL LTSS f o r  data processing. 

The graphics terminal  w i l l  a lso permit  "quick looks" a t  the recorded data 

f o l l ow ing  each tes t .  
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Data and calculations of 
dispersion on 5 m3 

LNG spill tests 

SUMMARY 

A series of liquefied natural 'gas (LNG) spill and dispersion experiments was 
carried out at the Naval Weapons Center at China ~ a k e .  These spills were nominally 5 m3 
of liquid spilled on a water pond under various wind conditions (3 to 10 m/s). The objective 
of the experiments was to evaluate sensors for field use in the detection of downwind 
hydrocarbon concentrations. The concentration data are 'shown as a function of time at 
various stations downwind from the spill point. These data are compared with calculations 
made by ATMAS, .a computer model that uses wind field measurements as input then 
solves the advection diffusion equation for the downwind concentration as a function of 
time. The comparisons of data with ATMAS are quite good. It is concluded that ATMAS is 
a useful model; however, a more detailed description of the wind field (more measure- 
ments), a better model of the source (liquid pool spread and boil off of vapor), and'thein- 
clusion. of variable density and temperature effects are required for better comparison with 
the data. The objective of the experiments, to evaluate sensors, was accomplished and has 
led to a selection of instruments to be placed in the field for larger (40 m3 and more) spill 
and dispersion experiments to be conducted in the future. 

INTRODUCTION 

During a 3-month period in the early fall of 
1978, an experimental team from the Lawrence 
Livemore Laboratory (LLL) participated in a 
series of four liquefied natural gas (LNG) spill ex- 
periments at the Naval Weapons Center (NWC) at 
China Lake, California. These experiments. were 
conducted at the request of the Division of Environ- 
mental Control Technology of the Department .of 
Energy as part of their Liquefied Gaseous Fuels 
Safety and ' Environmental Control Assessment 
Program. The main reason for our. participation 
was to evaluate instruments-primarily gas concen- 
tration measuring devices-which might be used on 
future larger scale spill experiments. A report dis- 
cussing this instrument evaluation was recently 
published as a part of the DOE report1 on the status 
of liquefied gaseous fuels (LGF) safety research. 
The intent of this report is to present the dispersion 
data taken during the experiments and to compare 
the data with computer model calculations. 

Each of the four experiments (referred to as 
Avocet 1 through Avocet 4'in this report2) involved 
the release of about 5 m3 of liquefied natural gas 
through an 8-in. pipe onto a pond of water at a rate 
of about 5 m3/min. The LNG, being very cold 
(111 OK) and. less dense than water, foimed a 
rapidly evaporating liquid pool on top of the water 
surface, As the vapor was formed, it mixed with the 
atmosphere and traveled downwind away from. the 
source. A typical experiment lasted from 2 to 3 min. 
from the beginning of the LNG release until the 
trailing edge of the vapor cloud passed the last sen- 
sor. Data were collected for about 5 min. 

Comparison of the measured concentration 
data with model predictions was significantly hin- 
dered by fluctuations in the wind speed and direc- 
tion during the experiments since most transport 
models assume a constant wind velocity. Even when 
averaged over 10-s intervals, the wind speed varied 
by as much as a factor of 3 and the wind direction 



shifted by as much as 60" during a single test. To during the experiment. The simulations were 
overcome this difficulty, we attempted to simulate generally quite good and provided a useful tool for 
plume dispersion using an atmospheric transport interpreting the field data and understanding the ef- 
model that generates a three-dimensional, time- fects of wind variations on the vapor plume. 
varying windfield from the wind velocity data taken 

EXPERIMENTAL CONFIGURATION AND INSTRUMENTATION 

The experimental array was laid out such that 
most of the instruments would be exposed to the gas 
cloud during a spill test and could be evaluated un- 
der field conditions. The array of eight s ta t i~ns  was 
laid out as shown in Fig. 1 and supplemented by iri 

xitu instruments fielded by Jet Propulsion 
Laboratory (JPL) and NWC and a LIDAK (an op- 
tical analog to RADAR) fielded by Computer 
Genetics Corp. A schematic drawing of the instru- 
ment placement at each LLL station is shown in 
Fig. 2 for the third and fourth tests (Avocet-3 and 
Avocet-4). The thermocouples, shown at 3.7 and 
4.6 m, were at 0.3. and 1 m for the first two tests 
(Avocet-1 and Avocet-2). The anemometer at sta- 
tion 9 was moved in on the pond, to station 2, and 
station 4 was moved 7 m north-east from the edge 
of the pond to the top of the pond lip for Avocet-3 
and Avocet-4. The array was designed for instru- 
ment evaluation, not dispersion measurements, and 
this has caused some problems in interpreting the 
data relative to dispersion calculations. 

Each station had one or more gas sensors, grab 
samplers, and thermocouples, all of which were 
used in some way to measure the concentration of 
the gas. We designed the grab sampler system to 
verify the performance of the gas sensors. Grab 
samples were taken at the same location as the gas 
sensor samples. Evacuated bottles were opened at 
pre-programmed intervals to sample from the gas 
stream. The contents of the bottles were analyzed 
with a mass spectrometer and compared with the 
gas sensor output over the same time interval and 
are plotted in the hgures shobing gas sensor output. 

Stations 1 and 2 were located on the spill pond 
about 7.6 and 15.2 m from the spill pipe, respec- 
tively. They were single-level gas sensor stations us- 
ing, in addition to a grab sampler, a Shell sensor. 
This instrument was developed and loaned to us by 
Shell Research Ltd. of England. It operates on the 
principle of heat loss from a filament exposed to the 
nas stream and to the resulting unbalance in a 
bridge circuit that occurs when a gas with a specifiic 

heat different than air flows past the filament. The 
response time of the sensor appeared to be about 
0.7 s, as determined by laboratory calibration. Gas 
samples were drawn through tubing immersed in a 
warming bath to raise the gas temperature to am- 
bient before reaching the sensor. The instrument 
calibration was eatrefitly scnulllve LU f l u w  iats 
changes and had to be checked before and after 
each experiment. 

Stations 3 and 6 were triplelevel stations, 
located about 30 m and 55 m from the spill pipe, 
respectively. Grab samplers, thermocouples, and 
TSI sensors were located at  the 1 m and 2.4 m 
levels, and only thermocouples and grab samplers 
were at the 0.45 m level. Thermocouples were 
moved to 3.7 m and 4.6 m for the third and fourth 
tests (Avocet-3 and Avocet-4). Gas samples were 
drawn through tubing coiled in a water bath to 
warm the samples and vaporize water droplets 
before reaching the gas sensors or the grab samples. 

The TSI gas sensor, manufactured by Therrno- 
Systems Inc. of St Paul, Minnesota, consists of a 
thin-film anemometer element (two in our case) in a 
gas stream whose flow velocity is determined by a 
sonic nozzle downstream. Since sonic velocity is 
sensitive to gas composition (vCH4 = 1.3 vair), the 
anemometer can be used as a gas sensor. The instru- 
ment response was very fast, in about 10 ms, and 
the calibration was quite stable over the test series. 

Station 4 was single-level station (0.9 m high) 
with a grab sampler, two thermocouples, and anon- 
dispersive, infrared (IR) gas analyzer custom built 
for us by Anarad, lnc. 'l'he IR instrument was 
capable of distinguishing between methane, ethane, 
and propane with only a small amount of "cross 
talk" between the various gas species and provided 
our first quantitative evidence of the differential 
boiloff of the different hydrocarbons from the pool. 
The gas sampled by this instrument was also 
warmed, and water droplets were evaporated by 
passlng ~t through coilcd tubing in a water bath. The 
response time was several seconds. 

. I  
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Station base-height above pond level: 
TC (1B) _] I 

TC (3A) 
' Grab 
sampler 

Gas sensor 

I -- 
Station 1 & 2 - 0 ft 
Station 3 - 2 tt 
Station 4 - 5 f t  , .  I 
Station 5 8( 6 - 7 ft 12 ft 
Station 7 & 8 - 20 ft , I 

Grab sampler 
T & Gas sensor 

I 
i s  ft 

I 

(Shell, Anarad I 
MSA, LLL infrared) 5 ft 

TC (1B) 

1" 1 1  1 .  

I 
Stations 3 & 6 

FIG. 2. Locations of the thermocouples (TC), grab samplers, and gas sensors (TSI, MSA, Anand, or ILL in- 
frared) for LNG20 and LNG21. 
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Station 5 was also a single-level station (1 m) 
with a gas sensor, grab sampler, and two ther- 

ocouples. The sensor used at this station was a 
miniature, rapid response, infrared gas sensor 
prototype developed for the DOE C02  program3 
and modified to detect methane. No attempt was 
made to separate the various hydrocarbon species 
because of time limitations. The sensor operates on 
the principle of differential absorption, with one of 
the filters centered on a methane line and the 
reference filter centered nearby on a background 
region. The ratio of these two measurements is then 
essentially independent of water vapor, water 
droplets, or dust in the absorption cell. The sensor 
has a full scale response of 5 Hz and operates non- 
thermostated in environments with temperatures 
from -20" to +40°C. This was the only truly por- 
table sensor used in these tests. The sample cell was 
small and open to the environment so,that pumps 
and water baths were not required. 

.- Stations 7 and 8 were single-level stations 
(1 m), .each with a grab sampler, a Mine Safety Ap- 
pliances (MSA) gas sensor and two thermocouples. 
The MSA sensor operates on the principle of com- 

bustion of the flammable gas on a catalyst coated 
filament and can be used to detect gas concentra- 
tions only up to the stoichiometric concentration 
(10% for methane). 

Three propeller, bivane, fast-response, 
anemometers were set up at stations 9, 10, and 11 at 
1 m above the ground. These were used for general 
wind field tracking and to follow the rapid fluctua- 
tions in wind speed and direction. In addition to 
these, the NWC facility had a meteorological tower 
on the south-west side of the spill pond with two 2- 
axis cup and vane anemometers at 2 m and 10 m 
above the ground. 

For one test, Avocet-2, a Rarnan LIDAR was 
fielded by Computer Genetics Corp. to make 
remote concentration measurements.   he LIDAR 
used a pulsed laser to excite the gas and time-gated 
the Raman scattered return signal to obtain concen- 
tration measurements in a series of 9-m-long range 
gates across the gas plume. The orientation of the 
LIDAR and the position of the range gates are 
shown'..in Fig. 1. The laser beam was about 2 m 
above the pond level. 

ATMAS COMPUTER MODEL 

Computer simulations of each experiment were 
conducted using the atmospheric transport model 
AT MAS^ to aid in the analysis of the measured con- 
centration data. The ATMAS 'code is a three- 
dimensional computer model that was developed 
for another LLL program fo predict the transport 
of trace species emitted to the atmosphere from 
quasi-area sources. A major advantage in using the 
code to analyze the field data is that it can simulate 
a three-dimensional,-time-varying wind field from 
the meteorological data obtained at different loca- 
tions within the region of interest. The use of a 
variable wind-field model ,rather than a constant 
wind velocity model allows for a more realistic 
simulation of the true wind field. 

Species transport in the ATMAS code is gov- 
erned by the airnospheric advection-diffusion . 
equation 

. . . . 
z> , . 

wnere c is the species concentration, t is time, V is 

the divergence operator, K is the eddy diffusion 
coefficient, and is the mean advection velocity. 
As governed by this equation, transport is the result 
of only two processes. The advective process repre- 
sents trhnsport by the average wind velocity where 
the velocity has been averaged over a length of time 
At. The diffusion,~process is assumed to approx- 
imate the effects of atmospheric turbulence occur- 
ring on time scales shorter than the wind velocity 
averaging time At. 

To solve the transport equation, ATMAS uses 
a particle-in-cell method.516 These methods repre- 
sent the mass of the emitted species by marker parti- 
cles whose trajectories through space are c'alculated 
from an equation of motion derived from the 
advection-diffusion equation. The array of marker 
particle locations presents a three-dimensional 
representation of the plume mass distribution. The 
species concentration at any point in the plume is 
approximated by the average concentration within 
an incremental volume surrounding the point and is 
calculated by summing the number of marker parti; 
cles within that incremental volume. 



The marker particle equation of motion is Carlo method is used, which does not depend on the 
shape of the plume. The horizontal diffusive dis 

-L 
placements are random displacements chosen fron 

r(t + ~ t )  = ?(t) + ij ~t + z ( ~ t )  , (2) a Gaussian distribution function with a mean value 
of zero and a mean square value of ~ . K H * A ~ . ~  The 

where ?(t) is the marker particle location at time t, form of KH is the same as that for KG namely, 

is the marker particle advection velocity, and is 
a diffusive displacement. The advection velocity at 
each grid point is calculated from the measured 
wind velocity at several station locations in the 
region by using d-I interpolation-extrapolation, 
where d is the horizontal distance from the grid 
poir~t to the data station location. The horizontal 
components are assumed to increase with height ac- 
cording to the power luw . 

The vertical component of the advection velocity is 
assumed to be zero. ~ndividuai marker particle 
velocities are interpolated from the, advection 
velocities at the' surrounding grid points. In the 
Avocet simulations, a new advection field was 
calculated every 10 s. The value of the exponent p. 
.was set equal to 0.1, the average value obtained 
from the. wind velocity measurements taken at the 
two heights on the NWC meteorological tower in 
each experiment. 

The vertical and horizontal diffusive displace- 
ments are calculated in two different ways, both 
derived from Eq. (1). The vertical diffusive displace- 
ment is given by ,Ref. 7 as 

where 

z is the marker particle height relative to the plume 
centerline, s is the downwind distance that the parti- 
cle has traveled, and the coefficient a and exponent 
b are empirical constants. The relationship between 
o and K in Eq. (4) is obtained by assuming the 
shape of the plume to be Gaussian in the vertical 
direction. In the horizontal directions, a Monte 

where different values of a and b are used in the 
horizontal and vertical directions. 

In the Avocet simulations, the dispersion con- 
stants were selected on the basis of measurements of 
the LNG vapor plume concentration rather than 
measurements of the stability of the utinoaphero, 
The vertical diffusion coefficient was taken to be 
constiwf, h = 1. Thc value of "a" was set equal to 
0.044 and was calculated from the concentration 
measurements at the two heights (0.9 and 2.4 m) on 
station 6 by assuming the vertical concentration dis- 
tribution to be Gaussian. Estimates of the vertical 
dispersion constants were made for all four experi- 
ments and found to be nearly the same so that the 
above values were used in each calculation. The 
horizontal dispersion rate was chosen in a similar 
manner. In Avocet-2, stations 3 and 5 lay just 
beyond the'plume edge through most of the experi- 
ment. The values of a and b were adjusted so that 
the edge of the calculated plume behaved similarly. 
This estimate nf the horizontal dispersion rate was 
made only for Avocet-2; however, the same values 
of a and b were used for all experiments and were 
a = 0.0072 and b = 1.76. These dispersion rates 
correspond to the Pasquill-Gifford dispersion cat- 
egories E and F, that is, stable conditions with low 
dispersion rates. 

To complete the description of the dispersion 
model, one must also specify the LNG vapor source 
and the boundary conditions. For the first three ex- 
periments a constant emission rate for a fixed time 
period was used. The shape of the source was uni- 
form and circular in the horizontal plane and Gaus- 
sian in the vertical direction with a standard devia- 
tion of 0.25 m and the centerline of the Gaussian 
distfibutiorl at ground level. The source emission 
rate and horizontal radius were different in each ex- 
periment and are summarized in Table 1. For the 
fourth pst, it was necessary to try to simulate nJ 

vapor source that was observed to change size dux 
ing the course of the spill because of changes in 



TABLE 1. A summary of the 1978 China Lake dispersion tests. 
- -  - -  - 

Avocet 1 2 3 4 
(LNG 1 8) (LNG191 (LNG-20) (LNG2 1) 

Date 31 Aug 13 Sep 9 Nov 20 Nov 
T i e  1456 19: 37 15:26 15: 11 
Temperature 35.8OC 21.1°C 26.8"C 20.l0C 
Re1 humidity 16% 29% 15% 21% 
Spill volume 4.39 m3 4 5 2  rn3 4 5  m3 4.2 m3 
Spill duration 67 s 59 s 77 s 53 s 
h m x .  rate (g/s) 2.058 x lo4 2384 x lo4 2.234 x lo4 44.0a 
Spill radius (m) 7.22 7.81 6.82 variablea 
Boiioff time (s) 90 80 85 120 
-- - - 

aFor Avocet-4, the source rate is in units of g/m2 s to accomodate a pseudo-pool spread which increases in time: 
3 Pool radius (m) 5 ' 8 11 15 

T i e  block (s) 0-22 22-40 4060 60-85 85-120 

wind velocity. The simulation was done by turning 
on a series of sources with successively larger areas 
during the course of the spill. The boundary condi- 
tions at the top and sides of the grid were open; that 
is, marker particles that travel out of the grid do not 
return. At the bottom of the grid the boundary is 
reflective so that particles do not exit the grid or 
deposit on the ground surface. 

The ATMAS code has several methods for dis- 
playing the plume concentration. Contour plots of 
the plume showing the concentration isopleths at a 
height of 1 m above the ground are made at regular 
time intervals during the simulation. Graphs of con- 
centration versus time'for each of the measurement 
station locations are also presented. 'A qualitative 
description of the plume shape and location is'given 
by three views'(one each in the x, y, and z directions) 

of the plume in the form of dot plots of the marker 
particle locations. Each of these methods is used in 
the analysis of the measured concentration data 
presented in the following section. 

Before discussing the results, a final comment 
should be made regarding the use of the ATMAS 
model in this analysis. The ATMAS model has 
significant deficiencies when applied .to LNG vapor 
cloud dispersion in the atmosphere; namely, it does 
not consider effects due to density and temperature 
variation in the cloud. However, the model does at- 
tempt to simulate a spatial and time-varying wind 
field as encountered in the LNG spill experiments. 
We used. this code to help overcome the difficulties 
in analyzing the concentration data that were due to 
changes in the wind field and to evaluate the impact 
of these changes on plume movement. 

THE EXPERIMENTAL DISPERSION DATA AND 
COMPARISON WITH ATMAS CALCULATIONS 

Experimental concentration data from the . AVOCET-1 
Avocet series of experiments are presented in this 
section and compared with ATMAS calculations. 
The gas concentration data have been smoothed us- 
ing a multiple-pass, two-poin t averaging technique. 
This eliminated most of the high frequency noise 
and, unfortunately, the high frequency data as well. 
However, the high frequency data are not necessary 
for comparisons with our computer calculations, 
which are 10-s averages. The experimental data are 
' own in .all the figures as dots with grab sample 

Bults superimposed as bullets (0). ATMAS results 
are in'dicated by the dashes (-). 

A typical orientation of the plume relative to 
the sensor array is shown in Fig. 3. This plot shows 
the contours .of constant concentration at 60 s after 
the spill. For this experiment, the wind carried the 
plume to the left of the center of the sensor array. 
The mean wind speed and direction and the stan- 

. . dard deviations of these quantities are shown in, 
Table 2. The range in wind speed varied 'from a 1 m'aximum at station 11 of 7.33 in/s to a minimum ; . . 

of 0.62 m/s at station 10. During the course of the. . 

experiment, the wind direction, averaged for 10 s, 
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FIG. 3. Concentration isopleths of Avocet-1 plume 
at 60 s. The contours correspond to concentrations of 
0.585,5.85,29.2,87.7, and 175 g/m3. 

varied from 155" to 207O, relative to magnetic north 
at the different stations. The estimated maximum 
extent of the lower flammability limit (33'g/m3 at 
300 K) for this case was about 380'm. 

Figure 4 shows the gas concentration data 
from the Shell sensor and grab samplcs at station 1 
versus time plotted with the ATMAS calculation. 
This calculation used upwind meteorological data 
as input to ATMAS in .  addition to  the three 
meteorological stations down-wind. The general 
agreement is reasonably good; however, the detailed 
structure of the experimental data is not reproduced 

by ATMAS. This structure is probably due to local 
wind variations. A similar plot is provided for sta- 
tion 2 in Fig. 5 and shows good agreement with thc 
data. The grab sample results agree very well with 
the Shell sensor output at both of these stations and 
confirm that the sensors were working properly. 

In Fig. 6a the agreement between calculation 
and data for station 3, at the I-m'level, is seen to be 
poor. Gas concentration data at the 2.4-m level are 
shown in Fig. 6b. Since this station was in the mid- 
dle of the dispersing plume, one might expect better 
agreement. Grab sample results do not agree with 
the TSI sensor data at the 1-m level but do agree at 
the 2.4-m level. The disagreement at the 1-m level 
was probably c a ~ ~ s e d  hy iniswiring of the grab sam- 
pler, which was later corrected. 

Problems with both the Anarad infrared gas 
sensor at station 4 and the LLL infrared gas sensor 
at station 5 kept them from taking arly reliable data 
on this experiment. The measurements at station 6, 
shown in Figs. 7a and 7b show a peak in gas con- 
centration at about 80 s., which is not reproduced 
by the ATMAS calculation which was nearly zero 
here. The grab sample results agree well with the 
TSI gas sensor data. However, most of the time 
both devices s& no gas at this station. Station 6 
was apparently at the edge of the plume (see Fig. 3) 
and small shifts in wind direction could make large 
changes in gas concentration a t  this point. The 
MSA sensors for stations 7 and 8 had not arrived 
from the manufacturer at the time of this experi- 
ment. Grab sample data, however, indicates con- 
centrations of about 5% at 90 s after the start of the 
spill at station 7. This is in good agreement with the. 
ATMAS calculali~rl shown in Fig. 8, which also in- 
dicates that the grab sampler missed most of the gas 
plume at this station. 

AVOCET-2 

Avocet-2 is a particularly interesting experi- 
ment because of the large effect of wind shifts on the 
gas concentration measured at the instrument sta- 
tions. These shifts occur locally both in th.c wind 

. . .  
TABLE 2. Average and standard deviations in wind speed and . direction . ,  for Avocet-1 for time interval 0 - 125 s. 

Station 
Speed 
(mls) 

Standard deviation 
of speed Direction 

( 4 s )  (deg) 

Standard deviation 
6f dlreciiolr 

(deg) 



FIG. 4. Avocet-1 anmtmtioa n time at Won 1. 
Contin- data from SHELLlC (dots), grab erm- 
plea (a), .ad ATMAS erlcdation (-). 
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Time - s 
FIG. 6. Avocet-1 m t n t i ~ .  w tiare rt 3. 

G. 5. Avocet-1 wnceatmtion n time at ntir 2. (a) 1- Ievd, fh.l TSDA3C (Cb), pJ mmpk 
b.mtinoous data from SHELL2C (WI), grab IMIII- (*), .ad ATMAS cdcdat*. (-). (b) 2.4-m M 
plea (a), and ATMAS akdatiaa (-). from TSIlA3C and grab samples. 
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not available as input for thk experiment so that 
only data from anemometer stations 9, 10, and- 11 
wwe used. The mean and standard deviations in 
velocity and direction for AVO&-2 are sho* in 
Table 3, Wind velocities for this experiment ranged 
from a maximum of 5.49 m/a at station 11 to a 
minimum of 0.34 m/s at station 10. The wind Mw- 
tion, averaged for 10 s, varied from 213' to 2'71 ' 
from station to station during the duration of the 
experiment, 

The calculations far stations 1 and 2, l q t 4  

rn close to the. LNG pod, aro shown-in Fis. 10 apd 3 1 
TB0 and pre seen to in e ~ y  gmct igrrrment with the 

Time - s expetLmi:rltaI data. In w qimukibn, station 2 lies 

FIG. 7. ~vt&t-l  ecraeeatratim vs tiune at station 6. ' 
(a) 1-m I d  from TSI2A6C, gab samples, and 
ATMAS crlcalrdon (-). (b) 2.4-m level from 
TSIlA6C d gnb samples. 

speed and in the wi& '&r&tieik and are shown on 
the tinlcrsq&ncc: og @ot 'pMs,in Figs, 9athrough 
9f, . p e  ?lots are ptoj+ns of $be ATMAS npukfer 
padicles a n  thq h f i z o m l  p l w .  The plw& is 
to b p #  to tolie right d b r  ttavelhg do*+nd for 
abog; 60 m. This bed  in the plume iamafned 
throu&out tb-experiment even, though the plume 
position s h i i  wnsiderably during the exi@m;ent. . 
W M ~ & E ~ C ~ C  is s ~ m e  unmrtainty over the reasan for 
the in ,rbe plume, it is bdbvd to be due to the 
hill in this area. UMnd mcf.twrd.lqical Qt& were 

directly in the plume Nth. The calculations show s 
slight reduction in the mnoontption owurting be- 
tween 40 to 7 0 % ~  as a result of an inawse in the wind 
sp&d during this period. The e.xperimental data 
show a, pronounced reduc$on in the concentrgtion 
at 60 s for statkin 2' and no r & ~ i i  at stariqn 1. 
These di~c~wmlc&~.  probably be a w u n t 4  fox 
by local geographic. &&re& The.$@? popd wab ac- 
tually a hole in ihe hodnd tldt ~ a ~ ~ u r r o u n d d d  hy a 

Thfs induced i&' ccrrapk yind flbw 
~c p a d  t68n WYM bc m 4 0 t d  ~y 

our sparse b a y  of anemornqers. The fa@ that the 
, , average of the data taken atstatbns 1 and 2 ,apes 

yjth the, average calcuhtion is probably signifi&nt. 
Stations 3 and,5 apms to lie on the qige @$'the 

plume for most of the e~perimart~ f his mak;~  wm- 
padson between exprimqtd data and c a k u ~ r n '  -. . 



. , 

. I ,  L , s 5  FIG, 9. Topaview ~f dot plots for LNG plume A v d 4  at v8rieus timsa . 
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TABLE 3. Average and standard deviations in wind speed and direction for Avocet-2 for time interval 0 - 130 s. 

dificult because of the very large effect caused by 
slight variations in wind direction. Data from the 
1-m level at station 3 are compared with the 
ATMAS calculation in Fig. 12a and the agreement 
is reasonably good. Data from the 2.4-m levd are 
shown in Fig. 12b. The grab samples for this'station 
did not coincide with the prartm of gsse and are not 
pretmteci, Tle severe fluctuations, in gas concentra- 
tion and the lack of gas during much of the experi- 
meat arc evidence that the station was at the edge of 
tht cloud. Tbe LLL infrared sensor was prevented 
from taking any data at station 5 by a source failure 
within the sensor. Grab sampler rcwlts indicate that 
no significant hydrocarbon concentrations were ob- 
served at stations 5 or 7. This proved to be true in 
the simulation also. When the horizontal diffusion 
rate was increased, a low concentration level a p  
paired at station 5. Consequently, the horizontal 
diffusion rate observed in the field is assumed to be 
approximately equal to or less than the rate uscd in 
the simulation. 

Time - s 

Stations 4 and 6 appear to lie within the central 
region of the plume and should be less susceptible to 
the small wind shifts that cause problems near the 
edges. Staticm 4 contained the Anarad infrared sen- 
sor and was ahle to distinguish bctwetn mnetham, 
ethane, and propane. The methane data are shown 
in Fig. l3a dung with the ~'l'MAScalculation, and 
the ethane and propane data a n  shown in Fis.  13b 
and 13c, respectively. The wncentfation peclfrs 
shown at BP-lOO s in the ethane and propane data 
are the first field observations of diffenntial bit-off 
that we know of. This data also indicates that, un- 
dm certain wind conditions at least, tht part of the 
gas cloud enriched in ethane and propane can 
propagate some distance downwind. Grab sample 

FIG. la Aroat-2 cmcentmtioa vs time at a- FIG. 11. Avbaet-2 macmhatba rstime at sWaa 2 
tronlwCsrghaoolrrrdataf~SHELL1C(du4s),gmb from SHELUC (dots), grab sampleo (a), amd 

(*), urd ATMAS -th (-). . ATMAS dd08 (-). 
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FIG. 12. Avocet-2 caocentratioa re  time at sta- 
tion 3. (a) l-m I d  from TSIlA3C (dots), grab sam- 
ples (e), and ATMAS calculation (-). (b) 2.4-m 
level lmm TSI2A3C. 

data also revealed evidence of differential boil-off 
and the subsequent propagation of an enriched part 
of the cloud downwind. A comparison of g a b  sam- 
ple data with a simple differential boil-off mode1 
was reported in Ref. 9. 

The agreement between the methane data and 
the calculation is not too bad; however, the calcula- 
tion does significantly over-predict the wnantra- 
tion a); station 4 and at the 1-m level at station 6 as 
can be seen in Figs. 13a and 14a, respectively. Data 
from the 2.4-m level at station 6 are shown in 

Fig. 14b. The pronounced drop in concentration 
observed in the data at station 2 does not appear in 
the data at stations 4 and 6. But it does appear in 
the calculition at these stations. It is probably the 
result of local acceleration of the wind between 60 
and 80 s after the start of the spill, which was seen 
by the anemometers but which apparently was not 
transmitted to stations 4 and 6. 

The grab samplers at stations4 and 6 were 
triggered early by a large gas cloud formed during 
the cool-dawn of the spill pipe prior to the spill. 
Consequently, no grab sample results are available 
for comparison with the sensor results from, these 
stations. ' 

Both the calculated and experimentally ob- 
served concentrations at station 8 have two signifi- 
cant peaks as shown in Fig. 15. The grab sample 
results also show these-two peaks and agree well 
with the data if the 5-s delay characteristic of the 
MSA sensor is subtracted from the data. The dot 
plot projections of the simulated plume onto the 
horizontal plane (Figs. 9a through 9f) show that 
these peaks are due to changes in the wind direction 
causing a rotation of the entire plume. Initially, sta- 
tion 8 lies just outside the plume on the left side 
(Fig. 9b). Forty seconds into the experiment the 
plume begins to move over station 8 causing the 
concentration at this station to rise. After 60 s the 
plume rotates away from station 8 (Fig. 9d) and 
thereby completes the first concentration peak. The 
plume remains on the east side of station 8 for 20 s 
and then begins tb move back over the station 
resulting in a second concentration rise (Fig. 9e). 
The second peak decays as the 'back end of the 
vapor cloud moves over the station and beyond the 
test region (Fig. 9f). This behavior is also observed 
at station 3. The rotational motion of the plume 
resvlting from changes in the mean wind direction 
appears to provide the correct explanation for the 
observed double peaks in the concentration. The 
simulation does produce, however, an enlarged fmt 
peak at station 8 in comparison to the experimental 
data. 

The maximum extent of the lower flammability 
limit (LFL = 33 g/m3) occurs at about 110 s into 
the experiment. The simulation predicts a maximum 
distance to the LFL of about 320 m; howwer, with 
no experimental data at this distance, this prcdic- 
tion remains unveritled. 

This test was done specifically at night so that 
the CGC LIDAR, which was sensitive to the solar 
background, could be used. The trajectory of the 
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.sW;. 13. Avocet-2 conceebation n time at station 4. (a) Methane a*cen&ation from 184-MC (dots), grab 
(a), a d  ATMAS calcPlrtioa (-). (b) EChane concentration. (c) Propane concentration. 
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FIG. 15. Avocet02 coaeentntion vs time at &a- 
tioa 8 from MSA (dots), grab samples (@), and 

Time - s ATMAS crlcal.tlon. , .: 

Time - s 

FIG. 14. Avocet-2 amcentratio11 ra time at st.- 
-'MI 6. (a) 1-m level trom TSIlA6C (-) dd 

TMAS cula1I8tion (-). (b) 2.4-m llrcl &nu 
TSI2A6C. 

laser beam through the plume, with the range gates. 
marked, is shown in Fig. 16. The average congntra~~' 
tions measured over 120 s in each range gate are 
given in Table 4, and the concentration data for' - 
each range gate as a function of time, with-the fog 
interference shown, is given in Figs. 17a and t%;,. 
The measurements are averages over the length of 
the 9-m range gate and ova 1 s. %, 

The LIDAR was not able to penetrate the fog 
associated with the higher gas concentrations'. kul- 
tiple scattering of the laser light by the water hnd ice 
particles caused time delays that effectively'put the 
Raman return from these photons into more distant 
range gates. This skewed the average concentrations 
shown in Table 4 toward range gates 7'and 8. 

In addition to the fog problem, the laser beam 
crossed the pond approximately 2.1 m, above the + 
water. level, making a direct comparison with eithq , . 
the in sizu sensor data or the ATMAS calculations 
difficult. Using the vertical dispersion coeficients 
given earlier in this report it is possible to apply 
correction factors to approximately account for the 



: -. tion d 4wta f r ~ m  n1ult4ple 8013Ueriag in other 
&. . , -#,*&&%he q u 9 ~ ~ e a t i a s s & e ~ k m  into 

account, the agreement between tZIi calculation and 
the LIDAR data is remarkably good. 

. - 
~/CvocET-3 
: 1 

:. For this experiment and for Avocet-4, 
mameter station 9 was moved out onto the spill 
d next to station 2, 15.2 rn from the spill point,. ~5 

so 'that a better determination of tbe wind field o'n 
' 0  , 4b . 80 120 180 20 - t k  spill poud itselfcouldboobtained. Station 4 was 

Distance - m @ved 7.0 m NE away from the pond edge to.a 
. &sition 40.5 m away from the spill point. 

:\ 
FIG. 16. i26s ~ e h g e  pt- ammmtmtim - As with Avocet-2, the gas cloid was blown 

for ~ ~ m - 2  d& LIDAR rage g- toward the east of the sensor array center. The 
co- to concenhtio~~ of 0.602, 6.02, ~blculatcd plume at 50s is shown in Fig. 18. 

1W).1,9Od2. and 181 g/m3. C;enarally, gaod agre8mt:Bt L Shown between the 
t$%PlAS calculations and the experimental data for 

,-increased ii-t of the LIDAR measurement. The 
results of Ma correction are shown in Table4. 
Range gates 1 and 2 should have no gas ppresant ac- 
cording to the calculation but the data show con- 

: centrations of the order of 1%. Local eddies on the 
spill pond, aon-Gaussian behavior of the gas cloud,.. 
close to the spill point, or an undefined systematic 

,-error of 6.1% in the LIDAR measurement are all 
possible, wntributors to the discrepancy. The 
cakulation shows same gas in range gate 3 but not 
as much as the' LIDAR measures. Range gates 4 

r aod 5 lie ia *e middle of the calculated plume and 
- show very-go@ agreement between measurement 
?'and calcuktian. The agrmment is good for range 
! gate 6, bd fbg is starting to intafere with the 

LIDAR qasdrements. The measurements in range 
"gates 7 and 8 tire t~tally unreliable due to the addi- 

TABLE 4. A;- me* concentrations over 120 8 

from the LDAR v e n t  and ATMAS calculation. 

mne 
mae 
nome 
none 
aisht 
more 

extsludoe 
extedve 

spttions 1, 2, 4, 6, and 8. The arrival time is well 
pgedicted by the model and coincides with the major 
&cture of the data. The gas plume essentially 
missed stations 3, 5, and 7, .whose gas sensors and 
grab samplers indicated that no gas was present. 

Wind speeds were higher for t@ zxperiment 
than for any of the Avocet series. Table 5 shows the 
mean and standard deviations in speed and direc- 
tion for this case. The wind speed varied from a 
maximum of 12.7 m/s to a minimum of 4.8 m/s, 
sliifting from 245" to 218O relative to magnetic 
north at the, diffexent stations. 

LV The experimental dak and c#culati$n for s&- 
thn 1 am shown in Fig. 19 and it is quite apparent 
@at the agreement is e ~ d e n t ~  The grab samp1e 
c&ults also agree well with the Shell gas-sensor out- 
put. Figure 20 shows the m l t s  at station 2. The 
irab sample and Shell gas sensor data agree, but the 
dculation is approximately S096 less tlian the ex- 
periment. At station4, shown in Fig. Zla, the 
calculation generally agrees well with the Anarad 
a ~ d  #tab sample data for metham, ffkougli lhe &la 
show a substantially hig%er peak at 40 e Figyre 21b 
&ma -&hwie 'data from this & a n .  The 
,propane channel on this instrument fdsd  to work 
on this expehept* Vesy little evidence of differen- 
tial boiloff was observed on this experiment, 
probably because of mixing & by the very high 
winds. The agreement between calculation and data 
is also very good at station 6, as can be seen in 
Fig. 22a. Data from the 2.4-m level at station 6 are 
shown in Fig. 22b. 
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FIG. 17. (Continued) 



400 MSA output when comparing these two. The 
calculated maximum extent of the lower flam- 
mability limit is about 120 m from the spill point at 

E 
300 about 50 s after the spill valve is opened. 

I 
a3 

AVOCET-4 
5 

100 This experiment showed evidence of behavior 
not observed in the previous three experiments. Ini- 

0 tial attempts to do ATMAS calculations of this ex- 
0 100 200 300 400 periment showed significant disagreement with the 

Distance - m experimental data. Examination of the film of the 
experiment and anemometer data taken on the spill 

FIG. 18. Concentration isoplebbs of Avocet-3 plume pond showed that the wind speed on the pond 
at 50-s* The C ~ t o ~  C0-d to ~ t r a t i o ~  of dropped steadily to zero during the first 90 s of the 
0.654,6.54,32.7,98.0,1% g/m3. spill, in addition to changing direction significantly. 

As the wind speed approached.zero, the LNG vapor 
The observation that the calculated concentri- cloud spread farther over the water surface than bad 

tions tend to be somewhat lower than the measured been observed in the other experiments. This may 
concentrations might suggest an adjustment to the indicate an increase in LNG pool size but since no 
dispersion coefficient; however, the two-level actual measurements of pool size or boil-off rate 
measurement of concentration at station 6 indicates were made, it is not possible to determine directly 
essentially the same value for the vertical dispersion what the vapor source parameters should be. For 
coefficient as used for Avocet-1 and Avocet-2. A' .-.. this calculation, an expanding pool was modeled 
distinct difference between this experiment and the crudely by turning on and off sources with suc- 
other three is the persistently higher wind speed and cessively larger areas as a function of time. The pool 
relatively constant wind direction; however, no ap- radius increased to a maximum of 15 m in an at- 
parent difference in cloud height is noted. * tempt to approximate the observed extent of the 

Data and calculation for station 8 are shown in pool spread. The rate per unit area remained cons- 
Fig. 23. The peak at 40 s is well reproduced by the tant such that the total vapor evolution rate in- 
calculation whereas the later peaks are not. The creased with time. The calculated plume at 10-s in- 
MSA sensor proved to be sensitive to the high wind tervals is shown in Figs. 25a through 250. As in 
velocities (up to 14 m/s) that occurred during this Avocet-1, the wind came more from the south- 
experiment. That sensitivity is shown in Fig. 24. No southeast during the early part of the experiment, 
gas was present at this station during the ex@- shifting to the south-southwest at abouj 40s. 
ment, as confirmed by the grab samples, so all of the The meteorological stations for this experiment 
signal is due to wind. Wind probably also accounts were at the same location as for Avocet-3. Table 6 
for most of the signal s&n in Fig. 23 after .80 s; gives the mean and standard deviations,of the wind 
however, grab sample results do show the presence speed and wind direction for thesi stations. The 
of some gas. One must remember that there is a 5-s maximum and minimum wind speeds bddountered 
delay between the grab sampler results and the , during the experiment were 5.3 m/s and 1.07 m/s 

TABLE 5. Average and standard deviations in &d speed and direction for Avocet-3 for time interval 0 - 125 s. 

Standard deviation Standard deviation 
Speed of epesd Direction of direction 

Station (mls) (mb) (deS) (dee) 
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FIG. 19. Avocet-3 concmtmk vs time at @a- 
tian 1. coatin- data lrolas SHEUlC (dots), @ 
samples (o), and ATMAS &clllatioa (-). 

respectively. The wind direction, averaged for 10 s, 
varied from 150' to 2m0, relative to magnetic north 
at different stations. 

Data from the Shell sensor and grab sampler at 
station 1 and the ATMAS calculation are shown in 
Fig. 26. The very high peak concentration measured 
by the Shell sensor is verified by the grab sampler 
and must be due to the change in wind d i d o n ,  

0 80 160 
Time - s 

FIG* a. Avocet-3 macmhtioa va time at sta- 
tion 2 from SHELL2C (dots), grab suDplcs (o), d 
ATMAS cablation (-). 

which occurred at about 30 s. The agreement b e  
tween the data and the calculation is quite good, 
though the calculation does not show the fall-off at 
60 s, which is characteristic of the data. The com- 
plicated source behavior is probably responsible for 
this discrepancy. 

The data and calculation for station 2 are 
shown in Fig. 27. The calculation fails to reproduce 
the first peak at 40-50 s which was reproduced 
fairly well at station 1 but, does very well with the 
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FIG 21. AvOeet-3 ewce~~tmtloa vu time at str- 
dm 4. (a) Methane coaoentratim 1-m level from 
IR4-MC (dots), grab samples (a), and ATMAS 
dadation (--1. (b) Ethane! concentration fiom 
lR4EC. 
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FIG. 23. Avocet3 concentration vs time at station 8 
from MSA (dots) and ATMAS calculation (-). 

Fig. 28a and, as with station 2, missed the first 
peak, but did reproduce a second major peak at 
90 s. This second peak appeared more dramatically 
at the 2.4-level, shown in Fig. 28b. 

Data from the Anarad IR gas sensor at sta- 
tion 4 for methane, ethane, and propane are shown 
in Figs. 29a, 29b, and 29c, respectively. The grab 
sample data are also plotted and show good agree- 
ment with the gas sensor output. The ATMAS 

Time - s 

FIG. 22. Avocet-3 concentration vs time at sta- 
tion 6. (a) 1-m level from TSIlA6C (dots), gnb mu- 
ples (.), and ATMAS calculation (-). (b) 2.4-m 
level from TSI2A6C. 

second peak at 90 s, which was not observed at sta- 
tion 1. The peak at 90 s was probably due to the 
dramatic drop in wind speed and shift in direction 
that occurred at that time. The stations on the water 
(1 and 2) were sensitive to changes in the vapor 
source size and rate. In addition, it appears that the 
source parameters were in turn sensitive to changes 
in wind speed and direction. The grab sampler at 
this station failed to operate properly. 

Data from the TSI sensors and grab samplers 
at station 3 at the 1- and 2.4-m levels are shown in 
Figs. 28a and 28b, respectively. The ATMAS 
calculation for the 1-m level is also shown in 
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FIG. 24. Avocet-3 concentration vs time at station 7 
from MSA. ATMAS sbowed zero concentration at 
this station. 
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FlG. 25. Concentratim bopl&bs at vuiemr times for Avocet-4 plume. 'We contuurs correspond to coneentra- 
ttons of 0.617,6.17,30.8,92.5, and 185 g/m3. 
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TABLE 6. Averape and standard deviations in wind speed and direction for Avocet4 for time interval 0 - 125 a. 

Standard deviation 
'r Standard deviation 

speed of speed Dirscti of direction 
Station (mls) (4~) (deli) (dag) 

9 2.03 0.72 187.2 146 
10 191 0.84 1789 18.4 
11 4.12 057 177.0 10.5 
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Time - s 

RIG. 26. Avocet4 concentration vs time at Ma- 
tion 1. Continuous data from SHELLlC (dots), grab 
samples (e), and ATMAS calculation (-). 

Time - s 

0 80 160 
Time - s 

Time - s FIG,28. Avocet4 concentration vs time rt sta- 
FIG. 27. Avocet-4 commhtion vs the rt a- tion 3. (a) I-m level from T S I ~ A ~ C  t do^), grab am- 
ion 2 from SHELL2C (dots) d ATMAS dal, p l e  (*), ud ATMAS cdadation (--)* (b) 2 . k  

level from TSI2A3C. .ion (-1. 
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FIG. 29. Avocet-4 concentration vs time at st.- 
tiom.9.. (a) Methane concentration from IR4-MC 
(dots), grab samples (a), and ATMAS calculatioa 
(-). (b) Ethane concentration from IR4-EC. 
(c) Propane concentration from IR4-PC. 

- 
- I " " '  (b) . 

calculation for methane is shown in Fig. 29a, and, 
as at stations 2 and 3, does not reproduce the first 
peak, which appears to be due to a wind shift on the 
pond at about 30 s. The calculation does reproduce 
the second peak, which arrived at this station at 
about 110 s. 

The LLL-IR sensor worked well on this test 
and p r o d u d  the data shown in Fig. 30. Agreement 
with the grab samplers was quite good, but as with 
stations 2, 3, an$4, the ATMAS calculation failed 
to reproduce the earlier peak. At this station, most 
of the gas was contained in the earlier peak. 

Data from the 1- and 2.4-m levels at station 6 
are shown in Figs. 31a and 31b, respectively. The 
agreement of the grab samplers with the TSI gas 
sensors is quite good. ATMAS calculations p re  
dicted no gas at this station. It is thought that this 
stabon was on Ll~e outer edge of the gas plume and 
caught only pyffs broken off by the atmospheric 
turbulence, which could not be reproduced by the 
calculation. 

Data from station 7 and the ATMAS calcula- 
tion are shown in Fig. 32 and again the first peak is 
not reproduced. The grab sampler results agreed 
well with the MSA sensor output. Both the gas sen- 

c)or and the ATMAS calculation a g r d  that the gas 
cloud missed station 8. 

The maximum distance to the lower flam- 
mability limit was calculated to be about 240 m 
from the spill point for this test. 

-Jr 
Time - s 

FIG. 30. Avocet4 concentration vs time at sta- 
tion 5 from LLLIR seasor (dots), grab samples (*), 
and ATMAS calculation (-). 



FIG. 32. Avocet4 ameatrdo11 n tlme at datbm 7 
fkom MSA7C (dots), grab mmpb (a), d ATMAS 
d d t i o n  (-1. 

FIG. 31. Avocat-4 ~~ vl, time at rk- 
tion 6. (a) l-m level from TSIlA6C. ATMAS 
calculated zero. (b) 2.4-m krd h m  TSI2A6C. 

CONCLUSIONS 

These experiments were intended primarily for 
the evaluation of gas sensors and were used suc- 
ccssfully for thie purpose. In addition, the data has 
been used to try to learn more about the dispersion 
pr.oms and what measurements will be ndcbssary to 
understand dispersion from larger spills. These ex- 
periments have shown clearly the need for a large 
array of instruments to measure both the gas con- 
centration and the wind field. Therefore, we are 
building just such an array for the 1980 40-m3 spill 
experiments, 

In attempting to compare the data to detailed 
predictive models and wind tunnel reaulb,l0 we 
found difficulty because these techniqucs do not ac- 
count for the changes in wind velocity and diroetion 
which lead to plume mean&. When substantial 
plume meander does occur during an experiment, u , 

it did in three out of four of the wtp'hentb 
ed here, it becomes necessary to usc a tfm 
code that includes wind field variationr. - 

Our fuat attempt shows pro& in that, in 
general, the ATMAS predictions conformed to th8 



concentration data. We believe that this agreement 
is due mainly to the ability of the code to recreate 
the time and spatial variations in the wind field. To 
improve our predictive ability, it will bk necmsary to 
include the efftcts due to the large density difference 
between the cold gas cloud and the air and the ef- 
fccts due to termin features such a8 t h ~  hi i  at the 
China Lake site. 

The very sparse array of gas sensors used for 
the Avocet series tests did not allow the generation 
df apedmental concentration contours but re- 
quired point by point comp&sons at specific sta- 
tions. Steep gradients in the vicinity d S Q ~ C  of the 
mt(lsurement stations may have e q e r a W b  diE 
ft~enillw between calmlatian and cxphcnt .  In ad- 
dition, the f m  point sensors did not allow the deter- 
mination of the masa flux of gas at various down 
wind logations no1 did they Wow for an adequate 
measure of the horizontal or v&tical dispersion 
rate. - 

Eatbates of the dispersion coefficients were 
obtained by cornparboa. with data from stations st 
the edge of the plume. The horizontal dispersion 
d c i e n t  was increased until gas just reached these 
stations at the plume edge. Using this approach, the 

horizontal dispersion coefficient was found to 
correspond to stable atmospheric conditions as 
defined by the Pasquill-Gifford dispersion 
categorick. The vertical dispersion coefficient was 
determined from gas concentration data take at two 
heights at stations 3 and 6 and was also found to 
correspond to stable conditions. It is important to 
note that the vertical dispersion coefficient was 
found to be marly the same in all fout experiments 
even though the wind speed differed considerably. 

Observations, particuhly on ~vocet.4, show 
that wind speed variations have a @i.ficant effcct 
un the source parameters. Duting~the fourth expcri- 
mmt, whm llte whd sped dropped to m, the 
area of the pond covered by vapor increased 
dramatically. During the third experiment, when 
tSIc wind $peed wars high, (111ly a mall area of the 
pond was covered by vapor. These obmrvations in- 
dicate that a good description of the vapor source as 
a function of t h e  will be necessary in order to 
reproduce the down-wind behavior of the vapor 
plume. This will require better measurements of liq- 
uid spread and boil-off rate and an improved com- 
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PREFACE 
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The development o f  t h i s  experimental plan, has. been  a cooperative 
e f f o r t  and includes the  cont r ibut ions o f  many people both ins ide  
and outside o f  LLL.' It evolved through a ser ies o f  group discus- 
s ions  w i t h i n  the  LLL LGF Program and was supplemented by input  
from C. D. Limd on t he  China Lake f a c i l i t y ,  J. M. Conley on the .  
JPL i n f ra red  sensor, and W. Ginsberg on..the EG&G i n f r a r e d  imaging 
ove r f l  ights. . . 



THIS PAGE 
WAS'INTENTIONALLY 

L E F T B L A N K  - 



REPORT Q 

TABLE OF CONTENTS 

PREFACE . * .  

SUMMARY . 
INTRODUCTION . 
DATA REQUIREMENTS . 

GAS CONCENTRATION A 

TEMPERATURE AND HEaT FLUX . 
POOL SPREAD AND VAPOR GENERATION RATE 

WIND F I E L D  . 
HUMIDITY . 
OPERATIONS . 

INSTRUMENTS AND STATION REQUIREMENTS . 
GAS SENSORS . 
TEMPERATURE AND HEAT FLUX . 
POOL SPREAD AND VAPOR GENERATION RATE 

WIND . 
HUMIDITY . : 

DATA ACQUISITION SYSTEM REQUIREMENTS . 
PROPOSED EXPERIMENTS . 

FAR F I E L D  DISPERSION . '. . . .  

TURBULENT MIXING . . .  . 
POOL SPREAD AND VAPOR GENERATION . 
LAND S P I L L S  . 

EXPERIMENTAL PLAN SUMMARY . 
SCHEDULE . . . .  



FIGURES 

3 1. Far F i e l d  Dispersion Array f o r  40-m ~ p i l j  Tests 
a t  China Lake . . 4-4 

2. Calculated Ve r t i ca l  Gas Cloud P r o f i l e  w i t h  Measurement 
Stat ions 'Shown . . 4-6 

3. Turbu lences ta t ion  . . 4-11 

4. Anemometer S ta t ion  . . .. . 0-15 

5. Gas Sensor Data Acqu is i t i on  U n i t  Block Diagram . -.. . . 4-17 

6. Command Control and Data Recording . System . Block Diagram . . 0-18 
3 7. Avocet-1 30 m /min Time-Average Plume ;' . 4-20 

3 
8.   he Mat r i x  of Independent v a r i a b l e s  f o r  the 40-m S p i l l  Tests . Q-22 

9. Source D e f i n i t i o n  and Near F i e l d  Diagram Array . . . . 0-24 

TABLES 

1. Gas Sensor Capab i l i t i es  . . . .  . . . . . Q-10 

2. Schedule f o r  1980Dispersion E x p e r i m e n t s a t ~ h i n a ~ a k e .  L r  . . 4-29 



SUMMARY 

An experimental team from the. Lawrence Li,vermore Laboratory (LLL) 
w i l l  soon begin a ser ies o f  1 ique f ied  natural  gas (LNG) experiments 
a t  the Naval Weapons Center (NWC) , , China Lake, Cal i f o rn i a .  These 
experiments w i  11 invo lve spi  11 i ng  40m3 o f  LNG onto a pond and meas- 
u r i ng  the  charac te r i s t i cs  o f  the gas plume as i t  disperses downwind. 
A l a rge  array o f  instruments has been developed t o  make measurements 
o f  gas concentration, temperature, humidity, wind ve loc i t y  , and heat 
balance and t o  telemeter the  data back t o  a data recording t r a i l e r .  
Experiments w i l l  be performed f o r  various -wind speeds and various 
sp i  11 ra tes over a f i ve-month period. 



INTRODUCTTON 

I n  May o f  1980 a Lawrence Livermore Laboratory (LLL) experimental 
team w i l l  begin a ser ies o f  'd ispers ion experiments"at the Naval 
Wr~lmris Center (NWC) 1 i que t i cd  gclscous f ue l s  s p i l l  f a c i l  i , t y  d l  

China Lake, Cal i f o r n i a .  These experiments, along w i t h  an ear l  i e r  
seri'es on p o o l  f i r e s  and a l a t e r  ser ies  on vapor burns, are a j o i n t  
e f f o r t  between LLL and NWC personnel. The LLL team assumes leader- ,  
sh ip  f o r  the vapor generation and dispersion experiments and the 
NWC team f o r  the pool f i r e s  and vapor burn experiments.' This re- 
po r t  contains the LLL plan fo r  the vapor generation.and dispersion 
experiments. 

These experiments are pa r t  o f  a l a r g e r  Department o f  Energy (DOE) 
program t o  assess safe ty  problems -associated w i t h  l i q u e f i e d  gaseous 
fue ls ,  beginning w i t h  l i q u e f i e d  natural  gas (LNG). The f i e l d  pro- 
gram consists o f  a ser ies  o f  s p i l l  experiments, s t a r t i n g  a t  40-m3 
and increasing as necessary t o  s a t i s f y  the program goals. The ha1 l- 
mark o f  the  program i s  the c lose coupl ing between the experimental 
work and the  computer and physical modeling. .To insure c lose coup- , 

l i n g  occurs, i t i s  necessary t o  i n t ens i ve l y  instrument the  experi- ' 

ments so t h a t  sufficient quan t i t a t i ve  data are gathered t o  gain an 
understanding o f  the  r e l a t i v e  importance o f  the  various phys ica l .  
phenomena occurr ing and t o  make de ta i led  comparisons w i t h  computer 
and wind tunnel models. The resu l t s  o f  t h i s .  comblned experimental, . 
and ana ly t i ca l  approach are computer models t h a t  contain the  physics 
important t o  LNG d ispers ion and t ha t  have been v e r i f i e d  by de ta i  1 ed 
comparison w i t h  experiments over a range o f  s p i l l  s izes. Some o f  
the  experiments discussed here are designed t o  provide answers d i  rec- 
t l y ,  and some provSde answers only when coupled wi th  camputer model 
calculat ions.  

We cur ren t l y  be l ieve  t ha t  40-1113 s p i l l  experiments represent a mini-  
mum s ize a t  which t he  d ispers ing LNG vapor cloud i s  expected t o  have 
an in f luence on t he  atmospheric boundary 1 ayer resembl i n g  t ha t  o f  a 
l a rge  s p i l l .  The experiments are designed t o  inves t iga te  t h i s  e f f e c t  
by measuring those quan t i t i e s  t h a t  e i t he r  ind ica te  t he  amount o f  d i s -  
persion occurr ing as a func t ion  o f  t ime and distance o r  those t h a t  



i ndi cate t he  physical phenomena i n f l  uenci ng the  dispersion. More 
spec i f i ca l l y ,  a major goal o f  the  experimental program f s  t o  meas- 
ure gas concentrat ions downwind o f  the  s p i l l  point ,  which i s  done 
f o r  a ser ies  o f  wind speeds and s t a b i l i t y  condi t ions,  s p i l l  sizes, 
and s p i l l  rates. This requires a de ta i led  knowledge o f  the  wind 
f i e l d  i n  which the vapor i s  dispersing. Measurement o f  gas concen- 
t r a t i o n s  c lose t o  the  s p i l l  po in t  w i l l  be used t o  character ize the  
vapor source ea r l y  i n  the  experimental series. La-ter, d i r e c t  meas- 
urements on' t he  pool i t s e l f  w i  11 be made. 

Concentration f l uc tua t ions  w i l l  be examined as a func t ion  o f  down- 
wind distance and atmospheric condit ions. The s ign i f i cance  of 
these f l uc tua t i ons  on the  f l a m a b i l i t y  o f  the cloud w i l l  be ad- 
dressed. Our e a r l i e r  work a t  China Lake ind icates t h a t  the  h igh 
dens i ty  of t he  co ld  cloud may i n h i b i t  v e r t i c a l  mixing, which i s  
an important e f f e c t  t h a t  w i l l  be invest igated fur ther .  The over- 
a l l  energy balance o f  the  c loud a lso a f f ec t s  i t s  dispersal.  Meas- 
urement o f  heat f l u x ,  temperature, and water content w i l l  be used 
t o  determine t h i s  energy balance. Our e a r l i e r  work has a lso deter- 
mined t h a t  t he  l a s t  vapor t o  b o i l o f f  i s  s i gn id i can t l y  enriched i n  
heavy hydrocarbons, and the upcoming experiments w i l l  determine the  
pers i  stence o f  t h i  s enriched region downwind. 

.DATA REQUIREMENTS 
t 

GAS CONCENTRATION 

Gas concentrat ion measurements cons t i t u t e  the  backbone o f  the  ex- 
periment a1 program. They are needed t o  determi ne the  character i  s- 
t i c s  o f  the  dispersing cloud f o r .  comparison w i t h  model calculat ions.  
The measurements must be extensive, so t h a t  three-dimensional con- 
cen t ra t ion  contours may be reconstructed from the data. This does 
not  requ i re  f a s t  instrument response. Current plans c a l l  f o r  25 

. o f  the  30 s ta t i ons  t o  make measurements t h a t  are averaged over 1 
t o  5 seconds and used for  plume d e f i n i t i o n .  To determine the e f f e c t  o f  
turbulence induced m ix i  ng and t o  examine concentrat i.on f l  uctua- 
t i o n s  near the  f l  ammabil i t y  1 i m i t  , f a s t  response (5-10 samples/ 
second) measurements w i l l  be made a t  f i v e  o f  the 30 stat ions.  

The need t o  be able t o  reconstruct  the  gas cloud requires an exten- 
s i ve  array o f  gas sensors. The sensor ar ray w i l l  be l a i d  out  i n  
such a manner t h a t  the  e n t i r e  mass o f  gas passing through each ra- 
d i a l  arc o f  sensors can be determined as a" func t ion  o f  time. Fig- 
ure 1 shows the  i n i t i a l  instrument ar ray f o r  these t e s t s  w i t h  ca l -  
cu l  ated plume contours superimposed upon i t f o r  a 30 m3 per minute 
s p i l l .  (The two f u r t hes t  upwind anemometer s ta t ions  a t  600 meters 
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FIG.  1. Far f ield dispersion array for 40-n3 spill  tests at China Lake. 



and 800 meters are not shown i n  t h i s  f igure.) To measure the  v e r t i -  
ca l  dimension o f  the dispersing LNG plume, each s t a t i o n  w i l l  have 
gas sensors a t  three v e r t i c a l  locat ions,  up t o  a maximum height  o f  
10 meters. Figure 2 shows the  v e r t i c a l  dimension o f  the  instrument 
array w i th  calculated concentrat ion p r o f i l e s  f o r  a 30 m3 per minute 
s p i l l  superimposed. . . 

As the LNG evaporates, the  remaining 1 i q u i d  becomes i ncreasi ng ly  
r i c h  i n  the  higher b o i l i n g  temperature, heavier hydrocarbons. 
These b o i l o f f  a f t e r  the  methane and produce an enriched reg ion o f  
the  vapor cloud. To t rack  t h i s  enriched region downwind, gas sen- 
sors capable o f  d i s t ingu ish ing  between methane, ethane, and pro- 
pane w i l l  be used. It should not be necessary f o r  a l l  o f  the  gas 
sensors t o  be capable o f  separating the  hydrocarbon species. Cur- 
ren t  plans c a l l  f o r  only some o f  the instruments i n  each arc t o  
have t h i s  capab i l i t y .  

,& 

TEMPERATURE . . AND HEAT FLUX 
. . 

Temperature measurements w i l l  be needed f o r  model/data comparisons, 
since some ,code ca lcu la t ions are done i n  terms of mass f r a c t i o n  and 
the experimental measurements i n  terms o f  volume f rac t ion .  The tem- 
perature measurements w i l l  a lso  help us t o  understand t he  heat ing 
o f  the  cloud as i t  disperses downwind. It i s  rimportant t h a t  a1 1 
heat , t rans fe r  i n t o  and out- o f  the  cloud be understood, s ince it w i l l  
con t r ibu te  t o  the dispersion and the lower f l a m a b i l i t y  l i m i t  (LFL) 
d istance by changing the buoyancy. Temperature a lso serves as an 
i nd i ca to r  o f  the  presence o f  the co ld  gas. If adiabat ic  mix ing o f  
the co ld  gas w i t h  the a i r  and the condensation and f reez ing o f  the  
water vapor i n  the a i r  were the only sources of-heat input  i n t o  t he  
vapor cloud, then temperature could be r e l a t e d l d i r e c t l y  t o  the  gas 
concentration. A t  present, i t appears t h a t  t h i s  cannot be done. 
It may, however, s t i l l  be possib le t o  use temperature measurements 
t o  i n t e rpo la te  roughly between concentrat ion measurements t o  b e t t e r  
define. the . ve r t i ca l "  concentrat ion p ro f i l e .  

POOL SPREAD AND VAPOR GENERATION RATE 

Measurements o f  maximum pool s i ze  have been made f o r  s p i l l  volumes 
up t o  10 m3. Measurements o f  vapor izat ion r a t e  as a func t ion  o f  
time,pave not been made f o r  other than laboratory  scale experiments. 
It i s t  important, f o r  r e a l i s t i c  model predict ions,  t h a t  t he  time- 
dependent behavior o f  the vapor source be known. (This includes ' 
both pool radius and vapor izat ion rate.) I ce  formation may change 
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the vapor generation ra te  wi th  time o r  may simply change the effec- 
t i v e  pool area. Pool spread and vaporization ra te  are strongly de- 
pendent on s p i l l  r a te  and s p i l l  volume. Other important parameters 
are s p i l l  ve loc i ty  and configuration, temperature, surface rough- 
ness o f  the s p i l l  pond, the composition o f  the LNG, and possibly 
wind velocity. 

As soon as manpower becomes available, a program f o r  measuring pool 
spread and vapor generation w i l l  be established. This w i l l  include 
the development o f  instruments f o r  measuring LNG i n  the presence o f  
dense clouds o f  LNG vapor and water droplets, both as a funct ion o f  
time and over an i r regu lar  area. 

Vapor explosions are a means o f  generating a large vapor cloud i n  
a very short time, and - t h e i r  study properly f a l l s  w i th in  t h i s  area. 
Only a very small e f fo r t ,  i f  any, w i l l  go i n t o  studying these a t  
China Lake i n  FY-80. I f  they occur frequently, an e f f o r t  w i l l  be 
made t o  determine how much energy i s  involved and how e f fec t i ve l y  
the LNG i s  vaporized. 

WIND fIELD 

Wind provides the pr inc ipal  d r iv ing  force f o r  the dispersion o f  the 
gas. For .small scale s p i l l  experiments the gas cloud i s  rap id ly  
to.rn apart by atmospheric turbulence. For 1 arge scale experiments 
we expect the cold gas cloud t o  modify the atmospheric turbulence 
and to . s tay  together i n  a more contiguous mass as it entrains a i r  
a t  i t s  boundary and d r i f t s  downwind,. There i s  some evidence tha t  
even f o r  5-m3 spi 11 s the presence o f  the co ld cloud may e f fec t  the  
atmospheric mixing, ' a t  1 east i n  the ve r t i ca l  direct ion. 

Normal wind f i e l d  f luctuat ions plus those induced by the complex 
t e r r a i n  a t  the China Lake S i te  can be p a r t i a l l y  compensated f o r  by 
ca re fu l l y  mapping the wind f i e l d  i n  which the gas cloud disperses. 
This k ind o f  information i s  necessary f o r  comparing dispersion data 
with computer model calculat ions tha t  do not include t e r r a i n  fea- 
tures and var iat ions i n  wind direct ion. To obtain t h i s  information 
it w i l l  be necessary t o  cover the area i n  which the gas cloud disper- 
ses wi th  an array o f  approximately evenly spaced anemometers. 

I n  addit ion t o  measurements o f  the wind f ie ld , .  i t  w i l l  be necessary 
t o  measure the rapid f luctuat ions associated wi th  turbulence a t  a 
number o f  points w i th in  the dispersing cloud. The purpose o f  these 
measurements w i l l  be t o  characterize the normal atmospheric turbu- 
lence before the test ,  determine the e f fec t  o f  the cold gas cloud 
on t h i s  turbulence, and characterize the turbulence induced mixing 
o f  the gas wi th  the a i r  as the cloud passes. 



Dispersion data fo r  steady, low wind speeds and severe invers ion 
condi t ions,  where some dispersion codes predict '  the LFL distance 

. . t o  be the longest, do not ex is t .  Wind .tunnel t e s t s  a l so ' i nd i ka te  
t h a t  a steady 2-m/s wind may produce the  maximum dispersion d is -  
tance condi.t ion but  have t roub le  a t  such a low wind speed. Our 
a b i l i t y  t o  take such data a t  China Lake i s  l i m i t e d  .by sa fe ty . re -  
qu-irements f o r  the  operat ion o f  t h e  f a c ' i l  i t y  and by the  infrequent 
occurrence o f  such condit ions. 

Condensation o f  water vapor i n  the a i r  can provide a s i g n i f i c a n t  
source o f  heat f o r  the co ld  gas cloud. The amount o f  heat t ha t  
can be t rans fe r red  i n  t h i s  way depends on t he  amount o f  water va- 
por i n . t h e  a i r .  A t  t he  China Lake s i t e  the  amount o f  water vapor 
i n  t he  a i r  downwind o f  the s p i l l  pond may be s i g n i f i c a n t l y  l a r g e r  
than upwind due t o  evaporation from the pond i n  the hot, d ry  des- 
e r t  conditions. There i s  a lso  an i nd i ca t i on  t ha t  the  s p i l l  pro- 
cess i t s e l f  may add a s i g n i f i c a n t  amount o f  water t o  the  gas plume. 
Comparison o f  data from l a s t  year ' s  t e s t s  a t  China Lake w i t h  adia- 
b a t i c  mix ing model ca lcu la t ions  ind icates a discrepancy t h a t  may 
be due t o  t h i s  added water vapor o r  some other source o f  heat in -  
put  i n t o  t he  cloud. Since t he  u l t ima te  dispersion distance i s  
going t o  depend s t rong ly  on the  amount of heat input ,  a serious 
attempt w i l l  be made t o  determine the source o f  the add i t iona l  heat. 
Th is  w i  11 i nvol ve temperature, heat f 1 ux, and radiometr ic  measure- 
ments as wel l  as humidity measurements w i t h i n  the  dispersing gas 
cloud. 

OPERATIONS 

I n  add i t i on  t o  the  dispersion and vapor generation data needs d is -  
cussed i n  t h i s  report ,  there w i l l  be operational data requirements. 
The NWC team, as operators of the  s p i l l  f a c i l i t y ,  w i l l  record the 
data concerned w i t h  t he  operation, such as s p i l l  volume, s p i l l  dur- 
a t  ion, LNG composition, and meteor01 og ica l  tower data. We w i  11 a1 so 
r e l y  on NWC t o  provide photographic coverage of the experiments s imi-  
l a r  t o  t h a t  provided l a s t  year. Since these t e s t s  are subs tan t i a l l y  
l a r g e r  than those done l a s t  year, however, some prov is ion should be 
made t o  photograph fur ther  downwind so t h a t  a complete record o f  t he  
dispersion o f  the v i s i b l e  cloud w i l l  be obtained. 



INSTRUMENTS AND STATION REQUIREMENTS 

GAS SENSORS 

The requirements discussed i n  t h i s  sect ion are based l a rge l y  on our 
experience a t  China Lake l a s t  year. Most o f  the  instruments con- 
sidered were used i n  the f i e l d ,  and our ranking of the  instrument 
s t rong ly  r e f 1  ects t he  f i e l d  experience. For the  instruments not 
used i n  the  f i e l d ,  t he  rankings are based on estimates obtained 
from comparison w i t h  s im i l  a r  instruments and from 1 aboratory tests.  
A summary o f  the gas sensors we evaluated i s  g iven i n  Table 1. 

Cons ider ing. that . the ar ray o f  instruments w i l l  look l i k e  t h a t  shown 
i n  Figure 1, t ha t '  the  s ta t ions  w i l l  look 1 i ke those shown i n  Figure 
3, and that'some o f  the  s t a t i o n s ' w i l l  have t o  be moved before each 
t e s t  t o  accommodate d i f f e r e n t  experimental goals 'and sh i ' f t s  i n  t he  

, . 
mean wind d i rec t ion ,  we decided t h a t  the  instruments and the  sta- 
t i o n s  should be por tab le  and 1ightwe.ight. I n  addi t ion,  .sin& there 
. w i l l ,  be 50 o r  more s ta t ions  involved i n  the  tes ts ,  i t  w i l l  be neces- 
sary t h a t  each instrument be eas i l y  ca l ib ra ted  o r  t h a t  the  ' ca l  ib ra-  
t i o n  be eas i l y  checked remotely and t h a t  the  instrument be s tab le  
over periods o f  many days o r  weeks. The instruments must requ i re  
only a m'i nimum o f  maintenance. 

Since the  instrument s ta t ions  may each be thousands o f  meters from 
the data acqu is i t i on  t r a i l e r  and from a source o f  power, we deter- 
miqed t ha t  power ,and data cables would be more. c o s t l y  than bat ter -  . , 

i e s  and rf telemetry. The need f o r  m o b i l i t y  a1 so makes cables im-  
p rac t i ca l .  Battery-powered systems then become necessary., and they 
requ i re  t h a t  the  instruments have low power consumption. This e l i -  
m i  nates systems' wi thout  miniatur ized,  low power, sol  i d -s ta te  elec- 
t r o n i  cs (CMOS) and systems t h a t  depend on power-consumi ng pumps. 

To keep the  data r a t e  w i t h i n  the range eas i l y  handled by rf teleme- 
t ry  and the  computers, i t may be necessary t o  do rea l  t ime data pro- 
cessing w i t h i n  t he  s ta t ions  o r  the  sensors themselves t o  compress 
the data before shipping i t  back t o  the data acqu is i t i on  t r a i l e r .  

The nature o f  the  dispersing cloud a1 so adds requirements f o r  t he  
instruments. The co ld  cloud produced by the  vaporizing LNG conden- 
ses essent i a1 l y  'a1 1 o f  the  atmospheric water vapor c lose ' t o  t h e .  
s p i l l  pond. The instruments must be able t o  func t ion  w i t h i n  t h i s .  
very dense fog and must not be adversely a f fec ted  by the  co ld  gas 
associated ,with it. The fog causes prob1,ems f o r  op t i ca l  i .nstru- . . , . 
ments. and f o r  instruments based on the  thermodynamic,or chemical 
propert ies of the gas. It appears t h a t  there are  methods o f  dea l ing 
w i t h  these problems, more o r  less  successful ly, f o r  most o f  the  in-  
struments. evaluated. 



TABLE 1. Gas sensor capab i l i t ies .  

Fog, dust, 
Sensor Po r tab i l  i t j  S t a b i l i t y  Power Response Maintenance Se2arate temperature cos td 

Consumption Time (sec) HC species s e n s i t i v i t y  

TS I Poorc Gclod Hiqhc <O. 1 Low - No High Med 

MS Aa Good, ,. Gc od LOW 5 Low No Low Low 

ANARAD . I R  

LLL- I R  
(Bingham) 

4 

a I S T ~  

LIDAR 

MIT-LASER 
(Dewey 

JPL-LASER 

'Poor 

Poor 

Good 

Good 

Good 

Good 

Poor 

Pdor H i  ch 0.7 High No 

OK High 2-3 Low Yes 

Good LON 0.2 Low Yes 

OK LOW 2- 9 LOW NO 

Go.3d High 0.1-1 ? Yes 

? . Low <O. 1 High ;No 

? High <O. 1 High No 

Low (Med? ) 

High High 

Low High 

Low . Low . , 
High High 

Low High 

Low High 

JPL- I R  Good ? Low 0.1 Low Yes High High 

Thermocouple Good Good Low 0.1 Low Vo Low Low 

Grab sample Poor Gocd High . 0.6-10 High les Low Med 

a  or concentrations b e l w  10% cnly. 
For concentrations be1 ow 25% cnly. 
Min iatur ized low power e lect ronics now avai lable. 

d Low <$I000 
<$5000 

1 >$5000 
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The gas cloud has associated w i th  i t  s i g n i f i c a n t  concentrat ion 
f l uc tua t i ons  due t o  turbulence. These f luc tua t ions  can occur 
over times as short  as 0.2 seconds. Si.nce turbulence and i t s  
e f f e c t  on mix ing and dispersing the gas i s  a major area o f  i n -  
t e r e s t  i n  these experiments, f a s t  response gas detectors w i l l  be 
necessary a t  some stat ions. It w i l l  not, however, be necessary 
t o  have f a s t  detectors a t  a l l  s tat ions,  since the p r i nc i pa l  pur- 
pose o f  the  ar ray w i l l  be t o  determine the time-dependent concen- 
t r a t i o n  contours of the  gas cloud, w i th ,  a r eso lu t i on  of only 1 t o  
10 seconds necessary fo r  comparison w i t h  computer model ca lcu la-  
t ions.  Current glans c a l l  f o r  a h a ~ ~ t .  f i v e  of the  30 gas sensor 
s ta t ions  shown i n  Figure 1 t o  be f a s t  response s ta t ions  w i t h  a 
sampling frequency o f  5-10 Hz. The remaining s ta t ions  w i l l  e i t h e r  
use slower responding instruments o r  w i  11 average over several 
measurements such t h a t  t h e i r  measurement frequency w i  11 be ef fec-  
t i v e l y  about 1 Hz o r  less. .. 
Since methane vapor enriched i n  heavier.hydrocarbons i s  considera- 
b l y  more explosive than methane alone, i t  w i  11 be one o f  our exper- 
imental goals next year t o  f o l l ow  the  enriched por t ion  o f  the c loud 
produced by the  d i f f e r e n t i a l  b o i l o f f  o f  these heavier hydrocarbons 
downwind t o  see how r a p i d l y  i t  disperses. To do t h i s 'we  must have 
hydrocarbon .sensors capable o f  dist. inguishing methane from ethane 
and propane. It w i l l  not be necessary f o r  a l l  of the gas sensors 
t o  have' t h i s  capabil  i t y  on every tes t ,  but i t  may be necessary t o  
run several t e s t s  under s i m i l a r  condi t ions w i t h  the  m u l t i p l e  species 
sensors c lus tered i n  d i f f e r e n t  regions o f  the  cloud f o r  the  d i f f e r -  
ent  tests.  A l te rna t i ve ly ,  i t  may be des i rab le  t o  have one mu l t i p l e  
species sensor a t  each s ta t i on  t o  t rack  the enriched region o f  the 
cloud. The v e r t i c a l  p r o f i  1 e. would then have t o  be determined on a 
separate ser ies  of tests. The instrument s ta t ions  are being designed 
so t h a t  such changes can be made eas i l y  i n  the  f i e l d .  

We cu r ren t l y  be l ieve t h a t  i t  i s  not necessary t o  d i s t i ngu i sh  between 
ethane and propane, but  t h a t  i t  w i l l  be s u f f i c i e n t  t o  simply measure 
the  sum o f  the  two species. This i s  due p r ima r i l y  ' t o  the f a c t  t ha t  
they both have a very s i m i l a r  e f f e c t  on the de tonab i l i t y  o f  the gas 
mixture., Last year ' s  measurements a t  China Lake a lso showed t ha t  
t he  two species evaporate a t  about the sdlne t ime and show the  same 
concentrat ion f luc tuat ions w i t h  time, immediately downwind o f  the 
s p i l l  pond. For f u t u r e  work w i t h  o ther  l i q u e f i e d  fuels,  however, 
separation o f  ethane and propane as wel l  as the  detect ion o f  other 
species w i  11 be desirable. Consequently, t he  mu1 t i  p l  e hydrocarbon 
detector  i s  being designed t o  be h i gh l y  adaptable. 



We current ly  be1 ieve t h a t  the LCL-IR, JPL-IR, and the IST ( In te r -  
nat ional  Sensor Technology) g a s  sensing instruments w i  11 provide 
the  best combi nat ion o f  measurement capabi 1 i t  i es over the  who1 e 
array. The MIT laser-based device appears t o  be p a r t i c u l a r l y  wel l  . , 

su i ted f o r  deep-'fog, fas t - t ime ,response measurements but  has ,not 
been ava i lab le  f o r  evaluation. Therefore, i t  w i l l  not be consid- 
ered f o r  t h i s  t e s t  series. LIDAR looks promising f o r  measurements 
outside of the fog and would be: very useful  f o r  the f a r - f i e l d  d is -  
persion experiments. The cost f.igures shown i n  the  l a s t  column of 
Table I are based e i t h e r  on the known cost  o f  commercially avai*la- , 

b l e  hardware o r  estimates o f  the cost  o f  manufacturing t en  o r  more 
o f  the developmental sensors. Low cost instruments are def ined t o  
be those cost ing less  than $1000, medium between $1000 and $5000, 
and high are those cost ing more, than $5000 per instrument. Since 
the  She1 1 sensor i s  not a commercially ava i lab le  instrument, i t s  
cost  i s  uncertain; but based on our experience w i t h  o ther  i ns t r u -  , 

ments, i t appears t o  f a l l  i n t o  the medium cost  category. The cost  
of the JPL-IR instrument i s  not known a t  t h i s  time, but  i t  i s  l i k e l y  , 
t o  f a l l  i n t o  the h igh cost .category. 

I n  add i t i on  t o  i n  s i t u  measurements o f  gas concentration, an attempt 
w i l l  be made t o  image the  cloud from above and from the s ide using 
i n f r a red  imaging o r  scanning systems. The ground-based work wil l-be. 
performed by NWC personnel and the ove r f l i gh t s  by EG&G, Las Vegas. 
Both e f f o r t s  w i l l  invo lve the use o f  op t i ca l  f i l t e r s  centered on a 
strong methane absorption band i n  the  i n f r a red  t o  inhance the  imaging 
systems c a p a b i l i t y  t o  detect  methane. I f  t h i s  can be done e f f i c i e n t l y  
i t  should be possib le t o  see the cloud i n  the  i n f r a red  subs tan t ia l l y  
f a r t h e r  down wind than it would be v i s i b l e  t o  the  eye. This would 

I 

be o f  great help i n  t r y i n g  t o  reconstruct  the  cloud, a f t e r  the  exper- 
iments, f o r  comparison w i t h  models. 

TEMPERATURE AND HEAT FLUX 

Temperature 'measurements w i l l  be made a t  each gas sensor o r  hu.idity ' 
sensor l oca t i on  using thermocouples. The t ime reponse o f  t he  thermo- 
couple w i l l  be matched t o  t ha t  o f  the o ther  instrument and sampled 
a t  the  samet rate. I n  addi t ion,  temperature measurements may be made 
v e r t i c a l l y  between gas sensors..to help es tab l i sh  the  v e r t i c a l  concen- 
t r a t i o n  p ro f i l e .  Heat balance measurements w i l l  be made a t  several 
locat ions w i t h i n  the  dispersing gas cloud using radiometers. These 
radiometers w i l l  measure both the inc iden t  so la r  r ad ia t i on  and re- 
emitted rad ia t i on  from the .ground. Heat f l u x  plates,  j u s t  under t he  
soi 1 surface, w i l l  be used - t o  determine the  t o t a l  heat f l u x  from the  
ground. 



POOL SPREAD AND VAPOR GENERATION RATE 

I n i t i a l l y  t h i s  w i l l  be determined i n d i r e c t l y  from the  concentrat ion 
measurements designed f o r  source d e f i n i t i o n  and near f i e l d  d i  sper- 
sion. I n  addi t ion,  NWC may provide thermocouple measurements i n  
the  sp i t  1  pond o r  o ther  source d e f i n i t i o n  measurements. Later  i n '  
.the t e s t  ser ies,  we plan t o  f i e 1  d  some i nstrurnentation designed 
speci f i c a l  l y  t o  measure pool spread and vapor izat ion rate. Imaging 
and acoustic techniques w i l l  be considered f o r  the  determination o f  
the  pool s i ze  as a  funct ion of  time. Instrumentation and techniques 
for  measuring e i t h e r  pool spread o r  vapor izat ion r a t e  have not ye t  
been investigated. 

. . .  

WIND 

The array of wind measurement s ta t ions  planned f o r  a  t yp ica l .  s p i l l  
t e s t  i s  shown i n  Figure 1. The 15 s ta t i on  downwind ar ray i s  de-. 
signed t o  cover the. area of  gas cloud dispers'al uniformly. There 
w i l l  be an add i t i ona l  f i v e  upwind s ta t ions  along t he  p reva i l i ng  
wind d i r e c t i o n  (on ly  three o f  which are shown i n  Figure 1). These 
w i l l  be used i n  a  p red i c t i ve  way. t o  determine when t h e  wind f i e l d  
i s  such t h a t  the gas cloud i s  most l i k e l y  t o  pass over the  sensor 
array. The output from the anemometers, except for  t he  turbulence 
stat ions,  w i l l  be displayed i n  the  con t ro l  t r a i l e r  i n  real  t ime so 
t h a t  decisions about when t o  s p i l l  t he  LNG can be made. 

Out of the 26 wind stat ions,  20 a re  designed t o  do the wind f i e l d  
mapping, and s i x  w i l l  be fast-response turbulence stat ions.  A 
turbulence s t a t i o n  i s  shown i n  Figure 3, and one o f  the anemometer 
s ta t ions  i s  shown i n  Figure 4. Five o f  these turbulence s ta t ions  
w i l l  also have high speed gas sensors, thermocouples, and three- 
axis, fast-res'ponse anemometers a t  th ree  "levels, maki ng 5 t o  10 
measurements per second. The s i x t h  w i l l  be i~nmediately upwind o f  
t h e  pond and have only f a s t  response anemometers and thermocouples. 
These s ta t ions w i l l  be used f o r  the de ta i led  character izat ion o f  the 
tu rbu len t  mixing o f  . the gas and t he  a i r .  The f i v e  downwind s ta t ions  
w i l l  be located a t  d i f f e r e n t  pos i t ions w i t h i n  the cloud depending on 
t h e  purpose of t h e  experiment. They w i l l  general l y  be d i s t r i bu ted  
w i t h i n  the cloud, but  may be c lustered together f o r  a special ser ies 
of turbulence co r re l a t i on  measurements, o r  placed across t he  c loud a t  
v a ~ y l n g  downwind dis'l;atices t o  examine the e f f c c t  of  the c l ~ u d  on thk  
wind prof i le .  Good q u a l i t y  cup and vane anemometers w i l l  be used a t  
t h e  wind f i e l d  mapping s ta t ions  and propel l e r  bivane anemometers a t  
t h e  turbulence stat ions.  
I 
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FIG. 4. Anemometer s t a t i o n .  



HUMIDITY . 
Humidi ty  measurem&ts w i l l  be made upwind o f  t h e  s p i l l  pond t o  ob- 
t a i n  t h e  background humid i ty  l e v e l  and a t  several l o c a t i o n s  down- 
wind o f  t h e  pond t o  determine t h e  environment' i n t o  which t h e  gas 
c loud  i s  dispersing. Measurements w i l l  be made du r ing  t h e  s p i l l  
t o  determine i f  t h e  s p i l l  process i t s e l f  i s  adding water t o  t h e  
cloud. These measurements wi 11 be made using ' a  commerci a1 device 
whose res i s tance  changes p ropor t i ona te l y  w i t h  water vapor content  
i n  a heated sensor developed here t o  work i n  dense cryoyer~ic foy. 
It' i s  necessary t o  warm t h e  a i r  t o  vaporize the .wa te r  d rop le ts  and 
i c e  p a r t i c l e s  produced by t h e  co ld  LNG vapor c loud i n  order  t h a t  a 
t r u e  measurement o f  t o t a l  . 'water content  be obtained. 

DATA ACQUISITION SYSTEM REQUIREMENTS 

As w i t h  t h e  instrument and s t a t i o n  requirements, t h e  data system 
requ i  rements discussed here a r e  based 1 a'rgely on our  experience a t .  
China Lake l a s t  yea r  and t h e  e x t r a p o l a t i o n  o f  t h i s  experience t o  a 
l a r g e  a r ray  o f  s ta t ions .  Many o f  t h e  requirements are  based on t h e  
opera t iona l  need t o  deal e f f i c i e n t l y  w i t h  a very l a r g e  amount o f  
da ta .  from a l a r g e  number o f  inst ruments dispersed over a l a r g e  area. 

The data a c q u i s i t i o n  hardware associated w i t h  each s t a t i o n  i s  shown 
i n  F igure  5. The s t a t i o n s  a re  designed t o  s t o r e  data i n  a l o c a l  buf-  
f e r  memory t h a t  w i l l  be emptied and t ransmi t ted  t o  t h e  data acquis i -  
t i o n  t r a i l e r  when p o l l e d  by t h e  computer. There w i l l  be some a b i l i t y  
t o  compress o r  average data w i t h i n  t h e  s t a t i o n  and check o r  c a l i b r a t e  
de tec to rs  before  tes ts .  Fast de tec tors  w i t h  m u l t i p l e  non l inear  out-  
puts, such as t h e  LLL-IR o r  t h e  JPL-IR detectors,  should have t h e i r  
own a b i l i t y  t o  l j n e a r i z e  and average t h e i r  s igna ls  i f  t h e  data r a t e s  
t o  be t ransmi t ted  a re  t o  be kept  reasonable, Slow, s ingle-output ,  
non l i nea r  de tec tors  such as t h e  IST w i l l  not  need t o  be averaged. 
The s t a t i o n s  w i l l  accommodate both d i g i t i z e d  and analog input ,  w i t h  
t h e  analog i n p u t  d i g i t i z e d  before  being stored. The communication 
1 i n k  between t h e  t r a i l e r  and t h e  s t a t i o n s  w i l l  be two-way so t h a t  t h e  
s t a t i o n s  can be tu rned on, checked out, and c a l i b r a t e d  on command and 
can send data back a t  a h igh  r a t e  when pol led.  

A schematic o f  t h e  system i n  t h e  data a c q u i s i t i o n  t r a i l e r  i s  shown 
i n  F igure  6. The system has been designed t o  be modular so t h a t  i t  
can expand t o  accommodate a d d i t i o n a l  s t a t i o n s  o r  a d d i t i o n a l  specia l  
f u n c t i o n  inst rumentat ion.  It i s  designed around a se r ies  o f  LSI-11 
microcomputers. There w i l l  be a worker computer dedicated t o  t h e  
s i x  h igh  frequency tu rbu lence s ta t i ons ,  one dedicated t o  t h e  23 re- 
mai n i  ng 1 ow frequency gas concentrat  i o n  s ta t i ons ,  and one dedicated 
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t o  the 20 anemometer stat ions. During the  experiment, each com- 
puter w i l l  accumulate data from i t s  subsystem o f  instruments and 
s to re  i t  on a disk. A f t e r  the  experiment, t he  data can be d is-  
played, pr inted,  checked, ca l ib ra ted,  compressed, and rearranged 
before being w r i t t e n  on tape f o r  ana lys is .w i th  the  LLL computers. 
Since there w i l l  be such a la rge  amount o f  data produced by these 
experiments i t i s  important t ha t  i t be i n  a form t h a t  i s  conveni- 
ent f o r  the data analyst t o  use. 4 

: ' The con t i  nual d i  spl ay o f  the w i  nd f i e l d ,  both upwind and downwind 
o f  ' t h e  sp,i 11 pond, w i  11 a1 1 ow us t o  more accurately p red ic t  when 
the wind d i r e c t i o n  i s  such t h a t  the gas cloud w i l l  pass over the  
instruments. Figure 7 shows a ca l cu la t i on  o f  the  gas cloud, aver- 
aged over time,. from a 30-m3/minute, 40-1113 LNG s p i l l  i n t o  the  wind 
f i e l d  measured experimental ly l a s t  year f o r  Avocet 1 (LNG 18). 
The shape o f  the cloud shows the wind s h i f t  t h a t  occurred.dur ing 
the course o f  t h i s  tes t .  We be l ieve t h a t  by moni tor ing the  upwind 
anemometers before the tes t ,  we can avoid,major wind s h i f t s  dur ing 
the tes t .  

f 
PROPOSED EXPERIMENTS 

The experimental program w i l l  cons is t  o f  several parts, o r  t e s t  ser- 
ies,  each w i th  d i f f e r e n t  object ives. -Each t e s t  ser ies w i l l  i nvo lve  
a number o f  experiments. The f i r s t  two series, which invo lve mostly 
dispersion, comprise a t o t a l  o f  about 30 experiments, 20 o f  which 
can be performed a t  China Lake. The actual  number o f  t e s t s  may be 
more o r  less than t h i s  depending on the  weather condi t ions a t  t he  , 
s p i l l  t e s t  f a c i l i t y .  Some ideas on turbulence and pool spread and 
vapor izat ion experiments; which might be performed l a t e r ,  are given, 
i n  the  l a s t  two sections. 

Every e f f o r t  w i l l  be made t o  get the  anemometer and turbulence sta- 
t i ons  operational a t  l eas t  one week before t he  dispersion t e s t s  be- 
g i n  so t h a t  wind f i e l d  and turbulence charac te r i s t i cs  i n  the  experi- 
mental area a t  China Lake can be studied. This w i l l  provide both 
operational experience and 'base 1 i ne wind f i e l d  in format ion p r i o r  
t o  the  tests. I 

FAR FIELD DISPERSION 

Probably the  most important ser ies o f  experiments w i l l  attempt t o  de- 
termine gas concentrat ion contours w i t h i n  the  gas cloud under vary ing 
s p i l l  rates, s p i l l  volumes, and wind and s t a b i l i t y  condit ions. This 
w i l l  be done measuring concentrat ion a t  various r a d i a l  l oca t ions  down- 
wind. The instrument array shown i n  Figure 1 i s  bas i ca l l y  designed 
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f o r  t h i s  purpose. It w i l l  be important f o r  these r e l a t i v e l y  small 
sp i  11 s t o  measure concentrat ions a t  d i  stances f u r t h e r  downwind* than 
the  LFL concentrat ion because they w i l l  he lp  b e t t e r  determine t he  
concentrat ion gradient  a t  the LFL and the  s ign i f i cance  o f  concen- 
t r a t i o n  f l u c tua t i ons  i n  t h i s  region. Since the  concentrat ion gra- 
d ien ts  i n  t h i s  region appear t o  be small, t he  comparison o f . e x p e ~ i -  
mental data, out t o  concentrat ions o f  about 2% w i t h  ca lcu la t ions  
w i l l  exerc ise the  codes over la rge  distances and may be e f f e c t i v e l y  
t he  same as comparing w i t h  LFL (5%) data from l a r g e r  s p i l l s .  This 
i s  v a l i d  as long as the  gas concentrat ions are h igh enough t o  s t i l l  
have a s i g n i f i c a n t  e f f e c t  on the  atmosphere. Remote measurements 
using LIDAR would be very useful  i n  t h i s  reg ion o f  t he  c loud s ince 
a l a rge  area must be covered and fog w i l l  not  be present. I 

S p i l l  r a t e  w i l l  be an important parameter i n  each o f  t he  t e s t  ser- 
i e s  and, according t o  ca l  cu l  a t  ions, has a pa r t  i c u l  a r l y  s i g n i f i c a n t  
e f f e c t  on concentrat ion contours f a r  downwind. Long spi  11 tes ts ,  
which o f  necessity w i l l  i nvo lve  low s p i l l  rates,  w i l l  be necessary 
so t h a t  data can be taken f o r  a long enough per iod o f  t ime t o  make 
s t a t i s t i c a l l y  s i g n i f i c a n t  comparisons w i t h  t he  normal atmosphere. 
We w i l l  need t e s t s  a t  s p i l l  ra tes  o f  about 5, 15, and 30 m3/minute, 
under vary ing weather condit ions. S p i l l  s under very low wind condi- 
t i o n s  (1-2 m/s) are  necessary, but  probably not  poss ib le  a t  China 
Lake. We w i l l  do t e s t s  under the  lowest, steady wind cond i t ions 
possible, however, and an t i c i pa te  these t o  be about 3-5 m/s. I n  ad- 
d i t i o n ,  we would l i k e  t o  perform t e s t s  under t he  more r e a d i l y  ava i l -  
able h igher wind cond i t ions o f  6-8 m/s. This forms a mat r i x  o f  9 
experiments, which i s  shown g raph ica l l y  i n  Figure 8. That pa r t  o f  
the  mat r i x  t h a t  can be performed a t  the  NWC f a c i l i t y  i s  shown un- 
shaded i n  the  f igure.  

We be1 ieve t h a t  several t e s t s  w i l l  be necessary i n  each o f  t he  d i f -  
fe ren t  wind speed categor ies because o f  d i f fe rences i n  o ther  var ia-  
bles, such as atmospheric s t a b i l i t y  and humidity, which might occur 
dur ing the  tests.  Some measure o f  r e p e a t a b i l j t y  would a lso be de- 
s i rable.  Whether various s t a b i l i t y  cond i t ions can be obtained a t  a 
given wind speed and w i t h  t he  wind from on ly  the  p reva i l i ng  south- 
wester ly  d i r e c t i o n  i s  uncertain. . S t a b i l i t y  i s  u n l i k e l y  t o  be an in -  
dependent var iable,  a t  l e a s t  a t  t he  China Lake s i te .  

SOURCE DEFINITION AND NEAR FIELD DISPERSION 

Late i n  t he  1980 t e s t  ser ies,  o r  i n  1981, source d e f i n i t i o n  exper- 
iments w i l l  cons is t  o f  d i r e c t  measurements o f  LNG pool spread and 
vapor iza t ion r a t e  a t  t he  water surface. Because good techniques 
f o r  making these measurements have not  y e t  been developed and be- 
cause o f  the  compl-ex t e r r a i n  features w i t h i n  100 m o f  t he  s p i l l  
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po in t  a t  China Lake, we w i l l  i n i t i a l l y  t r y  t o  character ize t he  va- 
por source by in tensely  instrumenting t h i s  area. This w i l l  a l low 
us t o  assess the  ef fec t  o f  t he  t e r r a i n  over the  f i r s t  100 m and deter- 
mine an e f f e c t i v e  source as we1 1 as estimate source parameters such 
as b o i l o f f  rate, r a t e  o f  vapor movement up the  h i 1  1, and r a t e  o f  a i r  
entrainment f o r  the  gas emerging from t h i s  area. These estimates can 
be made from the  data only i n d i r e c t l y ,  through a ser ies o f  computer 
model calculat ions. Figure 9 i s  a diagram o f  what t he  instrument 
array might look 1 i ke f o r  these experiments. It would be des i rab le  
t o  make both near and f a r  f i e l d  dispersion measurements on t he  same 
experiment. Consequently, the  10 gas sensor s ta t ions  and three ane- 
mometer s ta t ions not shown i n  Figure 9 w i l l  be l e f t  i n  the  f a r  f i e l d  
configuration. This w i l l  a l low some connection t o  be made between the  
two ser ies o f  experiments. These t e s t s  can be considered complementary 
t o  t he  f a r  f i e l d  dispersion t e s t s  and as such should be performed f o r  
a matr ix  o f  t e s t  condi t ions s i m i l a r  t o  t h a t  shown i n  Figure 8. 

TURBULENT M I X I N G  

During 1980, s i x  s ta t ions w i l l  be making f a s t  response measurements 
t h a t  w i l l  be used t o  get informat ion on turbulence. For the  experi- 
ments described i n  t he  preceding sections, these s ta t ions w i l l  prob- 
ably be scattered throughout t he  cloud. Later  i n  the  experimental 
ser ies i t  may be desirable t o  make co r re la t i on  studies o f  turbulence 
and gas mixing a t  various spec i f i c  locat ions w i t h i n  t he  dispersing 
cloud. Since these measurements can probably not be done u n t i l  
FY-81, more f a s t  response s ta t ions can be added t o  t he  array, making 
i t possible t o  very densely instrument a small par t  o f  t he  cloud. 
The dense array o f  instruments could then be moved t o  other par ts  
o f  the  cloud i n  a ser ies o f  experiments designed t o  invest igate  t u r -  
bulent  mixing as a funct ion o f  downwind distance. It may a1 so be 
desirable t o  arrange the  f a s t  response instruments i n  a row a t  a 
ser ies o f  r ad ia l  pos i t ions on a ser ies o f  experiments. This would 
provide turbulence p r o f i l e s  through the  cloud ra ther  than simply 
po in t  measurements. 

POOL SPREAD AND VAPOR GENERATION 

Measurements o f  maximum pool radius have been made f o r  s p i l l  volumes 
up t o  10 m3. Measurements o f  t he  t ime dependence o f  the  pool radius 
have not y e t  been made, nor have measurements o f  the  t ime dependence 
o f  t he  vapor izat ion rate. Pool s i ze  and vapor izat ion r a t e  are deter- 
mined l a rge l y  by s p i l l  rate; consequently, it w i l l  be necessary t o  do 
a ser ies  o f  experiments a t  d i f f e r e n t  s p i l l  rates. Since these t e s t s  
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w i l l  invo lve instrumentation and techniques which may not y e t  be 
developed, speci f ics cannot' y e t  be given. However, i f  the i ns t r u -  
mentation and techniques .are ready, these t es t s  could be performed 
l a t e  i n  the 1980 series. Otherwise, they w i l l  be done i n  1981. 

LAND SPILLS 

A ser ies  o f  experiments s i m i l a r  t o  t ha t  ou t l i ned  f o r  s p i l l s  on water 
w i l l  a1 so be performed f o r  s p i l l s  on land. These w i l l  occur a f t e r  
t h e  water s p i l l  s, and we should be able t o  take advantage o f  know- 
1 edge' gained there t o  t runcate the experimental matrix. Techniques 
w i l l  have been developed f o r  making d i r e c t  measurements o f  pool 
spread and, vaporizat ion, thus e l im ina t ing  the need t o  do the  near 
f i e l d  d ispersion and source d e f i n i t i o n  experiments. The f a r  f i e l d  
d ispersion experiments w i l l  be most important f o r  the land s p i l l s  
as wel l  as the water s p i l l s  and w i l l  probably requ i re  a s i m i l a r  
mat r ix  o f  experiments (see Figure 8). This impl ies s p i l l s  a t  var- 
ious ra tes i n t o  confined o r  unconfined areas under varying weather 
conditions. 

EXPERIMENTAL PLAN SUMMARY 

A summary o f . t h e  measurements t o  be made and the  instruments t o  be 
used', inc lud ing t h e i r  1 ocation, numbers, and performance character- 
i s t i c s ,  i s  given i n  subsection' I below. Subsection I 1  summarizes 
the  experiments themselves inc lud ing the t e s t  condit ions, number o f  
tests,  and measurements t o  .be made on each test .  

I. Measurements: 

A. Gas concentration: 

Location: 

. Three v e r t i c a l l y  (1, 3, 8 m). a t  each o f  30 s ta t i ons  a t  
varying r a d i i  out t o  800 m o r  more (3 x 30 = 90 gas sensors). 

Infrared imaging from above and from the side. 

Time response: 

a Fast, 5-10 samples/second a t  f i v e  turbulence s ta t ions  
(3 x 5 = 15 f a s t  sensors). 

e S l  ow o r  averaged t o  1 second a t  25 s ta t i ons  
(3 x 25 = 75 .slow o r  averaged sensors). 



Hydrocarbon species: 

Tota l  Hydrocarbons - 15 IST s t a t i o n s  (45 sensors), 
f o u r  MSA s t a t i o n s  (12 sensors). 

' Separated Hydrocarbons - .11. LLL-IR s t a t i o n s  (33 sensors), 
(metha'ne, ethiine/propane) . ~ 

(11 JPL-IR sensors w i l l  b e . a v a i l a b l e  i n  Ju ly ) .  

B. Temperature: 

Locat ion: 

,, One thermocouple a t  each  gas sensor and one betwen sensors 
a t  some s t a t i o n s  (109 t c ' s ) .  

Two f o r  net  radiometer heat f l u x  measurements and two f o r  
sur face heat f l u x  measurements a t  seven s t a t i o n s  (4 x 7 = 28). 

Time response: 

The nominal response tirne f o r  t h e  10-mi 1 thermocouples 
being used i s  about 0.5 seconds i n  a 5 m/s wind. 

tteat f l u x  measurements w i l l  be slow.' 

C. Wind: 

Locat ion:  

Three anemometers v e r t i c a l  l y  (1,3,8 m) a t  each o f  s i x  
tu rbu lence s t a t i o n s  ( - 3  x G = 18 anomemeters). 

One ( 2  m) a t  each o f  20 anemometer s t a t i o n s  
(20 anemometers). 

Time response: 

a :Fast, propel  1 e r  b i  vance (three-component) a t  turbulence 
s t a t i 0 . n ~ .  . . 

Slow, cup and vane (two-component) a t  anemometer s ta t ions .  



D. Humidity: 

Location: 

One measurement a t  each o f  seven stat ions.  

Time response: 

. Few seconds. 

I I. Experiments 

A. Far f i e l d  dispersion: 

Number o f  t e s t s .  9-18 (6-12 a t  NWC i n  1980). 

S p i l l  . r a t e  5, 15, 30 m3/min. \ ! ' 
S p i l l  volume 

Wind speed 

Measurements 

0-2, 3-5, 6-8 m/s. 

Gas concentrat ion, temperature,, 
wind, humidity. 

0. Source d e f i n i t i o n  and near f i e l d  dispersion: I 

, 

Number o f  t e s t s  9 (6 a t  NWC i n  1980) 

S p i l l  r a t e  5, 15, 30 m3 

S p i l l  Volume 40 m3 

W i  nd speed 0-2, 3-5, 6-8, m/s 

Measurements Gas concentrat ion, temperature, 
wind, humidity. 

C. Turbul ent  m i  x i  nq : 

Six turbulence s ta t i ons  w i  11. make f a s t  response measurements 
on t he  1980 NWC experiments 1 i s t e d  i.n 11-A and. 11-0. 

Measurements : Wind speed and d i r e c t i o n  
. (three-component) , gas con- 

cent ra t ion,  and temperature 
a t  s i x  turbulence stat ions. 



Pool spread and vapor generat ion: 

Secondary determinat ion, based on gas concent ra t ion  
measurements from t h e  s o u r c e . d e f i n i t i o n  and near f i e l d  
d i spe rs ion  experiments l i s t e d  i n  11-B, w i l l  be made 
i n i t i a l l y .  

Primary measurements on t h e  s p i l l  pond i t s e l f  w i l l  be 
made e i t h e r  l a t e ' i n  the  1980 t e s t  se r ies  o r  i n  1981. 

E. Land s p i l l s  (1981): 

t h e  t e s t  se r ies  w i l l  -probably be s i m i l a r  t o  t h a t  
l i s t e d  f o r  A, f a r  f i e l d  d i spe rs ion  tes ts .  

The schedule f o r  t h e  1980 exper.iments i s  g iven i n  Table 2. The 
experiments are  expected t o  begin i n  e a r l y  May and cont inue 
through September a t  China Lake. 
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SUMMARY 

Th i s  r e p o r t  desc r ibes  t h e  modified LNG spi l l  f a c i l i t y  a t  t h e  Naval 
Weapons Center  (NAWNCEN) China Lake, C a l i f o r n i a  and o u t l i n e s  t h e  
proposed s p i l l  t e s t s  t o  b e  conducted a t  t h i s  f a c i l i t y .  

S ince  1973 t h e  NAVWPNCEN has been i n v e s t i g a t i n g  t h e  f i r e  and e ~ p l o -  
s i o n  hazards  of l i q u i f i e d  fuels . ' '  A s  p a r t  of t h i s  program a f a c i l i t y  
was cbns t ruc t ed  capable  of s p i l l i n g  up t o  5.7 m3 of l i q u i f i e d  f u e l s  on a 
water  t e s t  b a s i n  and s tudying  t h e  co,mbustion o r  d i s p e r s i o n  of t h e  vapor 
produced. (Using t h i s  f a c i l i t y  s p i l l s  of l i q u i f i e d  n a t u r a l  gas' (LNG), 
l i q u i f i e d  petroleum *as (LPG), and g a s o l i n e  and l i q u i d  n i t r o g e n  ( L N ~ )  

- have been performed. 

Add i t iona l  s p i l l .  tests involving.much l a r g e r  q u a n t i t i e s  are needed 
i n  o r d e r  t o  def i n t e l y  , q u a n t i f y  t h e  hazards  a s soc i a t ed  wi th  massive 
s p i l l s ,  a s  could occur  dur ing  marine t r a n s p o r t .  The e x t r a p o l a t i o n  of '  
h a z a r d s ,  from a 5.7 m3 s p i l l  up t o  t h a t  r e s u l t i n g  from a 25,000 m3 s p i l l  
(one compartment of a LNG c a r r i e r )  cannot be  accomplished w i t h  conf i -  
dence; hence l a r g e r  c o n t r o l l e d  s p i l l s  a r e  requi red .  .U l t ima te ly  s p i l l s  

3  of 1000 m w i l l  b e  . required t o  v e r i f y  s c a l i n g  1aws.der ived  form'smal l  
s c a l e  exp%riments. P r i o r . t o  t h i s ,  however, i n t e r h e d i a t e  s i z e  s p i l l s ,  
(40-100 m-) a r e  needed t o  h e l p  v e r i f y  t h e  s c a l i n g  laws and provide  
des ign  and s a f e t y  c r i t e r i a  f o r  a 1000 m3 f a c i l i t y .  

The o r i g i n a l  5.7 m3 f a c i l i t y  is  now being expanded s o  t h a t .  it w i l l .  
b e  capable  of s a f e l y  handl ing  up t o  40 m3 of LNG.. This .  c u r r e n t  expan- 
s i o n  c o n s i s t s  o f :  t h e  minor enlargement of t h e  e x i s t i n g  w a t e r  t e s t  
b a s i n  t o  a  l a r g e r ,  more c i r c u l a r  bas in ;  t h e  i n s t a l l a t i o n  of an  addi? 
t i o n a l  c ryogenic  l i q u i d  s t o r a g e  tank  capabie  of s p i l l i n g  up. t o  40 m of 
LNG; a p p r o p r i a t e  cryogenic p ip ing  and va lv ing  t o ' d e l i v e r  t h e  LNG t o  
e i t h e r  t h e  en larged  test b a s i n  o r  t o  a  newly cons t ruc t ed  diked d ry  t e s t  
bas in ;  and a s s o c i a t e d  remote s p i l l  c o n t r o l  and monitor ing systems. S i t e  
expansion is  expected t o  be  completed by A p r i l  1980. 

FACILITY DESCRIPTION . 

Figure  1 is a s i te  . p l a n  showing the31ayout of t h e  expanded f a c i l i t y  
a s  i t  w i l l  be  upon completion. he 40 m tank is loca t ed  approximately 
3 0  m sou th  of t h e  q r i g i n a l  5.7 m5 tank.  

3 
The 40 m s p i l l  t ank  i s . a  vacuum jacketed tank  10.7 m long by 

3 3.5 m i n  d iameter  w i t h  a  t o t a l  water volu@e.of  52 m ; i ts  des ign  opera- 
t i n g  p re s su re  is  2.4 ba r s .  The l i q u i d  f u e l  e x i t s  ' t h e  tank  by means of , 

a 20 cm diameter  v e r t i c a l  s t a i n l e s s  s t e e l  d ip tube  upon p r e s s u r i z a t i o n  of 
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Figure 1 . -  Plodifi.ed S i t e  Plan 



t h e  tank w i r h g a s e o u s  n i t rogen  (GN2). A 25 cm diameter ,  i n s u l a t e d  s t a i n -  
l e s s  s t e e l  s p i l l  l i n e  runs  from t h e  40 m3  tank t o  a  j unc t ion  n o r t h  of 

3  t h e  5.7 m' tank.  A 25 cm diameter  l i n e  cont inues  from t h i s  p o i n t  t o  t h e  
c e n t e r  of t h e  w a t e r  t e s t  b a s i n  whi le  a  1 5  cm diameter ,  i n s u l a t e d ,  s t a i n -  
less s t e e l  s p i l l  l i n e  extends from t h i s  p o i n t  t o  t h e  edge of t h e  15 m x 
15  m x 0.15 m d ry  pond. Switchover from s p i l l s  on t h e  water  t e s t  b a s i n  
t o  t h e  d r y  pond w i l l  be  accomplished by u s e  of s p e c t a c l e  b l i n d s  . a t  t h e  
p ip ing  junc t ion  po in t .  I n  t h i s  way i t  w i l l  then b e  p o s s i b l e  t o  s p i l l  
from e i t h e r  t h e  40 'm3 t ank  o r  t h e  5.7 m3 tank  on e i t h e r  t h e  water  test 
b a s i n  o r  t h e  . d ry  pond. 

Large h e a t  s h i e l d  s t r u c t u r e s  a r e  used t o  provide  thermal p r o t e c t i o n  
f o r  bo th  s p i l l  t anks  wh i l e  a  sma l l e r  h e a t  s h i e l d  p r o t e c t s  t h e  cool-down 
and s p i l l  va lves .  The h e a t  s h i e l d s  p r o t e c t i n g  t h e  40 m3 tank  a l s o  
provides p r o t e c t i o n  f o r  t h e  GN supply t r a i l e r .  

2  

The tank  i s ' l o a d e d  from a loading  p o i n t  15  m from t h e  tank  through 
a , 1 0  cm diameter  i n s u l a t e d  s t a i n l e s s  s t e e l  loading  l i n e .  During loading  
t h e  tank  i s  vented by means of a  20 cm diameter  ven t  l i n e  and 18 m h i g h  
ven t  s t a c k .  

P r e s s u r i z a t i o n  of t h e  tank p r i o r  t o  a s p i l l  is achieved through 
t h r e e  s t a g e s  of p re s su re  r educ t ion  from approximately 138 b a r s  a t  t h e  
GN t r a i l e r  down t o  t h e  ope ra t ing  p r e s s u r e  of t h e  tank,  2.4 b a r s .  ' T h i s  

2  
p r e s s u r i z a t i o n  i s  remotely c o n t r o l l e d  and monitored from t h e  c o n t r o l  
van. . 

The c o n t r o l  van i s  loca t ed  250 m northwest  of t h e  tank  and a l s o  
con ta ins  c o n t r o l s  f o r  t h e  remote< ope ra t ion  of t h e  v e n t  system and t h e  
cool-down and s p i l l  va lves .  I n  a d d i t i o n ,  remote monitor ing of t h e  tank  
l i q u i d  l e v e l ,  t ank  arid s p i l l  l i n e  temperatures ,  tank i n t e r n a l  p re s su re ,  
n i t r o g e n  supply p re s su re  and l i q u i d  flow r a t e  is  performed a t  t h e  
c o n t r o l  van. c o k u n i c a t i o n  between t h e  van and tank  sites is by means 
of talk-back speakers .  

A new' ins t rumenta t ion  v a u l t  is  loca t ed  approximately 75 m northwest  . . 

of t h e  water  test bas in  s p i l l  po in t .  Underground in s t rumen ta t ion  l i n e s  
and c o a x i a l  c a b l e s  run  from t h i s  v a u l t  t o  t h e  c o n t r o l  van. F i e l d  em- 
.placed in s t rumen ta t ion  can then  b e  conn,ectedb t o  t h i s  v a u l t  w i th  only  a 
minimum of overground in s t rumen ta t ion  l i n e .  

The water  t e s t  b a s i n  has  been en larged  from i ts previous  51 m x 
5 1  m t o  a more c i r c u l a r  shape wi th  a n  average diameter  of 58 m. The 
average depth  remains a t  approximately 1 m. The s l o p e s  of a l l  b u t  t h e  
south  bank have a l s o  been reduced t o  provide l e s s  t u r b u l e n t  wind flow 

. , I. over  t h e  water  t e s t  bas in .  
1 

Figures  2 through 5 a r e  r ep re s , en t a t ive  photographs taken during.  t h e  



e a r l y  s t a g e s  of t h e  s i te  modi f ica t ion .  . F i g u r e  2, taken from t h e  north-  
west bank of t h e  water  t e s t  bas in ,  shows t h e  o r i g i n a l  5.7 m3 f a c i l i t y  
bu t  wi thout  t h e  o r i g i n a l  h e a t  s h i e l d .  F igure  3 shows the  40 m 3  vacuum 
jacke ted  s p i l l  t a n k  be ing  loaded f o r  movement t o  t h e  s p i l l  s i t e .  F igure  
4 shows t h e  h e a t  s h i e l d s  be ing  cons t ruc t ed  a t . t h e  cool-down and s p i l l  
va lves ;  t h e  o r i g i n a l  5.7 m'3 t ank  and . the 40 ui3 tank. F igure  5 shows t h e  
water  t e s t  b a s i n  dra ined  p r i o r  t o  f i n a l  enlargement; t h e  s p i l l  l i n e  
suppor t s  i n  p l a c e  and t h e  h e a t  s h i e l d  s t r u c t u r e s  e s s e n t i a l l y  complete. 

DATA ACQUISITION SYSTEM 

The sys  tern cons'istn of Lwo 126 channel  mu l t ip l exe r s  (EON I n s t r u -  
mentat ion,  Inc . ,  Model PCM-212-128 Encoder) a  h igh  speed ana log  t ape  
r eco rde r  (Ampex Model FR 1200) and a  t e l eme t ry  processor  (EMR Telemetry 
Model 708). Analog s i g n a l s  e i t h e r  + 50 mv o r  + -5 v are inpu t t ed  t o  t h e  
mul t ip l exe r s  i n  t h e  f i e l d .  The mul t ip l exe r s  s can  each input  a t  a 
s e l e c t a b l e  r a t e  of up t o  every 4 m s  and perform an  analog t o  d i g i t a l  
conversion t o  produce 12 b i t  words. The d a t a  i n  t h e  form of a  d i g i t a l  
stream i s  s e n t  t o  t h e  c o n t r o l  room on a  s i n g l e  c o a x i a l  cab le  where i t  is 
i n p u t  t o  bo th  t h e  processor  and the  recorder .  The processor  decodes t h e  
inpu t  and d i s p l a y s  any 32 s i g n a l s  on a  CRT. The type of d i s p l a y  and 
mathematical conversions a r e  ope ra to r  c o n t r o l l a b l e .  The processor  has  a  
hard copy o u t p u t . t o  p re se rve  CRT d i s p l a y  and 16 d i g i t a l  t o  ana log  con- 
y e r t e r s  f o r  connect ion t o  s t r i p  c h a r t  r eco rde r s .  The analog t a p e  record 
can b e  replayed through t h e  processor  t o  o b t a i n  d i f f e r e n t  channel ou tput  
o r  d i s p l a y  o r  can  be  computer processed t o  o b t a i n  more convent iona l  
format ted  computer t a p e  f o r  computer process ing .  

OPERATIONAL PROCEDURE 

I n  g e n e r a l  t h e  o p e r a t i o n a l  pro'cedure f o r  t h e  40 m3 f a c i l i t y  w i l l  be  
s i m i l a r  t o  t h a t  of t h e  5.7 m3 f a c i l i t y .  The tank  i s  loaded from an  
over- the-road t r a i l e r  ' and a sample is  taken f o r  later a n a l y s i s .  A t  t h i s  
p o i n t  a l l  personnel  a r e  c l ea red  from t h e  s p i l l  s i te  and subsequent s t e p s  
a r e  performed remotely. The remote ven t  va lve  i s  c losed;  t he  t h r e e  
s t a g e s  of p r e s s u r e  r e g u l a t i o n  a r e  set and t h e  s p i l l  t ank  i s  p re s su r i zed .  
The.coo1-down v a l v e  i s .opened ,  coo l ing  t h e  s p i l l  l i n e ;  t h e  s p i l l  va lve  
is then  opened and t h e  test conducted. A "heel" of appr sx iua t e ly  1 .2  m 
remains i n  the t ank  a f t e r  the t e s t .  

PLANNED TESTS (FISCAL YEAR 1980) 

P r i o r  t o  conduct ing s p i l l s  of hazardous materials t h e  pressur iza-  
t ion-vent  system w i l l  b e  checked ou t  u s ing  gaseous n i t rogen .  Following 
t h i s  approximately t h r e e  5 m3 of l i q u i d  n i t r o g e n  (LN*) w i l l  be used t o  
check o u t  f a c i l i t y  o p e r a t i o n  and t h e  e f f e c t  of s p l a s h  p l a t e  ve r sus  no 
s p l a s h  p l a t e  on t h e  end of t h e  s p i l l  l i n e .  











Spills of LNG will consist of the following: 
I 

1. LNG Pool Fire - water spill 
The object will be ,to check out the facility and instru- 

mentation with "live" material and to make radiometric measurements. ,A 
.3 total of four spills. are planned; two 5 m , one 20 ~3 and one 40 m'3. 

2.  LNG Dispersion - water spill 
The object is to determine dispersion characteristics 

under different atmospheric stability conditions. Twelve tests are 
planned, 6 - 20 m3 and 6 - 40 m3; detailed planning is being carried out 
by Lawrence Livermore Laboratory. 

3. LNG Vapor Fires - water spill 
The object is to determine premixed flame characteristics 

and. make radiometric measurements. A total of 7 tests .are planned; one 
3 5 m3, one 15 i3, one 20 m3 and four 40 m . 
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SUMMARY 

Lawrence L i v e m e  Laboratory has analyzed the envi:ronmental 

effects of LNG sp i l l  t es t s  a t  the proposed national I H G  tes t  s i t e  

a t  Frenchman Flat, Nevada. The results of the' analysis were then 

compared . . t o  activities and effects described in existing Environ- 

mental Impact Statements for Frenchman Flat. It was concluded 

that 'the proposed LNG sp i l l  tests would be covered by the existing 

EI Statements for Frenchman . . .  Flat. 



Technical Information For Environmental 
Analysis Of 1000 m3 LNG Spill Test Effects 

At Frenchman Flat, Nevada 

The Department of Energy (DOE) asked the Lawrence Livermore Laboratory 
(LLL) to evaluate each of 69 federally-owned facilities for possible 
use as a location for an LNG field test facility. As part of those 
evaluations we considered-the adequacy of existing Environmental Impact 
Statements (EISts). For the most likely candidate location, the French- 
man Flat basin, a detailed analysis of the*.possible environmental 
effects of the proposed tests was carried out. For the other eight 
final candidates a cursory examination of the potential environmental 
impact was done. The results of those analyses are described in 
Appendix A of this report. 

Next, the results given in Appendix A were compared with the relevant 
EISts for Frenchman Flat: to determino wheth.er they adequately accounted 
for impacts similar in nature and magnitude to those esthted for the 
LNG tests.  Since the proposed tests would have an impact on the environ- 
ments of both the Nevada Test Site @ITS) and. the Nellis Air Force Range 
( W R ) ,  both EIS's were considered. However, since they are similar, 
this report will cite only the relevant portions of the WS EIS. 

Finally, the estimated environmental impact of doing the tests at 
Frenchman Flat was compared to that for each of the other eight final 
candidates. Based on the limited information available, a judgment 
was made about whether the estimated impact at Frenchman Flat was 
greater than, equal to, or less than that at each of the other final 
candidates. . . I .  

The Adequacy of Existing EIS's 

The Environm&ntal Impact Statement for the Nevada Test Site describes 
in detail the environmental effects of the underground nuclear test 
program which is the principal activity at NTS. Activities other than 
nuclear testing are described .in more general terms and treated by 
comparing their impact to that of nuclear testing. 

The section of the EIS covering other activities begins: 

"The underground nuclear test program described above constitutes the 
primary effort at the Nevada Test Site. However, as has been the 
case in previous years, the experimental program will include a 
varicty of nilclear and non-nuclear projects and experiments wherein 
the ERDA laboratories and mulA Contractors, ns well as other govern- 
ment agencies and their contractors, take advantage of the facili- 
ties available, the climate, the remoteness, and the controlled 
access of the Nevada Test Site. Such projects and experiments are 
~~ecessarily conducted on a basis not to interfere with the primary 
mission, and unless associated with or& of the un&rground nuclear 
tests, are usually conducted in part of the test site remote from 
the areas used for underground nuclear testing. Those which are 
expected to take place are described here. It is expected that 
additional experiments similar to these, but not yet identified, 
will also take place". 



I ;'\ 

One category of experiments described involves the use of chemical 
explosives: . . 

. . I  .I 
"This category includes a wide variety of t es t s  ,employing 
chemical explosives i n  one form or another, s t a t i c  or  dynamic, 
inert  testing or  explosive t e ~ t i n g . " ~  I 

In assessing the impact of other NTS act iv i t ies  the EIS concludes: 

"As regards other ac t iv i t ies  a t  the NTS, for  the most part ,  
effects are regi.stered medza te ly  and those effects are very 
small in comparison with t h e  , .  ,effe'cts of underground nuclear. 
testing. "3 I , .  - . .  

The EIS notes that ,  to date, 27 sq&ri'miles of habitat have been 
permanently removed from use by wildlife and vegetation due t o  the 
instal lat ion of roads, power lines, support facilities , etc.  and 
that  additional plant cover has been , s L  disturbed due to  off-road 
vehicular t raf f ic .  Y 

Each4undergr6und nuclear t e s t  disturbs up to  0 . 3  square miles of 
habitat due to  the' fonnati;on of subsidence craters.  , There have 
been several hundred underground t e s t s  at  NTS to  date and it is 
anticipated that  they wi l l  continue.at about 20 or  so per year; 

The largest LNG experiments (1000 m3) could, i n  the krst case, 
burn or  scorch vegetation over an area of up to  four square miles. 
Only a few of these largest t es t s  need be conducted and they would 
probably be done within the same scorched area. The portions of 
Frenchman Flat that have any vegetation a t  a l l  are only sparsely 
covered and therefore, range f i r e s  are not likely. In any event, 
such tes t s  wi l l  be carried out with approprfate firefi'ghting equipment 
available. The burning and scorch-ing of what l i t t l e  vegetation exists  
is not likely to  destroy the root structures. Thus, the ra te  of 
recovery dl1 be relati'vely fas t .  . 

The environmental analysis considered the' dust and hydroca&ons 
airborne qfter  each LNG tes t .  We estimated that  these emissions 
would most l ikely be wi,thin t h e  standards imposed by -the' Clean Air 
Act when they l e f t  the NTS/Nellis outer boundary-. If the'smaller 
scale t es t s  indicate guidelines may be exceeded,, &n proper' vari-  
ances w i l l  be obtained, Burning permits w i l l  be obtained for  most 
burn tes ts .  



Due to. the above considerations, LLL feels that the LNG scale 
effects experiments can be carried out a t  Frenchman Flat 'at a 
minimal incremental environmental cost over that already paid 
for the nuclear tes t  program. The Nevada herations Office 
agrees with this conclusion. in  principle. ?'hey. state : 

"It appears that the Environmental Impact Statement for the 
NTS adequately covers the proposed LNG experiments." (See 
Appendix B.] 

'We would expect, based on our dicussions w i t h  LLL staff  
to  date, that the current EXS Fl;i,ll suffice." (See Appendix 
C.) 

MrOO is, however, asking that LLL perform environmental effects 
studies during the program to  conf in  their belief. Since LLL 
w i l l  be extensi,vely monitoring the'phenomena which occur i n  these 
tes ts  anyway,, such envl.ronmenta1 studies should be only' a small 
increment over our other efforts. 

Since the larger tests in this area w i l l  sometimes involve thc 
dispersal and burning of natural gas within the portion of Nellis 
AFR contained in the Frenchman Flat basin, we have considered 
whether such activit ies would be covered by their draft EIS. 

The Nellis Air Force Range is used for underground nuclear tests 
[by DOE a t  Pahute Mesa) and gunnery and bombing practice over an 
area of many -thousands of acres, as described in the Nellis Draft 
EIS. The effects of the activit ies are collapse craters, explosions, 
sonic booms, limited range f i res  from flares, tracers and bombs, 
pollutant emissions from aircraft  , and fugitive dust from cons truc- 
tion activities. Some .of the effects damage vegetation and animal 
habitat areas. 

The NelLis EIS is in the process of revision; however, the draft 
EIS c.ontains many general statements about Nellis' activities which 
are similar in  nature to thou6 cited from the NTSli.EIS. It ,  too, 
anticipates unspecified future tes ts  whose impacts w i l l  be similar 
to those for the current activities. As with the NTS EIS, we 
estimate that the.proposed LNG tes ts  w i l l  cause effects similar 
to, but less extensive than, those incurred from the existing 
activities. Therefore, we feel t2xa.t; the proposed tests are 
within the scope of the Nellis Draft Environmental Impact ~ t a t e k n t .  



A Comparison of Frenchman Flat with Alternative Sites 

Appendix A contains not only a detailed analysis of the potential 
environmental impact of doing the proposed LNG s p i l l  effects t e s t s  
a t  Frenchman Flat in  the WTS, but also a much briefer analysis for 
each of the eight f inal  alternate s i t es .  To fully assess the environ- 
mental impact a t  each of the alternate s i t e s  would require a much more 
thorough analysis than that presented i n  the Appendix. However, the 
readily available information proved t o  be sufficient t o  compare t o  
f i r s t  order the potential impacts a t  the alternate s i t e s  with that 
a t  Frenchman Flat. 

Our judgments about the magnitude of the potential environmental 
impacts a t  each of -the f inal  candidate s i t e s  are contained in Table 1. 
In some cases readily apparent features of alternate s i t e s  allowed 
us to  make definite judgments about the probable magnitude of certain 
impacts, e.g., f i re .  In other cases, e.g., endangered species, 
sufficient information was not available t o  us t o  make an absolute 
judgment. In these cases, fortunately,. the detailed analysis of 
Frenchman Flat revealed a minimal impact. Therefore, we were able t o  
conclude that it is unlikely that  h r t h e r  investigation would reveal 
an alternative s i t e  with a smaller impact. 

I 
Table 1 led us t o  the conclusion that  no reduction in  the overall 
environmental impact could be made by choosing a s i t e  other than 
Frenchman Flat. The choice of Hunter Liggett, San Clemente Island, 
Eglin AFB, or Hanford Works would a l l  be l ikely t o  result  in  an increased 
impact relative to  Frenchman Flat. On the basis of limited information, 
White Sands MR, H i l l  AFR, Wendover A F R ; ' ~ ~  China Lake NWC a l l  appeared 
to  enta i l  similar environmental impacts i f  the specific s i t e s  were 
chosen appropriately within those installations. 

I 
I Since the environmental impacts of the remaining f ive s i t e s  was judged. 
I to  be approximately equal, other factors (such as cost, logist ics,  etc.) 

were used t o  choose from amkg them. On the basis of these other 
factors we recommend the selection of Frenchman Flat for the location 
of the proposed LNG s p i l l  effects tes ts .  



TABLE 1. Comparison of Environmental Impact a t  NTS t o  the alternate 
s i t e s .  Impacts not shown below, e.g., smoke and a i r  quality, 
are similar a t  a l l  s i t e s .  

S i t e  

Frenchman Flat,  Nevada Test 
Si te ,  NV 

Hunter LiggeLt TdR, CA 

White Sands MR, NM 

San Clemente Island, CA 

Eglin AFB, FL 

H i l l  AFR, Utah 

Wendover AFR, Utah 

Hanford Works, WA 

Chjna Lake NWC, CA 

- . . 

Fire 

small 

largo 

small 

medium 

large 

small 

small 

small 

small 

Control of 
Hazards 

Easy 

a t  

Easy 

Diff icult  

Easy 

Easy 

Easy 

Easy 

Easy 

Explosion 

small 

rneiliinn 

small 

medium 

medium 

small 

small 

medium 

small 

Endangered 
Species 

unlikely 

unhown 

unhown 

unknown 

unknown 

unknown 

unknown 

Lwknowr 1 

unhown 

Antiquities 

unl ikely 

unknown 

unknown 

unlmown 

unhown 

tmknown 

unhown 

unknown 

unknown 



1. ~j.nal Environmental Inpact statement-~evada Test Site, Nye County, 
Nevada, 'ERDA, - September, 1977, p. 3-33. 

4. J. Cramer, W. Hogan, Evaluation of Sites for LNG Spill ~ests, 
UCRL-52570, Lawrence Livermore Laboratory, September 1978. 
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I. DESCRIPTION OF PROPOSED ACTION 

The Lawrence ~ i v k r e  Laboratory (LLLI'has been asked by the Department 
of Energy (DOE) to participate in its liquefied energy fuels (LEF) safety 
research program. LLL ' s role a se t  of c q u t e r  
models capable of describing s of accidental releases 
of LNG (Llquef ied -Natural Gas) and -to- co3lect suff lcl'ent 
eqerimental data rhat the nwilals can be mod t'ii predict the phencrmem 
of large (d50,OOO m3) sp i l l s  based upoh what can be learned from 
smaller experimmt.c:. 

I 

I t  is expected 'that the verification of the models w i l l  requireaan extensive 
experimental program. Tests w i l l  be run to study vapor generation and 
dispersion, pool-fires, flame propagation in dispersed clouds, fireball 
formation, and rapid &flagration or detonation. 

t ,  

A t  the program's peak there may be 30 to  SO tes t s  per year for a few 
years involving 10 to 1000 m3 of LNG per test.  .Appropriate faci l i t ies  
and a apparatus w i l l  be constructed a t  various-' locatioris in the Frenchman 
Flat basin *to carry out and diagnose these tests. Because the DOE program 
is concerned with safety research for liquefied 'petroleum gas (LPG) , lique- 
fied hydrogen (LH2) and liquefied ammonia (LNH3) as well as for LNG, the 
faci l i t ies  constructed will be designed .to handle or to be easily converted 
to handle ̂ a l l  four LEF's. However, the required research programs for a l l  
but LNG have not yet been defined sufficiently to pennit an evaluation of 
their environmental impact. Therefore, this document w i l l  t reat  only the 
environmental inipact of the LNG experiments. Many of the observations, 
however, w i l l  apply equally well to  the other fuels. 

. , 
A t  the -spill s i t e  (see Figure 4) w i l l  be located: 

, .. 

(11 A pond of k t e r  6q0 rn in' d i ak te r  and varying in deptjl 
.. from 0.6 to 3 m. 

2 A dry sp i l l  area for ,diked and uldiked land: Spills. 

~ 3 ) "  A cryogenic storage complex for about 1000 m3 of LNG. 

(4) ' Cryogenic pipelines connecting the above. 
. . 

Around the spill f i t e  w i l l  'be located an array- of ktrument stations. 
This array for '  auiy one test  could c&ist .of - 50-60 t*rs, 18 m 

, A .. . 



or so tall, with a few reaching 60 m. These would be located 
in a fan shaped area'predominantly on the downwind side of the 
spill site. Wind di ctions,have not been selected yet, but 
should include winds&mi.ng the southwest , north, southeast 
and northwest (see Fh@re 4) :, An area in the center of the dry 
lake bed will be dikqd for bspersion tests over water. 

. . 

Other remote instruments k d  weather stations will be placed at ' - 

various locations throughout the Frenchman Flat basin. At the proposed 
flame propa ation .facility soutfi. of the-s ill point will be located a 100 m f long 2-3 m iameter steel shock tube.whl& ends in various structu~s - ., . , 

.built to study fireball formation, detonation and rapid &flagration. 

For studies of vapor !eneration and dispersion, tests will involve 
spilling 10 to 1000 m. of LNG on water and soil and measuring 
the compos ktion of the vapor as it disperses downwind.. .I .No. ignition 
will be attempted in these tests. In addition to the 'iri-Jltu and 
remote sensors, ye may attempt to collect airborne s a m p m t h  
small, remote controlled aircraft. . 

: In the pool fires various amounts of LNG up to 1000 m3 wil,l.be 
spilled on water and soil and ignlted imnediately. ,The radiative 

+ . output and other parameters of the resulting fire will be measured. 
. . 

To study flame propagation, tests will first be n m  in the shock 
tube facility and in large plastic bags containing various gaseous 
mixtures. Then spills will be conducted'h which the vapor 3s allowed. , 

to disperse outside the spill area before ignition is attempted. 
Flame propagation rates will be measured' and conditioh5 for fireball 
formation will be examined. Certain gas distributions may be 
artificially created for this portion of the study. 

The studies of rapid deflagration and detonation will also begin at . , '. 

the flame propagatiofi facility. 'Eventually, h&ever, attempts 
will be m.& to allow a detonation to propagate fran.the'tube into 
a partially confined or unconfined reg3.on 'of space. ' At first , this 
will be into, a plastic bag filled w i t h  a controlled gas. ndxture but 
in later tests it dl1 be determined: if the confined detonatlon (pr 
rapid deflagration). can be made to propagate into an unconfined 
cloud generated from a ' spill. Various kinds of initlators wi.11' be . . 

examined to determine which. are more likely to lead to detonation. 
. . 



11. DESCRIPTION 'OF EXISTING 'ENVIRONMENT 

(see Figures 1, 2, 3, G 4) 

Frenchman Flat, Nevada Test Site W S )  , is a typical desert 
alluvial basin with a dry lake bed (playa) in tlie center at 

t a 910 m elevation. It is Mcated about 80 lan NW of Las Vegas, 
Nevada. The nearest population center is Mercury, Nevada, 
(17 lan south] a DOE support facility for NTS. The playa 
straddles the boundary of NTS and Nellis Air Force Range, 
a bombing and gunnery range. Three (3) lan east of the 
NTS-Nellis boundary is the western boundary of the Desert 
National Wildlife Range @NWR) which has been proposed as 
a wilderness area. Four (41 Ian north of the playa f s a 
shallow burial storage site for low level radioactive waste. 
Six (6) lan north of the playa is an occasionally used support 
location for DNA projects . Mercury Highway, the main north- 
south access road in NTS , is 6 lan west of the playa center. 
In the-past, the Frenchman Flat playa was used for atmospheric 
nuclear tests, and for non-nuclear explosives testing. It is 
currently used far nm-nuclear explosive tests. 

B. Adjacent Land Use 

N E  'is surrcxmded on the north, west and east by N e l l i s  Air 
Force Range, which is used for bmbing and gunnery practice 
in the bottaan of the broad valleys bebeen the nmntain 
ranges. However; none of the portion of ' ~ r e n c h m  Basin w i t h i n  
the Nellis boundaries is so used except for oacasional aircraft over 
flights. The area mth arPd -st of MJX rnnta-ins the public highway, 

U.S. 95, the of Beatty (pop. 500, distance 75 h), Lathrap 
- Wells (pap. 40,. distance 46 lun) , and Indian Springs (pap. 1800, 
dishce 30 Ian) frum F'rend-mn Flat. The area has been 
used in  the past for mining, farming and grazing ,' althou* 
it is essentially arid desert lard. 



FIGURE 1 LOCATION MAP 



FIGURE 2 NEVADA TEST SrTE 
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FIjIlRB 4 P l o t  plan for l iquef ied natural gas spill-test s i te ,  Nevada Test 

Site .  



The climate of Frenchman Flat is affected by higher elevation 
west-to-east air  flow over the Sierras from fall through spring, 
and south-to-north air flow from the Gulf of California in 
summer. Throughout the year the predominant local day-time 
wind directian is from the southwest. The Frenchman Basin 
exhibits a mountain-valley diurnal wjqd shift which flows up- 
slope during the day and down-slope at night. A temperature 
inversion accompanies the nighttime down-slope winds. Rainfall 
averages about 10 an per y6ar and occurs mainly in winter and 
summer. Temperature varies f m  an av&rage low of. - 7OC in 
January to an average high 36°C in July. Relative humidity 
typically varies frcxn 10% to 60%. 

D. . Air, 'Quality 

Other than radioactive air sampling, no air quality  mit to ring 
is done at Frenchman Flat. However, the general area of Clark 
County at times exceeds ~ederal air quality standards due to 
particulate pollution originating locally and in the Las Vegas 
metropolftan region. Very small amounts of low level radioactive 
particles from past atmospheric nuclear tests at Frenchman Flat 
are sometimes resuspended by high winds and dust devils. 
Occasional chemical explosive tests at Frenchman Flat produce hydro- 
carbon smoke and gases. The existing air pollution at Frenchman - 
Flat, if any, does not exceed present air quality standards. 

. . 

The ,present' geology of Frenchman Basin consists of momta.ihs 
made up of upthrusted and foided' seabed sediments overlain 
by volcanic rocks surrounding a playa. . The' plap. has been . . 

formed from weathering plui Wind. and water erosion' of the 
muntains washing sands, gravels, silts, and clays down to a 
level flood .plain. The thickness of the' alluvial sediments 
is over 300.m. . During winter and sullrmer wet seasons, the 
relatively impervious lake bed soil supports' many centimeters 
of mildly saline nm-off water, There are several . . craters . . 



northwest of the playa from underground nuclear detonations. 
There is a large shallow crater near the center of the playa 
from the wSMALL BOr' surface nuclear blast. The so21 surrounding 
the BOY and other tes ts  contains small amounts of radio- 
active particles. The playa cuntains many surface and under- 
ground ruins from past explosive tests.  In the north end of 
the-playa, a temporary lake has formed in  a diked area. The 
lake is fed by water continuously pumped from a tritium migration 
t c s t  well RtM2" located northwest of Ult! playa. Low tritlulll 
levels (625 pc/fi are present in the we1 1 water. 

Four wells supplying potable water are located along the western 
end of the playa. The water is used for the Mercury water 
supply, construction and other purposes. The to ta l  flow' capacity 
of a l l  wells is. about 1700 gpm. 

The Frenchn!an Flat playa is largely barren with occasional 
saltbush and other plants in  the wet areas, The alluvial 
fans and washes surrounding the playa are partially covered 
w i t h .  low shrubs consisting of sagebrush,' creosote bush, 
saltbush., grass, perennials, and annuals. .There was an 
endangered species of milkvetch. (btragalus nyensis, ASNY) in an 
area about 4 Ian south of the'playa center, an endangered 
species (Arctomecon merriamii, M) in the Desert National wildlife 
Raxige '(DNWR) 8 lan SE of the playa, and a threatened, species (Penstamon 
thurberi, PETA) 8 Ian 'ENE in  the DNWR, as shown in Figure 3. The 
vegetation surrounding the playa, has not been disturbed much 
since the atmospheric nuclear tes ts  were concluded many years 
ago, although many unmarked unimproved roads crisscross the 
area and these see occasional use. (See Figure 3) Surveys 
and analyses made in 1979 and.<1980 indicate that the above 
species are no longer considered threatened or endangered, 
. . 

The diverse habitats of NTS are occupied by a wide variety 
of small animal species. In the Frenchman Basin and surround- 
ing mountains, over a period of time there could be as many 
as 1000' species of insects, and over 200 species of repti l tu,  



birds. mammals. and fishes f~oldf i sh  a t  w e l l  5B aondl, None 

However. the Nevada Fish and Game  assi ion has ~renared a 

all  Eagles, Falcons, kwks and Owls, osprey, Turkey Vulture, - . , 

Belted Kinn Fisher. White Pelican. White Faced Ibis, Camon 

in the-eastem part of NTS, but none reported in  the ~kenchman 
Basin area. When new s i tes  for* construction are located, 
surveys for ar t i facts  w i l l  be made prior to  excavation 

. . 

. . I. Seismicitv & GMund Mot ion 

., Frenchman Flat l i e s  h the 1969 NOAA Seismj 
. . 

. There have been 23 seismic events within NTS durhg the 1 
rs from 1935-1961, a l l  w i t h  magnitude lest than 

Ri 26X" t e r  4.5. From 1961 t o  1973 there were - 

' events and aftershocks mostly from nuclear tests.  There '. . '  1 
were 322 announced tests  during this  period. 

. . .  

. .  The largest known earthquake near NTS was the Owens Val l -  
060 Ian west) earthquake of March 26, 1872, with estima- - - 

, 

8.3 Richter magnitude. . . 
. . 

In the past there have been nuclear tes ts  of about one . . megaton a t  NTS which produced ground motions leading to  
.~ - - 

Dresent moratoriun on-yields in excess of 150 ki lo t&-  
- 

or less,. 



'A. . bescription of LNG 
- .  . ., 

The hazardous material t o  be tested is liquefiLd natural gas, 
whose properties are l i s t ed  below:' 

. . 
State : Liquid 
\\ 

Temperature: 

Specific Gravity: 

Density: 

Heat big. value : 

- (varies with source) 

for  the San Diego 'Gas 6 ~ l e c t ~ r i c  LNG, 
Methane 9 2 . 2 ~ 4 1 . - ' %  
Ethane 5.3 
Propane . .  1.1 . . 

Nitrogen . . . ', i . 4 .  ' ' 

Expansion ~ a t ' i o :  1 i3 Liquid expands to 620 m3 gas a t  STP 
+ 

. Handling Hazards 

. . 
I4a.tura.l gas is not. toxic, but is an as hyxiote. &NG is a 
cryogexiic f lu id  and w i l l  cause freeze, gums i f  spi l led on skin. 

. , 

C. 'Storage 

LNG w i l l  be delivered t o  'NTS in 11,000 gal (42 m3] LNG tank trucks 
which w i l l  mload the LNG into the storage tanks. Tfle 



. . 
storage tanks will be doubie wall ccmstruction irith evacuated 
per1ite.h the annulus for insulation. The inner wall will - ' . 

be 304 stainless and the outer wall will be mild steel. All . . 

NTS, Federal and State codes will be adhered to in the design, 
' , 

construction and operation of,the storage tank facility. 

D. :Test 'Procedures 

To spill the LNG, the LNG tanks will be pressurized with. 
nitrogen to force the LNG through the spill pipe into the 
spill basin. Proper materials, valves, fire,protection.systems 
and controls will ,be. used to safely carry out tests. 

Operating procedures, in accord with NTS prkedures will be 
written, approved and followed in the construction and 
operation of the LNG spill facility. 

In some tests, the. NG vapor will be dissipated without 
ignition. In such. cases the controlled zone will be 'large 
enough. to..assure that any gas leaving'the zone is calculated 
to be in a non-flammable.,' safe condition. . . ' 

In other tests the vapor will be ignited and burned. In. . . 

these cases damaging thermal radiation will extend beyond 
the cloud itself. ' The controlled zone dl1 account for 
this. 

Ekperiments have shown that unconfined detonation of NG is: very. 
difficult to achieve and in fact has not yet' been. done. There 
will be careful control of the size, location and cond2tions 
under which. experiments. are done.. 

E. Hazards Control 

1. Fi.re 'Control 

During spi.11 tests, there is some danger'of spreading 
brush fires, in the more heavily vegetated area; however, 
vegetation is sparse enough. .that it is' not expected to 



support a continuing f i re .  To control the fires,  
it may be necessary to  clear f i r e  break lines through 
the brush and to  clear roadways for f i r e  truck access. 
The cleared area w i l l  be minhized to  avoid plant 
damage and blowing dust during heavy winds. Another 
option for f i r e  control is chemical bombers. 

2. Controlled Area. 
. - .. . 

The potential maximLrm hazardous region for the proposed 1000 m3 
sp i l l  tes ts  is bounded b a 16 km diameter hemisphere 
which includes part of t t: e Mercury Highway. Within 
this  volume a i r  t raff ic  w i l l  be restricted during 
sane tests. Most tests w i l l  be done with the cloud 
moving in  directions other than toward the Mercury 
Highway; therefore, it usually w i l l  not be necessary 
to  close the highway. However, i f  a w2nd shif t  occurs 
during a tes t ,  Mercury Highway may be temporarily closed. 
The long range wind direction w i l l  be monitored with the 
NTS and Nellis weather station system which w i l l  detect 
wind shifts  up to  one hour before tes t  time. Extensive 
weather monitoring w i l l  be carried out within the basin 
by the program. All a i r  and ground t raff ic  and personnel 
w i l l  be controlled during each test  to  assure that no 
me u n k m a l y  travels into the hazardous sector for 
any test .  The excluston zone for 80% of the tests wll ' l l  
be mucli smaller than the 16 la diameter region. A .  
specific 1000 m3 tes t  w i l l  have a hazardous-to-people 
area of 8 lan diameter as long as there are no major 
unexpected long tern wind shlfts ,  The 16 km circle 
represents the loci of 8 km circles for a wind 3n any 
direc tirnl. 

If a wind shif t  occurs during a large test ,  it mqy be . 

deemd advi.sable to  evacuate domind populated areas 
within th& entire 16 Ian diameter controlled zone. 
Therefore an evacuation plan w i l l  be prepared for a t  
least the 1000 m3 tests,  whicli w i l l  form one part of 
the' overall safety procedure for the' sp i l l  tes t  program. 
The procedure w i l l  include actions to  be taken i f  an 
accidental LNG sp i l l  or f i r e  occurs i n  the facilTty i t se l f ,  
due to  man or nature caused'accidents such. as operator error, 
tank fallure,'earthquakes, collisions or system faTlures, 



IV. PROBABLE IMPACT OF PROPOSED ACTION 

a A. construction Activities 

There will be a considerable amount of construction 
and shallow excavation on the barren lake bed, with 
little damage to plants or animals. Up to.40 acres of 
land may be disturbed. Some dust 'will be generated, 
but in general it will not be radioactEve since hot 
areas will be avoided for construction sites. In the 
surrounding vegetated areas, there will be some use of 
old jeep roads h d  some new roads constructed. Instru- 
mentation stations kill be placed at points accessible 
from'these roads. No new roads or off-road traffic will 
be allowed in the Desert Wildlife Range east of 
Frenchman Flat. The work there will be limited to 
temporary' placement of about 15 instrument stations 
placed next to existing roads or packed-in on foot 
or horseback. Each station will consist 0f.a 3 m 

. high, 10 an diameter mast and base with instrirments 
attadled. The station locations are shown on Figure 3. 

. . . . 

In the area between the NTS and the Nye County boundaries 
(see Figure 4) there will be an array of 40-50 steel 
instrument towers generally 18 m tall, with a few reach- 
ing 60 m in height. Some of the towers will be portable 
(mounted on trailers) and some will be the crank-up type 
on foundations.!;' "(Other portable apparatus, i.e., lidar 
vans and air s&npl.ing planes will also be deployed in this 
area.) Existing"jeep roads will be used for access to the 

r 
towers. When necessary, new jeep roads will be established. 

 he& will be xio ,impact 'on endangered or threatened plant 
species, because there. are none in the affected area. 

If artifacts are fokd during construction, ,actions 
to ~iotect them wi1.1 'be taken: ~n environmental 
mo&'toring project will be instituted, before major 
constructi.on' Starts, and will continue throughout 
the program. The project will record the enkironmental 
effects of the program. , . . , , 

. . 

Water consumption for filiinb, and seepage' and evaporation 
make-up for the spill pond will average about -300 gpm. 

, . * > 

B. LNG Spill Tests , . . , , ,  . . , . . 

. . , r :_. "I. .' I .  . 
. The effects on the environment from.LNG spill testing 

results from (1) flameless vapor explosions, (2) freezing, a (3) suffocation, (4) fires, and ( 5 )  chemical explosions 
and detonations. 



1. Flameless Vapor Explosions . ' 

Flameless vapor explosions may occa.si,ona,lly occur during the 
spilling of LNG on water. The energy released is the 
fraction of the total thennodynamic energy in-the liquid, 
available during sudden vaporization of part of the liquid. 
Ths: sllock pressure for eardnmi damage i s  about 5 psi. This 
is est imatd tn n c m  at 85 meters -from the spill point 
for a 1000 m3 instmlLru~euw LNG spill,:ossi.m,jng 10% of th. 
liquid would flash to vapor at supersonic velocity. Within 
85 m, animals and plants may be damaged. . . 

2. Freezing 
. .  . 1 

. * 

The temperature .of LNG liquid 'and undiluted vapor is 
'160°C. It d.11 freeze and kill living cells on contact. , . 

During spills on water,, there kill be' little impact ' 
. 

on the btota, but spills on land will damage or .kill 
insects and animals on or near the 'spill surface. 'Birds. 
may be frightened away by the'hrushing liquid and cloud. 
If the vapor temperature is below OQC, some plant species 
may receive frost damage. 

3. 'Suffocation 
* . - 

LNG vapor is not toxic, but if the concentration 
of oxygen is below 13%, suffocation may occur. Temporary 
lack'of oxygen is not expected to harm.vegetation, When 
the vapor cloud has dispersed to a conkentration of 13% 
or more oxygen, no ham to biota will occur as long as 
the cloud is not ignited. 

During .LNG spilling, vaporization and dispersion, then 
may be some birds and smgll animals damaged from cold and asphyxi- 
ation. It is expected that none of these wlll be endangered or 

' 

threatened species, but some may be State-of -Nevada ''protected" 
' . species, i.f they happen to lje in the area at the time', and are 

not frightened away by the commotf on or the advancing vtsible 
: ,  . i l 



cloud. The injection of unburned hydrocarbons into the 
atmosphere is not considered a problem because the 
principle constituent, methane, is slow to oxidize, and 
would be only an intermittent contaminant. At the 
closest site boundary, 16 lan distant, the natural gas 
concentration is calculated for a level terrain to be 0.05% 
for a 1000'm3 spill. The Federal air quality standard 
for non-mehane hydrocarbons (Clean Air Act 40 CFR Part 
50.1) limits ambient air concentration to 0.24 ppm for any 
three hour period., The same conservative calculation 
suggests that a 1000 m3 release (62 ethane and propane) 
at 16 kin downkind may produce 1.8 ppm when spread over a 
three hour' period. 1 However, in reality there is a 
mountain range be&een the test site and the nearest 
boundary. It is expected that the dispersion of the 
gas will be accelerated due to the turbulence created 
by the mountains; therefore, the Clean Air Act limits 
are not likely to be exceeded. If, based on measurements 
frm smaller spills, a spill is predicted to actually 
exceed 0.24 ph,. a variance will be obtained from the 
Nevada Environmental Commission. Measurements ~ l l  be 
made to determine higher hydrocarbon concentrations 
at appropriate 4,- locations. , 

1 .. . . .._ 
Fires. 

! * 

The LNG vapor will be ignited during the spill at the 
spill point for tests. The wood ibition 
distance is about 500 m from 

&lm wind conditions. 
The height of the flame will be over 800.m. When a 
dispersing'vapor cloud is ignited some time after the ,: 
LNG has evaporated, the realistically expected distance 
to wood ignition will be close to the above value for 
normal burn propagation. The hazardous distance from . 
the spill point for plants and animals for dis ersion 
lus burnin tests is about 4 Ian fran the sP*, 
w e  dispersion distance. Beyond 1.4 lon, the 
cloud is not expected to be flammable. A fireball may 
develop from a vaporized cloud formed.during conditions 
of+very low wind speed or a cdlm. Much of the cloud is 
flammable and burns rapidly. The realistically expected 
distance to wood ignition for a 1000 m3 spill is 1200 m. 
The fireball and hot gas ball may rise to a height of many 
h. The diameter of the fireball i s  calculated td be about 
500 m. 



The purpose of the tes t  program is to  accurately determine 
scaling relations so that the maximum hazardous distance from 
LNG sp i l l s  and burns of various sizes can be predicted. 
Before 1000 m3 tes ts  are executed, smaller. sp i l l s  w i l l  be 
made which w i l l  allow more accurate predictions of the actual 
hazardous zone than the above estimqtes. . Appropriate plan- 
ning w i l l  then be done to  protect.designated areas from the 
hazards described. 

When LNG clouds are ignited, within the burning cloud, and 
s m  di~tance f r m  lr  , @. e,  , within an are3 of 1201) m 
radius) , animals and plants may be damaged. Since clod 
bum may be done over vegetated areas, range fires.may be 
started, which could spread. Burn tests  w i l l  not be done 
under conditions in  which the danger of rapidly spreading 
range f l r e  is high. However, f i r e  fighting equipment and 
crews w i l l  be available to  extinguish any spreading range 
f i res .  

There ell .-be a smoke cloud.'after bum tes ts  consisting of 
combustion products of the higher hydrocarbons. The cloud 
w i l l  be. visible .many lans from the bum si te .  Burning 
bnrsh w i l l  also generate smoke ,which can persist some time 
af te r  a test .  When required, E$ming pennit w i l l  be 
obtained. 

5. Explosions .. - 

There w i l l  be tes ts  involving explosions and detonations 
in  the shock tube faci l i ty  and in dispersing LNG vapor 
clouds. The tests  w i l l  s t a r t  out sml1,and the effects 
will be measwed. %x~ic booms w i l l  .be hes$d many h away, 
but w i l l  not damage plants or animals. Detonation tests  
using 1000. m3 of LNG may not be done i f  tes ts  a t  smaller 
sizes prove s i~ff ic ient  or i f  the hazards, as indicated by 
smaller tes ts ,  appear too high. 

The a i r  shock from the detonations would have no deleterious 
effect on any endangered or threatened. plant species. 

. . 



Effects from deliberate explosions, detonat3ons j.n confined 
spaces, and tests of flame speed run-up to  detonation in 
open spaces are estimated to  be less than those from one 
kiloton of high explosives even for the largest tests.  
The shocks produced would damage eardrums (5 psi) a t  500 m 
from ,the explosion. Animals within 1.5 lan may be damaged 
by the shock or heat during the 1000 m3 detonation 
tests. 

A study has been made of the amount of re l ic  radioactive 
dust from past nuclear tests which could be injected into 
the a i r  and transported downwind in a 1000 m3 LNG tes t [ l ]  
i f  a tes t  were done over a contaminated area. A large 
amount of soils(up to  330 tons) could be lofted into the 
a i r  and dispersed downwind. A fraction of the dust may 
contain very small amounts of radioactive debris from 
previous nuclear tests (95 m C l l g m ,  max.). Thls may either 
f a l l  out doynwind of the explosion within the Frenchman 
Basin, or be aspersed in the upper winds.. 

The study results indicate that the a i r  and ground dose 
rates would be within EPA standards., 

The particulate a i r  pollution allowed by the Clean Air 
. . 

Act 40 CFR 50.6 is. 260 ug/m3/24 hr, once per year. For 
a 1000 m3 tes t ,  calculations. based on Ref, 1 indicate that 
dust suspension could be 38 ug/m3/24 hr. The radioactivity 
in the d-t would be within allowable Federal guidelines, 
If such large tests  are done often enough to exceed the 
guideline, a kriance w i l l  be obtained' from the  Nevada 
Environmental Commission or the EPA. 

Alternative 1 - No Project 

If the project were not implemented, there would be no environmental 
impact. However, the project i s  urgently needed to  provide 



experimental data for verificadon and normalization of computer 
programs which predict the sp i l l  effects of LNG accidents.. The 
information w i l l  be used to  safely locate, design and regulate 
LNG receiving terminals and to  regulate LNG shipping operations along 
the coasts of' the United States. 

Alternative 2 - Reduce the Scope of the Project 

If the scope of the project were reduced, the environmental impact 
would be reduced. However, LNG sp i l l  tes ts  of up to  about 1000 m3 
are needed to verify the computer codes which w i l l  be used to  calculate 
the safe transportation of LNG in tankers of up t o  150,000 m3 capacity 
and the subsequent storage of that LNG. 

Alternative 3 - Locate the Project a t  a Differentsite 

LLL has extensively surveyed s i tes  throughout the United States [I] and 
has, recommended to the DOE that the Frenchman Flat s i te is the best 
considering safety, experimental and cost factors. The environmental 
impact a t  other s i tes  evaluated is probably equal to  or greater than 
that expected a t  Frenchman Flat. Relocation would result in program 
delays and subsequent delays in vitally need@ regulatory informat ion. . d l  

I 

Preliminary Evaluation of Alternate .Test Sites 

We took as our list of potential s i tes  for the LNG experimental faci l i ty  
an in i t ia l  compilation of installations owned by rhe DOE and the military, 
as given h Ref. 4. Sixty-nme installat  ions laving amas greater than -. 
64 ]an2 are included. Table .f lists these installations. 

ln view of the limitedresources available for the s i t e  evaluation study, 
we used only information readily available a t  LLL. Our sources included 
atlases, government maps, published weather data., and other standard 
reference material. Since complete information was not available for most 
of these installations, we used negative factors or gross failure to  meet 
one of our ten desired s i t e  characteristics, given in Table (2, as the 
basis for the init ial  screening. The three-categories of. desirable s i t e  
characteristics where these deficiencies were nus l: easily ldcntif id 
were Safety (No. 1) , Minimal External: Constraints (No. 2), and Low Costs 
(N0.8). 

Table 1 shows the results of this cursory examination. It should be noted 
that i f  one strong reason was found for rejection of a s i te ,  we often did 
not examine that s i t e  further in relation to the other criteria. Therefore 
there may be other reasons besides- those shown in the table for rejecting 
any particular s i te .  



TABLE 1. Results of our i n i t i a l  screening of 69 DOE and military 
installations in the U.S. with areas greater than 64 km2. 

Approximate 
Dimens ions 

(km) Why Judged Unacceptable 

ALABAMA 
Fort Rucker 24x16 safety, cost 
Redstone Arsenal 11x8 safety, cost 

ALASKA 
Fort Greely 48x32 cost 
Fort Wainwright 48x48 cost 
Kodiak Naval Station 8x8 safety, cost 

-Yukon Command Training Si te  112x48 cost 
ARIZONA 

Fort Huachuca 32x16 safety 
Luke A i r  Force Range 208x40 external constraints 
Navaho Army Depot 16x16 . safety 
Wilcox Dry Lake Bombing Range 24x16 safety 
Yuma Proving Ground 80x32 external constraints 

m 4 A S  t 

Fort Chaffee 32x16 safety 
CALIFORNIA 

Camp Pendleton 
Camp Roberts 
Edwards A i r  Force Base 
E l  Centro Naval A i r  Facili ty 
Fort Irwin I 

Hunter Liggett Military Reservation 
.China Lake Naval Weapons Center , (~or th  Range) 
China Lake Naval Weapons Center '(south Range) 
National Parachute Test Range (Salton Sea) 
San Clemente Island 
Sierra Army Depot 
Twentynine Palms Marine Corps Base 
Vandenberg A i r  Force Base 

COLORADO 
Fort Carson 

FLORIDA 
Eglin A i r  Force Base 
Tyndall A i r  Force Base 

GEORGIA 
Fort Benning 
Fort . Gordon 
Fort Stewart' 

HAWAI I 
Kahoolawe Naval Reservation 
Pohakuloa Training Area 

IDAHO 
National Reactor Test Site @OE) 
Saylor Creek A i r  Force Range 

INDIANA 
Jefferson Proving  round 

safety, external constraints 
safety 
external constraints 
cost 
cost 
OK 

safety, external constraints,~cost 
OK 
safety, external constraints 
cost 
safety, external constraints 

atmospheric conditions, cost 

80x32 OK 
16x5 safety 

32x32 safety 
32x16 safety 
48x24 safety 

16x8 safety, external constraints, cost 
24x16 f l a t  land, cost 

48x40 external constraints 
32x24 water supply 



KANSAS 
Fort Riley 
Smokey H i l l  Air Force Range 

KEmJCKY 
Fort Campbeli . 
Fort Knox 

WISIANA 
Fort Polk 

MISSOURI 
Fort Leonard Wood 

NEVADA 
Hawthorne Naval Depot 
Nellis A i r  Force Range 
Nevada Test Site W E )  

NEW MEXICO 
Fort Bliss Anti-Aircraft Range 
McGregor Range 
Sandia Base (DOE) 
White Sands Missile Range 6 Holloman AFB 

NEW YORK 
Fort Drum 

NORTH CAROLINA 
Camp Lej eune Marine Corps Base 
Fort Bragg 

OKLAHOMA 
Camp Gruber 
Port S i l l  

OREGON 
Boardman Naval Bombing Range 

SOUTH CAROLINA 
Fort Jackson 
Savannah River Plant (DOE) 

TMAS 
Camp Bullis 
Fort Hood 

UTAH 
Dugway Proving Grounds 
H i l l  Air Force Range 
Wendover Air Force Range 

VIRGINIA 
Camp H i l l  
Camp Pickett 
(2uantico Marine Corps Base 

M I N ~ O N  
Fort Lewis 
Hanford Works (WE') 
Yakima Firing Range 

WISCONSIN 
Camp McCoy 

Approximate 
Dimens ions. ' . 

(Ian) l l y  Judged Unacceptable 

32x32 cost 
16x8 safety 

32x8 safely. 
-21 ,6:2-3 . 
24x24 safety 

32x16 safety 
120x64 
64x48 

40x32 safety 
64x32 external constraints, cost 
8x8 safety 

160x64 OK 

32x32 safety 

24x24 safety 
32x24 safety 

16x8 safety 
48x8 ' safety 

24x16 safety 

24x16 safety 
32x32 safety, external constraints 

24x16 safcty 
32x32 cost 

ex lwr.~ial constraints 
OK 
OK. 

safety, exteillal constmints 
safety 
safety 

safety 
OK 
external constraints 

safety, atmospheric conditions 



TABLE 2 

REQUIRED SITE CHARACTERISTICS FOR 

a 100O..m3, LNG SPILL TEST SITE 

l o w  safety h&ards -; 
62 :::Q 

M i n i m a l  external constraints 
E" T 

Acceptable surface whds 

4. Flat land . , 

. . 

5. Wide range of atmospheric conditions 

6 .  Large body of water 

7. Available water supply 

8. Low costs . 

9 .  Rainfall . 

10. Variable topography 



Over half of the installations were found unacceptable because of safety 
considerations. For the most part this judgment was based on the size and 
shape of the facility, the proximity of large population centers, and 
the existence of major highways adjacent to or through the test area. 
Approximately one-fourth of the installations had obvious external con- 
straints such as conflict with the installation's prime mission, or 
lack of controlled visual or physical access or potential adverse 
environmental impact. One-third of the locations were judged to have 
unduly high operating costs because of remoteness, short testing season, 
or lack of identifiable support or facilities. . 
Man of the desert sites were similar to NTS in some respects, but were 
lac X ing in others. For example Dugway proving Grounds remain contamin- 
ated -and are therefore unsuitable. The Y y a  Proving Grounds enclose 
a large wildlife area, the National Parachute ~es$: ~ange at the Salton 
Sea contains a National Wildlife Refuge an$,;is 'dq4acent to a major 
recreational area. .. ., 1 

j l " ,  ' tI"16: . 
' 8  1 0 1  The nine 'sites .remaining after this initidi screenmg were ' examined 

further with available information. Except for NTS and China Lake, none 
of the sites were visited, Each of the nine sites is described briefly 
below with the information available at this time. 

1. Hunter Liggett Nilitary Reservation 

General: Army reservation in California, in the Central California coast 
range, approximately 150 miles SE of San Francisco. Encompasses a portion 
of San Antonio Reservoir. Varied topography. 

Weather: Typical of California coastal valleys; some marine influence. 

Topography: Varied, generally rugged, limited flat land. 

Population: Sparse. 

Vegetation: ,Mixed oakwoods, grassland. 

Water: Adequate supply. Emcompasses a portion (1 m i  by 5 mi) of San 
Antonio Reservoir. 

Logistics: Travel distances from LLL are very re3sonable. 

Other: Vegetation may be excessive and would require clearing. If so, 
the site may be environmentally sensitive. San Antonio Reservoir is 
reported to be used by the public for recreational purposes; if this 
is so, controlled access could be a problem. 

Environmental Imact: 

Fire Potential 

rlhe heavy vegetation in Hunter Liggett results fram the 60-90 m of 
annual, rainfall in the region. During 1000 m3 vapor cloud burns, 
brushfires or forest fires would probably result unless the test 
area (200 square Ian) was cleared of most vegetation. 



Explosions 6 sonic BOO& 

During tes t s  for the explosiveness of LNG vapor, tons of d i r t  
and debris may be lofted from the ground surface, and sonic 
booms may be heard m y  km distant.  Within parts  'of the 16 
lan diameter hazardous'$egion, plants and animals w i l l  be damaged. 

Endangered Species 
1 

An exact proposed location for  a s p i l l  t e s t  area has not been 
specified and therefore 'no surveys have been made. However, 
there are endangered a$mal species i n  California which would 
have t o  be conaidffed, b:. e. , the Light- footed Clapper-rail , various 
falcons, the s&&' Barbara Sparrow, the San Joaquin K i t  Fox, the 
Morrow Bay Kangaroo Rat and the Salt Marsh Harvest mouse. There 
are many endangered species of California plants which would also 
have t o  be considered. 

The California Coast Ranges were extensively populated by ~ q d i w s  
in the past. Any t e s t  area would have to  be'surveyed for ar t i fac ts ,  
burial grounds and village s i t e s ,  before a t e s t  s i t e  was selected. 

Contact : "Jack Yamauchi;. 

2. White Sands l i s s i l e  Range and Holloman Air Force Base 

General: A huge area in south central New Mexico having dimensions 
approximately 160 by 64 Ian. White Sands National Monument, San Andres 
Wildlife Refuge, and Fort Bliss Range a l l  l i e  within the southern third 
of the range. U.S. Highway 70 cuts across the southern corner. No 
other major highways are shown within the boundary. The San Andres 
mountain range runs the length of the s i t e ,  leaving f l a t  and desolate 
land on the east  side. 

Weather: Typical of high, (4000 f t )  southwest deserts. Would be ex- 
pected to  vary seasonally. 

Topography: Extensive f l a t  areas to  the east  of the San Andres mountains. 
Alkali f l a t s  and dry lake beds abound. 

Population: Sparse. Most of the act iv i t ies  are lotated in the southern 
part  of the range. 

Vegetation: Anticipated to  be sparse in the a lkal i  f l a t s  areas. The 
higher regions have juniper and p3on.  

, I  

Water:, . scattered springs are shown in the higher regions., One lake is 
shown.,which .' could vary, ih - size from 160 t o  800 acres, could :be alkaline,. 

,> 
, '  ? I  

' 4 



Logistics: O i l  and. gas f ie lds  located approximately 150 miles t o  the 
east  could be a potential source of LNG. Population .,.. . . centers are close , 

enough t o  service' the program. . . .  , 

Other: Range act iv i t ies  and rest.ructions a r e  unknown a t  t h i s  t ' h e .  ' . 
. . . . 

. . ., . . . . . . , . 
Environmental Impact: 

Fire potential 

A t e s t  s i t e  could probably bc located in  an alkalic f l a t  area 
with sparse vegetation. There would kq . l i t t l g  brushfire danger 
and probably no need t o  clear the s i q - o f  <egetation. 

I , . 
$my tons 'of so i l  w i l l  be lofted during e,xplosiveness testing. 

. . Sonic booms w i l l  travel many Ian. Because of the sparse vegetation 
and low animal population, l i t t l e  environmental damagewil.1 be in- 
curred. . . , . 

Endangered Species 

There are endangered species of animals i n  New Mexico, i .e.  the 
Masked Bobwhite and various falcons, which might be found in 
desert areas. A survey of a proposed t e s t - s i t e  would be required 
for these and other endangered species of plants before a t e s t -  
s i t e  could be selected. 

Antiquities 

- The SouthCentral region of New Mexico was populated in the past by 
Chiricahui bdians.  Area suiyeys for  a r t i fac t s  would be required 
before s i t e  approval. 

Contact : None. 
. . 

3. San ~lemente Island 

General: Navy gunnery range off California, approximately 4.0 miles offshore 
of San Diego and Long Beach. Shoreline f a i r l y  rugged. Topography generally 

- rugged. Highly isolated from public. The size is approximately 8 x 32 km. 

Weather: Constant, predictable offshore winds can be expect&d. Some fog. 
0 , .  . 2 

.' Topography: Rugged.. ' '  ~ i m i t e d  level land. ., . . 



Population: Government only. 

Vegetation : Grassland, coastal sagebrush. 

Wat .er: All around. 

Logistics: Sea and air only. 40 miles offshore. Support of major or 
extended operations may be expensive. 

Other: Pi-incipal attraction is its isolated marine location. There is 
little control over sea aD~r0a~hes. I 
Env - ,ironmental Impact : 

Fire potential 
I3 !-I, , ..i 1 

The grassland &#&ast'$$ sagebrush on the island present a fire 
hazard during va3or-clod burn tests. Large areas would either be 
cleared before 'tests, or fireb'reaks cleared around the test area. 
Vapor cloud burning would be hazardous to the many species of shore 
and sea birds, and-marine life common to ~alifornia 'coastal islands. I 
Explosions 

Environmental damage from explosions will be greater. here thari h 
desert sites due to hieher ~o~ulations.of ~lants and animals. :I 
Endangered Species 

Some of the endangered species of plants and animals mentioned 
previously may occur on or near San Clemente Island. In addition, 
the Brown Pelican frequents the area. A survey, if not already done, 
would have to be made before selection of a test area. 

Antiauities 

In the past, Gabrielino ~ndians at times populated San Clemente 
Island. A survey for shell mounds, village sites and artifacts 
would be required before selection of a test area. 

Contact: Mr. Jan Larson RJaval Air Station. San Dieeo. California). 

Eglin Air Force Base 

General : Air ~orce gunnery, bombing, and multipurpose installation in 
Florida on the Gulf coast, approximately 100 miles east ,of Mobile, 
Alabama. Encompasses 30,  miles of shoreline of Gulf and along Choctawhatchee 
Bay. Generally wooded; low lying. . . . . 

. . 

weather: Mild weather. with few extremes. should be satisfactory for test 
purposes. Rainfall adequate to excessive. Some fog. . . 



Topography: Low lying, gentle , some marshes, dunes. 

-Population: Large area of controlled access. 
. * 

. . .  Vegetation: Mixed conifers, grasses. 

Water: Along Gulf coast and bays. Plentiful water. 

Logistics: Travel distance from U L  greater than most other s i tes .  

Other: Recreational use of waterways may be d i f f i cu l t  t o  control. 

Environmental Impact: 

Fire Potential 

The vegetation a t  EgIin consis ts  of Soutliem Mxed forests inleld 
and marsh .and sand-dune vegetation on the coast. Depending on the 

I. .. t e s t  s i t e  selected, it would be necessary to  clear a large area 
(200 sq. lan) of pine and brush t o  prevent spreading forest or  brush 
f i r e s  during vapor cloud burning tes ts .  The abundant bird and animal 
l i f e  would be threst-ened by the .cloud burns. 

Explosions 

Environmental damage from explosions w i l l  be greater here than in  
desert s i t e s  due to higher populations of plants and animals. 

Endangered Species 

The endangered. species of animals which may occur a t  Eglin are: 
. . Aligator, S0uthe.m Bald Eagle, Brown Pelican, Cape Sable Sparrow, 

Dusky Seaside Sparrow, various ijoodpeckers, various darters ,  Key Deer, 
Florida Panther .and Sea -Cow. In addition, there are endangered 
species of plants to  survey for  before t e s t - s i t e  selection. 

Antiquities 
.. , 

The zndian nations which previously occupied the Eglin area are the 
Chatot, Tohome, Nanraba and Mobile. A detailed survey of the area 
for  art%facts,  burial grounds, etc. ,  would be required before t es t -  
s i t e  selection. 

I f  a shore-side location for  a t e s t  s i t e  were selected, it could have 
an impact on use of waterways by fishermen, hmters,  boaters and 
commercial t raf f ic .  

. . . contact: Mr. B. B. Toole. 



5. Hill Air Force Range 

General : Air Force bombing and gunnery range in .Utah, inmediately west 
of Great Salt Lake. . Encompasses ,a 10-mile strip of shoreline and adja- 
cent,.salt flats and wet lands,. .Desert, minimal vegetation. Varied 
topography. 

Weather: .. Typical of most desert ranges, acceptable for most tests. 
. ..Rainfall marginally adequate to accomplish tests for which precipita- 

tion is 'required. Detailed' weather data not available. 

Topography: Salt flats, wet h d s ,  portion of Great Salt Lake. 

Population: Sparse, large exclusion area.' 

Vegetation: Sparse. 

I .Water: Adjoins Great Salt' Lake. Water table shallow over much of s-ite. 

Logistics: Access.fm LLZ, and'proximity of local s@p$y centers is about 
average for the sites under consideration. 

Environmental Impact: . . 

Fire Potential 

Due to the low rainfall of about 20 cm/year in the Hill AFB region, 
there is very sparse vegetation, and little fire hazard. Clearing 
of.large areas would not be necessary. 

Explosions 

Because of the sparse vegetation, little environmental damage will . 
, 

be incurred.from explosions. 

Endangered Species 

Various falcons and the Utah hairie oog may ,b& found in Utah along 
with many endangered species of plants. Surveys would be -,requird . . 
before test. site selection. . . 

. . 
Antiquities 

The Shoshone Indian nation populated the area in the past. A . .- 
survey for village sites, mounds, artifacts, etc. , would be re- 
quired prior to test site selection. 

Contact: Mr. Arlo H. Stewart. 

6.. Wendover Air Force Range . . 
. . . . . . 

General: 1.n Utah, south of Hill Air Force Range, .and generally. sipilar.. 
Contains numerous intermittent small lakes. 



Weather: Typical of most desert ranges, acceptable for most tests. 
Rainfall marginally adequate to accomplish tests for which precipitation 
is required. Detailed weather data not - available. 

Topography: Salt flats, intermittent lakes. 

Population: Sparse, large exclusion area. 

Vegetation: Sparse. 

Water: Unknown. Water table reported shallow, site encompasses inter- 
mittent lakes. 

Logistics: Access from LLL and proximity of local supply centers is 
about average for the sites under considerati.on. . . 

Fire Potential . . 

Due to the low rainfall of about 20 m/year in the Wendover MR 
region, there is very sparse vegetation, and little fire hazard. 
Clearing of large areas would not be necessary. 

Because of the sparse vegetation, little environmental damage will 
be incurred from explosions. 

Endangered Species 

Various falcons and the Utah Prairie Dog m y  be found in Utah along 
with many endangered species of plants. Surveys would be required 
before test site selection. 

Antiquities 

The Shoshone Indian nation populated the area in the past. A 
survey for village sites,. mounds, artifacts, etc. , wuld be re- 
quired prior to test site selection. 

Contact : None. 

7.  Hanford Works 

General: W E  site in south central Washington, approximately 70 miles 
east of Yakima. Encompasses 60 miles of Columbia River. Low desert 
veget.st.i.on, sagebrush. Varied topography. 



Weather: Typical of high desert regions. Cold in the winter, but 
a large number of suitable tes t  days should be available in the spring, 
summer, and f a l l  seasons. 

Topography: Varied. 

Population: Sparse, large exclusion area. 
I Vegetation: Sparse. * .  

Water: Columbia River traverses s i te .  . . 
.~ . 

Logistics: Travel time from LLL above average butnot  excessive. Infor- 
mation on local logistics not, available. . ,  .J 

Other: DOE installation. 

Envi'ronmental Impact: 
, . Fire Potential < .  

. . - . ,  

The low 'precipitation of 20-30 m/yr in central Washington produces 
sparse vegetation.. Therefore, there would be l i t t l e  forest- f i r e  
hazard and probably no need to  clear a large area of vegetation. 

Sonic booms may impact the Xndian reservations during certain 
a,tmospheric conditions. 

Endangered Species 

Various falcons, Columbian White-tailed Deer, and endangered plant 
species may be found in Washington. Surveys would be required 
before s i t e  selection. . 

-Antiquities 
. , 

The Yakima and h a t i l i a  ~ n d i A  nations. ,populated the ,area :in the 
past and their present day reservations are nearby. A survey for 
mdian antiquities would be mandatory before s i t e  selection. 

Contact: None. 

I .  

8. China 'Lake Naval Weapons Center . . ,. . < 

, , 

General: Naval weapons development center in California, on the Mojave 
Desert, approximately 125 miles NE of Los Angeles. Desert, m i n w  
vegetation. Varied topography. Includes two si tes  : a northern and 
a southern one. 



Weather: Typical hot desert climate, windy at times, would permit 
a .reasonable:percentage of test days. ,. 

Topography: Mixed, with' high mountains. ,on north side of sites. Both 
the north and south sites are extensivej, 

Population: , ~argb (4000) and generally .centered at existing test 
facilities. controlled population. . . 
Vegetation: Mostly sparse, heavy b&h"in some areas. 

Water: Water table is very high at certain locations, but in general 
water is rather scarce. Some existing!wells. 

Logistics,: For transport of LNG this location is relatively good. 
Site requires a Pull Jay's travel from LLL, Livermore, on scheduled 
commercial. airlines,, but' only about 1-1/2 hours on a chartered or 
LLL plane; t 

r > 

Other: The National Atlas shows the Naval Ordnance Test Station at 
China Lake is in two parts. The southern site is shown bordering Fort 
Inch to the east. 

Environmental Impact: .. , 

YL?: 

Fire Potential 
+< 

The sparse vegetation in the high Mohave Desert does not present 
a fire hazard except in high wind situations when vapor cloud burn 
tests would not be conducted. There would be no need to clear 
large areas of vegetation. 

Endangered Species 

As previously mentioned, there are many endangered species of 
' I  plants and animals in California. Surveys in proposed test 

site areas would be required before site selection. 
/ 

Antiquities , 
a 

The Kawaiisu Indian nation occupied the NWC area in the past. A 
survey for artifacts, hiiri a1 sites, etc., wniild be required baforc 

. site selection. I .  

. . 

I 

Contact: Mr. C. D:Lid. 
, .  . , . , , 

., . . , ' .  . 1 . . 
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VI. ,WVOIDABLE IMPACTS 

The unavoidable effects on the ibmsphere are occasional a i r  
pollution a l i t t l e  above Federal limits, occasional smoke 
clouds consisting primarily of carbon soot, and possible 
sonic booms. The unavoidable effects on flora and fauna w i l l  
be damage to  non-threatened and non-endangered species of 
plants and animals close to  the tes t  area from construction, 
freezing, asphyxiation, heat and shock waves. The magnitude 
of the damage i s  small because of the small populations in 
the relatively barren desert environment. 

VII. RELATIONSHIP OF SHORT TERM.USE TO LONG TERM PRO~CTIVITl 

The temporary (5-10 yr) use of Frenchman Flat 'for the' LNG tes ts  
w i l l  have no h a m  effect on its subsequent use for other types 
of tests or for any other conceivable use. Even future agricultural 
or recreational productivity would not be affected by the LNG 
tests. 

. . . . 

VIII . IRREVERSIBLE 6 IRRETREIVABLE CoM4ITMEWTS OF RESOURCES 

The construction of the temporary LNG sp i l l  faci l i ty  w i l l  consume 
thousands of man-hours of human effort and many tons of steel ,  
copper, nickel, concrete and other structural and electrical 
materials.. Some of the equipment w i l l  be used for other purposes 
after the LNG Spill Propan is completed. The sp i l l  tes ts  w i l l  
consume up to  20,000 m3 of YG, which otherwise would have been 
used for industrial or home heating. Thousands of cubic metres 
of liquid nitrogen w i l l  be used for cool-down and pressurization 
for the sp i l l  tests. 

A t  the conclusion of the program the land a t  Frenchman Flat can 
be used for other activities. 

IX. ENLANCE OF BENEFITS 

The goal of the LNG Spiil Effects Progrq is to obtain information 
required to  regulate the si t ingand operations of LNG shipping 
and terminals. Safe siting and operations will help protect 
citizens and property from LNG disasters. The sp i l l  tes ts  w i l l  
release burned and unburned hydrocarbuns into a remote portion 
of the Nevada a i r  periodically over a period of five or more years. 
For some of the large tests,  the ambient a i r '  quality standards ' , ' . 

may be temporarily exceeded, but the lmowledge gained w i l l  help 
protect lives and property in case of LNG ship and. terminal acci- 
dents. Another benefit of timely .information is the safe use of 
LNG which will substitute non-polluting natural gas for coal and - , 

oil .  
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APPENDIX B APPROVAL  MEMO^^ 

Department of Energy 
Plevzda Operations 'Office 
F? 0. Eox 14100 
Las Vegas, NV 89114 

MAR 1 1978 
. - 

D r ,  Richard L, Wagner, Jr. 
Associate Director for  Nuclear Test 
Lawrence Livermore Laboratory , > _  

P,j 0. BOX 808 . , I  . 

? A -  . 
3: 

\ 
YOU have approval t o  considex the Nevada Test-Site (NTS) as a location 
for your liquafied natural gas (TNG) s p i l l  fac i l i ty  as addressed i n  
your l e t t e r  of January 9, 1978- However, ap~rovai  of th is  project 
w i 1 . l  depend upon evaluation.of your detailed proposals. 

It ap2ears t h a t  the Environmental Impact Statenent for  the NTS 
adequately covers the proposed UJG experiments. However, appropriate 
attention shal l  have to be given t o  NTSO-SOP Chapter 6003, "Preserva- 
tion of Pntiquities and Historic Sites," prior t o  committing an area 
for the =G experiment faci l i ty ,  Also, it is suggested that you 
consider Jack Xeed' s (Sandia Laboratories) partici2ation relative to 
blast  and ducting effects, 

. . 

Sincerely, 

Mahlon El Gates 
Manager 

cc: J, R. Gilpin, Dir. , P6B 
S- R. Ell io t t ,  D i r . ,  OSH 
E. M. Douthett, D i r .  , .'P&&S 
B. C ,  Moore, D i r  , , NTSSO 



APPENDIX C APPROVAL MEP4ORAMXIM 

Department of Energy 
Nevada Operations Office 
PO. Box 14100 
Las Vegas, NV 891 14 

August 2, 1978 

Dr .  R. L. Wagner 
Test Di rector  

U n i v e r s i t y  o f  Ca l i fo rn ia  
'Lawrence L i  vermore Laboratory 
P. 0. Box 808 
Li'vermore, CA 94550 

Dear Dr.  Wagner: 

APPROVAL TO CONDUCT LIQUID NATURAL GAS (LNG). SPILL EFFECTS TESTS AT 
.THE NTS 

A review o f  your proposal t o  conduct LNG S p i l l  Ef fects  Tests i n  the 
Frenchman F l a t  area o f  the NTS has been completed. Subject t o  the 
f o l  lowing conditions, approval of your request i s  hereby granted. 

1. Environmental Aspects 

The present f i na l  Environmental Impact Statement for the NTS addresses 
high explosive tes ts  o f  a chemical nature. We would expect, based on 
our discussions w i t h  LLL s t a f f  t o  date, t ha t  the current E I S  w i l l  
suf f ice.  Studies, however, o f  the effects of LNG on the environment 
dur ing the smaller scal ing  experiments. w i l l  be necessary. i n  order t o  
confirm t h i s  be1 ief, It i s  understood tha t  publ ic  perception o f  LNG 
tes ts  could exer t  pressures' toward the preparation o f  an addit ional  
assessment o r  statement for the la rger  tests. I f  i t  i s  not  possible 
f o r  you t o  perform these studies, funds should be provided t o  NV t o  
perform them u t i l i z i n g  other contractors. We also request t ha t  you 
prepare operational procedures which w i l l  p rotect  the endangered 
p'l ant species, i n  Frenchman F la t ,  and otherwise mi,nimi ze adverse 
environmental ef fects.  

As a p a r t  o f  standard operating procedures a t  the t e s t  s i t e ,  NV w i l l  
i n i t i a t e  an inves t iga t ion  of possible archaeological and h i s t o r i c  
c u l t u r a l  s i t e s  p r i o r  t o  any construct ion a c t i v i t i e s .  I f  any such 
s i t e s  are found, NV w i l l  coordinatk w i th  the State of Nevada's 
H i s t o r i c  Preservation Of f icer  as t o  t h e i r  proper disposi t ion. 



R. L. Wagner tlugust 2, 1978 

2. Resuspension o f  Radioactive Par t ic les 

Due t o  the potent ia l  f o r  resuspension. and subsequent t ranspor t  
o f  radioact ive material o f f  the NTS during these tests,  
environmental monitoring w i  11 be required t o  document any re1 ease. 
A release would require dose computation offs i  t e  and e f f l uen t  
reports. 

3. Safety Plans 

A safety plan must be submitted and approved by NV.'prior t o  the 
comnencement o f  test lng. This plan should emphasize safety  and, 
health aspects i n  r e l a t i o n  t o  f a c i l i t y  and equipment 's i  tings., 
LNG' aer ia l  and ground surface monitoring. grids, safety. equi pment, . . 
and medical and f i r e  f i g h t i n g  support. 

4.. Public A f f a i r s  P1.an 

NV' w i l l  issue 'an LNG Publ ic A f f a i r s  Plan which w i l l  be adhered ', 
' to by a l l  program part ic ipants. .  7 

5. Construction Operations 

A11 construction operations for the LNG S p i l l  Tests w i l l  be 
performed, according t o  present NTSSOP's (6001), by DOE contractors 
a t  the d i rec t i on  o f  NV (NTSS). , 1 

6. Coordination 

.' Coordination f o r  area use permits should be effected . w i t h i n  the 
DOE Operations Coordination Cen'ter -.. CP- 1, Nevada Test Si  t e  . 
Experiments, w i  11 be coordinated and reviewed by NV on an i ndi vid'ual ', 

basis. , .  d 

, 7. I d e n t i f i c a t i o n  Badges 

A1 1 v i s i t  requests and photographic permits should be submitted i n  
w r i  t i n g  , t o  .the Director, D i  v is ion  of Safeguards and Securi t y  , and 
received by NV, seven days i n  advance. o f  the v i s i t .  

I 

8. Passes f o r  ~ c c e s s  and Egress of Equipment 

A1.l vehicles and equipment with a l i s t  o f  contents must be submitted ' :  

t o  the Director, Property Management Div is ion seven days i n  advance 
o f  .del ivery t o  arrange appropriate pa'sses. ' ' 



R. L. Wagner .. August 2, 1972 

9. Transpor ta t ion 

The t r anspo r ta t i on  o f  the ~ i ~ u e f i e d  Natural Gas must be accomplished 
i n  accordance w i t h  the U. S. Depart~lent  of Transportat ion .and a l l  
o t he r  s t a t e  'and l o c a l  government regulat ions.  Add i t i ona l l y ,  the 
car r ier . .used must have the au thor i  t y  t o  t ranspor t  the substance. 

10. Abi 1 i t y  t o  Terminate the program 

NV w i l l  reserve the r i g h t  t o  terminate the program a t  any t ime i f  i t  
i s  judged t h a t  i t s  cont inuat ion w i f  1 de t r imenta l l y  a f f ec t  o ther  NTS 
operat ions o r  f a c i  1 i t ies .  

By copy o f  th3s le t te . r ,  NV off'ices, agencies and cont ractors  are t o  
Support the approved program. - I f  you have any .questions o r  requ i re  
assistance i n  i n t e r p r e t i n g  the aforementioned contingencies, please 
contact  Wendy .Areval o, Plans and Budget D i  v i s i o n  - 5.98-31'71. 

Sincerely, 

Manager 

cc: L. Crooks; LLL, Mercury, NV 
T. T. Scolman, LASL, Los Alamos, NM 

@ J .. W .  LaComb, FC/DNA, Mercury ,. NV 
H. Runnels, REECo, Mercury, NV 

.. ;. 8. C. Moore, .Dir'. , NTSSO. 
,. H. E. Viney, SL, A1 buq. , NM 
..H. F. Muel ler ,  NOAA/WSNSO, Las Vegas, NV 
C.  3 .  S m i  t s ,  D i r . ,  CI~ lD,  
T. W .  Blankenship, Dir., S ~ S E C D  ' ' 
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Envi ronmental and Safety Engineering Division 
Mail Room E-201 (EV-132) 

a 14. &onror~n@ A#ency Cod* 

. Washinqton, D.C. 20545 , 
15. Supplomentor~ No*m . 

This report was prepared by ~ r .  John G. DeSteese and s t a f f  under the cognizance of 
Dr. John M. Cece and Dr. Henry F. Walter. Comments about this document may be 
directed t o  the l a t t e r  a t  the address i n  box 12. 

16. Abroocc 

The DOE Assistant Secretary fo r  Environment has responsi b i  l i  ty  for  identifying , 
characterizing, and ameliorating the environmental , health, and safety issues and 
pub1 i c concerns associ ated w i t h  commerci a1 operati on of specif ic  energy systems. The 
need for  developing a safety and environmental control assessment of 1 iquefied gaseous 
fuels was identified as a resul t  of discuss~ions w i t h  various Government, industry, 
and academic persons hav.i ng expertise wi,th respect t o  particular materials. A program 
to  address relevant issues has evolved. (Full plan contained i n  DOE/EV-0036, May 1979: 

The goal of the Program Plan i s  t o  gather, analyze, and disseminate technical infor- 
mation that wi 11 aid future decisions by industry, regulators, and the public relating 
to  faci 1 i t y  s i t i ng ,  system operations, and accident prevention. (This research comple- 
ments re1 ated .programs supported by other Government agencies and industry. ) To 
accompli sh the goal, three objectives have been identified: verified .predictive 
capabi l.ity; verified prevention methods ; verified control methods. 

Volume 1 of th i s  document outlines the DOE Liquefied Gaseous Fuels Safety and 
Environmental Control Assessment Program, briefly sumnari zes the 25 technical reports, 
and includes annotated bibliographies f o r  LNG and LPG. .Volume 2 contains 19 research 
reports focused on LNG. Volume 3 contains 6 research reports on LPG, hydrogen, and 
anhydrous ammonia. These reports discuss key developments between January 1979 and 
Apr i l  1980. 

Preceding documents reporting ea r l i e r  information are DOE/EV-0036 (May 1979) and 
DOE/EV-0002 (February 1978). 

i 7 .  :%or Wodr 10. D i a t v i b u t i ~  St0t.n-t 

1 iquefi ed gaseous fu.el s This document i s  available under catalog 
scale effects  experiments number DOE/EV-0085, Volume Z of 3 from 
vapor generation flamepropagation Nation'al Technical InformationService 
vapor dispersion instrumentation 5285 Port Royal, Road 
f 1 ame propagation release weventi on SD ri d-  V ~ m ~ n i a  . . .  77161 
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