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MAJOR .FINDINGS 

LNG Permit Procedures . 
. .  + - 

The LNG rei~latory process imposed by federal, state 

and sometimes local agencies is complex and contin- 

ually changing. 

Safety Information . for Regulatory Purposes 

Individuals in governmental and industrial organizations 

concerned with. LNG safety have a wide range of opinions 
. . 

on the current uncertainties in. predictions of LNG spill 

phenomena relevant to safety regulations, and on the 

research needed to improve these prodictions. .For 

example, opinions concerning the uncertainty in the 

maximum flammable range Prom a large LNG spill vary 

from a factor of 1.2 to a factor of 10. On the gues- 

tion of further research, some believe that none is 

needed, while others favor extensive research involving 

large tests, and many hold intermediate positions. 

GeneraL Features of the Recommended Research Program 

Current ?Aderstanding of the spreading and boiloff of 
- 

spilled LNG, dispersion of the vapor, and its possible 

combustion or explosion is not sufficient for making 

safety predictions with the confidence and accuracy 

needed to,~atisfysome regulatory agencies, operating 

companies, and pub1.i~ representatives. . 

0 The situations of greatest uncertainty, and of greatest 
. .. 

public concern, involve very large spills, such as 

could conceivably occur due to massive rupture of a 

large LNG tarik by a ship collision, earthquake, or 

xiii 



other catastrophe. Although much less probable than 

small accidental spills, such large accidents cannot 

be ruled out and deserve high pri:ority in a future 

research program. 

By a coordinated combination of wind tunnel tests, . 

field tests (including a number of large test spills) 

and mathematical modeling, the high-priority LNG 

safety questions can be answered with good confidence 

and accuracy in about three years and at a cost of 

about $21 million (in 1979 dollars). 

MAJOR RECOMMENDATIONS 

Spreading and Boiloff 

a It is .recommended that'the current significant uncer- 

tainties in LNG spreading and boiloff be reduced by 

performing about 30 test spills of 0.5 m3 of LNG on 

water, with simulated .ship geometries and extensive 

instrumentation, supplemented by relatively simple 

mathematical modeling. 

Vapor Dispersion 

It is recommended that a number of vapor d'ispersion 

tests be carried out in wind tunnels, employing scaled- 

down models of the large land and water spills of 

interest (including associated tanks, dikes, ships, 

etc.) with the wind speeds reduced to duplicate the 

full-scale Froude numbers. Preferably, actual LNG 

should be spilled or LNG vapor released in these 

tests; this procedure is believed to be safe in non- 

recirculating wind tunnels although, if not permitted, 

nonflammable simulants can be used with some loss in 

accuracy. About 100 tests should be conducted in a 

medium-size wind tunnel (such as the Environmental 

xiv 



Wind, Tunnel a t  Colorado S t a t e  U n i v e r s i t y ) ,  and abou t  

40 tests i n - a .  l a r g e  wind t u n n e l  (such a s  t h e  37-m wind 

t u n n e l  a t  NASA A m e s ) .  I n  t h i s  way, many combinat ions  

of s p i l l  s i z e  and c o n f i g u r a t i o n ,  wind speed ,  a tmospher ic  

s t a b i l i t y ,  and humidi ty  can  be i n v e s t i g a t e d  a t  reason-  

a b l e  c o s t .  

About 25 r e l a t i v e l y  l a r g e  f i e l d  tes ts  on l a n d  and w a t e r ,  

Froude-scaled l i k e  t h e  wind t u n n e l  tests, are a l s o  

recommended. These tests  a r e  needed t o  v e r i f y ,  by com- 

p a r i s o n  w i t h  t h e  e q u i v a l e n t  wind t u n n e l  tests,  t h a t  

Froude s c a l i n g  i s  indeed v a l i d  and t h a t  t h e  p r a c t i c a l  

i n a b i l i t y  t o  d u p l i c a t e  t h e  Reynolds number and t h e  

d imens ion l e s s  h e a t - t r a n s f e r  h a s  e i t h e r  a  n e g l i g i b l e  

e f f e c t  o r  a n  e f f e c t  sma l l  enough t o  be s a f e l y  e x t r a -  

p o l a t e d  t o  f u l l - s c a l e  s p i l l s .  By choos ing  t h e  l a r g e s t  
3  tes t  s p i l l s  t o  be abou t  350 m , t h e  Reynolds number 

v a r i a t i o n  between wind t u n n e l  and f i e l d  tes t  i s  a  f ac -  

t o r  of  4000, w h i l e  t h a t  between t h e  f i e l d  t e s t  and an  

a c t u a l  complete  t a n k  r u p t u r e  i s  o n l y  a  f a c t o r  of 1 .7 .  

Going t o  a  l a r g e r  tes t  s p i l l  would improve t h e  simula-  

t i o n  o n l y  s l i g h t l y  wh i l e  i n c r e a s i n g  t h e  c o s t  g r e a t l y .  

A l a r g e  number o f  vapor  c o n c e n t r a t i o n  s e n s o r s  w i t h  good 

t i m e  r e s o l u t i o n  shou ld  be  employed on each  wind t u n n e l  

and f i e l d  t e s t  t o  p rov ide  an  a c c u r a t e  map' of  t h e  con- 

c e n t r a t i o n  f i e l d .  T e s t s  i n  t h e  l a r g e  wind t u n n e l  and 

i n  t h e  f i e l d  should  a l s o  i n c l u d e  a few s e n s o r s  t h a t  

d i s t i n g u i s h  between t h e  components of  LNG (methane, 

e t h a n e  and propane)  because  o f  t h e i r  d i f f e r e n t  s e n s i -  

t i v i t y  t o  d e t o n a t i o n  i n i t i a t i o n .  



Several mathematical modeling tasks are recommended to 

develop computational tools which can be used (after 

verification or calibration by comparison with experi- 

ment) to investigate the sensitivity of vapor diffusion 

to parameters that are difficult to scale or control 

experimentally. These tools would be three-dimensional 

numerical hydrodynamic codes incorporating appropriate 

models of turbulent flow and mixing. 

Pool Fires 

e It is recommended that 14 ignited spill tests be per- 

formed, about half of them as large as the largest 

vapor dispersion spills, with the remainder somewhat 

smaller. Since the basic properties of large pool 

fires are expected to vary only slowly with size, 

extrapolation of the results from these tests to 

larger accidental fires should be reasonably accurate. 

The instrumentation for these fire tests should include 

not only the usual radiometers and,movie cameras, but 

also an airborne camera overhead, a fast infrared spec- 

trometer, and an infrared camera to give a complete 
recordofthe spatial variation of the flame radiation. 

The mathematical analysis recommended for pool flames 

involves developing a simple semiempirical flame model, 

adjusted to fit the experimental results, and a some- 

what more basic model, which treats the fluid flow and 

radiation on a global basis (without the detail of a 

numerical finite-difference calculation). 

Vapor-Cloud Fires 

About 15 field experiments involving large te.st sp'ills 

with later ignition of the vapor cloud are recomended. 
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The ignition time and position should be chosen to 

maximize the size or the downwind extent of the flam- 

mable region, as determined from the earlier vapor 

dispersion tests. 

Instrumentation for these tests should be similar to 

that described for-the pool fire tests, with the addi- 

tion of some vapor concentration sensors, anemometers, 

and flame-front detectors. . 
Two types of mathematical models for vapor-cloud fires 

should be developed: a simple .semiempirical model 

and an axially symmetric finite-difference model for 

centrally ignited clouds, incorporating an empirical 

burning velocity that could vdry with position and time 

if experiments so indicate. 

I Explosions 

a A survey should be made of the potential detonation- 

initiation sources that might be found within the vapor 

dispersion range of LNG facilities and carrier berths. 

Those potential sources that could not be eliminated by 

simple analysis should be tested to determine whether 

they could initiate detonation, first in large bags of 

LNG vapor and air, and finally in the vapor clouds from 
. . 

open 'test spills. 

 o or the latter experiments, five large test spills are 
recommended, each having about 25 initiators spaced 

over the predicted flammable region and set off simul- 

taneously. Pressure gages and airborne cameras would 

determine which, if any, of these actually started 

detonations. 
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, Calculations using one-dimensional and two-dimensional 

hydrocodes that include combustion kinetics are also 

recommended to help in predicting the effectiveness 

of initiators and the influence of vapor c'ioud inhomo- 

geneities. 

Tests of the possibility of initiating detonation in 

an aerosol of LNG droplets should be carried out, first 

in large bags and'then in unconfined'clouds produced 

by the explosive dispersal of a fraction of a cubic 
\ 

meter of LNG. 

Several types of tests are needed to determine whether 

partial confinement, obstacles, or high turbulence 

levels in LNG vapor-air mixtures can increase the 

burning velocity sufficiently to produce damaging .over- 

pressures, even if they fall short of those from a 

true detonation. The first tests should be perfontied 

in large containers or bags with obstacles and/or fans 

I ' inside. 

e The largest flame-acceleration tests should involve 

six or eight LNG test spills of maximum size, with 

ignition of the resulting vapor cloud after it drifts 

into a large array .of obstacles, such as simulated 

cars in a parking structure. 

Instrumentation for the flame-acceleration tests 

should include all of the instruments recommended for 

vapor-cloud fires, plus pressure sensors throughout - 
the test region. 

Two-dimensional hydrocode calculations are .recom- 

mended to predict the effects of flame accelera- 

tion and buoyancy on Eires larger than can feasibly 

be tested. The code employed should include an 

xviii 



. adequate turbulence modeland a  flame model based on 

a n  empir ical . : . re lat ion between burning v e l o c i t y  and 

turbulence derived from separa te  experiments with f ans  

i n  a  l a r g e  ' con ta ine r .  

COST ESTIMATE AND TIME SCHEDULE 

~ a s e d . o n  a f h i r l y  d e t a i l e d  a n a l y s i s  of t h e  ind iv idua l  

t a s k s  recommended above, it i s  est imated t h a t  t h e .  

e n t i r e  research  program can be c a r r i e d  ou t  i n  about 

three" f o r  $21' m i l l i o n  ( i n  1979 d o l l a r s ) ,  pro- 

vided t h a t  personnel with t h e  appropr ia t e  experience 
and motivat ion a r e  employed. 

x i x  



I. INTRODUCTION 

The U.S. Department of Energy (DOE) Division of Environ- 

mental Control Technology is currently conducting research on 

the safety and other environmental aspects of liquefied energy 

gases including 1.iquefied natural gas (LNG). The effort 

reported here was conducted as part of the planning for fur- 

ther research into the safety aspects of transporting and. 

storing LNG, with primary emphasis on public safety. Although 

the modern LNG industry has enjoyed excellent success in pro- 

vidilig for safe operations,. signi5icant.questions remain on the 

p a d  of many, the expressions of which were intensified with 

the addition of marine-based UNG import terminals. Public 

safety with regard to large-scale importation of this fuel has 

received widespread attention in the U.S Congress, state legis- 

latures, county and city governments, and from various individ- 

uals and -public groups, with coverage in all the news media, 

including books published on the subject. The .safety concerns 

have centered around the consequences to the public of a.large 

spill of the cryogenic liquid'from an ocean tanker or a large 

storage tank, either of which might hold as much as 125,000 m 3 
b 

of LNG. 

The perceived extent of fire and explosion effects from 

such spills has given rise to most of the public ccntroversy. 

Such concerns have led to the passage of'at least one state 

I law requiring remote siting of LNG terminals. Safety stan- 

dards have been prepared by federal agencies, primarily the 

Department of Transportation (DOT), and the public utility 

agencies of a number of states to assure the safe design and 

operation of LNG facilities and carriers. In'the passage of 
I safety-related laws, preparation of safety standards, selec- 

tion of LNG facility sites, design and operation of facilities 



and carriers, and maintenance of safe zones, reliable infor- 

mation is ne'eded on the technology required to prevent acci- 

dental spills, to predict the potential hazardous effects 

should prevention fail, and to mitigate such effects to the 

extent required for safety. 

The considerable research conducted already by government 

and industry has provided informationfor the successful design 

of liquefaction, storage, and regasification facilities, high- 

way tankers and ocean carriers, as illustrated in the United 

States by over sixty operating peakshaving facilities, three 

operating import terminals with their serving carriers and one 

export terminal. Since no major spills have occurred in the 

modern LNG industry, the spill-preventive aspects of the design, 

construction and operating methods seem to be well founded. 

While further advances will probably be made in this area, the 

larger uncertainties appear to lie in the prediction of the 

extent of potential fire effects and whether a significant 

explosion could occur should the unanticipated large accidental 

spill occur from a storage tank onto land or water, and in 

determining the best ways to minimize the consequences of these 

effects. 

2 .  OBJECTIVES 
b 

The primary objectives of this work were to state the 

perceived needs for reducing the uncertainties associated with 

the current capability for predicting quantitatively the extent 

of fire and explosion effects for full-scale spills, and 

to recommend the elements of a research program for re-ducing 

these uncertainties to desired .values. The aim was to struc- 

ture the program so as to develop the tools needed for obtain- 

ing reliable descriptions of the major technical phenomena and' 

.to exercise those tools to answer key safety questions at a .mini- 

mum cost and time. Secondary objectives were to identify addi- ; 

tional research elements to provide more precise and 



scientifically complete answers over a somewhat longer time 

period. A task was also included to prepare a description of 

the typical steps that applicants for LNG facility construc- 

tion and operating licenses are required to follow. 

3 .  SCOPE 

This work addresses the LNG spill consequences, with 

consideration given to liquefied petroleum gas (LPG) only 

insofar as the research requirements for that fuel are common 

with those for LNG. It concentrates on the mathematical model- 

ing, laboratory research and field experiments required for 

describing the liquid spreading and vaporization, vapor dis- 

persion, and vapor combustion of spills from tankers onto 

water and from land-based storage tanks into dike-impounded 

areas. Spill prevention is not addressed; however, provisions 

are included for determining the performance of certain pas- 

sive mitigation techniques for 1an.d spills, such as the thermal 

insulation of impounding surfaces and the use of high dikes. 

The methodology and test capabilities developed would be di- 

rectly useful for evaluating a wide variety of mitigation 

measures, both active and passive. Most of it would also apply 

to analytical and experimental efforts for defining similar 

safety information for LPG. Cost and schedule estimates were 

.developed for the research recommended. 

Section I1 presents the responsibilities of various regu- 

latory agencies and the major steps required for an applicant 

to obtain approval to construct and operate LNG facilities; 

the reader primarily interested in the technical content may 

wish to skip that section. 



11. CURRENT PROCEDURES FOR OBTAINING 
LNG PERMIT APPROVAL 

1. INTRODUCTION 

. T h i s  s e c t i o n  was p r e p a r e d  a s  a  p a r t  o f  Task 1 of  t h e  

work s t a t e m e n t .  I t  r e s p o n d s  s p e c i f i c a l l y  t o  t h e  f o l l o w i n g :  

P r e p a r e  t y p i c a l  f l o w  d i a g r a m s  of  t h e  s t e p s  
a p p l i c a n t s  f o r  a  c o n s t r u c t i o n  o r  o p e r a t i n g  
l i c e n s e  must  g o  t h r o u g h ,  i n d i c a t i n g  t h e  
l i k e l y  t i m i n g  and s e q u e n c e  o f  e v e n t s .  

Whi le  t h e  bu lk  o f  t h e  c o n t r a c t  e f f o r t  f o c u s e s  s p e c i f i -  

c a l l y  on s a f e t y  r e s e a r c h ,  t h e  s c o p e  o f  t h e  i n v e s t i g a t i o n  

was broadened  t o  c o v e r  a l l  c a t e g o r i e s  o f  l i c e n s e s  and per -  , 

m i  ts  because :  
i 

a S a f e t y  i s s u e s  a r e  o f t e n  imbedded i n  o t h e r  

i s s u e s ,  such  a s  s i t i n g  and economics .  

S a f e t y  i s s u e s  c a n  and s h o u l d  be a d d r e s s e d  i n  

p a r a l l e l  w i t h  o t h e r  i s s u e s .  I t  is  i m p o r t a n t  

t o  u n d e r s t a n d  o v e r a l l  s e q u e n c e  and t i m i n g .  

The m a t e r i a l  c o n t a i n e d  i n  t h i s  s e c t i o n  is  a p p l i c a b l e  t o  

two g e n e r i c  t y p e s  o f  LNG f a c i l i t i e s - - m a r i n e  t e r m i n a l s  and 

peakshav ing  f a c i l i t i e s .  Mar ine  t e r m i n a l s  c o m p r i s e  l a r g e -  

c a p a c i t y  t a n k s  ' f o r  s t o r i n g  LNG b r o u g h t  t o  t h e  c o n t i g u o u s  

Un i t ed  S t a t e s  from o v e r s e a s ,  and v a p o r i z a t i o n  f a c i l i t i e s  

f o r  s e n d o u t  t o  ma jo r  p i p e l i n e s .  Peakshav ing  f a c i l i t i e s  a r e  

s m a l l e r  i n  s c a l e  and  t y p i c a l l y  i n c l u d e  l i q u e f a c t i o n  f a c i l i -  

t i e s .  S m a l l e r  peakshav ing  f a c i l i t i e s  which s t o r e  LNG b r o u g h t  

by t r u c k ,  and t h e r e f o r e  have no l i q u e f a c t i o n  c a p a b i l i t i e s ,  

a r e  c a l l e d  s a t e l l i t e  f a c i l i t i e s .  

The i n f o r m a t i o n  c o n t a i n e d  h e r e i n  came from a  v a r i e t y  o'f 

s o u r c e s ,  i n c l u d i n g  p r i o r  r e p o r t s  on LNG by t h e  'u.s. G e n e r a l  

Accoun t ing  O f f i c e ,  t h e  C o n g r e s s i o n a l  O f f i c e  of  Technology  



Assessment ,  t h e  s t a t e  o f  Washington, and B a t t e l l e  Memorial 

I n s t i t u t e  (Refs .  2-1 t o  2 - 4 ) ,  a s  w e l l  a s  d i r e c t  d i s c u s s i o n s  

w i t h  s t a f f  p e r s o n n e l  w i t h i n  t h e  f i v e  governmenta l  a g e n c i e s  

and t h r e e  p r i v a t e  companies invo lved  i n  LNG d i s t r i b u t i o n .  

A l i s t  of  p e r s o n s  c o n t a c t e d  is c o n t a i n e d  i n  T a b l e  2-1. 

The r e a d e r  is c a u t i o n e d  t h a t  a  g e n e r a l i z e d  f low diagram 

of t h e  p e r m i t t i n g  p r o c e s s  f o r  LNG f a c i l i t i e s  cou ld  n o t  pro- 

v i d e  a  t r u e  and comple te  r e p r e s e n t a t i o n  o f  what a c t u a l l y '  

happens  f o r  s e v e r a l  r easons :  

D i f f e r e n c e s  i n  scope  can  c a u s e  p r o j e c t s  t o  f a l l  

under  d i f f e r e n t  j u r i s d i c t i o n s  having d i f f e r e n t  

r e q u i r e m e n t s  f o r  approva l .  

The Department  of Energy (DOE) h a s  n o t  y e t  e s t a b -  . 
l i s h e d  an  o v e r a l l  p o l i c y  f o r  l i c e n s i n g  of LNG 

f a c i l i  ties and is h a n d l i n g  . a p p l i c a t i o n s  case-by- 

c a s e  i n  t h e  i n t e r i m .  

The M a t e r i a l s   rans sport at ion Board (MTB) o f  t h e  

Department  of T r a n s p o r t a t i o n  (DOT) is  i n  t h e  

p r o c e s s  of  r e v i s i n g  i ts  r e g u l a t i o n s  f o r  s a f e t y  

of LNG f a c i l i t i e s .  

There  is c o n s i d e r a b l e  v a r i a t i o n  among s t a t e s  i n  

t h e  scope  and i n t e n s i t y  of  t h e i r  laws r e l a t i n g  

t o  LNG f a c i - l i t i e s .  

D e s p i t e  t h e s e  l i m i t a t i o n s ,  t h e  permi t t i n g  sequence  is 

d e s c r i b e d  i n  g e n e r a l  terms i n  S u b s e c t i o n  2  of t h i s  s e c t i o n ,  

and c a s e  h i s t o r i e s  a r e  p r e s e n t e d  i n  S u b s e c t i o n  3. The l a t t e r  

i l l u s t r a t e  t h e  .po in t '  t h a t  g e n e r a l i z a t i o n s  cou ld  be misleading. .  

A c u r s o r y  examina t ion  o f  - ' t he  h i s t o r i e s  of o t h e r  a p p l i c a t i o n s  

f o r  LNG f a c i l i t i e s  ( i n c l u d i n g  t h o s e  withdrawn o r  den ied ,  such 

a s  t h e  a p r e d e c e s s o r s  t o  t h e  c u r r e n t  Western LNG ~ e r m i n a l  P r o -  

j e c t ,  t h e  S t a t e n  I s l a n d  P r o j e c t ,  o r  t h e  Tenneco ~ a c c k o n  I s l a n d  



TABLE 2-1. PERSONS CONTACTED.CONCERNING 

r F. LNG PERMIT PROCEDURES 

I 

DOE ' .  - 
Mr.  ~ o b e r t  Arvedlund 
Ms. Lynne Church 
Mr .  F inn Nielsen 
Mr .  Henry Santiago 
Dr .  Leonard Topper 

DOT - 
Dr. Alan Schneider 
Mr .  Cesar DeLeon 

J * 

Corps o f  Engineers 

M r .  Cu r t i s  Clark 

Off i c e  o f  Technology Assessment 

Mr.  Peter A. Johnson 

C a l i f o r n i a  Publ ic  U t i l i t i e s  Commission 

Mr.  L ione l  Wilson 

E l  Paso LNG Company 

~ r .  Luino De l l  'Osso, Jr. 

Western LNG Terminal Associates 

Ms. J e r r i  Garcia 

Northwest Pipe 1 ine  Company 

M r .  Robert Guterry 
M r .  A r t  Sutton 



Project) leads one to conclude that each project actually has 

a unique history. The generalized process described in this 

report represents the ideal, not the reality, of LNG permitting. 

2. LNG REGULATION IN GENERAL 

.a. Organizational responsibilities--The responsibili- 

tie.s for safety and environmental aspects of LNG projects 

are divided among various federal, state, and local agencies 

along a number of different lines. Moreover, parts'of these 

responsibilities are sometimes imbedded within other broader 

ones. To understand this division requires examination of 

the purviews of these agencies in relation to the entire 

permitting process for LNG projects. 

The lines of division include (1) function, such as.sit- 
\ 

ing regulation, permitting, or enforcement; (2) jurisdiction, 

such as international, interstate, or intrastate; (3) system 

component, such as vessel, terminal, or pipeline; and (4) 

topography, such as waterway, wate-rfront, or wetland. 

Along functional lines, safety regulations for all LNG 

facilities are promulgated by the MTB and th,e U.S. Coast 

Guard (USCG) of the DOT (Ref. 2-5). Compliance with those 

regulations is enforced by the MTB and the USCG. The Coast 

Guard's responsibility applies only to shoreline terminals 

and extends from the gtart of U.S. waters to the storage 

tanks at such terminals, and includes security and fire pro- 

tection for,the facilities (Ref. 2-6). This responsibility 

nominally terminates at the entry to the storage system, and 

there the .MTB1s begins. The exact interface is facility- : 

specific, as agreed between the USCG and the MTB. The USCG's 

res'ponsibility for fire control and plant security extends 

beyond this interface, to include the storage system to the 

point of gas sendout for consumption. 



Evaluations of LNG facilities along economic lines are the 

responsibility of the DOE'S Economic Regulatory Administration 

(ERA), and those pertaining to design and construction are 

performed by the DOE'S Federal Energy Regulatory Commission 

(FERC) (Ref. 2-7) and the U.S. Army Corps of Engineers (COE) 

(Refs:2-8,2-9). Along jurisdictional lines, the ERA is 

responsible for approval of international projects, the FERC 

for interstate projects, and state agencies for intrastate 

activities. Along component lines, the Coast Guard is respon- 

sible for vessels and equipment for transferring LNG to stor- 

age, while the MTB is responsible for storage and distribution 

equipment. Along topographic lines, the COE is responsible 

for construction over water or wetlands, and the Department 

of Interior is responsible for construction on public lands. 

Cbmplications result from the fact that these lines- change 

'from.time to time as a consequence of organizational changes 

within the government or the passage of new legislation. The 

formation of the DOE in 1977, for example, resulted in the 

transfer of responsibility for administering the Natural Gas 

Act from the Federal Power Commission (FPC) to two units of 

the. DOE:. the FERC and the ERA. The discussion which follows 

describ.es the. organization for administering LNG projects as 

.it. .existed in mid-1979. 

Table 2-2 summarizes the responsibilities of the federal 

"agencies that participate in the approv,al process. Among 

them, five agencies within three departments hold the keys 

-'to new projects involving ocean transport of LNG to domestic 

terminals. These are the ERA and the FERC within the DOE; 

the. U.S. Army COE; and the MTB and the USCG within the DOT. 

For projects involving interstate overland transport of LNG, 

the Coast Guard is not involved. For intrastate projects, 

the MTB authorizes state governments to administer regulatory 



TABLE 2-2. SUMMARY OF RESPONSIBILITIES OF FEDERAL 
AGENCIES, LNG .FACILITIES AND OPERATIONS 

Organization 

Department of Energy 
Economic Regul atory 
Admi'nistration ( E R A )  

Department of Energy 
Federal Energy 
Regul atory 
Commission ( F E R C )  

Department of 
Defense - Corps. 
of Engineers 
(COE) 

-- 

Document a t  ion 
-- 

Order fo r  Import/Export 

Ce r t i f i c a t e  of Public 
Convenience & Necessity 

Environment a1 Impact 
Statement (EIS) 
prepared by FERC 

Construction permit 

Responsibility 

18 CFR 153: Regulate 
t h e  importation of 
natural gas; coordinate 
with Department of S t a t e  
on national secur i ty  
imp1 icat ions .  

18 'CFR 3, 156: Regul a t e  
construct  ion and operation 
of LNG f a c i l i t i e s .  Coor- 
d inate  with other federal 
agencies. Assure compli- 
ance with s t a t e  and local 
requirements. 

33 CFR 209, 120: Consult 
NOAA, EPA,  USFWS; 
review economic and 
environmental impacts, 
s t a t e  and local wishes 
and "overall pub1 i c  
in te res t "  

Authority 

PL 75-688 
Natural Gas 
Act of 1938, 
Section 3 

15 U.S.C. 
SS171a e t  seq. 
(1970) 

BL 75-688 
Natural Gas 
Act of 1938, 
Sect ions 4 
through 7 

PL 92-500 
Rivers and 
Harbors Act 
of 1899. 

33 U.S.C. 5401 

Coastal Zone 
Management 
Act of 1972 
16 U.S.C. 
e t  seq. 



TABLE 2-2. CONTINUED 

C 

Organizat ion 

', 
Department o f  
Transport a t  ion, 
Mater i  a1 Transport a- 
t i o n  Bureau (MTB), 
O f f i c e  o f  P i p e l i n e  
Safe ty  Regulat ion (OPSR) 

~ -- 

Department o f  
Transportat  i o n  - 
U.S. Coast Guard 
( USCG) 

C 

Document a t  i o n  

Regul a t  ions : 

- NFPA 59A 
- 42FR20776 (proposed) 
- 44FR8142 (proposed) 
- MOU MTBICG 
- C e r t i f i c a t i o n  by 

s t a t e  t h a t  CFRs are 
fo l lowed as minimum 

L e t t e r s  o f  compl i ance 
( f o r  sh ips)  

Permits f o r  pipe1 i n e  
crossings o f  navigable 
wat-ers 

R e s p o n s i b i l i t y  

49 CFR 171-179, 192 
192.12, 193 (proposed) : 

Regulate LNG f a c i l  i t i e s  
t o  guard against r i s k  o f  
f i r e ,  r a d i a n t  heat, explo- 
s ion  o r  asphyxiat ion from 
leaks o r  s p i l l s  

Enforce r u l e s  

J 

Author i'ty 

Natural  Gas 
P i p e l i n e  Safe ty  
Act o f  1968 
(PL 90-481) 

49 U.S.C. 
1671 e t  seq. 
(1970) 

46 CFR 30-40, 147, 151, Por ts  and Water- 
152, 154. ways Safe ty  Act 
33 CFR 6, 66, 115; 124, o f  1972: 33 
125: U.S.C. 1221 e t  

seq. (Supp 1972) 

t o  U.S. waters 

Inspect  water f ron t  Ex. Odr. 10173 
f a c i l i t i e s  

Dangerous Cargo 
R e s t r i c t  and regu l  a te  Act o f  1970: 46 
vessel movement U.S.C. 170 (1970) 

Hazard containment, pre- Tanker and Vessel 

i s  under l o c a l  j u r i s d i c t i o n  

  ire s a f e t y  t o  sendout Pol 1 u t  i o n  
Contro l  Act 

Approve design and opera- 
t i o n  of dock f a c i l i t i e s  . 



Organizat ion Document a t  i on  Responsibi 1 i t y  Au tho r i t y  

Department o f  Approve design o f  p r i v a t e  
Transportat ion - aids t o  nav igat ion  
(USCG) (Cont . ) 

Regulate o i l  t r a n s f e r  
operat ions 

Regul a te  s e c u r i t y  o f  - a1 1 

. . .  f a c i l i t i e s .  
I 

Department o f  14 CFR 139.1, 139.5. 
Transpor ta t ion  - 
Federal Avi a t  i on  ~ e v i e w  termina l  design f o r  
Admin is t ra t ion  poss ib le  a v i a t i o n  hazard. 

Department o f  Rev i ew eng i neer i ng 
Commerce - Nat ional  
Bureau o f  Standards 

.Department o f  
Commerce - 
U.S. Mari t ime 
Admin is t ra t  ion  

Department o f  
Defense - Corps 
o f  Engineers (COE) - 

Permits fo r  r a d i o  
towers and opera- 
t i o n .  

o f  cryogenic systems. 

Provide f i n a n c i a l  aids f o r  
const ruc t  i on  and operat i on  
o f  U.S. f l a g  tankers. 

' C e r t i f y  communications 
equipment 

- 



TABLE 2-2. CONTINUED 

IU 
i 

w 

Organizat ion 

Department o f  Commerce. - 
Nat iona l  Bureau o f '  ' 

Standards 

Department o f  
A g r i c u l t u r e  

Department o f  
I n t e r i o r  

Nuc.1 ear- Regul a t o r y  
Commission 

Environmental 
P ro tec t  i o n  Agency 

Document a t  i o n  

I 

. . 

Permits f o r  r i g h t - o f -  
way through Nat iona l  
Fores t  

. - .  

Permits f o r  waste water 
discharges 

- 

R e s p o n s i b i l i t y  

Set generic standards 
for  cryogenic  hand1 i n g  
equ i pment 

Approve r i g h t - o f  -way 
on fede ra l  lands. 

Review EIS. 

Review s i t i n g  w i t h  respec t  
t o  p r o x i m i t y  t o  nuclear  
f a c i l i t i e s .  

Review a i r ,  water, and 
no ise  impact on envi ron-  
ment. 

. , 

A u t h o r i t y  

Federal Water 
Pol l u t  i o n  Contro l  
Act o f  1972: 
33 U.S.C. 
5 51251 e t  seq. 
(supp 1972) 
(PL 91-90). 

Nat iona l  
Env i ronment a1 
P ro tec t  i on  Act 
of 1969: 
42 U.S.C. 54321 
e t  seq. (1970) 
(PL 91-90). 

I 



,' 

TABLE 2-2. CONCLUDED 

a 
Applies t o  import-export ac t i v i t i es ,  i n  addit ion t o  . - 
the usual OSHA responsi b i l  i t i e s  f o r  indus t r ia l  a c t i v i  t ies .  ' 

I 

b 

t 

Authority 

Clean A i r  Act 
(PL 88-206 and 

. amendment). 

Rivers and 
. Harbors Act 
o f  1899 
(PL 92-500). 

I 

- 

Respons i b  i 1 i t y  

- 

Review design p l  ans and 
construct ion f o r  preven- 
tion.ofcbmmunicable a 
diseases and deratimation 

Make loans t o  governments 
t o  support purchase o f  U.S. 
goods f o r  constructing 
f a c i l i t i e s .  . .  

Organization 

Env i ronment a1 
Protect ion Agency 

(Cont . ) 

Occupat i ona1 Safety 
and Health 
Administration 

Export/ Import Bank 

. - 

Document at  ion 

Cer t i f i ca te  of 
Sanitation 



f u n c t i o n s  p e r t a i n i n g  t o  p i p e l i n e  s a f e t y .  The r o l e s  o f  t h e s e  

. f i v e  key o r g a n i z a t i o n s  a r e  d e p i c t e d  i n  Table  2-3. 

Under t h e  Energy A c t ,  t h e  FERC h a s  become t h e  f o c a l  p o i n t  

f o r  env i ronmenta l  and s a f e t y  e v a l u a t i o n s  and a p p r o v a l s .  I t  

e x e r c i s e s  t h i s  r e s p o n s i b i l i t y  under  t h e  a u t h o r i t y  of  : s e c t i o n  7 

of t h e  N a t u r a l  Gas A c t  o f  1938 and t h e  p r o v i s i o n s  o f ' l 8  'CFR 153. 

The FERC8s e v a l u a t i o n ,  which is s i t e - s p e c i f i c ,  is preceded 

by an  e v a l u a t i o n  by t h e  ERA of  t h e  c o n s i s t e n c y  of a  proposed 

p r o j e c t  w i t h  t h e  p u b l i c  i n t e r e s t .  T h i s  review examities ques- 

t i o n s  o f  need f o r  t h e  s u p p l y ,  i n t e r n a t i o n a l  and n a t i o n a l  eco- 

nomics, p r i c i n g ,  comparison w i t h  a l t e r n a t i v e s ,  and c o n t i n g e n c y  

p lann ing .  The d i v i s i o n  o f  r e s p o n s i b i l i t y  between :the ERA and 

t h e  FERC was e n u n c i a t e d  by t h e  S e c r e t a r y  of ~ n e r g y - i n  s e p a r a t e  

~ e l e g a  t i o n  Orders  t o  t h e s e  o s g a n i z a  t i o n s .  I n  e s s e n c e ,  t h e  

FERC 'was d e l e g a t e d  a l l  t h e  r e s p o n s i b i l i t i e s  f o r m e r l y  i h e l d  by 

t h e  FPC, e x c e p t  t h e  S e c t i o n  3  r e s p o n s i b i l i t i e s  of t h e  N a t u r a l  

Gas A c t  t h a t  were d e l e g a t e d  t o  t h e  ERA. 
. . 

A r e p o r t  p repared  by the. k t t e l 1 - e - ~ e m o r i a i  i n s t i t u t e '  

(Ref.  2-4) summarizes t h i s  d i v i s i o n  of  r e s p o n s i b i l i t y  betwben 

t h e  FERC and t h e  ERA. The FEG h a s  t h e  r e s p o n s i b i l i t y  f o r :  

, I s s u i n g  and e n f o r c i n g  c e r t i f i c a t e s  f o r  t h e  con- 

s t r u c t i o n ,  e x t e n s i o n  o r  o p e r a t i o n  of  n a t u r a l  g a s  

t r a n s p o r t a t i o n  and' s t o i a g e  f a c i l i  t ies .  

I s s u i n g  c e r t i f i c a t e s  a u t h o r i z i n g  t h e  s a l e  o f  

, n a t u r a l  g a s  f o r  r e s a l e  purposes .  
1 

I n v e s t i g a t i n g  and e s t a b l i s h i n g  t h e  r a t e s  and 

c h a r g e s  f o r  n a t u r a l  g a s  t r a n s p o r t e d  o r  s o l d  f o r  

r e s a l e  i n .  i n t e r s t a t e  commerce, i n c i u d i n g  c u r t a i l -  

ments  o f  s e r v i c e s  d u r i n g -  g a s  s h o r t a g e s .  

Approving i n t e r s t a t e  p i p e l i n e  c u r t a i l m e n t s .  

E s t a b l i s h i n g  and' e n f o r c i n g  well-head n a t u r a l  g a s  

, p r i c e s  ( t h e  p r i c e  b e f o r e  t r a n s p o r t a t i o n  c o s t s ) .  



TABLE 2-3. MAJOR REGULATORY RESPONSIBILITIES 
FOR LNG F A C I L I T I E S  

a ~ t a t e s  are c e r t i f i e d  by DOT-MTB t o  adminis ter  LNG safety i n  accordance w i t h  app l icab le  CFRs. 

I 

4 

Enforcement 

N/A 

S t  a te  
I 

DOD-COE 

DOT- CG 

DOT-MTB 

Perm i t t i ng  

DOE-ERA 

DOE-FERC 

DOE-FERC - 
Sta te  

DOD-COE 

< 

DOT-CG 

(S411 would, g ive  preconst ruc t ion  
approval t o  DOT-MTB) 

Set standards ' 

o r  c r i t e r i a  

DOE-ERA 

S t  a te  

DOD-COE 

DOT-CG 

DOT-CG 

DOT-MTB 

- 

- .  

t3 
I '  
P 
N 

Area of r e s p o n s i b i l i t y  

Import order  

Approval o f  pl ans- f o r  cons t ruc t  i on  
and operat  i on  

Import te rmina l  

I n t e r s t a t e  d i s t r i b u t i o n  

I n t r a s t a t e  d i s t r i b u t i o n a  

Dredging o r  b u i l d i n g  i n  waterways 
and wet1 ands 

Safety regu l  a t  ions 

Vessel 

Terminal 

On-land p i p e l i n e s  



a R e g u l a t i n g  power/gas mergers  and s e c u r i t y  a c q u i s i -  

t i o n s ,  0 .  

The FERC d o e s  n o t ,  however, have  j u r i s d i c t i o n  o v e r  g a s  d i s t r i -  

b u t i o n .  The ERA i s  i n  c h a r g e  o f :  ' 

e E s t a b l i s h i n g  c u r t a i l m e n t  p r i o r i t i e s  f o r  and au thor -  

i z i n g  t h e  impor t  o r " ' expor t "o ' f  . n a t u r a l  g a s .  

a E s t a b l i s h i n g  emergency i n t e r c o n n e c t i o n s  between 

p i p e l i n e s .  

Developing s t a n d b y  and emetgency programs f o r  

ene rgy  m a t e r i a l s . .  

The B a t t e l l e  r e p o r t  a l s o  d i s c u s s e s  p a r t  of  t h e  DOT'S 
! ,  . . .  . .. , .  . 

r e s p o n s i b i l i t i e s :  

S a f e t y  r e g u l a t i o n  o f  n a t u r a l  g a s  p i p e l i n e s  was 
e s t a b l i s h e d  by t h e  ~ a t u r a l  Gas p i p e l i n e  S a f e t y  * 
A c t  of  1968 and is t h e  r e s p o n s i b i l i t y  o f  t h e  OPSO. 
Unl ike  economic r e g u l a t i o n s ,  s a f e t y  r e g u l a t i o n s  
a p p l y  t o  b o t h  i n t e r -  and.  i n t r a - s t a t e  n a t u r a l  g a s  
p i p e l i n e s .  - However, - t h e  OPSO . d o e s  a l l o w - s k a t e  
a g e n c i e s  w i t h  approved s a f e t y  programs t o  main- 
t a i n  r e s p o n s i b i l i t y  f o r i t h e i r  i n t r a s t a t e  t r a n s -  
m i s s i o n  and d i s t r i b u t i o n  l i n e s .  I n  some c a s e s ,  
s t a t e  a g e n c i e s  may a i s o  p a r t i c i p a t e  j o i n t l y  w i t h  
t h e  OPSO i n  r e g u l a t i n g  t h e . s a f e t y  a s p e c t s  o f  
i n t e r s t a t e  p i p e l i n e s .  

N e w  OPSR s a f e t y  s t a n d a r d s  w e r e  - -publkshed--on, .  11 February  

1980. These are based i n  p a r t  on t h e  N a t i o n a l  F i r e  P r o t e c t i o n  

A s s o c i a t i o n  (NFPA) s t a n d a r d  59A (1979 E d i t i o n )  ,: and i n  p a r t  

on i t s  own s t a n d a r d s  (see S e c t i o n  111, p. 3-1) .  Compliance 

of proposed p l a n s  w i t h  t h e s e  s t a n d a r d s  i s  e v a l u a t e d  by OPSR, 

which o f f i c e  h a s  t h e  o p p o r t u n i t y  t o  make i ts  e v a l u a t i o n  known 
. . 

t o  t h e  FERC, b u t  i s  n o t  r e q u i r e d  t o  d o  so by law. A proposed 

. . * 
O f f i c e  of  P i p e l i n e  S a f e t y  O p e r a t i o n s ,  .w i th in  t h e  DOT'S MTB, 

r e c e n t l y  renamed t h e  O f f i c e  of  P i p , e l i n e  ~ a f e t y ' ~ e ~ u 1 a t i o n  
(OPSR) . . . 



b i l l ,  S411, 95 th ,Congres s ,  would r e q u i r e  p r e c o n s t r u c t i o n  

a p p r o v a l  by t h e  OPSR. 

The U.S. C o a s t  Guard ,  a l s o  a  p a r t  o f  t h e  DOT, c o n t r o l s  

h a r b o r  t r a f f i c  and may a p p r o v e  o r  deny  e n t r y  o f  U.S. o r  f o r -  

e i g n  v e s s e l s  t o  U.S. wa te rways  and p o r t s .  Approva l  f o r  e n t r y  

t a k e s  i n t o  a c c o u n t ,  among o t h e r  c o n s i d e r a t i o n s ,  v e s s e l  d e s i g n  

and  c o n s t r u c t i o n ,  s t a t e  of  v e s s e l  m a i n t e n a n c e ,  crew t r a i n i n g  

and q u a l i f i c a t i o n ,  and  s h i p  manning r e q u i r e m e n t s .  The C a p t a i n  

o f  t h e  P o r t  a c t s  on  b e h a l f  of t h e  USCG i n  a s s e s s i n g  t h e s e  f a c -  

t o r s .  He a l s o  e x e r c i s e s  c o n t r o l  o v e r  t h e  p o r t  on t h e  b a s i s  o f  

o p e r a t i n g  c o n d i t i o n s ,  i n c l u d i n g  w e a t h e r ,  and d e t e r m i n e s  t h e  

number o f  e s c o r t s  r e q u i r e d .  The C o a s t  Guard is a l s o  respon-  

s i b l e  f o r  f i r e  s a f e t y  and s e c u r i t y  o f  h a r b o r  o p e r a t i o n s ,  which 

i n c l u d e s  e n s u r i n g  t h e  a d e q u a t e  s t o r a g e  and r e g a s i f  i c a t i o n  a r e a s  

o f  m a r i n e  LNG t e r m i n a l s .  

The COE i s  r e s p o n s i b l e  f o r  t h e  e v a l u a t i o n  o f  c o n s t r u c t i o n  

p l a n s  i n  r i v e r s , .  h a r b o r s ,  and w e t l a n d s  and f o r  - e n s u r i n g  com- 

p l i a n c e  w i t h  t h e  C o a s t a l  Zone Management A c t  of  1972. The 

C o a s t a l  Zone A c t  c a l l s  f o r  a p p r o v a l  o f  s u c h  p r o j e c t s  by s t a t e  

and l o c a l  gove rnmen t s  p r i o r  t o  t h e  i s s u a n c e  o f  c o n s t r u c t i o n  

p e r m i t s .  Thus,  a l t h o u g h  t h e  COE h a s  made i t  a  p r a c t i c e  t o  

d e f e r  t o  t h e  FERC i n  t h e  p r e p a r a t i o n  o f  t h e  Env i ronmen ta l  

Impac t  S t a t e m e n t s  ( E I S ) ,  t h i s  agency  h a s  a  key r e s p o n s i b i l i t y  

i n  e n s u r i n g  c o o r d i n a t i o n  among d i f f e r e n t  l e v e l s  of government  

f o r  p r o j e c t s  i n  c o a s t a l  zones .  LNG t e r m i n a l s  u s u a l l y  f a l l  

w i t h i n  t h i s  c a t e g o r y .  

b. The p e r m i t t i n g  process--The s e q u e n c e  i n  which t h e  ERA 

and  t h e  FERC e x e r c i s e  t h e i r  r e s p o n s i b i l i t i e s  is a s  fo l lows :*  

* T h i s  s e q u e n c e  is t h e  i d e a l .  I n  p r a c t i c e ,  t h e  ERA/FERC 
i n t e r f a c . e  is n o t  a s  c l e a r  a s  d e s c r i b e d  h e r e .  



a A p p l i c a t i o n s  t o  i m p o r t  LNG a r e  made t o  t h e  ERA. 

A f t e r  t h e  E R A  r e v i e w s  t h e  a p p l i c a t i o n  f o r  an  Impor t  

O r d e r ,  w i t h  o r  w i t h o u t ' a n  O r a l  Argument, a t  i t s  

d i s c r e t i o n  i t  makes i t s  recommendat ion known t o  

t h e  FERC. 

a '  With  a  p o s i t i v e  i n d i c a t i o n  from. t h e  ERA t h a t  a  

p roposed  impor t  p r o j e c t  is i n  t h e  p u b l i c  i n t e r e s t  

o r  upon r e c e i p t  o f  a n  a p p l i c a t i o n  f o r  i n t e r s t a t e  

r e s a l e  o f  n a t u r a l  g a s  n o t  under  E R A ' S  j u r i s d i c t i o n ,  

t h e  FERC s t a f f  p r e p a r e s  t h e  EIS, c o o r d i n a t e s  w i t h  

o t h e r  i n t e r e s t e d  government  a g e n c i e s ,  h o l d s  h e a r -  

i n g s ,  and  p r e s e n t s  a l l  c o l l e c t e d  e v i d e n c e  t o  a n  

A d m i n i s t r a t i v e  Law Judge .  

a The A d m i n i s t r a t i v e  Law J u d g e  makes a  recommenda- 

t i o n ,  o f t e n  w i t h  c o n d i t i o n s ,  t o  t h e  Commissioners , .  

a .  I f  t h e  Commission r u l e s  i n  f a v o r  of  t h e  p r o j e c t ,  

t h e  ERA i s s u e s  t h e  Orde r  t o  Impor t  f o r  i n t e r n a -  

t i o n a l  p r o j e c t s  and t h e  FERC g r a n t s  a  C e r t i f i c a t e  

of  P u b l i c  Convenience  and N e c e s s i t y  f o r  i n t e r s t a t e  

a c t i v i t i e s .  

The r e v i e w  by t h e  FERC and  t h e  h e a r i n g  p r o c e s s  p r o v i d e  

t h e  o p p o r t u n i t y  t o  i n t e g r a t e  e v a l u a t i o n s  by o t h e r  government  

a g e n c i e s , '  s t a t e  and l o c a l  governments , .  and i n t e r v e n o r s .  I n  

g e n e r a l ,  i t  is t h e  r e s p o n s i b i l i t y  o f  t h e  o t h e r  a g e n c i e s  t o  

t a k e  t h e  i n i t i a t i v e  t o  make t h e i r  p o s i t i o n s  known t o  t h e  FERC.' 

F i g u r e  2-1 i l l u s t r a t e s  t h i s  i n t e g r a t i o n  pr .ocess .  A compre- 

h e n s i v e  .list o f  f e d e r a l  p e r m i t s  r e q u i r e d  f o r  t y p i c a l  LNG pro-  

j ec t s  i s  g i v e n  i n  T a b l e  2-4.. 

The c o a s t  Guard h a s  d i r e c t  a u t h o r i t y  f o r  a p p r o v a l  of 

v e s s e l s  t o  e n t e r  U.S. waterways .  S h i p s  n o t  mee t ing  i ts  s a f e t y  

s t a n d a r d s  a r e  n o t  g r a n t e d  e n t r y .  I t  e x e r c i s e s  t h i s  r e s p o n s i -  

b i l i t y  by i n s p e c t i n g  v e s s e l s  t h a t  r e q u e s t  e n t r y  t o  U.S. h a r b o r s  



Figure 2-1. Flow chart: LNG licensing/permitting sequence. 



T A B L E  2-4.  SUMMARY OF FEDERAL R E Q U I R E M E N T S  FOR P E R M I T S  
FOR LNG F A C I L I T I E S  AND O P E R A T I O N S  

Agency Coordinat ing Basis o f  
Appl i c a t i o n  Content From To agency eva lua t ion  Pre requ is i tes  Time 

Order f o r  A r t i c l e s  o f  Producer DOE-ERA DO S r V e r i f y  accepta- 4-6 months 
Impor t IExpor t  i ncorpora t ion  b i l i t y  t o  gas 

o f  app l i can t  companya 

r Natura l  Gas S ta te  and l o c a l  r Not ice i n  
Act 1938 53 au thor i za t ions  Federal 

Register 
r 18 CFR 153 Ownership, 

o f f i c i a l s  r EIS (prqpared DEIS-Comments- - *., by COE 6 r  FERC) -.FEIS 
r Tota l  gas 

supply da ta  r Assure com- 
( I n t e r n a t i o n a l  p l  i ance w i t h  
t r a n s f e r s )  r Market da ta  - DOT-MTB 

regul  a t  ions 
@ P r i c i n g  

V e r i f y  com- 
r Design, eng'g, - p l  i ance w i t h  

const r .  p lans s t a t e  laws 

Maps--location r Oral argument 
o f  f a c i l i t i e s  

r EIR 

r Facts on which 
pub 1 i c conven- 
ience i s  based 

r Producer lse l  l e r  
con t rac ts  



TABLE 2-4. CONTINUED 

Time 

3 months 
t o  2 years 

Pre requ is i tes  
Basis o f  

eva luat ion 

• Same as above : 
p l us  hearing ' 
before Admin- I 
i s t r a t i v e  Law , 

Judge ': 

, I  

, + .  T 

a Foreign c e r t  i- 
f i c a t e  should 
show compl i ance 
w i t h  CFR as 
we l l  as IMCO 

Coordinat ing 
agency 

NBS 

COE 

Agency 
From To 

Producer DOE- 
FERC - 

Trans- DOT-(Xi 
p o r t e r  
(Foreign 
Vessel ) 

Trans- 
, p o r t e r  

(U.S. 
Vessel ) 

DOT-CG 

Appl i c a t  i on 

C e r t i f i c a t e  
o f  Pub1 i c  
Convenience 
and Necessi ty 

Natura l  Gas 
Act o f  1938 57, 
18 CFR 156 
( I n t e r s t a t e  
t r ans fe r s )  

L e t t e r  o f  
Compl I ance 

C e r t i f i c a t e  

%-+F-. 
Par t  154 
(U.S. Vessel ) 

Permit  f o r  

- 
;Lt:;;igable 

155 
. 

Content 

Same as above 

t 

Descr ip t  i on  o f  
vessel and 
i n v i t a t i o n t o  
inspect  



TABLE 2-4. CONTINUED 



TABLE 2-4. CONCLUDED 

Time 

- 
Prerequis i tes  

- 

Basis of  
evaluat ion 

Coordinating 
agency 

Review plans 
f o r  preven- 
t i o n  o f  
communicable 
diseases and 
d e r a t i z a t i o n  

Appl i c a t  ion 

Permit  f o r  
Wastewater 
Discharge 

Fed Water 
P o l l u t i o n  

NEPA 

r Clean A i r  
Act 

0 Noise Control 
Act 

C 6 r t i f  i c a t e  
o f  San i ta t ion  

Content 
Agency 

From To 

Producer EPA 

Trans- USPHS 
por t  



, . .  . . 

and by f o r b i d d i n g  such e n t r y  u n t i l  a  L e t t e r  o f  Compliance 

(which t a k e s  i n t o  a c c o u n t  t h e  s e v e r a l  a s p e c t s  d i s c u s s e d  above) 

h a s  been i s s u e d .  
. . 

The COE h a s  d i r e c t  a u t h o r i t y  under  t h e  R i v e r s  and Harbors  

A c t  o f  1899. C o n s t r u c t i o n  o r  o p e r a t i o n s  i n v o l v i n g  d r e d g i n g  o r  

c o n s t r u c t i o n  i n ,  waterways ( t o  t h e  h igh t i d e  mark) o r  on wet- 

l a n d s  r e q u i r e  a  p e r m i t  from t h e  COE. Under CFR 33, t h e  COE 

is r e q u i r e d  t o ,  e v a l u a t e  envi ronmenta l  f a c t o r s  and go e x e r c i s e  

c o o r d i n a t i o n  w i t h  o t h e r  f e d e r a l  age .nc ies ,  a s  w e l l  a s  s t a t e  and 

l o c a l  governments  b e f o r e  g r a n t i n g  such a  pe rmi t .  

I For LNG t e r m i n a l s ,  t h e  COE h a s  on a t  l e a s t  one o c c a s i o n  

t a k e n  t h e  p o s i t i o n  t h a t  t h e  EIS s h o u l d  be p repared  by t h e  

FERC. Moreov.er, t h e  C O E  p l a c e s  i ts  review i n  s e r i e s  w i t h  

t h a t  of t h e  ERA on t h e  b a s i s  t h a t  i t  wishes  t o  s p a r e  t h e  

expense  of  e v a l u a t i o n s  of  p r o j e c t s  which ,might l a t e r  be d e n i e d ,  

The EIS i s  prepared  i n  accordance  w i t h  t h e  N a t i o n a l  Envi- 

ronmental  P o l i c y  A c t .  I t  examjnes i-mpac-ts on f i s h  and w i l d l i f e ,  

and on r e c r e a t i o n a l ,  s c e n i c ,  a r c h a e o l o g i c a l ,  a n d ' h i s t o r i c a l  

v a l u e s ;  e s t i m a t e s  e m i s s i o n s ;  e s t i m a t e s  c o n t r i b u t i o n s  t o  ene rgy  

c o n s e r v a t i o n ;  reviews. p l a n s  f o r  d i s p o s a l  of  d redge  m a t e r i a l ;  

and a n a l y z e s  t h e  p r o b a b i l i t i e s  of  w a t e r  s p i l l s  and t h e  conse- 

quences  of  l and  o r  w a t e r  . s p i l l s .  The FERC d o e s  n o t  e s t i m a t e  

t h e  p r o b a b i l i t i e s  of a c c i d e n t s  i n  land-based f a c i l i t i e s ,  b u t  

f o c u s e s  i n s t e a d o n ' t h e  p o t e n t i a l  consequences  of  a  s p i l l - -  

however s m a l l . i t s  p r o b a b i l i t y  o f  occur rence .  

The r e g u l a t i o n s  p u r s u a n t  t o  b o t h  t h e  R i v e r s  and Harbors  

A c t  o f  1899 and t h e  N a t u r a l  Gas A c t  of 1938 r e q u i r e  a p p l i -  

c a n t s  t o  seek  compl iance  w i t h  s t a t e  and l o c a l  r equ i rements .  

S t a t e s  i n  some c a s e s  'have a p p r o v a l  powers under t h e  Fede , ra l  

C o a s t a l  Zone Management Act. I t  is not .  c l e a r  t h a t  t h e  fed-  

e r a l  government i n s i s t s  on a c t u a l  compl iance  a t  t h e s e  l e v e l s .  

For example, t h e  Western LNG P r o j e c t  was g r a n t e d  c o n d i t i o n a l  



a p p r o v a l  by t h e  DOE b e f o r e  i t  was app roved  by C a l i f o r n i a ;  

however ,  t h e  A d m i n i s t r a t o r ' s  o p i n i o n  h e l d  t h a t  s t a t e  and 

l o c a l  'governments  s h o u l d  have  a n  o p p o r t u n i t y  t o  d e c i d e  on 

t h e  s i t e ,  a d d i n g  "we  c a n ,  o f  c o u r s e ,  r e c o n s i d e r  a t  a  l a t e r  

d a t e  whe the r  f e d e r a l  j u r i s d i c t i o n  s h o u l d  be  e x e r c i s e d  e x c l u -  

s i v e l y  . . . ." (Ref .  2-10).  I n  a n o t h e r  c a s e ,  t h e  FPC was more 

s p e c i f i c  i n  making i t s  a p p r o v a l  o f  t h e  T r u n k l i n e  LNG P r o j e c t  

(29  A p r i l  1977)  c o n t i n g e n t  upon r e c e i p t  o f  a l l  s t a t e  and 

l o c a l  a p p r o v a l s .  . . 

I n  a d d i t i o n  t o  t h e  p e r m i t s  from t h e  f e d e r a l  government ,  

a p p l i c a n t s  t y p i c a l l y  r e q u i r e  a  l a r g e  number o f  p e r m i t s  f rom 

s t a t e  and l o c a l  a g e n c i e s .  For t h e  Cove P o i n t ,  Maryland,  LNG 

t e r m i n a l ,  f o r  example ,  o v e r  o n e  hundred s u c h  p e r m i t s  were  

o b t a i n e d  i n  t h e  c o u r s e  o f  c o n s t r u c t i o n  ( R e f s .  2-2, 2-11). .  

Many were n o t  LNG-specif ic ,  b u t  c o v e r e d  such  a c t i v i t i e s  a s :  

Compl iance  w i t h  b u i l d i n g  codes .  

Compl iance  w i t h  v e h i c l e ,  codes .  

P r o t e c t i o n  o f  f i s h  and w i l d l i f e .  

P r e s e r v a t i o n  o f  t h e  env i ronmen t .  

P r o t e c t i o n  of  c u l t u r a l  and h i s t o r i c  v a l u e s .  

H e r b i c i d a l  c o n t r o l s .  

V o c a t i o n a l  h e a l t h  and  s a f e t y  s t a n d a r d s .  

R e g u l a t i o n  o f  u t i l i t i e s .  

F i s c a l  management. 

P r o t e c t i o n  of  n a t u r a l  r e s o u r c e s .  

D i s a s t e r  p r e p a r e d n e s s .  

- Land u s e  and  zon ing .  

- P r o t e c t i o n  o f  r igh ts -of -way.  

- Management o f  was t e .  

- E x c a v a t i o n  and f i l l .  

- Water  management. 

- F i r e  p r o t e c t i o n .  

- Sed imen t  and  e r o s i o n  c o n t r o l .  



No g e n e r a l i z a t i o n  c a n  b e  made a s  t o  t h e  t i m e  consumed i n  

o b t a i n i n g  a l l  r e q u i r e d  s t a t e  and l o c a l  p e r m i t s ;  however ,  most  

a r e  o b t a i n e d  i n  a  m a t t e r  of d a y s  o r  weeks when a p p l i c a t i o n s  

r e f l e c t  compl i ance  w i t h  p r e v a i l i n g  codes .  'When v a r i a t i o n s  a r e  

s o u g h t ,  i t  may t a k e  months ,  even  y e a r s ,  t o  o b t a i n  a p p r o v a l s .  

,,The a c t i v i t y  p a t h  which d e t e r m i n e s  t h e  t i m e  from t h e  

i n i t i a l  d e c i s i o n  t o  u n d e r t a k e  a  p r o j e c t .  t o  impor t  LNG f o r  

i n t e r s t a t e  s a l e  u n t i l  a l l  p e r m i t s  a r e  g r a n t e d  is, i n  s equence :  

A p p l i c a n t ' s  p r e p a r a t i o n  o f  m a t e r i a l s  r e q u i r e d  t o  

s u b s t a n t i a t e  t h e  a p p l i c a t i o n ,  i n c l u d i n g  an Envi- 

ronmen ta l  Impact  Repor t .  

The E R A ' S  e v a l u a t i o n  unde r  S e c t i o n  3 of  t h e  

N a t u r a l  Gas A c t .  

. T h e  FERC's e v a l u a t i o n  unde r  S e c t i o n  7 o f  t h e  N a t u r a l  

Gas A c t .  

The C O E ' s  e v a l u a t i o n  unde r  t h e  R i v e r s  and Harbor s  

Act .  

.The C O E t s  e v a l u a t i o n  would p r o b a b l y  p a r a l l e l  t h a t  p e r -  

formed by t h e  FERC o n c e  t h e  ERA e n d o r s e s .  a  p roposed  p r o j e c t ;  

however ,  t h e r e  is  no l e g a l  r e q u i r e m e n t  t h a t  t h e  COE i s s u e  

p e r m i t s  f o r  c o n s t r u c t i o n  a s  a  d i r e c t  consequence  o f  a  d e c i -  

s i o n  by t h e  FERC. to  g r a n t  a  C e r t i f i c a t e  of P u b l i c  Convenience  

and N e c e s s i t y .  Nor i s  t h e  FERC's C e r t i f i c a t e  a  l e g a l  p re -  

r e q u i s i t e -  t o  t h e  G O E ' s  p e r m i t .  

Prepara . t - i0 .n  o f  t h e  a p p l i c a t i o n  i t s e l f  t a k e s  from 1 t o  

1-1/2 y e a r s  on t h e  p a r t  o f  t h e  a p p l i c a n t .  T h e r e  is  l i t t l e  

h i s t o r y  on  which t o  b a s e  a n ' e s t i m a t e  o f  t h e  time r e q u i r e d  f o r  

E R A ' S  e v a l u a t i o n .  I n  t h e  E l  Paso  Compa,nyls A l g e r i a  I1 P r o j e c t ,  

t h e  l e n g t h  of  time from f i r s t  n o t i c e  o f  an  O r a l  Argument u n t i l  

a  d e c i s i o n  was r e n d e r e d  was n i n e  months.  The r e v i e w  by t h e  

FERC c a n  b e  a s  s h o r t  a s  t h r e e . . m o n t h s  o r  a s  l o n g  a s  two y e a r s .  

T y p i c a l  c a s e s  t a k e  n i n e  months  t o  one  y e a r .  The COE r e q u i r e s  



a b o u t  one y e a r  when a c t i n g  a s  t h e  l e a d  agency f o r  t h e  EIS; 

when t h e  FERC a c t s  a s  t h e  l e a d ,  t h i s  p e r i o d  would be somewhat 

s h o r t e r  and i n  p a r t  p a r a l l e l  w i t h  t h e  ERA'S e v a l u a t i o n .  over-  

a l l ,  t h e n ,  t h e  f e d e r a l  p e r m i t t i n g  p r o c e s s  t a k e s ,  on t h e  aver-  

age ,  t h r e e  t o  f o u r  y e a r s .  S t a t e  and l o c a l  a p p r o v a l s  may add 

s u b s t a n t i a l l y  t o  t h i s  l e a d  t ime,  e s p e c i a l l y  when proposed 

s i t i n g  becomes a  p u b l i c  concern  a s  i t  d i d  i n  t h e  Western LNG 

Terminal  A s s o c i a t e s '  P r o j e c t .  

3. CASE HISTORIES 

a .  LNG terminals--LNG t e r m i n a l s  a r e  f a c i l i t i e s  f o r  l i q u e -  

f y i n g  and s h i p p i n g  LNG, f o r  r e c e i v i n g  and s t o r i n g  LNG t r a n s -  

p o r t e d  t o  t h e  Uni ted  S t a t e s  i n  t a n k e r s ,  and f o r  v a p o r i z i n g  LNG 

. f o r  sendou t  v i a  p i p e l i n e s  t o  cus tomers .  The f e d e r a l  govern- 

ment h a s  approved such f a c i l i t i e s  a t  Kenai,  Alaska;* Evere t t . ,  

Massachuse t t s ;  Cove P o i n t ,  Maryland; Savannah, Georgia ;  and 

Lake C h a r l e s ,  Lou i s i ana .  A p p l i c a t i o n s  a r e  pending f o r  two 

a d d i t i o n a l  t e r m i n a l s ,  one  f o r  I n d o n e s i a n  g a s  and one f o r  

A l g e r i a n  gas .  These a p p l i c a t i o n s  a r e  reviewed i n  t h e  f o l l o w i n g  

sect ions .  

(1) E l  Paso Company's A l g e r i a  I1 P r o j e c t  (Refs .  2-12, 

2-13) **--on 1 5  October  1976,  E l  Paso E a s t e r n  Company a p p l i e d  *** 
f o r  a n  Order t o  Import  LNG p u r s u a n t  t o  S e c t i o n  3  of  t h e  Nat.ura1 

.. . ., .; 
- - . .  

* The Alaska t e r m i n a l  is f o r  e x p o r t  o f  LNG t o  Japan.  .It i s . .  
i n t e r e s t i n g  t o  n o t e  t h a t  u n t i l  v e r y  r e c e n t l y ,  t h e  U.S; was a ' 

n e t  e x p o r t e r  of  LNG. U n t i l  t h e  Cove P o i n t  and t h e  E l  Paso 
f a c i l i t i e s  went i n t o  o p e r a t i o n ,  t h e  U.S. was importirig o n l y  
a b o u t  h a l f  a s  much LNG a s  i t  was e x p o r t i n g  from Alaska. 

**  Also ,  p r i v a t e  communication from L. D e l l  'Osso, Jr . ,  Genera l  
Manager, E l  Paso LNG Terminal  Company, Apri1.24,  1979. 

 he he a p p l i c a t i o n  was i n  t h e  form of a n  amendment t o  a  p r e v i -  
o u s  s u b m i t t a l .  E l  Paso E a s t e r n  had n o t  s e c u r e d  t h e  r e q u i r e d  
p e r m i t s  b e f o r e  t h e  e x p i r a t i o n  of i t s  c o n t r a c t  w i t h  t h e  Alge- 
r i a n  s u p p l i e r ,  Sona t rach .  T h a t  c o n t r a c t  had e x p i r e d  on Decem- 
b e r  31, 1973, and S o n a t r a c h  e x e r c i s e d  i t s  o p t i o n  t o  withdraw 



Gas A c t .  E l  Paso  E a s t e r n ,  a  wholly-owned s u b s i d i a r y  of E l  

I Paso  LNG Company, would p u r c h a s e  LNG f rom a n o t h e r  s u b s i d i a r y ,  

I E l  ' ~ a ' s o  A t l a n t i c  Company. E l  Paso  E a s t e r n  would a r r a n g e ,  

I t h r o u g h  a  t h i r d  s u b s i d i a r y ,  E l  Paso  LNG T e r m i n a l  Company, 

I f o r  t h e  r e c e i p t ,  s t o r a g e  and v a p o r i z a t i o n  o f  t h e  L N G ,  and  

d e l i v e r y  of  t h e  v a p o r i z e d  g a s  t o  E l  Paso  N a t u r a l  Gas Company. 

I E l  Paso  N a t u r a l  Gas Company would buy 65 p e r c e n t  o f  t h e  

I v a p o r i z e d  g a s  from E l  P a s o '  E a s t e r n  and r e s e l l  i t  t o  i t s  cus-  

t o m e r s ,  80 p e r c e n t  o f  whom would be  i n  C a l i f o r n i a .  Thus,  

a b o u t  h a l f  o f  . t h e  impor t ed  g a s  w o u l d ' b e  p i p e - l i n e d  from Texas  

I t o  C a l i f o r n i a .  T h i r t y - f i v e  p e r c e n t  of  t h e  g a s  would b e  s o l d  

t o  ,Un i t ed  LNG Company, a  wholly-owned s u b s i d i a r y  of  Un i t ed  

Gas P i p e  L i n e  Company. . . 

0   he f l o w  o f  g a s  from S o n a t r a c h  i n  A l g e r i a  t h rough  t h e  E l  

Paso  LNG Company s u b s i d i a r i e s  t o  c u s t o m e r s  is  shown i n  F i g u r e  

I 2-2. I n t e r e s t i n g l y ,  g a s  and t i t l e  t h e r e t o  would n o t  a lways  

f l o w  t o g e t h e r .  E l  Paso  E a s t e r n  a p p a r e n t l y  would a c t  a s  a  

b r o k e r  and own no g a s - h a n d l i n g  f a c i l i t i e s .  E l  Paso  LNG Termi- 

n a l  Company would r e c e i v e ,  s t o r e ,  and  t r a n s f e r  g a s  w i t h o u t  

t r a n s f e r  o f  t i t l e .  

d u r i n g  1974. S o n a t r a c h  i n v i t e d  E l  Paso  t o  r e n e g o t i a t e .  Upon 
S o n a t , r a , c h ' s  w i t h d r a w a l ,  E l  Paso  c a n c e l l e d  i ts  c o n t r a c t s  w i t h  
i ts  cus tomers .  E l  P a s o ' s  r e n e g o t i a t i o n  w i t h  S o n a t r a c h  was 
comple t ed  2 8  O c t o b e r  1975 ,  b u t  by, t h a t  time E l  Paso was u n a b l e  
t o  r e n e g o t i a t e  w i t h  . i t s  cus tomers .  E l  Paso  r e q u e s t e d  t h a t  ' 

' p r o c e e d i n g s  be  suspended .  An o r a l  h e a r i n g  was h e l d ,  on 14  ~ u l ?  
1976  and E l  Paso  was d i r e c t e d  t o  f i l e  a  p r o g r e s s  r e p o r t  on  1 5  . 
Octobe r  1976. By t h a t  t i m e ,  E l  Paso  had n e g o t i a t e d  a  new con- 
t r a c t  t o  s u p p l y  g a s  t o  i t s  a f f i l i a t e ,  E l  Paso  N a t u r a l  Gas 
Compa.ny, and  t o  Uni ted  Gas P i p e  L i n e  Company, and t h e  amended 
a p p l i c a t i o n  was f i l e d .  
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El Paso. Atlantic Company was formed to transport LNG from 

Algeria to the United States. It would operate twelve vessels, 

six t.0 be provided by El Paso Atlantic and six to. b.e provided 

by Sonatrach. The operators of the vessels would apply for 

certi.ficates and permits pertaining to bringing LNG into U.S. 

waterways and ports. 

An application for an Order to Import under Section 3 of 

the Natural Gas Act was made by El Paso Eastern, as well as 

for certificates of public convenience and necessity and 

applications for the sale of vaporized LNG under Section 7 of 

the Act. An application for the Certificate of Public Conven- 

ience and for construction of the ~aSalle Terminal at Matagorda 

Bay near Port O'Connor, Texas, was made by El paso LNG Terminal. 

The characteristics of the system are summarized'in Table 2-5. 
. . 

TABLE 2-5. CHARACTERISTICS OF EL PASO " 

COMPANY'S ALGERIA I1 PROJECT 

Import r a t e  1 b i l l i o n  scf/day* 
, , 

S t a r t  - year 1983 . . 

Term o f  contract  20 years 

Number o f  tankers 12 

Tanker capac i ty  . 125,000 m3/vessel 

Terminal : 

Number o f  tanker berths 2 
LNG storage capac i ty  300,000 m3' 

. LNG vapor iza t ion  capaci ty .  29.675 x i0 6 m 3 t d  

* 
scf  = standard cubic f o o t  (when g a s i f i e d ) '  



During  1977,  t h e  FPC p r e p a r e d  and o f f e r e d  f o r  comment 

t h e  D r a f t  EIS  f o r  t h e  p r o j e c t ,  o b t a i n e d  comments, and pub- 

l i s h e d  t h e  F i n a l  EIS. By t h e  time t h e  A d m i n i s t r a t i v e  Law 

J u d g e  r e n d e r e d  h i s  d e c i s i o n  on t h e  E l  Paso I1 P r o j e c t  on  25 

Oc tobe r  1977 ,  t h e  new DOE had been  c r e a t e d  and j u r i s d i c t i o n a l  

r e s p o n s i b i l i t y  f o r  a d m i n i s t r a t i o n  of  t h e  N a t u r a l  Gas A c t  had 

b e e n  d i v i d e d  be tween  t h e  FERC, t h e  s u c c e s s o r  o f  t h e  FPC and  

t h e  ERA. The p r o j e c t  was approved  by t h e  A d m i n i s t r a t i o n  Law 
Judge  a t  t h e  FERC; however,  t h e  r e c o r d  was o r d e r e d  t r a n s f e r r e d  

t o  t h e  ERA f o r  r e v i e w  unde r  S e c t i o n  3 of t h e  N a t i o n a l  Gas 

A c t  b e f o r e  f i n a l  FERC a c t i o n  unde r  S e c t i o n  7. 

The ERA c a l l e d  f o r  a n  O r a l  Argument unde r  S e c t i o n  3 which 

was hea rd  i n  A p r i l  1978. The a p p l i c a t i o n  was s u b s e q u e n t l y  

d e n i e d  and t h e  den ' i a l  was documented i n  ERA Op in ion  Number 

Four on 2 1  December 1978. Between t h e  t i m e  of ' t h e  O r a l  Argu- 

ment and ' t h e  d e n i a l ,  t h e  ERA d e c l a r e d  i t s  i n t e n t  t o  p r e p a r e  a  

Supp lemen ta l  EIS t o  c o v e r  t o p i c  a r e a s  which i t  f e l t  were n o t  

a d e q u a t e l y  a d d r e s s e d  i n  t h e  FPCgs  F i n a l  EIS. 

The e s s e n c e  o f  E R A ' S  d e n i a l  of t h e  a p p l i c a t i o n  was t h a t  

i n  t h e i r  o p i n i o n  i t  f a i l e d  t o  meet t h e  s t a t u t o r y  t e s t  t h a t  

t h e  p r o j e c t  is " n o t  i n c o n s i s t e n t  w i t h  t h e  p u b l i c  i n t e r e s t . "  

I n  ERA'S o p i n i o n ,  t h e  p roposed  p r o j e c t  was t h e r e f o r e  n e i t h e r  

n e u t r a l  n o r  c o n s i s t e n t - - i t  was i n c o n s i s t e n t - - w i t h  t h e  p u b l i c  

i n t e r e s t .  The f o l l o w i n g  f a c t o r s  were c i t e d  i n  t h e  c o n c l u s i o n :  

a The P roposed  p r o j e c t  f a i l e d  t o  s a t i s f y  E R A ' S  p r e -  

s u m p t i o n  i n  f a v o r  o f  d i r e c t  s a l e s  by i m p o r t i n g  

compan ie s  ( i n  t h i s  c a s e  ~ 1 ' ~ a s o  E a s t e r n )  t o  g a s  

d i s t r i b u t i o n  u t i l i t i e s  ( i n  t h i s  c a s e  S o u t h e r n  

C a l i f o r n i a  Gas Company, P a c i ' f i c  Gas and E lec t r ic  

Company and c u s t o m e r s  o f  Un i t ed  Gas P i p e  L i n e  

Company) . 



e No o v e r r i d i n g  n a t i o n a l  o r  r e g i o n a l  need f o r  t h e  

g a s  was found; one  LNG impor t  p r o j e c t  ( P a c i f i c  

I n d o n e s i a )  which would s u p p l y  LNG d i r e c t l y  t o  

d i s t r i b u t o r s  who would r e c e i v e  h a l f  of t h e  

A l g e r i a  I1 LNG (Western LNG) had p r e v i o u s l y  been 

c o n d i t i o n a l l y  approved; o t h e r  p rox imate  s o u r c e s  

f o r  A l g e r i a  I1 LNG cus tomers  were c o n s i d e r e d  

p robab le ;  t h e  Energy A c t  would a l l e v i a t e  demand 

through c o n s e r v a t i o n  and s o l a r  p r o v i s i o n s .  

' R e f e r r i n g  t o  ERA Opinion Number Three ,  i t  was 

noted  t h a t  f u l l  accoun t  must b e  t a k e n  of  proximate  

supp ly  o p p o r t u n i t i e s  b e f o r e  s h a r p l y  i n c r e a s i n g  U.S. 

dependence on LNG impor t s .  

o The p r i c e  e s c a l a t i o n  formula  was c o n s i d e r e d  t o  

have s e r i o u s  problems. 

The a p p l i c a n t ' s  con t ingency  p l a n  f o r  supp ly  

s h o r t a g e s  was c o n s i d e r e d  t o  b e  inadequa te .  

I n  summary, ERA'S p r i n c i p a l  grounds  f o r  t h e  d e n i a l  were 

(1) t h e  p r o j e c t  s t r u c t u r e  w i t h  r e s p e c t  t o  r e s a l e ,  ( 2 )  t h e  

pending,  p a r t i a l l y  o v e r l a p p i n g  P a c i f i c  I n d o n e s i a  LNG P r o j e c t ,  

(3 )  i n c r e a s e d  U.S. dependence on f o r e i g n  energy s u p p l i e s ,  

( 4 )  t h e  p r i c e  fo rmula ,  and ( 5 )  t h e  c o n t i n g e n c y  p lan .  The 

c o n c l u s i o n  made no r e f e r e n c e  t o  a d v e r s e  env i ronmenta l  impac t s  

o r  t o  p u b l i c  r i s k  w i t h  r e s p e c t  t o  LNG s a f e t y .  The o p i n i o n  

was rendered  w i t h o u t  p r e j u d i c e  t o  f u t u r e  m u t u a l l y  b e n e f i c i a l  

o p p o r t u n i t i e s  f o r  i n t e r n a t i o n a l  g a s  t r a d e .  

On 19 J a n u a r y  1979, E l  Paso E a s t e r n  p e t i t i o n e d  f o r  a  

r e h e a r i n g  of Opinion Number Four.  ERA g r a n t e d  t h e  p e t i t i o n  

on 20 February  197.9, and announced i t  would i s s u e  a  f u r t h e r  

o r d e r  on t h e  r e h e a r i n g .  On 25 October  1979, t h e  ERA h e l d  a  

p u b l i c  c o n f e r e n c e  i n  Houston t o  d i s c u s s  t h e  issues and proce-  

d u r e s  t o  be fo l lowed i n  t h e  r e h e a r i n g .  They a l s o  s t a t e d  t h a t  

t h e  d a t e  of t h e  r e h e a r i n g  and i s s u a n c e  of t h e  p r o c e d u r e s  t o  



b e  f o l l o w e d  w i l l  b e  s e t  f o r t h  f o l l o w i n g  c o m p l e t i o n  of  t h e  

p r e s e n t  ERA work load .  

The c h r o n o l o g y  o f  t h e  a p p l i c a t i o n s  f o r  t h e  A l g e r i a  I1 

P r o j e c t  is g i v e n  i n  .Tab le  2-6. 

( 2 )  Wes te rn  LNG T e r m i n a l  A s s o c i a t e s '  P r o j e c t  (Re f .  * 
2-14, 2-15) --Western LNG T e r m i n a l  A s s o c i a t e s  is  a  p a r t -  

n e r s h i p  o f  two g a s  d i s t r i b u t i o n  u t i l i t i e s  i n  C a l i f o r n i a - -  

P a c i f i c  Gas and E l e c t r i c  Company (PG&E) and t h e  S o u t h e r n  

C a l i f o r n i a  Gas Company, a s u b s i d i a r y  of t h e  P a c i f i c  L i g h t i n g  

C o r p o r a t i o n .  The p roposed  p r o j e c t  would i m p o r t  n a t u r a l  g a s  

i n  l i q u e f i e d  form from t h e  R e p u b l i c  of  I n d o n e s i a  and t h e  Cook 

I n l e t  a r e a  of  A l a s k a  t o  a  t e r m i n a l  n e a r  P o i n t  C o n c e p t i o n  on 

t h e  C a l i f o r n i a  c o a s t .  A c o n t r a c t  f o r  p u r c h a s e  o f  LNG o v e r  

a  p e r i o d  of t w e n t y  y e a r s  from t h e  ~ n d o n e s i a n  s u p p l i e r ,  

P e r t a m i n a ,  was s i g n e d  i n  September  1973. U l t i m a t e l y ,  500 

m i l l i o n  s t a n d a r d  c u b i c  f e e t  ( s c f )  p e r  day  of  I n d o n e s i a n  g a s  

and 400 m i l l i o n  s c f / d a y  o f  A laskan  g a s  would be  impor ted .  

Peak ing  c a p a c i t y  o f  t h e  r e g a s i f i c a t i o n  p l a n t  c o u l d  i n c r e a s e  

. s e n d o u t  by anothe ' r  300 m i l l i o n  s c f / d a y ,  f o r  a  t o t a l  maximum 

s e n d o u t  of 1200 m i l l i o n  s c f / d a y .  

The c o r p o r a t e  s t r u c t u r e  f o r  l i q u e f a c t i o n ,  p u r c h a s e ,  t r a n s -  

p o r t ,  r e c e i p t ,  s e n d o u t ,  and r e s a l e  o f  t h e  I n d o n e s i a n  and 

A l a s k a n  s u p p l i e s  i s  summarized i n  T a b l e  2-7. A l l  LNG g a s i f i e d  

and  s e n t  o u t  f rom t h e  Wes te rn  LNG Te rmina l  would be bough t  and 

r e s o l d  i n  e q u a l  volumes t o  c u s t o m e r s  by S o u t h e r n  C a l i f o r n i a  Gas 

Company and PG&E. 

The c r i t i c a l  p a t h s  f o r  t h e  p e r m i t t i n g  p r o c e s s  f o r  t h e  pro-  

j ec t  a r e :  

O b t a i n i n g  an  Orde r  t o  I m p o r t  from t h e  ERA f o r  
P a c I n d o n e s i a  t o  i m p o r t  g a s  f rom I n d o n e s i a .  

O b t a i n i n g  a  C e r t i f i c a t e  o f  P u b l i c  Convenience  and 
N e c e s s i t y  f rom t h e  FERC f o r  t h e  Wes te rn  T e r m i n a l  

* A l s o ,  p r i v a t e  communica t ion  from J. G a r c i a  (Wes te rn  LNG 
Termina l  A s s o c i a t e s ) ,  2 1  J u n e  1979.  

2-30 



TABLE 2-6. CHRONOLOGY O F  EVENTS--ALGERIA I1  PROJECT 
A P P L I C A T I O N  FOR LASALLE TERMINAL 

Date It em 

Applications for El Paso--Algeria I1 project filed. 

Sonatrach option to cancel if project approvals not 
obtained. 

Original contract cancelled by Sonatrach. El Paso 
Algeria cancel led contracts with its customers. 

Renegotiated contract with Sonatrach (4130177 approval 
cutoff; 12/31/77 financing cutoff). 

Oral hearing on suspension of project. 

Progress report ordered at oral hearing--contacts between 
EL Paso Eastern (formerly El Paso Algeria) and customers 
negotiated amendment to application for order pursuant to 
Sect ion 3 of Natural Gas Act. 

Q \ 

Applications filed for Certificates of Public Convenience 
and Necessity ( included three-vol ume Joint Environment 
Report prepared by participants). 

Participants file Joint LNG Safety Report. 

Order consolidating proceedings; terminate consolidated 
proceedings; grant requests to withdraw and dismiss cer- 
tain applications; provide for hearing, .prescribe proce- 
dures, and require payment of filing fees and notice of 
new docket designations. 

Prehearing conference. 

Presiding Judge--Not ice of Hearing and other procedural 
dates. 

41 291 77 FPC--notice clarifying f il  ing procedures. 

5/17/77 - Five-day hearings on nonenvironmental issues. 
5/23/77 

6/3/77 Application by El Paso Terminal to Corps of Engineers 
for construction permit. . 



I TABLE 2-6. CONTINUED 

Oat e Item 

6/24/77 - Four-day hearings on nonenvironmental issues. 
6/27/77 

7/i/77 FPC publication o f  D ra f t  EIS. 

7/8/77 Notice o f  pub l i ca t ion  o f  Dra f t  E I S .  

7/15/77 B r i e f  f o r  E l  Paso par t i c ipan ts  on nonenvironmenal issues. 

8/1/17 Reply B r i e f  on nonenvi ronment a1 issues . 
9/1/77 FPC pub l i ca t ion  on F ina l  E I S .  

9/12/77 El Paso r e p l y  t o  F ina l  EIS. 

9/19/77 Environmental hearings. 

9130177 I n i t i a l  B r i e f  on environmental matters. 

10/1/77 DOE formed. 

1017177 Reply B r i e f  on environmental matters. 

10/25/77 Presiding Judge- - in i t i a l  decision upon appl ica t ion t o  
import LNG from Algeria. 

11/8/77 FERC--Notice on Shortening o f  Time f o r  f i l i n g  B r i e f s  on 
Exceptions and B r i e f s  Opposing Except ions. 

11/17/77 Br ie f s  on Exceptions. 

11/28/77 Br ie f s  Opposing Except ions. 

12/1/77 Houston Audobon Society and Houston S ie r ra  Club--Brief 
on Except ions (not  .par t ies  a t  the time) . 

12/7/77 FERC--Letter c e r t i f y i n g  the record i n  t h i s  proceeding t o  
the Secretary o f  Energy f o r  decision. 

12/31/77 . Sonatrach dead1 ine.  



TABLE.2-6. CONCLUDED 

Date Item 

3/14/78 ERA--Notice o f  Oral  Argument. 

4/11/78 Background ma te r i  a1 r e 1  ated t o  Oral  Argument f i 1 ed . 
4/17/78 - Oral Argument. 
4/18/78 

5/16/78 , Post-hearing b r i e f s  f i l e d .  

9/11/78 ERA Not ice  of ~ n t e n t  t o  prepare a supplemental E I S .  

12/21/78 ERA Opinion No. 4 denying t h e  app l i ca t i on .  

1/19/79 EL Paso P e t i t i o n  f o r  Rehearing o f  ERA Opinion No. 4. 

2/30/79 ERA g ran ts  E l  Paso's Pet i t  i o n  f o r  Rehearing' and 
announces i t  (ERA) w i l l  i ssue a f u r t h e r  order  on 
rehear ing.  

10/25/79 . ERA pub1 i c  conference t o  d iscuss issues and pro-  
cedures t o  be fo l lowed i n  rehear ing.  (Dates 
o f  rehear ing  and issuance o f  procedures t o . b e  
announced 1 a te r .  ) 



TABLE 2-7. ORGANIZATIONAL STRUCTURE OF THE WESTERN LNG PROJECT 

Function Pro jec t  Corporat ion Parent Corporat ion I 
Explora t ion  and development Mob'il O i l  Indonesian, Inc.  Mobi l  
i n  Indonesia , . 

L i que fac t i on  o f  Indonesian Pertamina. (ass is ted  by . Indonesian government 
gas Mobi 1 ) 1 

Transport a t  i o n  from Indonesia P a c i f i c  Indonesia LNG P a c i f i c  L i g h t i n g  Corporat ion 
Company (Pac lndones i a) a (50% o f  funding provided by 

PG&E) 

Col 1 e c t  i on  and 1 i q u e f  act i on  P a c i f i c  Alaska LNG Company P a c i f i c  L i g h t i n g  Corporat ion 

N 
o f  Alaskan na tu ra l  gas ( P a c i f i c  Alaska) 

I 
W 
a Cosponsor f o r  c o l  l e c t  ion  and Alaska Cal i f o r n i a  LNG PG&E 

1 ique fac t  i on  Company 

Partnership of P a c i f i c  Alaska P a c i f i c  Alaska LNG P a c i f i c  L i g h t i n g  Corporat ion 
and A1 aska Cal i f o r n i  a Associ a t  i o n .  and PG&E 

Transport a t  i o n  o f  A1 askan P a c i f i c  L i g h t i n g  Marine P a c i f i c  L i g h t i n g  Corporat ion 
gas Associ L a t  i on  

Terminal operat ions ( se rv i ce  Western LNG Terminal Partnership formed ! t o  PacIndonesia and P a c i f i c  Associ ates . by P a c i f i c  L i g h t i n g  
Alaska--no t r a n s f e r  o f  t i t l e  ' :. Corporat ion and PG&E 
t o  LNG) 

a ~ i v e  shipping companies w i l l  produce n ine  ships dedicated t o  t ranspor t i ng  LNG from. , 

Indonesia t o  t h e  Western LNG termina l .  



f o r  i n t e r s t a t e  commerce ( t r a n s f e r  of g a s  f rom 

Alaska  t o  ~ a l i f o r z n i a ) .  

O b t a i n i n g  a  p e r m i t  (unde r  C a l i f o r n i a  Law [SB 

10811 f rom t h e  CPUC) t o  c o n s t r u c t  and o p e r a t e  
..,, - 

a n  LNG t e r m i n a l .  

A f o r  c o n s t r u c t i o n  is a l s o  r e q u i r e d  f rom t h e  COE; ' 

however,  t h i s  is n o t  c o n s i d e r e d  t o  be a  c r i t i c a l  s c h e d u l e  

p a t h .  

- The p e r m i t t i n g  p r o c e s s  was compounded by d i f f e r e n c e s  

be tween  t h e  s t a t e  and  f e d e r a l  governments  r e g a r d i n g  s i t i n g .  

The o r i g i n a l  p r o j e c t  a p p l i c a t i o n  was f o r  t h r e e  d i f f e r e n t  

s i t e s - - L o s  A n g e l e s ,  Oxnard,  and  P o i n t  Concep t ion .  The P o i n t  

C o n c e p t i o n  s i t e  was t o  r e c e i v e  g a s  by s h i p  f rom A l a s k a ' s  

N o r t h  S l o p e  t h r o u g h  t h e  E l  Paso  A l a s k a  Company. The Los 

A n g e l e s  Harbor  s i t e  was t o  r e c e i v e  g a s  by s h i p  f rom s o u t h  

A l a s k a ' s  Cook I n l e t  a r e a  t h r o u g h  P a c i f i c  A l a s k a  LNG. The 

Oxnard s i t e  was t o  r e c e i v e  g a s  by s h i p  f rom t h e  R e p u b l i c  of 

I n d o n e s i a  t h r o u g h  t h e  P a c i f i c  I n d o n e s i a  LNG Company. I n  

J u l y ,  1977, A d m i n i s t r a t i v e  Law J u d g e  Gordon of t h e  F e d e r a l  

Power Commission app roved  t h e  P a c i f i c  I n d o n e s i a  p r o j e c t  f o r  

t h e  Oxnard s i t e  w i t h  c o n d i t i o n s  r e l a t i v e  t o  p r o j e c t  f i n a n c -  

i ng .  Two months l a t e r ,  t h e  Governor  of C a l i f o r n i a  s i g n e d  

i n t o  law t h e  LNG T e r m i n a l  A c t  o f  1977, e f f e c t i v e l y  d e n y i n g  

a t e r m i n a l  a t  t h e  Los Ange le s  o r  o x n a r d  s i t e s  on t h e  b a s i s  * 
o f  p o p u l a t i o n  d e n s i t i e s  n e a r  t h e  s i te .  S h o r t l y  t h e r e a f t e r , ,  

t h e  F e d e r a l  Energy  A c t  was s i g n e d  i n t o  law,  and t h e  F e d e r a l  

P o w e r  Commision 's  r e s p o n s i b i l i t i e s  were d i v i d e d  between t h e  

ERA and  t h e  FERC a s  d e s c r i b e d  e l s e w h e r e  i n  t h i s  s e c t i o n .  On 

- '30 December 1977,  t h e  ERA i s s u e d  Op in ion  Number One a p p r o v i n g  

The law s p e c i f i e s  a  maximum d e n s i t y  o f  10  p e r s o n s  p e r  s q u a r e  
mile w i t h i n  a  d i s t a n c e  o f  one mile of t h e  p e r i m e t e r  of  t h e  s i t e ,  
and  60 p e r s o n s  p e r  s q u a r e  mile w i t h i n  f o u r  m i l e s .  These  l i m i t s  
a l s o  a p p l y  t o  mar ine  t a n k e r  v e s s e l  t r a f f i c .  - 



(1) deve lopmen t  of  an  " i n t e r r u p t i o n  c o n t i n g e n c y  p l a n , "  ( 2 )  

r e v i s i o n  of t h e  p r i c i n g  f o r m u l a  ( c o s t - o f - s e r v i c e  t a r i f f  and 

e s c a l a t o r  c l a u s e )  , and  ( 3 )  con fo rmance  w i t h  m u n i c i p a l  r e q u i r e -  

men t s  i f  Oxnard were  c h o s e n  a s  t h e  s i t e .  C o n d i t i o n  ( 3 )  sup-  

p o r t e d  t h e  c i t y  o f  O x n a r d ' s  r e q u i r e m e n t  t h a t  s t o r a g e  t a n k s  be  

p l a c e d  underground and t h a t  v e s s e l - t o - s t o r a g e  t r a n s f e r  li.nes 

b e  p l a c e d  u n d e r w a t e r .  Ano the r  s a f e t y - r e l a t e d  c o n d i t i o n  was 

t h e  r e q u i r e m e n t  f o r  a  F i n a l  S a f e t y  A n a l y s i s  R e p o r t  t o ' b e  sub- 

m i t t e d  and ' a p p r o v e d  p r i o r  t o  t h e  commencement of  o p e r a t i o n s '  

a t  t h e  C a l i f o r n i a  LNG t e r m i n a l  a s  p roposed  a t  t h e  h e a r i n g  

i n  Los Angeles .  Whi le  t h e  A d m i n i s t r a t i v e  Law J u d g e  d i d  n o t  

a c c e p t  t h e  r e q u i r e m e n t  f o r  t h e  F i n a l  S a f e t y  A n a l y s i s  R e p o r t ,  

t h e  ERA c h o s e  t o  impose i t  a s  a  c o n d i t i o n .  

Wi th  r e s p e c t  t o  t h e  s i t i n g  i s s u e ,  O p i n i o n  Number One 

c o n d i t i o n a l l y  app roved  Oxnard,  b u t  s p e c i f i c a l l y  s t a t e d  t h a t  

a l t e r n a t i v e  s i t e s  were n o t  r e j e c t e d ,  n o r  were  t h e  a p p l i c a n t s  

p r e c l u d e d  from r e q u e s t i n g  a l t e r n a t i v e  s i t e s .  I t  f u r t h e r  

s t a t e d  t h a t  ". . . C a l i f o r n i a  s h o u l d  have an  o p p o r t u n i t y  t o  

d e c i d e  whe the r  o r  n o t  t h e  o p e r a t i o n  of  an  LNG f a c i l i t y  a t  . , 

Oxnard i s  a c c e p t a b l e  . . ." w h i l e  a t  t h e  same t i m e  r e s e r v -  

i n g .  t h e  r i g h t  t o  ". . . r e c o n s i d e r  . . . whe the r  f e d e r a l  

j u r i s d i c t i o n  s h o u l d  b e  e x e r c i s e d  e x c l u s i v e l y  . . . ." As 

t h e  o p i n i o n  s t a n d s ,  however ,  c o m p l i a n c e  w i t h  C a l i f o r n i a ' s  . 

LNG A c t  o f  1977  is a  p r e r e q u i s i t e  t o  t h e  DOE/ERA a p p r o v a l .  

Op in ion  Number S i x ,  d a t e d  24  A p r i l  1979 ,  r a i s e d  t h e  s i t i n g  

i s s u e  a g a i n ,  a s k i n g  f o r  comments by o t h e r  a g e n c i e s  and i n t e r -  

v e n o r s  by 1 5  J u n e  1979 and  a l l o w i n g  u n t i l  1 3  J u l y  f o r  r e b u t t a l .  

I n  t h i s  o p i n i o n  t h e  ERA a l s o  n o t e d  t h a t  i t  would w i t h h o l d  i ts 

f i n a l  d e c i s i o n  on unde rg round  t a n k s  and u n d e r w a t e r  t r a n s f e r  

p i p i n g  f o r  t h e  Oxnard s i t e  u n t i l  t h e  b a s i c  s i t i n g  i s s u e  was 

r e s o l v e d .  I t  a l s o  e l a b o r a t e d  on t h e  r e q u i r e m e n t  f o r  a s a f e t y  

~ e v i e w ,  renaming  i t  t h e  Des ign  and C o n s t r u c t i o n  S a f e t y  Review 
I '  



i n  a n  e f f o r t  t o  c l a r i f y  t h e  p o i n t  t h a t  t h e  review was n o t  

i n t e n d e d  t o  p r e c i p i t a t e  f u r t h e r  a d j u d i c a r y  h e a r i n g s  o r  two- 

s t a g e  c e r t i f i c a t i o n .  

The issue of s i t i n g  is  normal ly  a d d r e s s e d  under  S e c t i o n  

7  of  t h e  N a t i o n a l  Gas A c t  and would o r d i n a r i l y  f a l l  under  

t h e  FERC's j u r i s d i c t i o n  r a t h e r  t h a n  t h e  ERA'S. For  t h e  Pac- 

I n d o n e s i a  P r o j e c t ,  which is t o  impor t  g a s  and f a l l s  under 

S e c t i o n  3  of t h e  N a t u r a l  Gas A c t ,  t h e  FERC d o e s  n o t  have 

j u r i s d i c t i o n  a s  no i n t e r s t a t e  t r a n s f e r s  a r e  i n v o l v e d . .  The ,' 

ERA,'in t h i s  c a s e ,  is i n c l u d i n g  S e c t i o n  7  r e q u i r e m e n t s  i n  

i ts  e v a l u a t i o n  on t h e  b a s i s  t h a t  a n  FPC A d m i n i s t r a t i v e  Law 

Judge had p r e v i o u s l y  found t h a t  t h e  FPC cou ld  i n c l u d e  such  

r e q u i r e m e n t s  a s  c o n d i t i o n s  t o  i ts  a p p r o v a l  under  S e c t i o n  3. 

When' t h e  ERA was d e l e g a t e d  r e s p o n s i b i l i t y  f o r  S e c t i o n  3 

by t h e  S e c r e t a r y  of Energy, i t  a l s o  assumed r e s p o n s i b i l i t y  

f o r  t h e  S e c t i o n  7  t y p e  of e v a l u a t i o n  f o r  t h e  PacIndones ia  

P r o j e c t .  

Western LNG Terminal ,  however, w i l l  r e g a s i f y  LNG n o t  o n l y  

from ~ n d o n e s i a  b u t  a l s o  from Alaska.  Thus, t h e  t e r m i n a l  w i l l  

b e  invo lved '  i n  i n t e r s t a t e  t r a n s f e r s  and w i l l  f a l l  under t h e  

j u r i s d i ' c t i o n  of  t h e  FERC. 

~ a r l y  i n  1978, a c t i n g  under  C a l i f o r n i a ' s  LNG Terminal  A c t  

of 1977, t h e  C a l i f o r n i a  C o a s t a l  Commission i d e n t i f i e d  f o r  

f u t u r e  s t u d y  f i v e  c a n d i d a t e  sites f o r  t h e  Western LNG Ter- 

minal :  P o i n t  Concept ion ,  Guadalupe Dunes, Camp . P e n d l e t o n ,  

T a j i g u a s ,  and Oxnard. Oxnard was i n c l u d e d  i n  o r d e r  t o  "pro- 

v i d e  a  more comple te  e v a l u a t i o n  of  env i ronmenta l  a l t e r n a t i v e s u  

(Ref 2-16). The s e l e c t e d  sites were chosen from a  l a r g e r  

sample of  50 i d e n t i f i e d  i n  a  p r e l i m i n a r y  sea rch .  From t h e  

f i v e  c a n d i d a t e s ,  t h e  C a l i f o r n i a  p u b l i c  U t i l i t i e s  Commission 

(CPUC') c h o s e  P o i n t  Concept ion  i n  a  d e c i s i o n  i s s u e d  on 31 J u l y  

1978. A t  t h e  same time t h e  CPUC approved t h e  F i n a l  EIS i n  

J u l y  1978, and g r a n t e d  a c o n d i t i o n a l  p e r m i t  f o r  t h a t  s i t e .  



I n  O c t o b e r  1978 ,  t h e  FERC s t a f f  p u b l i s h e d  i ts  F i n a l  EIS, 

a g a i n  recommending t h e  Oxnard s i t e  ' f o r  t h e  p r o j e c t .  T h a t  

recommendat ion was p r e c e d e d  by a  s c r e e n i n g  o f  72  p o s s i b l e  

l o c a t i o n s  from which f o u r  p o t e n t i a l l y  a c c e p t a b l e  s i t e s  were 

s e l e c t e d - - ~ a t t l e s n a k e  Canyon, . N a p l e s ,  Oxnard,  and Dos P u e b l o s  

Ranch a t  Los Varas .  The FERC s t a f f ' s  e l i m i n a t i o n  o f  t h e  

P o i n t  C o n c e p t i o n  s i t e  was mos t  s t r o n g l y  i n f l u e n c e d  by s e i s m i c  

( e a r t h q u a k e )  c o n s i d e r a t i o n s .  The c o n c l u s i o n  s t a t e d ,  however ,  

t h a t  the .FERC s t a f f  would r e g a r d  P o i n t  C o n c e p t i o n  w i t h  d i s -  

f a v o r  on  o t h e r  g r o u n d s  (e .g . ,  c o s t  o f  f a c i l i t y  c o n s t r u c t i o n )  

even  i f  t h e  s e i s m i c  i s s u e  c o u l d  be d i s m i s s e d .  

The FERC s t a f f ' s  u n f a v o r a b l e  v iew on  t h e  P o i n t  C o n c e p t i o n  

s i t e  and C a l i f o r n i a ' s  p o s i t i o n  on t h e  Oxnard s i t e  a r e  b o t h  

b a s e d  a t  l e a s t  i n  p a r t  on s a f e t y  i s s u e s .  The FERC n o t e s  t h a t  

t h e  . f a c i l i t y  s h o u l d  n o t  b e  l o c a t e d  n e a r  a seismic f a u l t  when 

o t h e r  o p t i o n s  a r e  a v a i l a b l e .  I ts  p o s i t i o n  is r o o t e d  i n  t h e  

i s s u e  of  t h e  p r o b a b i l i t y  of  a n  a c c i d e n t .  The C a l i f o r n i a  p o s i -  

t i o n  is based  on t h e  number of p e o p l e  n e a r  t h e  s i t e ,  o r  t h e  
* 

p o t e n t i a l  consequence  of a n  a c c i d e n t .  A l s o ,  t h e  FERC's 

p o s i t i o n  i m p l i e s  a  p r i m a r y  c o n c e r n  f o r  p l a n t  s a f e t y ,  whe reas  

C a l i f o r n i a ' s  p o s i t i o n  i m p l i e s  a  p r i m a r y  c o n c e r n  f o r  p u b l i c  

s a f e t y .  

The COE c h o s e  n o t  t o  a c t  on t h e  a p p l i c a t i o n  f o r  t h e  con- 

s t r u c t i o n  p e r m i t  u n t i l  t h e  s i t i n g  i s s u e  was s e t t l e d ,  o n  t h e  

b a s i s  t h a t  i t  d i d  n o t  w i sh  t o  i n v e s t  t i m e  and e f f o r t  need- 

l e s s l y  i n  c a s e  t h e  a p p l i c a t i o n s  t o  t h e  DOE were d e n i e d .  

* A t  t h i s  p o i n t  i n  t h e  h i s t o r y  of t h e  Wes te rn  LNG P r o j e c t ,  
t h i s  d i s t i n c t i o n  is ,  o f  c o u r s e ,  s t r i c t l y  p h i l o s o p h i c a l .  The 
C a l i f o r n i a  p o s i t i o n  is now s t r e n g t h e n e d  by i ts  confo rmance  
w i t h  t h e  s t a t e ' s  l e g i s l a t i o n  on LNG s i t i n g ,  and  t h e  FERC 
s t a f f ' s  p o s i t i o n ,  which a n t e d a t e s  C a l i f o r n i a ' s  law on  LNG 
s i t i n g ,  h a s  b e e n  c o n s i s t e n t  f o r  a t  l e a s t  t h r e e  yea,rs .  None- 
t h e l e s s ,  t h i s  example h i g h l i g h t s  t h e  p o t e n t i a l  p roblem t h a t  
c a n  a r i s e  i n  making LNG s i t i n g  d e c i s i o n s  when f e d e r a l  and 
s t a t e  a p p r o v a l s  a r e  r e q u i r e d .  



The FERC A d m i n i s t r a t i v e  Law J u d g e  i s s u e d  h i s  i n i t i a l  

d e c i s i o n  a p p r o v i n g  P o i n t  C o n c e p t i o n  on 1 3  Augus t  1979. On 

27 September  1979 ,  t h e  DOE (ERA,) g a v e  i ts  f i n a l  a p p r o v a l  f o r  

t h e  P o i n t  C o n c e p t i o n  T e r m i n a l ,  i n  e f f e c t  s u p p o r t i n g  t h e  CPUC 

p o s i t i o n .  S h o r t l y  t h e r e a f t e r ,  o n  1 2  O c t o b e r  1979 ,  t h e  Admin- 

i s t r a t i v e  Law J u d g e  i s s u e d  t h e  f i n a l  o r d e r  a p p r o v i n g  t h e  

p r o j e c t .  L e g a l  a p p e a l s  t o  h i s  d e c i s i o n  have  been  f i l e d  by 

a  number o f  p r o j e c t  o p p o n e n t s  i n  t h e  F e d e r a l  D i s t r i c t  Cour t .  

S i t e  c o n s t r u c t i o n ' w i l l  depend upon t h e  outcome of t h e s e  

a p p e a l s ,  

The c o m p l e t e  c h r o n o l o g y  f o r  t h e  p r o j e c t  i s  l i s t e d  i n  

T a b l e  2-8. 

b. Peakshav ing  f a c i l i t i e s  (Ref .  2-17)--The I n s t i t u t e  

o f  Gas Technology  h a s  n o t e d  t h a t  peakshav ing -  is  n e c e s s a r y  

f o r  two r e a s o n s :  (1) t o  meet  demand f l u c t u a t i o n s ,  and ( 2 )  

t o  hedge s u p p l y  c u r t a i l m e n t s .  A t  p r e s e n t ,  79 p e r c e n t  q f  t h e  

peakshav ing  r e q u i r e m e n t  is  met by underground s t o r a g e  of 
1 

n a t u r a l  g a s ,  1 3  p e r c e n t  by LNG,  and 7  p e r c e n t  by p r o p a n e / a i r .  

T h e r e  a r e  6 3  peakshav ing  p l a n t s  i n  t h e  u n i t e d  S t a t e s ,  w i t h  

a  t o t a l  s t o r a g e  c a p a c i t y  o f  a b o u t  65  b i l l i o n  s c f .  T h e i r  

l i q u e f a c t i o n  c a p a c i t y  is  350 m i l l i o n  s c f / d a y ,  and t h e i r  

v a p o r i z a t i o n  c a p a c i t y  is 8 b i l l i o n  s c f / d a y .  T h e r e  a r e  a l s o  

5 5  s a t e l l i t e  p e a k s h a v i n g  f a c i l i t i e s  h a v i n g  a  t o t a l  s t o r a g e '  

c a p a c i t y  o f  8  b i l l i o n  s c f  and v a p o r i z a t i o n  c a p a c i t y  o f  1 

b i l l i o n  s c f / d a y .  The s a t e l l i t e  f a c i l i t i e s  ,have no l i q u e f a c -  

t i o n  c a p a b i l i t i e s .  T h e s e  f a c i l i t i e s  f i g u r e d  p r o m i n e n t l y  i n  

m e e t i n g  t h e  h i g h  demands of t h e  197'6-77 and 1977-78 w i n t e r s ,  

and  p r o b a b l y  p r e v e n t e d  some c u r t a i l m e n t s .  E x i s t i n g  and 

p l a n n e d  p e a k s h a v i n g  and s a t e l l i t e  f a c i l i t i e s  i n  t h e  U.S. 

a r e  summarized i n  T a b l e s  2-9, 2-10, and  2-11. 

Peakshav ing  f a c i l i t i e s  a r e  s u b j e c t  ' t o  t h e  same f e d e r a l  

l a w s  a s  o t h e r  LNG f a c i l i t i e s ;  however,  t h e y  a r e  f o r  t h e  mos t  



TABLE 2-8.' CHRONOLOGY OF EVENTS--THE WESTERN LNG PROJECT 

9 .  

Date I tem 
. * . *  - 

. . 
9/6/73 Contract signed w i t h  Pertamina f o r  purchase, o f  LNG. 

11/30/73 PacIndonesia FPC appl ica t ion f i l e d  (Sect ion 3, 
CP 74-160). ' 

21 151 74 Pac Indonei i  a FPC appl i c a t  ion f i 1,ed ( sect io l i  7 (c,) , " '  

CP 74-207). 
3 .  

9/17/74 Terminal Company FPC appl i c a t  ion f i l e d  (CP 75-83) 
f o r  LNG terminal f a c i l i t i e s  a t  Los An eles, Oxnard. 
and Point  Conception ( L i t t l e  Cojo Bay 3 . 
PacIndonesia and Pertamina agree t o  LNG p r i c i ng  f o r -  
mula changes and t o  increase i n  base p r i ce  from 63k ., 
t o  $1.25 per m i l l i o n  Btu. 

Western LNG Terminal Associates (WLNG) entered contract  , 

w i th  Pac i f i c  Alaska LNG Company'for gas from Cook I n l e t .  

WLNG entered i n t o  a contract  w i th  PacIndonesia. " 

LNG sale contract  approved by the-Indonesia government. 
, . 

Pac Indones i a and Terminal Company FPC amendments" f i 1 ed ' . ' 
t o  r e f l e c t  LNG purchase contract  ch.anges and, changes, , 

i n  rece iv ing f a c i l i t y  concept, ownership and loca t ion  
' 

(CP 74-160, CP 74-207, CP 75-83). CP 75-83 included 
appl i c a t  i on  f o r  three terminal sites--Terminal Is land 
(South Alaska gas), Oxnard ( Indonesia gas), and Point , .  .. 
Concept i o n  (E l  Paso Prudhoe Bay gas) . 

-. 
i c a t i b n i  f b r  Section 7 permits fbr 'terminals a t  Los. . 

Angeles Hprbor, Oxnard; and Point  Conception f i l e d  by 
Western Terminal w i th  FPC. . . 

Agreements signed w i th  three fo re ign  shipping companies 
t o  lease three LNG ships f o r  twenty years. 

FPC c i r cu la ted  Final  E I S  f o r  terminal  a t  Point  Concep- 
I 

t i on ,  recommending construct ion o f  terminal  a t  Oxnard 
instead. 



TABLE 2-8. CONTINUED 

Date Item 

11/19/75 Agreements signed with two U.S. shipping companies to 
lease six ships for 20 years. 

12/ 31 75 FPC order issued to set the proceedings for the project. 

12/10/75 Direct case f i 1 ing completed before FPC. (Direct test i -  
mony and' exhibits.) 

12/16/75 Hearings began before the FPC. . 
1/27/76 ~&orandum of understanding signed with Pacific Gas 

and Electric Company .to share equally in all past and 
ongoing. costs and resultant gas supplies of the project. 

8/3/76 Draft EIR on Oxnard terminal released for review'by City 
of Oxnard (SES Study) . 
Continued public hearing. before Planning Commission. 
Public hearing for adoption of EIR by Planning Commis- 
sion set for April 1977. 

FPC staff issued Final EIS. 

PacIndonesia hearings before the FPC concluded. 

FPC Administrative Law Judge Gordon issued ini t i a1 deci - 
sion approving project with Oxnard terminal site, but 
with 'conditions re1,ative to ship and termina'l financing. 

Exceptions filed to initial decision of 7/22. 

The LNG ~erminal Act of 1977, signed into law by 
Governor Brown. (El iminates Oxnard from immedi ate 
considerat ion--see LNG Terminal Project .) 

ERA delegated authority in newly created DOE to issue 
final order on project. 

WLNG filed Application No. 57626 with CPUC for permit 
to construct and operate terminal at Point Conception. 

10/22/77 Oral agreement on importation of g'as from Indonesia 
held in Los Angeles. 
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Date It em 

11/11/77 Appl i c a t i o n  t o  ERA (Docket No. 77-001-LNG) amended 
f o r  s i ng le  terminal  a t  Point  Concept ion. 

11/15/77 Appl ica t ion t o  FERC (Docket No. CP75-83) amended f o r  
s ing le  terminal  a t  Point  Conception, 

12/30/77 ERA condi t iona l  l y  approved p ro jec t  f o r  Oxnard wi thout  
mal ice toward other s i tes .  

1/9/78 PG&E and Pac i f i c  L i gh t i ng  Corp. f . i l ed  Applicat ion.No. 
59772 w l t h  CPUC f o r  C e r t i f i c a t e  o f  Publ ic  Convenience 
and. Necessity f o r  p i pe l i ne  t o  Kern County. 

1/30/78 F i l ed  w i th  ERA f o r  a rehearing on ERA r e j e c t i o n  o f  
* escalat ion clause i n  Pertamina contract, no p rov ik  

s ion f o r  f low through o f  any increase i n  shipping. 
costs and absence o f  procedure t o  a l low concurrent 
f ede ra l l s t a te  decisions on .LNG terminal  s i t i n g .  

2/1/78 Ca l i f o rn i a  Coastal Commission i d e n t i f i e d  f. ive s i t e s  
f o r  .LNG terminals, inc lud ing Point  Concept ion. 

2/28/78 ERA ordered rehearing on Opinion Number One. 

2/28/78 CPUC published D ra f t  EIR. 

4/28/78 Appl ica t ion for  const ruct ion permit f i l e d  w i t h  Los 
Angeles D i s t r i c t ,  COE. 

5110178 Ju r i sd i c t i on  f o r  PacIndonesi,a ' terminal s i t . i ng  
t ransfer red from ERA t o  FERC and t h i s  phase t o  
be consol idated w i t h  PacAl aska p ro jec t  hearings. 

I 

6120178 Consolidated hearings began before FERC. 

7/28/78 .CPUC publishes F ina l  EIR. 

7/28/78 F i l e d  w i t h  ERA rev ised esca la t ion prov is ion i n  
Pertamina cont ract  t o  cover f u tu re  LNG p r i c e  
adjustments. 
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Date Item 

. . 
7/31/78 ' CPUC issued favorable decision; w i th  conditions, on 

permit app l icat ion f o r  L i t t l e  'Cojo Bay, terminal a t  
Point Conception. , . 

8 ,  

9/20/78 Motion f i l e d  w i th  ERA and FERC requesting expedit ious 
procedures so t h a t  a federal  decision on terminal 
s i t i n g  can be made by 12/31/78. ' 

I ,  

9/29/78 ERA approved r e i i  sed escalat ion prov is ion i n  ~ e r t a m i n a  
- contract. 

1 ' 10/31/78 Final  EIS issued by FERC s t a f f  .- 
I I. 

1 .  - 

12/4/78 southern Cal i fo rn  i a LNG ~ e r m i n a l  ~ o m ~ a h i '  (SCLNG) f i 1 ed 
appl icat ion w i th  FERC-for an LNG terminal a t  Dee Canyon. 

1/18/79 FERC hearings completed. 

1/18/79 SCLNG f i l e d  motion w i th  FERC t o  consolidate i t s  appl i -  
cat ion w i th  the WLNG appl icat ion.  

4/5/79 FERC denied SCLNG mot ion  t o  consol ida te  proceedings 
wi th  WLNG and ordered a revised b r i e f i n g  schedule. 

41 241 79 ERA issued Opinion Number Six 'on treatment o f  shipping 
and other costs, s i t i n g  and safety. 

5/11/79 I n i t i a l  b r i e f s  f i l e d  on ce r ta i n  issues. 

5/31/79 . Reply b r i e f s  f i l e d .  
t t .  

6/5/79 CPUC establ ishes safety  regulat ions f o r  .constructiok 
and operation o f  the terminal. 

61 71 79 Pe t i t i on  f i l e d  w i th  CPUC f o r  f i n a l  permit f o r  construc- 

I t ion and operation o f  terminal . 
6/14/79 Ca l i f o rn ia  Supreme Court denies p e t i t  ions t o  review 

the CPUC1s, 7/31/78 decis ion conditi.ona1 l y  approving 
the L i t t l e  Cojo Bay terminal s i te .  

I 
6/15/79 FERC denies request t o  rehear the issue o f  Ca l i f o rn ia ' s  

e gas supply and demand s i tua t ion .  



TABLE 2-8 .'" CONCLUDED 
I tem Date 

61 251 79 CPUC o ra l .  hearing on WLNG's p e t i t  ion.  f o r  f i n a l  permit. 

7/3/79 CPUC rea f f i rms  se lect ion o f  L i t t l e  Cojo Bay s i t e  ' f o r  
LNG terminal  . 

8/13/79 FERC Administrat ive Law Judge issued i n i t i a l  decision 
on PacAl.aska and Point Concept ion Terminal . 

9/27/79 DOE issued f i n a l  approval' f o r  the Point  Conception 
terminal  ., . . 

. . 
10/12/79 . FERC ~dh in i s t r a$ i ve :  Law Judge issued f i n a l  approval . 

(Legal appeals have since' been f i l e d  i n  Federal D i s t r i c t  
Court by  pro jec t  opponents.) 



TABLE 2-9. LNG PEAKSHAVING PLANT FACILITIES-- 
U. SJ. AND CANADA :- .;-, . . . . .  

L i que fac t i on  Des ign l to ta l  
capac i t y  Storage vapor i za t i on  

Company and p l a n t  s i t e  ( l o 6  i c f l d a j ) *  ( l o 6  s c f )  ( 1 0 6  s t f l d a y )  

A1 abama Gas Corporat ion , .. 3.9 , . . . . . . .  ' - r  
620 . 361108 

Birmingham, Alabama 

(second tank)  
. . . . . .  . , .;.. . . . . . . . . . . . . . . .  , . ,. 

A1 abama Gas Corporat ion 2 . .7- . . , :. . : .  ,620 A 40180 
Coosada, Alabama 

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

Arkansas-Missouri Power Company 0.7 -191. 30160 
Yarbro, Arkansas 

. . ) , .  , .,;. ':. , ; I.' " '  '. 
A t l a n t a  GasILight Company .., . % .  : - .. . . I0  .Q . . . . . . . . .  .: 1000 .: . . .  

. . . . . .  
200 

Riverdale, Georgia ,,. .. . ,,, . , . ...A 

. . . .  (second tank)  . .- - - .,, - ,1500 -- - 
Bal t imore Gas and E l e c t r i c  Co. 2.75 500 1251187.5 

Balt imore, Mary1 and 

(P lan t  No. 2) ' 2.4 500 62.5 

Bay S ta te  Gas Company 
Ludlow, Massachusetts 

Boston Gas Company 6.0 1000 187.5 
Dorchester, Massachusetts 

(second. tank)  --- 1150 -- - 
Boston Gas Company 

Lynn, Massachusetts 

B r i t i s h  Columbia Hydro : 2.50 625 150 
and Power A u t h o r i t y  

Delta, B.C. 

Brooklyn Union Gas Company 5.7 600 160 
Brooklyn, New York . 

( second tank)  --- 1000 --- 
Chattanooga Gas Company 

Chattanooga, Tennessee 

* scf = standard cubic f o o t  



TABLE 2-9. CONTINUED 

L iquefac t ion  ,Design/total  
capac i ty  Storage vapor iza t ion  

Company and p l a n t  s i t e  (lo6 scf/day) ( lo6 s c f )  ( lo6 scf lday)  

C i t i zens  Gas and Coke U t i l i t y  5.0 1000 180 
Beech Grove, Ind iana 

Commonwealth Natura l  Gas Corp. 5.0 1200 105 
Tidewater, V i r g i n i a  

Connect icut Natural Gas Corp. 6.0 1200 80 
Rocky H i l l ,  Connecticut 

Consolidated Edison o f  New York 5.4 1000 240/ 300 
Astor ia ,  New York 

Delmarva Power' and L i g h t  Company 1.5 250 50 
Wilmington, Delaware 

East Tennessee Natura l  Gas Co. 5.5 1200 105 
Fordtown, Tennessee 

Fa1 1 River  Gas Company 0.5 157 20 
Fa1 1 River, Massachusetts 

Gas Metopol i t an ,  Inc.  10.0 1000 240 
Montreal, Quebec, Canada 

(second tank)  --- 1000 -- - 
Gas L i g h t  Company o f  Columbus 2.0 

Columbus, Georgia 

Intermountain Gas Company 3.7 600 60190 
Boise, Idaho 

Iowa-I1 1 i n o i  s Gas and 
E l e c t i c  Co. 

Bettendorf,  Iowa 

Iowa Power and L i g h t  Company 2.0 400 30 
Des Moines, Iowa 

Iowa Pub1 i c  Service Company 2.5 
Water loo, Iowa 

(second tank)a  --- 407 --- 

'under const ruc t  ion.  
2-46 



TABLE 2-9. CONTINUED 

L iquefac t ion  Des ign l to ta l  I 

capac i ty  Stor  age vapor iza t ion  
Company and p l  ant s i t e  ( l o 6  scf/day) ( l o 6  sc f )  ( l o 6  sc f lday)  

Kokomo Gas and Fuel, Inc.  
Kokomo, Indiana 

(second 1 i que f  ac t  i o n  u n i t )  1.25 --- -- - 
Long I s 1  and L i g h t i n g  Company 

Holbrook, L.I., New York 

Lowel 1 Gas Company 
Lowell, Massachusetts 

Memphis L igh t ,  Gas and 
Water D i v i s i o n  

Memphis, Tennessee 

Metro U t i l i t i e s  D i s t r i c t  
Onaha, Nebraska 

Minnesota Gas Company 
Burnsvi 1 l e ,  Minnesota 

NEGEA-Air Products and 18.5 2000 248 
Chemicals, Inc.  

Hopkinton, Massachusetts 

( t h i r d  tank)  --- 2000 --- 
Northern and Centra l  Gas Co. 2.5 625 85 

Hager, Ontario, Canada 

Northern Indiana 
Pub l ic  Serv ice 

La Porte, Indiana 

Northern I n d i  anab 
Pub1 i c  Serv ice 

La Porte, Indiana 

Northern Natura l  Gas C0.c 10.0 , 2128 200 
Wrenshall, Minnesota 

b1n p l  anni ng . 
CUnder const ruc t  ion.  



. :.. . . .  . .  - 

. .  . 
TABLE 2-9. CONTINUED 

. .  -., . . . 

_ . .  . . . . . . ' .  
.. . . , ~ i q u e f a c t  i on  Des ign l to ta l  

_ . . -  I . .  . .,. capac i ty  Storage vapor iza t ion  
Company and p l a n t . s i t e  . ~ , . <  ( l o 6  sc f l day )  ( l o 6  s c f )  ( l o 6  sc f l day )  

Northern States Power Company 
Eau C la i re ,  Wisconsin 

Northwest Natura l  Gas Company 
Por t  1  and, Oregon 

. . . ,, 

Northwest Natura l  Gas company 
Newport, Oregon 

. - 

Northwest P i p e l i n e  Corporat ion 
P.lymouth, Washington 

(second p1ant)c . . 

Peoples Gas, L igh t ,  and 
Coke Company . 

Fisher, I l l i n o i s  

Peoples Natura l  Gas, D i v i s i o n  
o f  Northern Gas companyb 

Ventura, Iowa . . 

Ph i lade lph ia  E l e c t r i c  Company 
West Conshohocken, Penn.. 

,, 

Phi 1  adel ph ia  Gas Works 
Phi 1  adel phi a, Pennsylvani-a . . 

Piedmont Natural Gas Company 
Char lot te,  North Caro l ina  

Pub1 i c  Service Company 
o f  North Caro l ina  

Gastonia; North Caro l ina  

Roanoke Gas Company 
Roanoke, V i r g i n i a  

San Diego Gas and E l e c t r i c  Co. 
Chula Vista, C a l i f o r n i a  

(P lant  .No. 1 )  
(P lan t  No. 2) 



TABLE 2-9.. CONCLUDED 

Liquefaction Designltotal 
capacity Storage vaporization 

Company and plant site (lo6 scflday) (lo6 scf) (lo6 scflday) 

South Carolina LNG Company 6.0 1006 60 
Bushey Park, South Carolina 

Southern Connecticut Gas Company 6.6 1200 60 
Milford, Connecticut 

Tennessee Natural Gas Lines 5.0 1000 1001.150 
Nashvi 1 le, Tennessee 

Texas Eastern Transmission C O . ~  7.65 --- 1951292 
Staten Is1 and, New York 

Transcontinental Gas Pipe 
Line Corporation 

Hackensack, New Jersey 

Transcontinental Gas Pipe 
Line Corporation 

Carlstadt, New Jersey 
(second tank) 

UG I Cor por at ion 
Temple, Pennsylvania 

Ut i 1 it ies Board 
Trussvil le, Alabama 

0.75 250 Wisconsin Natural Gas Company 50 
Oak Creek, Wisconsin . 

d~torage destroyed 1973--to be rep1 aced. 



TABLE 2-10. LNG SATELLITE FACILITIES (LARGE CAPACITY--FIELD CONSTRUCTED) 

S t  o r  age vo l ume Sendout capacity 

Company and p lan t  loca t ion  LNG Source (lo6 s c f )  (1000 ga l )  (lo6 scf lday) 

A f l  anta Gas L i gh t  Company Southern Energy 
Macon, Georg i a 

Austel 1 Gas Department Pmerican LNG Corporation 80 2 3 20 
Austel l ,  Georgia 

Bay State  Gas Company D is t r igas  Corporation 800 225 35 
Easton, Massachusetts 

Boston Gas Company ' - ' Boston Gas Company 1000 290 
Salem, Massachusetts 

cape Cod Gas Company   ow el 1 Gas company 174 50 
South Yarmouth, Massachusetts 

Chicago Bridge and I r o n  Company 'Various 
Cordova, A1 abama 

E l  izabethtown Gas Company Transco 150 .45 
Elizabeth, New Jersey Hackensack, New Jersey 

For t  Hi1 1 Natural American LNG 3 5 10 
Gas Au thor i t y  Corporation 

Haverh ill Gas company * D is t r igas  Corporation 400 116 
Haverh ill, Massachusetts 

Lyn'chburg Gas Company Various 4 2 12 
Lynchburg, V i r g i n i a ,  ,. 



h - 
TABLE 2-10. CONTINUED 

Storage volume Sendout capacity 
Company and p lant  loca t ion  LNG Source ( l o6  sc f )  (1000 ga l )  . ( l o 6  scf lday) . . 

New Bedford Gas and ' Erlf son 
I 

L igh t  Company 
Acushnet, Massachusetts 

NEGEA-APCI 200 '57 
' Hopkinton, Mass. 

I (second tank) 300 87 -- - 
New. Jersey Natural Gas Company D i s t r  igas ,Corporation. 100 

Staf ford Township, N. J. 
. . . .  

New Jersey Natural Gas Company D i  s t r  igas Corporation 400 
Howell Township, N. J. 

h) 
I 
ul 

Northern States Power Company Northern States Power Co . 130 37 
CI Wescott , Minnesota Eau Claire, Wisconsin 

Northern States Power Company -Northern States Power Co. 
Lacrosse, Wisconsin Eau Claire, Wisconsin 

Phi ladelphia Gas Works . Phi ladelphia Gas Works 
Philadelphia, Penn. Philadelphia, Penn. 

Providence Gas Company 
Exet e r  , Rhode I s  1 and 

Various - . 198 55 24 

Publ ic Service E lec t r i c  Various 
and Gas C,ompany , 

Burl ington Township, N. J. 



TABLE 2-10. CONCLUDED 

-- - 

, 

Company and p lan t  l o c a t i o n  LNG Source 
Storage vo l  ume Sendout capac i ty  

(lo6 s c f )  (1000 ga l  ) (lo6 scf lday) 

South Jersey Gas Company 
McKee City, New Jersey 

S p r i n g f i e l d    as system 
Spr ing f i e ld ,  Tennessee 

Val 1  ey -Gas Company 
Cumber 1  and, Rhode I s l  and 

h, I V i r g i n i a  P ipe l i ne  Company 
VI 
h) 

Amherst County, V i r g i n i a  . 

D i s t r i g a s  Corporat ion 400 

8 

Various 

New England LNG Company . 87 



Storage v o l  ume Sendout capac i ty  
Company and p l a n t  l o c a t i o n  LNG Source (lo6 s c f )  (1000 g a l )  (lo6 sc f lday)  

Bay Sta te  Company 
Marshf i.eld, Massachusetts 

Ci'ty o f  Brownsv i l le  
Gas Department. 

Cape Cod Gas Company 
South Yarmouth, . Massachusetts 

Cape Cod Gas Company 
Warcharn, Massachusetts 

concord Nat u r  a1 Gas Corporat ion 
Concord, New Hampshire 

The Connect icut L i g h t  
and Power Company. 

Danbury, Connecticut 

The Connecticut L i g h t  
and Power Company 

Norwal k , Connecticut . 

Lowel 1 Gas 'Company 9.0 110 
Tewksbury , Mass. 

Memphis L ight ,  Gas and 0.5 6 
Water D i v i s i o n  

Lowel 1 Gas Company 5.2 63.5 
Tewksbury, Mass. 

Lowell Gas Company 4.5 55 . 
Tewksbury, Mass. 

Bay Sta te  Gas Company 4.5 55 

New England LNG Company 8.26 110 
and D i  s t r  i gas 

New England LNG Company 4.5 55 
and D i s t r i g a s  

The Connecticut L i g h t  New England LNG Company 12.39 165 7.2 
and Power Company and D i s t r i g a s  

Waterbury, Connecticut 



TABLE 2-11. CONTINUED 

Storage volume Sendout capac i ty  

Company and p l a n t  l o c a t i o n  LNG Source (lo6 s c f )  (1000 g a l )  ( lo6  sc f lday)  

DeKal b-Cherokee Counties' Chattanooga Gas Company 4.. 5 2 2 2.2 
Gas D i s t r i c t  

For t  Payne, Alabama 

E l  izabethtown Gas Company Transco 1.7 21 
Hackett.stown, New Jersey 

h 
Hackensack, N.J. 

F i tchburg  Gas and E l e c t r i c  Lowel 1 Gas Company 4.5 55 
L i g h t  Company Tewksbury, Mass. 
Westminster, Massachusetts 

Gas Service, Inc.  New England LNG Company 4.5 5 5 
w 
I Nashua, New Hamphshire 

VI 
rP The Har t fo rd  E l e c t r i c  New England LNG Company 4.4 55 2.2 

L i g h t  Company 
- Montv i l le ,  Connecticut 

The Har t fo rd  E l e c t r i c  New England LNG Company 4.5 55 
L i g h t  Company 

Stamford, Connecticut 

The  artf ford ~ l e ' c t r i c  New England LNG Company 4.2 55 3.0 
L i g h t  Company 

Tor r i ng ton ,  Co_nnecticut 

Holyoke Gas Department Lowel 1 Gas Company 18 .O 220 12.0 
Holyoke, Massachusetts Tewksbury, Mass. 



TABLE 2- 11. CONTINUED 

Storage volume Sendout capac i ty  
Company and p lan t  l o c a t i o n  LNG Source (lo6 s c f )  (1000 g a l )  (lo6 scf/day) 

Lawrence Gas Company Lowel 1 Gas Company, 12 .O 150 19.2 
Lawrence, Massachusetts Tewksbury, Mass. 

S p r i n g f i e l d  Gas 
L igh t  Co. 

Spr ing f ie ld ,  Mass. 

Lowel 1 Gas Company Lowel 1 Gas Company 2.5 ' 30 12.0 
Wilmington, Massachusetts Tewksbury, Mass. 

Lowel 1 Gas Company Lowel 1 Gas Company 
ul 
ul 

Westford, Massachusetts Tewksbury, Mass. 

Manchester Gas Company New England LNG Company 

I Manchester, New Hamphshire 

Middleboro Gas and Lowel 1 Gas Company 2.5 30 
E l e c t r i c  Department Tewksbury, Mass. 

Middleboro, Massachusetts 

Middle Tennessee Natural Memphis L igh t ,  Gas, 1.8 
Gas A u t h o r i t y  and Water D i v i s i o n  

Smi  t h v i  1 le ,  Tennessee Memphis, Tennessee 

Northern U t i l i t i e s  
Lewiston, Maine 

New England LNG Company 4.5 110 7.2 

City o f  Norwich Depart- New England LNG Company 4.5 55 
ment o f  Pub l ic  U t i l i t i e s  

Norwich, Connecticut 



TABLE 2-11. CONCLUDED 

Storage volume Sendout capac i t y  

Company and p lant  loca t ion  LNG Source (lo6 sc f )  (1000 . g a l )  (lo6 scf lday) 

Piedmont Natural Gas 
Lenoir, North Carolina 

Savannah Publ ic 
U t  i 1 i t y  Departnient 

Savannah, Tennessee 

American LNG Company 4.1 5 5 

Chattanooga Gas Company 0.85 11 

United C i t i e s  Gas Company 
Murfreesboro, Tennessee 

UGI Corporation 
tu 
I 

Hazelton, Pennsylvania 
UGI Corporation 0.85 11.5 2.16 

ul 
Westf ie ld Gas Department 

Westf i eld, Massachusetts 
Lowell Gas Company 9.0 110 12.0 

Tewksbury, Mass. 

Wisconsin Gas Company 
Rice Lake, Wisconsin 

Mort hern States Power 16.72 200 7.2 

Wisconsin Gas Company 
Black River Fa1 ls, Wisconsin 

Northern States Power 0.85 11.5 10.0 



quence ,  a n  I m p o r t  Orde r  f rom t h e  ERA i s  n o t  u s u a l l y  r e q u i r e d ,  

and n e i t h e r  t h e  C o a s t  Guard n o r  t h e  COE is  involved i n  t h e  

a p p r o v a l  p r o c e s s .  For  i n t e r s t a t e  t r a n s f e r s ,  t h e  FERC must  

a p p r o v e  t h e  p r o j e c t  unde r  S e c t i o n  7 of t h e  N a t i o n a l  Gas A c t ;  

i n t r a s t a t e  t r a n s f e r s  a r e  e n t i r e l y  w i t h i n  t h e  j u r i s d i c t i o n  o f  

s t a t e  a n d . l o c a 1  governments .  

(1) Nor thwes t  P i p e l i n e  LNG I1 Project--On 9 September  

1975, t h e  N o r t h w e s t  P i p e l i n e  Company, h e a d q u a r t e r e d  i n  S a l t  

Lake C i t y ,  Utah,  a p p l i e d  t o  t h e  FPC f o r  a  C e r t i f i c a t e  o f  

P u b l i c  Conven ience  and N e c e s s i t y  t o  c o n s t r u c t  a  p e a k s h a v i n g  

f a c i l i t y  a t  Plymouth,  Washington.  T h i s  f a c i l i t y  was t o  have  

e s s e n t i a l l y  t h e  same c h a r a c t e r i s t i c s  a s  an  e x i s t i n g  f a c i l i t y  

b u i l t  i n  1974  a t  t h e  same l o c a t i o n ,  and t h u s  r e p r e s e n t e d  a  

d o u b l i n g  o f  e x i s t i n g  c a p a b i l i t y .  Each s t o r a g e  t a n k  h o l d s  

348,000 b a r r e l s  of l i q u i d  ( e q u i v a l e n t  t o  1 .2  b i l l i o n  s c f  of 

g a s ) .  The combined e x i s t i n g  and new f a c i l i t i e s  c a n  l i q u e f y  

6 m i l l i o n  s c f / d a y ,  and t h e i r  maximum s e n d o u t  is  300 m i l l i o n  

s c f / d a y  o f  g a s .  

. . . The p l a n t  is  r e m o t e l y  s i t e d .  ~ l y m o u t h ,  t h e  n e a r e s t  

s e t t l e m e n t ,  i.s t h r e e  miles d i s t a n t  and h a s  a  p o p u l a t i o n  o f  

a b o u t  250 p e o p l e .  I t  i s  i n  an  a g r i c u l t u r a l  r e g i o n ,  w i t h  

o t h e r  s m a l l  communi t i e s  f a r t h e r  away. 

The t a n k s  a r e  above g round ,  c o n s t r u c t e d  on t h e  f l o o r  

o f  a  p i t  w i t h  a  p e r i p h e r a l  berm. The volume o f  t h e  p i t  and 

berm e x c e e d s  t h a t  of t h e  t a n k .  Each t a n k  a l s o  h a s  a  c a t c h -  

ment  a r e a  w i t h i n  t h e  p i t  which h a s  enough c a p a c i t y  f o r  f u l l  

f low f o r  o n e  hour  from .one .22.--inch suc.t.i.on .nozzle;: Tank 

and f a c i l i t y  c o n s t r u c t i o n  g e n e r a l l y  e x c e e d s  t h e  DOT-OPSR 

r e g u l a t i o n s .  

The c r i t i c a l  p a t h  f o r  p e r m i t s  f o r  t h i s  s i t e  was t h e  

C e r t i f i c a t e  of  P u b l i c  Convenience .  The o n l y  l o c a l  b u i l d i n g  

p e r m i t  r e q u i r e d  was t h e  c o u n t y  b u i l d i n g  permi t ,  which was 



o b t a i n e d  i n  a  r o u t i n e  manner. Approximately f i f t y  o t h e r  

l i c e n s e s  and p e r m i t s  p e r t a i n i n g  t o  zoning,  h e a l t h ,  s a f e t y ,  

e t c . ,  were a l s o  o b t a i n e d  i n  a  r o u t i n e  manner. E v a l u a t i o n s  

by o t h e r  f e d e r a l  a g e n c i e s  and comments of  i n t e r -  

v e n o r s  were o b t a i n e d  by t h e  FPC th rough  t h e  p r o c e s s  of  p u b l i c  

n o t i c e  and p u b l i c  h e a r i n g .  S i n c e  t h e  p l a n t  p roduces  no 

i n d u s t r i a l  e f f l u e n t s  and no s i g n i f i c a n t  a i r  emiss ions ,  t h e r e  

were no env i ronmenta l  c o n t r o v e r s i e s  o v e r  wa te r  o r  a i r  i s s u e s .  

A f t e r  t h e  p u b l i c  h e a r i n g s  were opened, Nor thwest  P i p e l i n e  was 

r e q u e s t e d  t o  p r o v i d e  a d d i t i o n a l  d a t a  on c o n s t r u c t i o n  and on 

s a f e t y  f a c t o r s ,  t o  which t h e y  responded w i t h i n  a  few months. 

The t ime from N o r t h w e s t ' s  l a s t  r e s p o n s e  u n t i l  t h e  C e r t i f i c a t e  

was i s s u e d  was e l e v e n  months. The C e r t i f i c a t e  was condi-  

t i o n a l  upon t h e  FPC's a p p r o v a l  o f  t h e  c o n s t r u c t i o n  drawings  

and i n s p e c t i o n  of  t h e  f a c i l i t y .  

Two i n s p e c t i o n s  were made. The f i r s t  was a n  i n - p r o c e s s  

i n s p e c t i o n  on 1 7  February 1978,  i n  which i n t e r i o r  c o n s t r u c -  

t i o n  was obse rved  from i n s i d e  t h e  tank.  The second and f i n a l  

i n s p e c t i o n  was made on 31 May 1979. An i n s p e c t o r  from t h e '  

Washington S t a t e  U t i l i t y  and T r a n s p o r t a t i o n  Commission was 

informed of  and p a r t i c i p a t e d  i n  i n s p e c t i o n s  of t h e  f a c i l i t y  

a l o n g  w i t h  i n s p e c t o r s  from t h e  FERC (which r e p l a c e d  t h e  FPC),. 

Upon a p p r o v a l ,  c o n s t r u c t i o n  was comple ted ,  and t h e  new f a c i l -  

i t y  came o n - l i n e  i n  t h e  f a l l  of  1979. 

The chrono logy  of  t h e s e  e v e n t s  is summarized i n  T a b l e  2-12. 

O v e r a l l ,  t h e  p e r m i t t i n g  p r o c e s s  took a b o u t  17  months, and t h e  

c o n s t r u c t i o n  and i n s p e c t i o n  p r o c e s s  took two y e a r s  more. 

The c r i t i c a l  p a t h  f o r  o b t a i n i n g  a l l  r e q u i r e d  p e r m i t s  f o r  

t h i s  peakshaving f a c i l i t y  was c o n s i d e r a b l y  s h o r t e r  t h a n  f o r  

t h e  LNG t e r m i n a l s  t h a t  were reviewed--ohe and a  h a l f  y e a r s  

compared t o  f o u r  t o  s i x  y e a r s .  T h i s  d i f f e r e n c e  a p p e a r s  t o  

be  due p r i m a r i l y  t o  t h e  f a c t  t h a t  fewer f e d e r a l  a p p r o v a l s  ~ 

were r e q u i r e d  f o r  t h e  peakshaving f a c i l i t y .  I n  p a . r t i c u l a r ,  



TABLE 2 - 1 2 .  CHRONOLOGY. O F  EVENTS--' 

- * .  NORTHWEST, P I P E L I N E  LNG I1 . . - 
I tem 

~ p p l  i c a t i o n  f o r  C e r t i f i c a t e  o f  Publ ic  Convenience and 
Necessity. 

Notice pub1 ished i n  Federal ~ e g i s t e t .  ' 

Request by FPC f o r  add i t iona l  data. 

Dead1 ine  f o r  In tervenor 's  Response. 

'Data provided by Northwest. 

Request by FPC f o r  safe ty  fac to r  data. 

Data provided by Northwest. 

C e r t i f i c a t e  issued byFpc.  

Construct ion star ted.  

Drawings submitted t o  FPC. 

Tank .design and construct  i on  plans approved. 

In-process inspect ion. 

Complete construct ion drawings approved. 

. F ina l  inspection. 

S ta r t  o f  service. 
' i .  



< 

n e i t h e r  t h e  ERA nor  t h e  COE was requ ired  t o  approve t h e  

Northwest  P i p e l i n e  P r o j e c t ,  whereas f o r  t h e  marine t ermina l  

p r o j e c t s  rev iewed such  approva l s  were requ ired  and were f o r  

t h e  most p a r t  conducted  i n  s e r i e s  w i t h  t h e  F E R C ' s  rev iew.  
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111. LNG SAFETY INFORMATION FOR REGULATORY PURPOSES 

I 1. INTRODUCTION 

Basic safety information is, of course, useful not only 

for analyses and standards prepared by regulatory agencies, 

but also for LNG facility and vessel designers, owners, and 

operators. Indeed, common safety models and data are often 

used by the gas industry and the government. To obtain a 

current statement of what further technical information is 

desired and what the perceived uncertainties'are in the avail- 

able predictive methods in the opinions of regulatory agencies, 

the gas industry and researchers, RDA held discussions with a 

number of groups and individuals. Included were the USCG, 

OPSR, FERC, the National Fire protection Association ( N F P A ) ,  

the American Gas Association (AGA), the Gas Research Insti- 

tute (GRI), a number of university professors, consulting 

I research organizations, and a number of gas company.repre- 
sentatives involved with LNG. In addition, LNG standards pre- 

a 

pared by government agencies, and state laws specifically 

applicable to LNG were reviewed. The purpose was to obtain 

a cross section of current thinking and not to make a compre- 

hensive survey. The findings relating primarily to public 

safety are summarized below. 

I 2. FEDERAL AND STATE REGULATIONS 

a. Office of Pipeline Safety Regulations--On February 11, 

1980, the Materials Transportation Bureau of GOT published a 

set of federal. safety standards for LNG facilities (Ref. 3-l), 

which followed by about a year a previous notice of proposed 

rule making (NPRM). These new OPSR LNG safety standards, 

effective March 15, 1980, form a new Part 193 of Title 49 of 

the Code of Federal Regulations (49 CFR Part 193), covering 

primarily public safety for both peakshaving facil.ities and 

the facilities portion of marine terminals. (As indicated in 



Section 11, through a Memorandum of Understanding (MU) between 

the USCG and MTB, the USCG has jurisdiction over marine facili- 

ties from the sea up to the last flange connecting the LNG 

transfer lines to the shore-based storage tanks, in addition 

to fire protection and security for the entire water-front 

operations.) The previous Federal safety standards governing 

LNG, 49 CFR Part 192, adopted as an interim measure the National 

Fire Protection Association (NFPA) Standard 59A on LNG safety. 

In the new safety standards OPSR incorporates only a portion of 

NFPA 59A, 1979 edition, and presents its own standards for ex- 

clusion distances required for public safety from thermal ef- 

f ects. The major proposed exciusions distance requirements are: 

Thermal radiation exclusion zones for a pool fire 
over a spill in an impoundment area are to be com- 
puted by a simple model, specified in the standards, 
which accounts for differences in elevation between 
the LNG .impoundment and the off-site "target" and 
allows for flame tilt due to wind. The angle of 
tilt can be taken as 45 degrees, or calculated by a 
model using a wind speed exceeded less than 5 percent 
of the time at the site, and approved by tHe Director 
of MTB: The flame length is' taken as 3 times the 

. hydraulic diameter of. the impoundment area. The 
exclusion distance, d, is measured from the tip of 
the flame horizontally to the target or along a line 
perpendicular to the edge of.the flame to the target, 
depending upon the .geometry. The exclusion distance 

' is determined by the formula: . 

where A Z largest horizontal area of the impoundment, 
f - a factor with assigned values of 3, 1.6, 

1.1 or 0.8, 'depending upon target type, 
for six classes of targets. 

3 

- I  . . ,  
The simple model given is designed to limit the 

, thermal flux incident on six classes of targets to 
. <  

values ranging from 5 k~/m2 (1600 ~~~/ft*-hr) for 
outdoor areas occupied by 20 persons or more (class 1 
target) to as high as 31 k~/ni2 (10,000 ~~u/ft~-hr) 



for class-6 targets (certain buildings, and the 
property line). 

Alternatively, d may be determined by a model using 
statistical data for atmospheric conditions provided 
that the model has been .experimentally verified and 
approved by the Director of MTB. The alternative 
model must assure that the incident flux levels do 
not exceed those specified in the standard for the 
six classes of targets. 

Flammable vapor exclusion zones are required so that 
flammable vapors are prevented from reachins six 
classes of targets (outdoor areas normally occupied 
by 20 or more persons, and five types of buildings), 
except where a planned control method is approved 
by the Director of MTB. The method to be used for 

+ 

computing the vapor dispersion is specified as that . 
presented in Appendix B of Reference 3-3. [We note 
that this is one of the simplest line-source Gaussian, 
models and was intended only for use in comparing . 
vapor alleviation methods.] The average gas concen- 
tration in air at the exclusion zone boundary is to 
be no greater than 2.5 percent (presumably by volume) 
on the plume centerline. The weather conditions to .' 
be used are specified as those which "result in 
longer predicted downwind dispersion distances than 
other weather conditions at the site at least 90 
percent of the time, based on U.S. government weather 
data..." Credit is apparently allowed for vaporiza- 
tion rate reduction with time after the impounding 
floor is covered by LNG, coupled with vapor detention 
by the dike walls. The LNG vaporization rate to be 
used*in the vapor dispersion calculations is specified 
in considerable detail. The spill is taken as the 
greatest overall flow capacity from an assumed ru~ture 
of a single transfer pipe or multiple pipes where 
parallel flow is not prevented. The flow time is to 
be not less than 10 minutes plus additional time (for 
side or-bottom penetration of the tank by the line) 
for the differential head acting on the opening-to 
reach zero. 

Alternatively, the vapor exclusion zone may be calcu- 
lated by a model which has been experimentally veri- 
fied.and approved. by the Director of MTB. Also, where 
the model used gives larger distances at lower wind- 
speeds, a category-F atmosphere with 4.5 mph.windspeed, 
50 percent relative humidity and 0°C may be used in 
lieu of the "90 percent" weather conditions quoted 
above. 



LNG vapor explosion is not addressed specifically in the 

standard; however,,a rule is included which requires that 

storage tanks with an air s.pace beneath the tank bottom be 
' 

designed to withstand the forces caused by the ignition of a 

combustible vapor cloud in that space. The concern apparently 

is that a detonation or strong non-ideal explosion might occur 

in vapors leaked into the partially confined.space and cause 

structural failure of the tank. 

b. United States Coast Guard Regulations--The USCG has 

published comprehensive safety rules and regulations covering 

the design, inspection, construction, equipment, operation, 

.maintenance, and repair of vessels carrying hazardous liquids. 

The most recent of these publications with direct applicability 

to LNG was published in the Federal Register on May 3 ,  1979 

(Ref. 3-2). It was preceded by "Proposed Standards for Self- 

propelled Vessels Carrying Bulk Liquefied Gas," published in 

Part I1 of the October 4 ,  1976 Federal Register. These rules 

apply to public "safety in that they seek to prevent accidental 

release of hazardous liquid throughout the entire spectrum of 

the vessels' lifetimes from design throughout all intermediate 

steps and all aspects of their utilization. Provisions are 

made for 'minimizing the volume of - any, accidental spills from 

transfer lines, by requiring quick-closing shut-off valves to 

I'clos* from 'the open position in at least 30 seconds or less." 

Other active and passive measures are required for mitigating 

the effects of spills on the deck, including the use of pro-. 

tective materials under possible spill points in the liquid 

transfer piping and the provision'of fire-fighting and pro- ' 

tection equipment, such as dry chemical systems, high-expansion 

foams, and water spray. While survival damage requirements are 

specified for the vessels there is no specification of acci- 

dental spill sizes such as those given in the OPSR NPRM. How- 

ever, although not a regulation, the USCG has stated in 



Reference 3-3 that the spill of the contents of one tank on an 

LNG vessel represents the maximum credible spill. 

The USCG published an Advanced Notice of Proposed Rule- 

making' for LNG facilities in August 1978 (Ref. 3-4). These 

proposed standards incorporate parts of NFPA 59A, 1975 edition 

and present a number of clearance dist.ances. Those pertinent 

to this work propose that: 

No berthed LNG vessel may be within 50 m or "d", 
whichever is greater, of the edge of the impounding 
space surrounding the shore-based LNG storage tanks, 
with 

where A r inside area, measured across the top of 
the impounding space. 

LNG loading flanges must be located at least 305 m 
from the following structures which are primarily 
intended for the use of the general public or rail- 
ways : 

1) Each bridge crossing a navigable waterway. 

2) Each entrance to or superstructure of a 
vehicular tunnel under a navigable water- 
way. 

c. FERC safety analyses for environmental impact state- 

ments--Although the safety analyses performed by the FERC EIS 

staff (Staff) in pieparing their EIS in response to an appli- 

cation for a given LNG project do not officially constitute a 

standard or formal regulation, the effect of such analyses is 

in fact regulatory, in that the results are considered in the 
FERC approval process. Therefore, we shall summarize the FERC 

staff safety analysis. 

Siting, safety and mitigating measures constitute the 

most important aspects of the Staff analyses. Any analyses 

done for land-based spills are performed on a deterministic 



basis. However, their main safety investigation is a public 

risk analysis performed for a spill from an LNG tanker ship. 

This analysis considers four conditional probabilities together 

with an assumed spill size, models for vapor dispersion and 

ignition and pool fire radiation, and the population in the 

vicinity of the terminal. These four probabilities are: ' 

The annual probability of an accident occurring 
to an LNG tanker while in transit. 

The probability of. a spill of LNG occurring in 
the event of a tanker accident. 

, . 

The probability of the formation of a flammable 
vapor cloud or an LNG pool fire. 

The probability of'a .fatality resulting ,from exposure 
to a flammable vapor c1oud.o~ radiation from a 
pool fire. . . 

The product of these four probabilities and the number of 

persons in the vicinity gives the expected fatalities per 

year. The first two probability values are established from 

USCG historical data on marine casualties, with allowances 

made for the superior construction of LNG tankers and for 

mitigating measures, such as the use of vessel traffic sys- 

tems (when appropriate). Statistics on the type of casualty 

(collisions, rammings, and groundings) are used and a casualty 

probability is estimated for the port of interest. Historical 

data on accidental spills from tankers (other than L N G )  are 

used to estimate the probability of spill vs size and the type 

of casualty accident. The waterway bottom characteristics are 

considered and a maximum credible spill is estimated along with 

its probability of occurance. 

0 
The probability of ignition of the vapor cloud at the.. 

spill point is taken to be 0.9, and the Staff feels that this 

is conservative for the drifted vapor cloud analysis (Ref. 3-5). 

For the last item, the staff uses models for pool fire 

radiation and vapor cloud dispersion along with the probability 



of ignition for the latter to complete the four probability 

* .  

2 values needed. A radiant flux of 5,300 ~Tu/ft -hr for a period 

of.5 s is.used as the criterion for fatalities for pool fires. 

It ie .asswed that 20 percent of the population.within.this 

area .will be fatalities. The usual tilted cylinder model,,is 

used for,the radiating flame and for large flames the diameter 

is calculated by the Raj and Kalelkar liquid-spreading method. 
. . 

2 A radiating power of 45,000 BTU/ft -hr is used and the flame 

height, L, is calculated using the formula, 

. .  ,. * -  . 

where x i "  ' Z  LNG boiloff rate, per unit area, 

D burning pool diameter, 

E air density, and 'a 

: . . ?  r gravitational constant. 
. . 

(We noteathat this formula is questionable in that L/D increases 

with flame.diameter in contrast to other work on the subject.) 

Allowance is made for atmospheric attenuation on a black-body 

basis. . 
, . 

The Staff considers the drifted vapor cloud to present 

the greatest hazard to the public under most conditions. They 

normally use their own model for predicting the extent of the 

combustible cloud. This is a very approximate model in which 

gravity spreading is allowed but no air entrainment is included 

during the spreading. Heat transfer from the water and air is 

introduced to create a neutrally buoyant cloud which then is 

caused to mix as it drifts downwind by use of a virtual point- 

source technique and Gaussian passive dispersion coefficients 

f0r.a neutrally stable atmosphere and 5 mph wind speed. The 

results usually show smaller .dispersion distances than most 



other models. However, the Staff has stated that the "great 

disparity among the various models must be considered in an . 

objective determination of public risk," and has modified its 

procedure to consider a range of wind speeds and stability 

classes together with a modification to the vapor release rate 

used in their model. The results, for example, predict 5 

percent (average) gas concentration dispersion distances of 

5.9 km (stability  an and 27.1 km (stability F) for a 30,000 m 3 

LNG spill on water at a wind sgee.d of 4-6 kts. .This .is to.be 

compared to 1.3 km for the original one-wind-speed, one. .s.tabili.ty 

class procedure. The probability of cloud ignition by a single 

ignition.source is taken as 1 percent, and the number of igni- 

tion sources per km2 is determined for the area under study. 

Together with wind roses and atmosphere stability data for the 

area, the dispersion predictions and ignition probability are 

used to predict the fatalities for the area. All persons 

located within the combustible cloud upon its ignition are 

counted as fatalities. It is assumed that thermal radiation 

outside the burning.vapor plane is negligible. An individual 

risk of low7 per year is generally considered acceptable by 

the Staff and is not. 

The Staff approach, depending as it does upon.physica1 

models of vapor dispersion and pool fire radiation coupled 

with a number of event probabilities, might suggest a need for 

research to establish with greater coniidence at least some of 

the probabilities used. It also appears that the Staff has 

little confidence in the accuracy of vapor dispersion models. 

They.seem to be faced with having to make "conservative" judge- 

ments on physical models as well as on a number of the event 

probabilities. 

d. State of California--The California legislature passed 

what they referred to as an "emergency act" in 1977 (Ref. 3-6), 

which permitted construction of one LNG terminal in the state 



and gave specific population exclusion zones for protecting 
/ 

the population from accidental spills. The key provisions of 

this act are: t 

(1) Population density shall be not greater than an 
average of 10 persons per square mile for a dis- 
tance of one mile outside.the perimeter of the 
site-on- which the offloading, regasification, and 
storage facilities for LNG will be located. 

(2) Population density shall be not greater than an 
average of 60 persons per square mile for a dis- 
tance of four miles outside the perimeter of the 
site on which the offloading, regasification, and 
storage facilities for LNG will be located. 

(3) The terminal shall. be located so that no marine 
vessel transporting LNG would be required or per- 
mitted in the normal course of marine operations, 
according to the plan of operations filed by the 
applicant pursuant to subdivision (b) of Section 
5601, to pass closer to areas of population den- 
sity than the distances specified in paragraphs 
(1) and (2),. 

The act required that the terminal be constructed on land in 

a location .remote from population. It also required the 

California Public Utilities commission to adopt regulations 

governing the safety and construction of the terminal. 

The CPUC published said regulations effective July 5, 1979 

(Ref. 3-7). The safety standards require a thermal radiation 
2 exclusion zone based on 1600 BTU/ft -hr or less at the property 

line that can be built upon. This exclusion distance, d, is - .  

to be complied with by using the equation, 

where A Z surface area of impounded LNG measured across the 

top of the impounding volume, 

or by an.ana1ysi.s acceptable to the CPUC in which a wind speed - 
1 is used which is the highest wind speed that is exceeded 



10 percent of the time at the site, and an ambient humidity 

which is the absolute humidity that is exceeded 90 percent of 

the timeat the site. In no.case can the distance be less 

than 50 feet, and any flame radiation from the impounded area 

must not immobilize any berthed LNG marine carrier. 

Flammable vapor control requirements define the design - 
spill for each component to be the largest flow possible from 

any single line for a duration of 10 minutes (or less if demon- 

strable shutdown .provisions are.acceptable to CPUC). If dis- 

tance is the method chosen to mitigate vapor cloud hazards, the 

exclusion must be calculated by model(s) approved by the Com- 

mission. Thermal properties of the impounding surfaces must 

be conservatively estimated or experimentally determined and 

the predominant combination of wind speed and atmospheric sta- 

bility at the site must be used. Alternatively, the Pasquill- 

Gifford F stability category and a 2 m/s wind may be assumed. 

An average gas concentration of not more than 2.5 percent by 

volume in air is the criterion to be used for computing exclu- 

sion distance. Use of vapor barriers and impoundment surface 

insulation may be used for vapor .control, but they must be 

capable of withstanding the thermal and mechanical loads ,of 

the spill. Each LNG' storage tank is to be impounded separately. 

We note that the state of California has imposed a unique 

population density restriction with respect to LNG facility 

siting on marine tanker routes; however, the CPUC safety stan- 

dards are similar to those proposed by OPSR, and apparently are 

less stringent than OPSR's design spill proposal for a seisrni- 

cally active zone. 

e. National Fire Protection Association Standard 59A-- 

Although NFPA 59A is not a regulatory standard itself, most 

LNG regulations include it by reference to some degree. The 

latest (1979) 'edition of 59A (Ref. 3-8) contains the following 



thermal radiation criteria for determining the exclusion 

distance to the property line that can be build upon: 

where A1 Z impounding surface area for design spill 
and dl applies to a property line that 
can be built upon, and 

where A2 Z surface area for full storage tank spill 
and d2 applies to areas of outdoor assembly. 

where A3 E impounding area for a full tank spill, 
and d3 applies to existing buildings out- 
side the property line used for purposes 
of assembly, education, health care, resi- 
dential and penal housing. 

where A4 .:surface area of impounded LNG where the 
impounding area is filled with a volume 
of LNG equal to the total volume.of the 
largest container, or of all containers 
in the impound area, if no provisions are 
made.to prevent a leak from one causing 
leakage from another (by chilling or fire 
damage) . 



The proposed change for vapor zone exclusion permits any 

suitable model to be used for calculating vapor dispersion, 

indicating that the Project IS-3-1 methods are suitable , (Ref. 

3-9). The method should employ the combination of wind speed 

and atmospheric Stability to give the largest djspersion dis- 

tance that is exceeded.less than 10 percent of the time; alter- 

natively, Pasquill-Gifford F-stability and 2'm/,s.'wind speed may 

be used. Vapor mitigation techniques, both active and passive, 

may be considered if they are acceptable to the authority having 

jurisdiction. 

3. PERCEIVED KEY RESEARCH NEEDS 

Discussions with about 20 government and non-government 

groups and individuals resulted in a rather .wide range of opin- 

ions on uncertainties in current LNG safety information and 

what the research needs are. There was almost as much spread 

in opinions of what the quantitative goals should be for a 

research program. The ranges of statements on uncertainty 

factors, F, defined as the highest expected value divided by 

the lowest, are given in Table 3-1. 

The trend in opinions expressed tended to identify vapor 

dispersion as the problem needing the most research work. 

Almost all gas industry representatives stressed the 'need for 

proven and accepted mitigation methods for LNG facilities for ' 

which they could get exclusion zone credit from regulatory 

agencies. There seemed to be general agreement that too little 

is known about the combustion dynamics of drifted vapor clouds. 

Need for research on fireballs was given the lowest priority. 

Except for one or two, those interviewed would first just like 

to know whether explosions are credible. Opinion was mixed 

as to whether work should be done to describe and quantify 

vapor cloud ignition sources and to establish ignition prob- 
9 

abilities with more accuracy; some thought nothing, meaningful 

could be accomplished; others thought useful research.could 

be done. 



TABLE 3-1. CURRENTLY PERCEIVED SAFETY PARAMETER UNCERTAINTIES AND 
RESEARCH GOALS 

8 

,SAFETY PARAMETER 

WATER SPILLS: 

VAPOR, SOURCE RADIUS 

VAPOR DISPERSION LFL  
DISTANCE, CLOUD 
WIDTH, HEIGHT 

VAPOR CLOUD COMBUSTION 
. . 

FIREBALLS 

POOL FIRES 

EXPLOSIONS 

LAND SPILLS: . 

VAPOR SOURCE 

OPINIONS ON UNCERTAINTY 

F = 1 . 5  
-. 

f = 1.2 TO 1 0  

. .- 

DON'T UNDERSTAND WELL ENOUGH 
a F = 4 I N  DISTANCE TO GIVEN RADIATION 

LEVEL 

, a  FIREBALL NOT' CREDIBLE 
a NEED DATA TO DECIDE CREDIBILITY 

a F = 2 ON FLAME RADIATION 
a AT WHAT S IZE  DOES THE FLAME BREAK UP? 
a FLAME T I L T  VERSUS WIND SPEED UNCERTAIN 

PROBABILITY OF IGNITION AT S P I L L  RANGES 
FROM 50% - 99% 

a EXPLOSIONS CAN'T OCCUR I N  UNCONFINED , 

CLOUD 
a WE NEED TO KNOW I F  REASONABLE IGNITION 

SOURCE CAN CAUSE EXPLOSION 

UNCERTAINTIES EXIST IN EFFECTIVENESS OF 
IMPOUNDMENT INSULATION 

a UNCERTAINTY I N  DEFINITION OF CATASTROPHIC 
SPILLS FOR SAFETY DESIGN 

e . PLANNED IGNITION ACCEPTABLE 

OPINIONS ON RESEARCH GOALS , . 

NEED TO IMPROVE - 

a NO IMPROVEMENT NEEDED 
NEED LARGE-SCALE S P I L L  TESTS 

a IMPROVEMENT TO F = 2 NEEDED 
.---- .... _-___ 

RADIATION ALONGSIDE CLOUD NEEDED 
TO F = 1.5 I N  DISTANCE TO GIVEN 
FLUX 

a NEED LARGE EXPERIMENT 

a. NO RESEARCH NEEDED 
a NEED LARGE EXPERIMENT 

a NEED LARGE EXPERIMENTS 
a F = 1.1 TO 1.22 

a NO RESEARCH NEEDED 
,RESEARCH NEEDED TO DETERMINE 
EFFECTS OF DIFFERENTIAL BOILOFF 
AND REASONABLE IGNIT ION SOURCES 

NEED IMPROVED AND PROVEN MITIGATION 
METHODS FOR IMPOUNDED AREAS - 
THERMAL INSULATION, WETTED AREA 
MINIMIZATION, AND ACTIVE MEASURES 
TO MIN IMIZE VAPOR RELEASE RATE 



r 
SAFETY PARAMETER OPINIONS ON UNCERTAINTY OPINIONS ON RESEARCH GOALS 

LAND SPILLS: (cont. ) 

VAPOR SOURCE (cont.  ) r PLANNED IGNITION. A DISASTER r NEED BETTER DEFINITION OF DESIGN 
r DIFFERENTIAL BOILOFF DISTRIBUTION SPILLS 

UNCERTAIN ELIMINATE PLANNED IGNITION 
r EFFECTS OF LNG FOAMING I N  DIKES ON r ESTABLISH RELIABLE METHODS FOR 

BOILOFF UNCERTAIN PLANNED IGNIT ION 
r BETTER DESCRIPTIOM OF DIFFERENTIAL 

BOILOFF 
r DETERMINE HOW BOILOFF I S  AFFECTED 

BY FOAMING AND I F  D IKE CAN BOIL-  
OVER 

' VAPOR CLOUD DISPERSION F = 2 .25 TO F = 1 .22  ON DISTANCE TO LFL NO FURTHER .WORK NEEDED 
F = 4 ON CONCENTRATION PEAK-TO-MEAN F = 1 .22  ON DISTANCE TO LFL  
RAT I OS r PEAK-TO-MEAN TO F = 2.25 NEEDED 
EFFECTIVENESS OF ACTIVE VAPOR DISPER- @ EFFECTS OF H1GH:EXPANSION FOAM 
SION MITIGATION MEASURES UNCERTAIN NEED EVALUATION 

r LARGE TESTS NEEDED TO DETERMINE 
EFFECTIVENESS OF FOAM AND OTHER 
METHODS 

VAPOR CLOUD COMBUSTION SEE WATER SPILLS SEE WATER S P I L L S ,  EXCEPT F = 1 .2  

FIREBALLS SEE WATER SPILLS SEE WATER SPILLS 

POOL FIRES r F = 1 . 2  TO F = 4 ON RANGE TO A GIVEN r NO RESEARCH NEEDED 
LEVEL F = 1.1 
RADIATION FROM ELONGATED POOLS UNCER- SCALE-UP INFORMTION I S  NEEDED 
T A I N  ON FOAM AND DRY CHEMICAL EFFEC- 

TIVENESS (TRY ON LARGE-SCALE 
RADIATION TESTS) 

r NEED RADIATION DATA FROM TESTS OF 
ELONGATED POOLS TO F % 1 . 5  

I . 



TABLE 3-1. CONCLUDED 
- 

SAFETY PARAMETER 

LAND S P I L L S :  (cont. ) 

EXPLOSIONS 

OPINIONS ON UNCERTAINTY 

e EXPLOSION PROBABIL ITY I S  TOO LOW TO BE 
OF CONCERN 

a CAN AN EXPLOSION OCCUR UNDER AN E L E V A T ~ D  
STORAGE TANK OR BETWEEN A HIGH D I K E  WALL 
AND THE STORAGE TANK? 

e I S  THERE A CREDIBLE SCENARIO FOR ANY 
K I N D  OF LNG VAPOR CLOUD EXPLOSION? 

OPINIONS ON RESEARCH GOALS 

0 NO RESEARCH NEEDED 
@ DETERMINE WHETHER SEMI-  

CONFINED EXPLOSIONS ARE 
CREDIBLE FOR LNG F A C I L I T I E S  

e DETERMINE I F  UNCONFINED VAPOR 
CLOUDS CAN CREDIBLY EXPLODE 



A number of people thought more knowledge is needed on 

the response of facilities to seismic loads. However, the 

general opinion was that the necessary research is already 

under way at a number of universities. 

The information obtained in the discussions just summarized 

was taken into account along with pertinent existing research 

results in selecting the quantitative research goals recommended 

in the following sections. The evaluation of .selected mitiga- 

ting measures is included in the field test work since the oppor- 

tunity for testing them at such a large scale is rare. The test 

facilities to be used could provide a test bed for evaluating 
t 

a wide range of promising mitigation methods if DOE should so 

choose. A strong sense of industry cooperation and regulatory 

interest regarding .mitigation measures was evident from our 

discussions. 
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IV. GENERAL FEATURES OF THE .RECOMMENDED LNG SAFETY 
RESEARCH PROGRAM 

1. INTRODUCTION 

Over the past 20 years a considerable amount of theoretical 

and experimental research has been carried out on the potential 

hazards of accidental LNG spills (Refs. 4-1,4-2). However, 

because of theoretical difficulties and experimental limita- 

tions (discussed in detail in later sections), current knowl- 
edge is not sufficient for making accurate, high-confidence 

predictions of the extent of the danger region should a large 

accidental spill occur. To cite just two examples: current 

models of LNG vapor dispersion disagree by up to a factor of 6 

in their predictions of the maximum range of the flammable 

cloud from the rapid spill of an entire ship cargo tank (see 

Section VI); and recent measurements of the surface radiant 

flux from LNG pool flames around 12 m in diameter are up to 

twice as high as predicted by previously accepted formulas 

(see Section VII). Accordingly, current policies and regula- 

tions concerning safe distances from LNG facilities may be 

either under- or over-conservative by a significant amount. 

To improve such policies and regulations, a research program 

is required that will develop, as rapidly as possible, reliable 

techniques for predicting the extent of ithe hazards from large 

LNG spills. 

In this document we describe such a program, which would 

make use of currently available information and basic scaling 

laws to plan and carry out quickly a number of small-scale 

experiments (including wind-tunnel tests), and then would 
\ proceed rapidly to relatively large field tests. These experi- 

mental investigations would be supplemented by a considerable .. . 
amount of concurrent mathematical modeling to assist in extrap- 

olating the laboratory and field-test data to much larger 



spills, and to treat spill situations too difficult or 

numerous to include in the experimental tests. In this way, 

it is believed that the most important LNG' safety questions 

can be answered in about three years. 

2. "RAPID" VERSUS "GRADUAL" RESEARCH APPROACH 
4 .  

In research or development programs that are expected to 

culminate in large-scale tests, it is customary to start with 

small tests and gradually and systematically work up to large 

ones. However, with such an approach five or more years would 

probably be req;ired to answer the practical LNG problems of 

greatest concern. Fortunately, this procedure does not now 

appear necessary in LNG .research, since many of'the usual 

arguments for a gradual approach do not apply. One common 

argument for a gradual approach is that. it increases the. 

safety of the experiments and of neighboring persons and 

property.. However,'many of the proposed LNG field tests 

involve deliberate fires and attempted explosions, so' a remote 

site combined with spacing or shielding of the observers ade- 

quate for the "worst case" are indispensible. No possible' 

results froi smaller tests would justify relaxation of . . these 

safety precautions. Moreover, a gradual approach can increase 
the possibility of accidents, due to the greater niunber of'. 

tests involved and the natural tendency to relax towards the 

end of a long series. , . 

Another reason advanced foi: conducting tests of gradually 

increasing size is that something.may be learned from.the 

'smaller ones that causes the redesign or even abandonment of 

the larger ones. However, we believe that, regardless of the 

results of such smaller LNG tests, relatively large tests are 

required to answer with confidence .the important safety ques- 

tions. Moreover, most of the test parameters are set by poten- 

tial accident scenarios and scaling laws, and would not be 

changed by the results,of smaller tests. It is true that 



results from somewhat smaller tests could aid in the optimum 

de'sign and placement of.instrumentation and in determining 

the effect of spill size on the relevant physical processes. 

However, the information available from past tests and from 

the small experiments, wind tunnel t.ests and ~alc~lakions 

recommended be1ow.i~ believed to be adequate for-this purpose. 

If necessary, a few'of the large tests could be repeated in 

less time and,cost than performing many tests of graduated 

size, since much of the time and cost of the tests is in the 

site preparation, which is determined primarily by the size 

of the largest test, and in th'e instrumentation and data 

reduct,ion, which vary little with test size. 

A final argument is that by performing a number of smaller 

tests one can very more parameters and also check the repro- 

ducibility-of the measurements at a reasonable cost. However, 

as suggested above, the cost per test does not decrease very 

rapidly with .ize, as long as a site suitable for the larger 

tests must be prepared anyway and no test is so large that 

the, .- cost . of the LNG itself -dominates. More important, the 

relevance of small tests is questionable because many,pheno- 

mena that are prominent in large LNG spills play.much smaller 

roles' in small spills. These phenomena include the "gravity 

spreadi,ng1' of the dense LNG vapor, the radiation due to soot 

.in LNG flames, and the possible detonation of a vapor-air 

c1,oud (see later sections). Consequently, even detailed and' 

accurate data on small spills are of limited value in predict- 

ing the behavio~ of large spills. Moreover, the general goal 

of the research program recommended here is not to obtain a 
detailedlscientific understanding of all'the relevant physical 

processes, but to get engineering answers to the most important 

practical 'questions relatively quickly. 

It has been suggested that, even if a "rapid" .research 

approach is pursued, it is not feasible to construct a remote 



test site, install extensive instrumentation and carry out a 

number of large tests within three years. This is probably 

true if elaborate permanent structures are designed and built, 

and personnel unfamiliar with conducting large hazardous tests 

are employed. However, a number of times in the last decade, 

by employing experienced groups from various government agen- 

cies and private industry, the Defense Nuclear Agency has been 

able to move supplies and equipment (including portable instru- 

mentation trailers) into a desert test site, conduct several 

tests involving hundreds of tons of high explosives, and move 

out again in less than nine months.* 

3. HIGH PRIORITY LNG SPILL SITUATIONS 

Many types of hypothetical accidental LNG spills are of 

possible safety concern. A large spill on water might occur 

if an LNG ship cargo tank were ruptured, for example by col- 

lision with another ship. A large spill on land might occur 

due to rupture of a storage tank by an earthquake or aircraft. 

collision. Smaller or slower spills might result from similar 

but less violent situations, ox from the breaking of an LNG 

transfer line, failure of a valve, or collison of an LNG truck. 

In these various situations, the LNG might be spilled out onto 

smooth or rough water, soil, concrete or other materials. The 

surface material and its topography, as well as the geometry 

of any neighboring structures such as ships or impoundment 

dikes, affect both the spread and vaporization of the liquid 

and the subsequent dispersion of the vapor. The vapor dis- 

persion is also influenced by the wind speed, atmospheric 

stability and possibly the humidity. 

In a three-year research program of reasonable cost, it 

is not possible to cover specifically all possible .combinations 

of spill size and rate, spill surface, topography and 

*Discussion with J. G. Lewis, RDA, April 2, 1980. 

4-4 



m&teoroiogy. Accordingly, it is important t6 develop, general 

methods for solving such problems and to apply.these methods 

to the situations of greatest practical concern, leaving their 

application to lower priority situations for possible future 

work. Generally, the situations of greatest public concern 

are those involving the largest possible accidental spills, 

even though such spills are much less likely to occur than 

smaller spills. Examples are the "instantaneous" spill of 

the contents of a ship tank on water, or of a storage tank 

into a diked area. A typical large ship tank contains about 
3 25,000 m of LNG and if it is spilled in less than 130 seconds, 

it spreads essentially like an instantaneous spill (see Sec- 

tion'V). Assuming a tank height of 20 m, such a spill would 

require a hole near the tank bottom of about 30 mL in area; 

.this could conceivably be produced if the LNG ;hip were struck 

broadside by another large ship. 

The usual "worst case" for a land. spill involves the 

rupture of a large LNG storage tank that is surrounded by a 

low dike having a broad, flat soil floor or impounding area. 

In this situation the rate of vapor release is controlled by 

the dike floor area rather than'by the v o l w  of the spill, 

as'.long.as the spill is large enough to cover the entire sur- 

face rapidly with several centimeters of liquid. For a typical 

rectangular low dike .about 100 m across, this,,requires only 

that. a few.thousand cubic meters of LNG escape within 10 or. 

20 s. 

A third type of spill, though not a "worst ' case", is worth 
treating specifically because it appears less improbable than 

the massive spills described above. This is a smaller spill 

due to an accidental rupture of a transfer line between a ship 

and a.storage tank. A typical transfer line on a large LNG 
3 ship pumps at a rate of 3000 m /hr. If it breaks, an automatic 

shut-off valve is designed to stop the flow within 30 s (if 



the operator does. not stop 'it first). Accordingly, a logical 

case to consider is the spill of 25 m3 of LNG in 30 s, on 

water beside a ship. 

w e  have also considered treating the spill of the 30- to 
3 40-m load of an LNG truck. However, there are only about 70 

such trucks in the U.S. and their number is unlikely to increase 

substantially. Moreover,.these trucks are very strongly built, 

and in such accidents as-have occurred only one or two small 

leaks have resulted. Finally, in case of a truck spill the 

liquid spread and vapor release would be controlled by the 

specific geometry of the road bed,.gutter, etc., so that any 

single prediction of the hazards would be applicable to only 

a fraction of the practical situations. For these reasons, 

we have not included any tests or calculations specifically 

for LNG truck spills in the recommended research program. 

In summary, the three spill situations that we take as 

representative of the highest priority problems in LNG public 

safety are a spill of 25,000 m3 on water in-less 'than 130 s 

(from the side of an LNG ship), a spill of a few hundred cubic 

meters (or more) on the flat soil floor of a 95 x 80 m low- 

dike within 20 s, and a spill of 25 m3 on water beside a ship 

in 30 s. 

4. MITIGATION RESEARCH 

In addition to research for determining with greater 

confidence the extent of the potential hazards from accidental 

LNG spills, research that suggests or evaluates possible miti- 

gation methods for reducing the hazards is also of great 

interest. There is a question, however, as to how much of 

such research should be supported by the federal government 

and how much by the LNG industry, which has much to gain if 

mitigation methods permit .reduction of facility exclusion 

distances or operational restrictions. 



LNG spill hazards can be mitigated if the boiloff rate 

of the spilled liquid can be reduced. In dike spills this 

reduction might be accomplished by the use of an insulating 

material on the dike floor, the use of a high'dike with 
smaller floor area, or (for smaller spills) the use of a . 

sloping dike floor or dike sump (Ref. 4-3). Accordingly, a 

few vapor-dispersion and pool-fire tests of such configura- 

tions are included in the research program described below. 

We also recommend that an appropriate firefighting organiza- 

tion be invited to try to control or extinguish one of the 

proposed large test fires. 

Other potential mitigation methods are less well developed, 

and it does not. seem appropriate to include them in a high- 

' priority, minimum-time research program supported principally 

by the U. S. government. 
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, .V. 'RECOMMENDED RESEARCH ON LNG SPREADING AND BOILOFF 

The importance of being able to predict the physical con- 

sequences of accidental spills of tens of thousands of cubic 

meters of LNG on land or water has been explained in Section IV. 

Whdn LNG is spilled, the first physical processes that occur 

are its spreading over the surrounding surfaces and its rapid 

boiloff (vaporization) because the surface temperature is 

much above the boiling temperature of the liquid. Although 

the spreading liquid could directly damage objects and freeze 

people in its path, the extent of such a potential hazard is 

small compared to that arising if the LNG vapor should become 

ignited to produce a large fire or conceivably an explosion. 

Consequently, information on LNG spreading and boiloff is 

needed primarily as input for analyses of LNG vapor disper- 

sion and combustion, as discussed in later sections of this 

report. 

. a. Spills on land--A large accidental spill of LNG on 

land would generally occur only if a large storage tank or 

connecting fill line were ruptured. Such tanks are invari- 

ably surrounded by .dikes to con£ ine the liquid. By Bernoulli ' s 
well-known theorem, the initial spreading velocity of the LNG 

. . 
acrosd the floor of the dike would equal,/q, where 

g is the acceleration due to gravity and h is the initial 
0 

height of the liquid surface in the tank, above the dike floor 

level. ' As spreading continues, friction against the dike 

floor would tend to slow the velocity of the LNG front. 

However,.for the larger spills of greatest safety concern, 

this slowing can generally be ignored because when.the liquid - 

first contacts the surface, film boiling reduces the friction. 

I Calculations of the spread of water (which does not have 



this friction-reducing mechanism) show that little slowing 

occurs until the water has spread more than a hundred times 

its initial height (Ref. 5-1). This distance exceeds the 

dimensions of the largest LNG dikes, so the assumption of 

constant spreading velocity over the entire dike floor appears 

justified. 

If the dike should be accidentally ruptured at the same 

time as the tank, the spreading of LNG through the rupture and 

over the outside terrain would depend upon the detailed geom- 

etry of the rupture and terrain. Neglecting friction, this 

spreading could be calculated by well-established hydraulic 

principles. For extensive spreading where friction might be 

significant, accurate predictions cannot currently be made 

because no data are available on the frictional coefficient of 

boiling LNG. However, this problem does not appear to have a 

high priority. 

The rates of LNG boiloff (per unit area) on soil and on 

several construction materials have been established by a 

number of measurements in the laboratory and in the field 

(Ref. 5-2). Typical results are shown in Figure 5-1. Except 

for corrugated sheet metal, all observed boiloff rates, over . 

times fr0m.a few seconds to a few minutes, follow approxi- 

mately a t -'I2 law, in agreement with a simple heat 'conduc- 

tivity model (Ref. 5-2) . The proportionality constant for 

different soils varies by over a factor of 2, depending upon 

their moisture content and other characteristics, while that 

for insulating materials can be over a factor of 10 smaller. 

Accordingly, it is,important to .have boiloff or heat.conduc- 

tivity measurements on the exact materials used on full-scale 

and test dikes. The laboratory experiments also show that 

differential boiloff of the LNG components generally occurs; 

i.e., the methane, ethane and propane fractions vaporize 

successively, in that order. This behavior is important 



Figure 5-1. Measured b o i l o f f  r a t e s  o f  LNG on s o i l  
and insulat ing  concrete.  
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because the heavier hydrocarbons produce sootier flames. 

(see Sections VII and VIII) and are easier to detonate (see 

Section IX). 

Simple models of the radial spreading of LNG on water. 

have been developed, based on the assumption that the velocity 

of the LNG front (outer edge) at any time is proportional to 

I 

b.. Spills on water--Possible accidental spills of LNG on 

water can generally be bounded by two limiting types. The 

first limit is a spill at a constant or slowly varying rate, 

such as could be caused by a relatively small puncture of an 

LNG cargo tank. Small-scale tests have shown that in such a 

situation the LNG spreads rapidly over the water surface until 

its total evaporation rate balances its spill rate, after 

which time the pool area remains roughly constant. In this 

situation the fluid dynamics of the spreading is of little 

practical importance. The second limit is a rapid or "instan- 

taneous" spill where a fixed volume of LNG is spilled in a 

time short compared to its spreading time. This situation 

might occur if a cargo tank seam failed under stress. In such 

a situation, small-scale tests show that the resistance of the 

water, which is partially displaced by the floating LNG (about 

42 percent as dense), rapidly slows down the LNG spreading 

velocity. Experimental spreading data from all known rapid 

spill tests (Refs. 5-3 to 5-5) are shown on Figure 5-2, norm- 

alized by the theoretical maximum pool diameter and duration 

(Ref. 5-6), to put the different size tests on the same scale. 

In all of these testshthe LNG was rapidly poured from a 

bucket or pumped from a spout onto an open area of water; the 

1 largest test involved only 1 m3 of LNG. A scatter of about 

a factor of 1.5 is apparent in the data for the different 

tests, possibly due to variations in the method of spill and 

errors introduced by the assumption that the pool size equaled 

the size of the base of the visible vapor cloud. 



Normalized time, t/tmax (R- K theory) 

1.6 I I I I I I I I I 

0 0.045 m3 

1.4 - /-- 

--- 
1.2 - - 

- 

Burgess et al. (Ref. 5-3) 
X 0 0.0037 m3 

- 
9 0.0059 m3 
A 0.0070 m3 
01 0.034 m3 - 

8 0.19 m3 
V 0.38 m3 

- - - Boyle and Kneebone (Ref. 5-4) 

e--- Feldbauer et al. (Ref. 5-5) 

- Theory of Raj and Kalelkar (Ref. 5-6) - 

Figure 5-2 ... Experimental and theoretical.diuneter vs time for an 
instantaneous LNG spill on-water. 



the square root of the mean height of the LNG pool at that 

time, with different investigators using slightly different 

proportionality constants. As pointed out by Hoult in con- 

nection with spreading oil spills (Ref. 5-7 ) ,  the physics of 

this assumption is not entirely clear, though it does give 

oil-spreading results in reasonable agreement with laboratory 

measurements .a 

The most widely employed model of LNG spreading on water 

is that of Raj and Kalelkar (Ref. 5-6), which uses a fit to 

the oil-spread model. Figure 5-2 compares this LNG model with 

the available experimental data. To make this comparison, a 

value for the mean boiloff rate per unit area must be chosen; 

the value used was the conventional one of 0.042 cm/s (see 

below). The model curve lies within the spread of the experi- 

mental data, but falls below t.he measurements on most of the 

larger spills. A better fit could be obtained by decreasing 

the assumed boiloff rate by about a factor of 2, except for 
3 the largest (0.98 m ) spill, where the data suggest a slight 

increase instead. It is clear from Figure 5-2 that, until 

better measurements or theory are available, predictions of 

the spreading of LNG on water after.a rapid spill have an 

uncertainty range of at least a factor of 1.5, and the uncer- 

tainty.is probably considerably greater for spills much larger 

than those tested. 9rn addition, fluid. dynamic theory suggests 

and test photographs show that the LNG becomes thinner and 

boils away first in the center of the pool, but no quantita- 

tive measurements of this effect are available. 

Some past test spills have fallen in the middle region 

between the limits of " steadyu and "instantaneous" spills, 
and this could also be true of accidental spills. In such 

situations,.if the same edge velocity assumption is used as 

in the "instantaneous" models, the spreading relations can be 

reduced to a single ordinary differential equation that can be 



spill rate for a finite duration, the solution can be reduced 

to a quadrature. Figure 5-3 compares calculated results with 

measurements on two recent constant-late test spills at China 

Lake (Ref. 5-8). These two spills were ignited to give fire 

tests, so their boiloff rate is expected to be increased above 

the nominal 0.042 cm/s value by radiant heating from the flames. 

In fact, from the spill rate and the late steady-state pool 

radius one can deduce values of 0.073 and 0.045 cm/s, respec- 

tively, for the two spills, and these values were used in the 

spreading calculations. 

A comparison of the calculated pool spreading histories 

with the measured'values (Figure 5-3) shows considerable 

discrepancies. The early expansion.rates are much higher than 

the theoretical values, and in Test 5 the diameter apparently 

reached a maximum much earlier than expected (based on the 

observed size of the moist air cloud, since this was before 

the flame'had vaporized it) and then the diameter decreased 

about .30 percent to a steady value (similar to the behavior 

predicted for much later times). No maximum was observed 

on Test 12, which had a spill rate only 25 ,percent smaller. 

The surprisingly rapid early expansion rate,, several times 

faster than that measured on previous spill tests, may be due 

to the fact that the LNG was spilled from a pipe 1 m above the 

water onto a 0.5-m-diameter horizontal ,metal plate placed just 

beneath the water surface to keep the LNG from striking the 

bottom of the shallow pond. It is clear that these new data 

have not reduced the uncertainties in predictions of LNG 

spreading during large accidental spills on water. 

Recent laboratory experiments and analyses have estab- 

o .lished the boiloff rate of LNG when the liquid is confined to 

a limited area by walls (Ref. 5-9). The rate varies with time 

' 

as the water surface freezes and the ice cools further, and . 
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the variation depends upon the concentration of ethane and 

propane in the LNG. Moreover, the methane, ethane and pro- 

pane boil off in that order, with little overlap. However, 

the behavior of unconfined LNG when spilled on open water 

appears to be different. Tests employing long-duration 

steady spills resulted in LNG pools that reached a steady 

size, implying a cons.tank.boiloff rate per unit area. How- 

ever, the rate obtained by different investigators varied 

by a factor of about 7, from 0.007 to 0.05 cm/s (Refs. 5-3,s-4) ; 

moreover, the group obtaining.the smaller rate found it to 

almost double when the water was particularly calm (Ref. 5-4). 

No direct measurements of boiloff rates while an LNG pool is 

expanding are available, but the measured size histories 

imply that the meanorates on some rapid spills were over twice 

those of others, as discussed earlier. In addition, it appears 

probable that fractionation among the LKG hydrocarbons will be 

less complete than in the confined situation, because differ- 

ent regions of the pool have different boiling histories. 

However, the only available measurements of differential boil- 

off 0-n unconfined water spills were taken on relativelyslow 

spills at points outside the pool (Ref. 5-10), and no theory 

that allows for spatial variations has been developed. 

c. Research qoals and approach--The goals of the research 

recommended in this section are to obtain sufficient infor- 

mation to make confident predictions of the spreading and boil- 

off characteristics (including differential boiloff) of ignited 
3 and unignited spills of up to 25,000 m of LNG on water, and 

the boiloff characteristics of ignited spills in a dike up to 

about 200 m across. (It is believed that the spreading and 

unignited boiloff of LNG on land are already sufficiently well 

understood for the most important practical purposes.) Since 

the spreading and boiloff predictions will be used as input 

for the predictions of vapor dispersion, flame radiation and 



explosion discussed in Sections VI to IX, their accuracy must 

be sufficient to satisfy the quantitative goals stated in the 

latter sections. Current understanding suggests that a given 

percentage uncertainty in the spreading or boiloff rate gener- 

ally leads to a smaller uncertainty in the maximum potential 

extent of flammable vapor, ~ignificant~radiation or signifi- 

cant blast pressure. However, setting of quantitative accu- 

racy goals for spreading and boiloff predictions is left for 

the early sensitivity studies recommended in Sections VI and 

VII. 

The proposed research approach 'is principally experimental, 

involving spreading and boiloff measurements during a number 

of LNG field tests on land and water. A modest amount of 

theoretical and semiempirical modeling is also included. 

Details of the recommended research are discussed below. 

It may be noted that the same appr0ac.h and much of the 

same instrumentation and mathematical modeling could be 

applied to the subject. of LPG safety. 

2. EXPERIMENTS 

a,. Scaling requirements for spills on land--In order to 
simulate precisely the spreading and boiloff of large LNG 

spills on land by small test spills, it is necessary that all 

dimensionless combinations of the important physical param- 

eters be the same for the model experiment as for the full- 

scale situation. The important physical parameters are the 

characteristic length, 1 (assuming that all dimensions are 
scaled by the, same factor, so that geometric similarity is 

preserved), the characteristic. velocity, u, the acceleration 

due to -gravity, g, the liquid density,~, and the mass boil- 

off rate per unit area, W. . (As discussed earlier, the LNG 
viscosity does not enter unless the liquid spreads far beyond 

the confines of a typical dike.) The only independent 



dimensionless quantities that can be formed from these 
2 parameters are the Froude number, u /gR, and the dimensionless 

boiloff rate, W/(pu). Since g cannot be varied (except by the 

expensive procedure of testing within a centrifuge), to pre- 

serve the Froude number all velocities must be scaled as the 

squa,re root of the length scaling, and all.times by this same 

factor, since time is proportional to length divided by velocity. 

TO. preserve the same dimensionless boiloff rate, W/(pu), 

in an experiment where LNG is used (so that P is not changed), 

the boi'loff rate W must be reduced by the square root of the 

length scale reduction. .For field tests this is generally not 

. a  large reduction; .it is only about a.factor of 3 when the 

.length scale is reduced by a factor of 10 and hence the 

.requfced LNG volume by a factor of 1000 below the full-scale. 

(An evefi. larger reduction in LNG amount is of ten permissible, 

since a low dike does not have to be full of LNG to approxi- 

mate the early post-spill period of maximum boiloff rate..) 

As shown by Figure 5-1, changes by factors of 2 or 3 may be 

obtained by varying the type of soil used. 

Laboratory or wind-tunnel experiments would require a 

greater decrease in W. For example, scaling down an actual 

dike by a linear factor of 1000 for a vapor dispersion test 

in a moderate-size.wind tunnel requires reducing W by a factor 

of about 30. If LNG is actually spilled in a wind  tunnel,'^ 
will be proportional td (~P,C)~/~AT, where k, pm and C are 
.the' thermal conductivity, density and specific heat of the 

material on which the LNG is spilled, and AT is 'the initial 

temperature difference between this material and tke LNG. 

Insulating materials are available which have values of 

(kpmC) a factor of 30 or so smaller than that for soil 
or concrete, but not a. factor of 30.smaller than that for 
some of the insulating materials being considered for dike 

floors, so that simulation of insulated dikes would require 



precooling of the model floor and walls to decrease AT; (In 
vapor dispersion experiments, an alternative is to release 

cold LNG vapor through a perforated floor plate at the cor-' 

rect scaled rate, using an appropriate valve.) 

In laboratory and wind-tunnel experiments it would be 

preferable to simulate LNG by a nonflammable liquid. To prop- 

erly scale the spreading ana boiloff, this simply requires . . 

that W/p be scaled as ~l'~, which appears feasible. HOW-.'. 

ever, we believe that the spreading and boiloff of LNG on a 
solid surface is suffic-iently well understood that further 

small-scale experiments just for'this purpose are not required. 
4 

On the other hand, wind-tunnel tests of vapor dispersion are 

needed (see Section VI), and these require methods for releasing 

the vapor at the properly scaled rate and over the proper area. 

Use of flammable fluids is not permissible in some wind- 

tunnel test configurations (such as continuous releases in 

closed-loop tunnels), so a suitable nonflammable substance 

would be desirable. However, no nonflammable cryogen has the 

proper ratio of boiloff vapor density to air density, which is 

important for vapor dispersion. Hence, a satisfactory simu- 

lation cannot be attained by spilling a nonflammable cryogen, 

and any nonflammable simulant would have to be metered and 

released in the gas phase. 

*b. Scaling requirements for spills on water--The behavior 

of LNG spills on water depends upon the same parameters dis- 

cussed above for land spills, and an additional parameter, 'the 

liquid density ratio p / p  which will be discussed' later. 
H20, 

In princip&e, the viscosity and surface tension of the LNG and 

water could also be-significant, but experiments show that 

they play a role only after an LNG pool has become so thin 

that its remaining lifetime is negligible. . . 

Accordingly, if the boiloff rate could'be properly scaled, 

Froude scaling would hold also for water spills, so that the 



spreading velocities and times would vary as the square 

root o f  the length scale. Most spills on water are not,con- 

fined to fixed areas by walls, so that their length scale 

would vary as v~'~, where V is the volume of LNG spilled, 

and consequently their velocities and times would scale as 

vli6:, As in the case of land spills, the boiloff rate, W, 

should also be scaled .as R or v ~ ' ~ ~  However, unlike the 

land.spil1 situation, a method of changing W by a desired 

amount is not available. Conceivably, by substituting a dif- 
1 .  

ferent liquid for either the LNG or the water (qr both) , one 
could obtain an appropriate reduction. On a large or mod- 

erate-size test this would be very expensive, especially if 

a water simulant were used. More important, it would require 

an extensive initial investigation to determine a suitable 

pair of simulation liquids. As discussed earlier, even the 

boiloff rate of unconfined LNG on water is uncertain. Past 

experiments suggest that, unlike the situation for confined 

spills or spills on solids, the rate does not decrease with 

time. However, different experiments have yielded rates dif- 

fering by up to a factor of 7, together with evidence that a 

slightly rippled water surface could decrease the boiloff rate 

by about a factor of 2 (Ref. 5-4). 

Our knowledge about LNG boiloff should be considerably 

. ,  improved when more results from recent field tests at China - . .  * 

Lake (Refs. 5-8,s-11) and current laboratory tests at M.I.T. 
. .. 

,,,(Ref. 5-12) become available. However, the China Lake spills 

were,not very rapid and had limited instrumentation for 

spreading and boiloff measurements, while the M.I.T. experi- 

ments involve very small spills in a one-dimensional channel. 

Even.if the boiloff rate of unconfined LNG on water can be 

well established, use of a simulant liquid (or liquids) would 

require additional investigations of its boiloff properties. 



1.f a's8mulation liquid were employed, it should also have 

the game liquid density ratio, p / p H 2 0 .  For LNG this ratio is 

about 0.43, depending slightly on the composition of the LNG 

and whether the water is fresh or salty. The only nonflam- 

mable cryogens lighter than water are liquid helium, nitrogen, 

ammonia, methyl fluoride and methyl chloride, which have den- 

sity ratios of 0.15, 0.81, 0.77, 0.84 and 0.91, respectively. 

None of these values is close'.to that for.LNG. (This is also 

true of the much longer list of flammable cryogens.) More- ' 

over, the boiling temperature of helium is much lower than 

that of LNG, while that of the other liquids, except nitrogen, 

is much higher. In small laboratory experiments it might be 

possible to utilize spills of liquid nitrogen on an aqueous 

solution containing enough of a heavy salt to give the desired 

liquid density ratio, but for larger tests the costs of the 

salt could be prohibitive. In addition, the boiloff rate of 

liquid nitrogen on water depends upon the liquid depth, while 

that for LNG does not, at least for confined spills (Ref. 5-13) 

so the simulation would be accurate only for the earlier part 

of the liquid spreading, when the boiloff is not very impor- 

tant. Finally, no simulant liquid; .would give in£ ormation on 

the differential boilof f of the different hydrocarbon compon- 

ents of LNG. 

Another way in which one might change the effective boil- 

off rate (without using a simulation liquid) is to cover a 

fraction of the water surface with floats or barriers to pre- 

vent the LNG from flowing over that portion of the surface. 

However, even if the hydrodynamic drag of these barriers is 

negligible, they influence the LNG flow by an excl~ded-volume 

effect. Consequently, this method permits either scaling the 

maximum pool diameter or the maximum boiloff rate, but not 

both. Its use is therefore not recommended. 



In view of the difficulties of changing W in a subscale 

simulation of an LNG spill on- water, it is worth considering 

carefully the consequences of not scaling W. In simulating a 
hypothetical 25, 000-m3 LNG spill by a 350-m3 test spill, the 

desired reduction in W is only a factor of (25,000/350) lI6 = 2, 

which is apparently comparable to the change in W caused by 

small water waves. According to theory (Ref. 5-6), a factor . 

of 2 change in W changes the maximum diameter of an LNG pool 

by only a factor of 2 -'I4 = 0.8, and the total boilof f rate 

by a factor of 2-2 -'I2 = 1.4. These are not very serious 

changes, especially since the important practical quantities, 

such as the downwind flammable-vapor distance or pool-fire 

height, vary less than linearly with these parameters. Infor- 

mation from the research work recommended in the later sections 

should allow one to correct for such minor deviations. 

In wind-tunnel tests the scale-down factor for W is much 

greater, so that simulation by actually pouring LNG on water 

in a wind tunnel would not give a suitable boiloff rate. 

Instead, special valves and rotating plates with offset per- 

forations (or an equivalent scheme) should be designed to 

release cold natural gas or a simulant gas at the proper rate 

over the properly varying area. An alternative would be the 

metered release of LNG at the center of a solid constant- 

temperature surface.(such as a heavy copper plate, or a copper . 
sheet above an antifreeze li,quid reservoir) maintained cold 

enough to reduce the boiloff rate to the desired value. 

c. "Swimming pool" tests--As explained above, significant 

uncertainties currently exist in the spreading and boiloff of 

LNG on water, which require ,further experimental investigation. 

Recent spills of a few cubic meters of LNG on a pond at China. 
Lake (Refs. 5-8,s-11) have given some information on these 

subjects. However, aside from vapor sampling bottles on some 

of the tests, relevant instrumentation was limited to overhead 



photography. Generally, .the view of the cameras was somewhat 

obscured by the fog produced over the cold LNG pool by con- 

densation of moisture in the air, except when the pool was 

ignited, but in the latter situation radiation from the . 

flames increased the boiloff rate. The instrumentation on 

the current laboratory experiments.at M.I.T. is more complete.., 

including thermocouples at the water surface, vapor sampling 

bottles at eight different positions, and photography from 

top and side (Ref. 5-12). However, the spills are small 
3 (0.003 m ) ,  the spreading is linear rather than radial, and 

the small trough width and depth may promote freezing of the 

water (as in a confined spill). Moreover, there are no plans 

at M.I.T. to investigate the effects of parameters such as 

spill height, horizontal velocity of spill, water depth, water 

waves or surface obstacles (such as ship hulls). 

In order to investigate these effects at a reasonable 

cost and quickly enough to provide inputs for at least some 

of the mathama-tical models and wind-tunnel .and field tests 

of LNG vapor dispersion, we recommend that a series of spill 

tests in a swimming pool or equivalent body of water be 

performed at the outset of the general research program. The 

specific objectives of these tests would be to determine the 

spreading and boiloff rates of rapid unconfined LNG spills 

large enough so that viscosity and surface tension are clearly 

unimportant, and to determine whether these rates are signi- 

ficantly affected by spill height, horizontal velocity of the 

spilled liquid, water depth, water waves, or simulated ship 

hulls. 

A sketch of a pool suitable for these tests is shown. 

in Figure 5-4. The diameter of 25 m is chosen to give a ' 

construction cost that is only a fraction of the cost of a 

well-instrumented test series. The depth of the pool is 
determined by the need to photograph the spreading LNG with 



POOL DIAMETER = 25 m CRYOGENIC TANK 
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0.5 m3 TEMPORARY LNG TANK - 

Figure 5-4. Sketch of swimming pool installation 
(side view) and ship model 



a limited number of underwater movie cameras, since the view 

of overhead cameras will probably be obscured by the con- 

densed moisture clouds produced when the cold LNG vapor comes 

into contact with moist air. A remotely located pool that is 

quite adequate for such tests is available at Sandia Base, * 
near Albuquerque, NM. This pool, which was built by the 

Lovelace Foundation for the U.S. Navy and is currently not 

in use, is about 70 m long, 50 m wide and10 m deep; it is 

lined with a rubberized material that may require some repairs. 

Its greater depth, compared to the pool shown in Figure 5-4, 

would probably permit reduction in the number of underwater 

cameras required. It is equipped with a filter system to 
C 

clarify the water. 

I The largest spill-that can be accomrno.dated .in..a 

25-m-diameter pool can be estimated 'from the results of the . . 
~ a j  and Kalelkar theory, (Ref. 5-6) shown in Figure 5-5. 

Allowing a safety factor of 1.4 in the maximum diameter 

because of uncertainties in the theory (see ,Figure 5-2)) and 

decreasing the spill volume by a factor of 2 to cover tests 

where the LNG is confined to half of the pool by a barrier 

representing a ship hull, one obtains an allowable spill size 
3 of 0.5 m . 

The recommended swimming pool tests are. listed in 

Table 5-1. Most of the tests involve very rapid spills, 

s,ince such spills are of greatest concern to public safety. 

It can be shown by integration of the spreading equations 

for constant spill rates that if the spill duration is less 

than half of the pool lifetime of an instantaneous spill of 

the same volume (Figure 5-5) , the 'maximum area and total 

*Discussion with D. Richmond, Lovelace Foundation, and 
L. J. Vortman, Sandia Corp., 29 August 1979. 
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TABLE 5-1. "SWIMMING POOL" TEST PROGRAM 

"Mean height of the LNG surface in the spill tank. above the water surface, 
during.the spill.. For the higher values. the tank may be either raised up 
or pressurized to give the equivalent vertical velocity as the liquid enters 
the water. 

h 

Test 
no. 

1 -2 '  

3 -4  

5-6  

7-8 

9- 10 

11-12 

13- 14 

15- 16 

17- 18 

19- 28 

vol. 
(m3) 

0.5 

. 

' 

v 
Contingency tests. parameters to be determined by the results of the 
preceding tests. 

I I I I 

Spill time Eff. head of 
' Ship Transpar. 

(s) LNG model deflector (m)" 

< 8 2 None No 

2 Yes 

Min. feas. Yes 

No 

Collid. No 
ships 

Yes 

Yes 

"Ship tank" . "Ship tank" No 

18 4.3 1 ship No 

Wave 
generator 

Offlon 

Offlon 

Offlon 

Off Ion 

Offlon 

Offlon 

Offlon 

Offlon 

Offlon 



Figure  5-5. Maximum LNG pool  r a d i u s  and d u r a t i o n  f o r  an  
in s t an taneous  s p i l l  on water ,  according t o  t h e  
t h e o r y  of Raj and Kale lkar  (Ref. 5 -6) ,  assuming 
a  c o n s t a n t  b o i l o f f  r a t e  of 0 .042  c m / s  



boiloff rate are within 2 percent of that of the corresponding 

"instantaneous" spill, and the total lifetlme (which is of 

less practical significance) is with'in 15 percent. Hence, 
3 any spill of 0.5 m3 within 8 s or 25,000 m within 130 s is 

3 effectively instantaneous. A typical 25,000-m ship tank- 

20 m high would spill in 130 s if it had a puncture of about 
2 30-m area near 'its bottom, which is not inconceivable if, - 

another large ship should strike it. 

The fraction of ethane and propane in the LNG certainly 

influences differential boiloff, at least in determining the 

fraction of these hydrocarbons in the vapor clouds, if the 

cloud is well mixea, or the size of the ethane and propane 

clouds, if they are well-separated. Moreover, it is possible 

that the composition affects the total boiloff rate in these 

unconfined water. spills, as it. does in confined water spills, 

(Ref. 5-9). Accordingly, in the recommended research program 

a particular LNG composition of 10 to 15 percen,t ethane and 

2 to 5 percent propane should be chosen, and these concen- 

trations held fixed within *10 percent for all of the tests. 

This might require purchase of gas cylinders of commercial- 

grade methane, ethane and propane, and condensing the methane 

with liquid nitrogen, and the ethane and propane by bubbling 

it through the LNG. 

The first eight tests listed in Table .5-1 involve' ' 

simple unconfined spills from two different heights; with 

and without waves (other than the waves generated by the 

spill itself), and with and without a deflecting disk under 

the water at the spill point. The lower height requires 

placing the spill tank just above the water to simulate ' 

better a spill from a,ship tank; the higher'height'is comparable 

to those used in past spill tests. Results using the deflecting 

disk would indicate the possible effects of the disk used on 

the China Lake test,s, or of a shallow channel bottom in a 



full-scale spi.11. Accordingly, it is recommended that the 
Q 

disk be placed at a scaled depth slightly greater than the 

draught of a tanker, i.e., 15 m (0.5/25,000) = 0.4 m. 
The disk should be transparent to permit photography of the 

spill point from below. 

In the next four tests the LNG would be spilled at the 

point of intersection of a ship model colliding broadside 

with an LNG tanker model. Since a typical tanker is about 

280 x 40 x 28 m, scaling down by a factor of (0.5/25,000) 1/3 = 

1/37 gives model dimensions of 7.6 x 1.1 x 0.8 m. According 

to theory (see Figure 5-5), neglecting the effects of the 

ships, the maximum LNG pool diameter will be 13 m, or 1.7 

times the ship length, while in the full-scale case the LNG 

pool diameter would be 2.7 times the ship length. This 

difference occurs because the boiloff rate cannot be scaled, 

as discussed earlier. The maximum diameter could be properly 

scaled in relation to the ship by using a ship scale factor 

of (0.5/25,000) 3'8 = 1/58, but then much of the spreading 

period, before boiloff became dominant, would be less 

accurately modeled. Some additional thought and analysis is 

required before making a decision between 1/58 scaling, 1/37 

scaling, or an intermediate value. Whichever choice is made, 

the detailed data at early times can be scaled in one way, 

and those at later times in the other. (The situation is 

somewhat similar to wind-tunnel testing of aircraft models, 

where the pressure drag and skin-friction drag scale dif- 

ferently with size, but can be determined separately and 

combined appropriately.) 

The following four tests would be somewhat more 

realistic ship-collision simulations, because the LNG would 

be poured temporar'ily into a scaled-down tank in the LNG 

ship model, and then a wedge valve in the side of this tank 

would be partially opened to simulate a hole produced by a 



collision, with .the wedge representing the bow of the 

colliding ship. In this way the LNG would enter the water 

with a realistic horizontal velocity component and a minimum 

vertical velocity. Rough arguments connected with the 

resisting force of the water suggest that this horizontal 

velocity.wil1 have little. effect on the later pool growth 

and boiloff, but experimental verification is desirable. 

(A simpler method of giving the LNG horizontal velocity would 

be to pour it into a chute with a horizontal exit, but this 

would yield unrealistically high horizontal velocities.) If 

part of the wedge valve were actually underwater, useful 

information could also be obtained on how the water displaces 

the LNG in such a tank rupture. 

The last two tests specified in detail are for sim- I 

ulating the spill of 25 m3 of LNG in 30 s from a broken 

transfer line next to a ship at deck height (abo.ut 16 m ) .  At 

the corresponding .linear scale of (0.5/25.) = 1/3.7, the 

spill height should be 4.3 m, the water depth should be 4 m 

or deeper (so the deflector should not be used), and the 

ship hull should be much longer than the maximum LNG pool 

diameter, so it can be simulated by a long board partially 

submerged in the water. 

All of these tests would be performed both with and 

without water waves, other than the waves produced by the 

spill itself, since it is believed this can be done rapidly 

and..,inexpensively by switching on or .off a mechanical wave 

generator, without changing the experimental setup. The 

typical larger waves expected to be encountered by an LNG 

tanker near a populated area are around 1 m in height, since 

in storms the tanker would stand out to sea. Accordingly, 

it is recommended that the wave heights employed in the tests 

be scaled from 1 m, which, gives waves 2 cm high for the full- 

tank spill simulations and 20 cm high for the line-break sim- 

ulations. Past tests suggest that rough water decreases the 

5-23 



boiloff rate, so such a condition is expected to prove less 

important from a safety standpoint, and some of these tests 

might be omitted or performed using natural waves during 

windy weather (without trying to get a particular wave. height). 

At the end of the test series ten contingency tests 

are provided. These permit duplication of those earlier tests 

that seem most'important, or that gave unexpected results or 

experienced instrument failures. They also permit further 

exploration of the effects of varying those parameters shown 

to be most significant by the earlier tests. 

The recommended instrumentation for the swimming-pool 

tests is shown in Figure 5-6. The instruments include four 

underwater movie cameras looking up from the bottom and one 

camera looking down from a central tower, to observe the 

spreading of the LNG over the water and its eventual disap- 

pearance by vaporization. The underwater cameras are needed 

because clouds of condensed moisture may obscure much of the 

view of the overhead camera. Their number might be decreased 

by employing a deeper swimming pool, like the one at Sandia 

Base, to permit each of them to view a larger fraction of the 

pool. Speeds of around 24 frames/second are adequate for these 

cameras. Three additional movie cameras with speeds around 

64  frames/second should be placed in half-submerged boxes at the 

water surface. These boxes would have horizontal windows 

parallel to the spreading velocity of the LNG, to observe 

selected cross sections of the LNG layer on the water surface. 

Thus, not only the position of the LNG front would be photo- 

graphed, but also the height of the LNG layers at later times, 

and some of the dynamics .of the boiling, water waves and 

possible ice formation; If feasible, a dye should be added 

to the LNG to improve its visibility. 

Sets of thermocouples, fixed or mounted on floats,' should 

also be deployed to sense the LNG spreading and water cooling, 



4 underwater 16-mm ,movie emeras, approx. 24 frameslsecond 

3 surface 16-mm movie cameras, approx. 64 frarneslsecond 

9 rakes of 8 thermocouples each, on floats constrained not to 
move horizontally 

0 12 rakes of 3 thermocouples each, on similar floats 

Not shown: . 

12 vapor grab bottles, remotely activated 

3 infrared vapor~oncentration senson (if available) 

Figure 5-6. Instrumentation arrangement for the swimming 
pool tests (top view) . 



as a backup to the cameras,on,..these tests and to develop and 

check instrumentation for the larger field tests, where the 

relatively shallower depths and probably less clearwater 

will prevent adequate underwater camera coverage. Nine 

vertical rakes of eight thermocouples each should be pos2- 

tioned at various points on the water, as indicated in the 

figure, to determine not only the time of arrival of the LNG 

front, but also the subsequent variation of LNG height with 

time at each position. In order to sense the later decrease 

of the liquid height in the presence of equally cold vapor, 

either some electric heating of the,thermocouples would be 

provided, or a warm gas jet would be directed atthem..with . 

sufficient 'force.to shield them from the LNG vapor without 

disturbing the liquid. At points near the expected maximum 

diameter of the LNG pool, where the depth would be too small 

to measure by such a system (especially since mounting on 

floats cannot completely compensate for high-frequency wave 

motions of the water), rakes of three thermocouples are 

recommended for determining only the time of the front arrival. 

It is believed; that, by proper choice of the thermocouple 

size, their response to a possible cold vapor front ahead 

of the liquid.wil1 be sufficiently slow to permit detection 

of the liquid front. 
b 

In addition, it is recommended that a few devices lie--cpn- 

structed that would measure the amount of ice formed during 

the LNG boiloff at several.times and places. A possible 

design for such a device consists of a perforated flat plate 

with.teeth around the edge, which is quickly raised,.from 

below the water surface, to weigh the ice over this area by 

measuring the lifting force, as well as to-determine whether 

the ice formed a solid sheet by detecting any extra breaking 

force. Since a heat balance calculation indicates that less 

than 1/2 cm of ice could, be formed in these tests, a plate 

30 cm across should be sufficient to minimize errors due to 



irregular breaking of the ice. This device should be designed 

to make, two or three measurements at successive times, if a pre- 

liminary analysis shows that it is feasible to resubmerge the 
plate, move it horizontally a few diameters to undisturbed 

ice and raise it for another'weighing, within the approxi- 

mately 20 s of boiloff time, without prodqcing water currents 

strong enough to disturb the ice formation. Four such devices 

would be deployed at different distancds from the spill point, 

three of them at the same distances as the three surface 

cameras. 

The remaining instruments would be employed for measuring 

the extent of differential boiloff. Sets of three remotely 

activated sampling bottles, similar to those used in tests 

at China Lake (Ref. 5-10), would be stationed at 'four different 

positions just high enough.above the water to prevent ingestion 

of liquid. At each point the three bottles would be opened 

at different .times to determine 'the time variation of dif- 

ferential boiloff. In addition, since infrared absorption 

instruments for continuous measurement of hydrocarbon vapor 

concentrations are currently being developed for vapor- 

dispersion tests (Ref. 5-14), two .or three of these 

instruments should be deployed adjecent to some of the sample 

bottles. Data from these sensors, and from the thermocouples 

described above, should be recorded on magnetic tape for later 
analy& s . 

It is tempting to add some measurements of downwind vapor 

dispersion to, these swimming ,pool tests. However, the value 

of such measurements for predicting the vapor dispersion from 
3 a 25,000-m spill is considerably liiited by the scaling laws 

for meteorological parameters, which require a .wind velocity 

varying as the one-sixth power of the wind speed, and a 

vertical atmospheric temperature gradient varying as the 

inverse cube root (see Section VI). Since it is virtually 



imposs ib le  t o  f i n d  s t e a d y  winds less t h a n  1 m / s  t h e  swimming 

pool  tests can on ly  s i m u l a t e  f u l l - s c a l e  winds g r e a t e r  t h a n  

about  6 m / s ,  and ve ry  smal l  a tmospher ic  t empera ture  g r a d i e n t s .  

Moreover, t h e  i n a b i l i t y  t o  s c a l e  t h e  s p e c i f i c  b o i l o f f  r a t e ,  

as  d i s c u s s e d  ear l ier ,  makes t h e  s i m u l a t i o n  on ly  approximate. 

F i n a l l y ,  f o r  u s e f u l  vapor d i s p e r s i o n  tests one must i n s u r e  

t h a t  s t r u c t u r e s  around t h e  s p i l l ,  such as t h e  s p i l l  t a n k  and 

t h e  swimming poo l  w a l l ,  do n o t  s e r i o u s l y  a f f e c t  t h e  vapor 

d i s p e r s i o n ,  and i n  t e s t i n g  one must w a i t  f o r  t h e  d e s i r e d  

wind v e l o c i t y  and d i r e c t i o n .  Because of a l l  of  t h e s e  d i f -  

f i c u l t i e s ,  vapor d i s p e r s i o n  measurements on t h e  swimming 

pool  tests do n o t  appear  t o  be j u s t i f i e d .  

The swimming poo l  i n s t a l l a t i o n  and i n s t r u n ~ e n t . a t i o n  recom- 

mended i n  t h i s .  s e c t i o n  f o r  i n v e s t i g a t i n g  LNG sp read ing  and 

b o i l o f f  cou ld  be a p p l i e d  e q u a l l y  w e l l  t o  an i n v e s t i g a t i o n  of 

LPG sp read ing  and b o i l o f f .  

d. F i e l d  t e s t s - - A  number of  r e l a t i v e l y  l a r g e  LNG s p i l l  

tests are recommended i n  S e c t i o n s  V I  t o  I X  t o  p rov ide  essen- 

t i a l  d a t a  on vapor d i s p e r s i o n ,  f lame r a d i a t i o n  and p o t e n t i a l  

explosion.,  Genera l ly ,  t h e  LNG w i l l  be dumped r a p i d l y  from a  

t a n k  suppor ted  a  s h o r t  d i s t a n c e  above t h e  s u r f a c e .  The tests 

i n c l u d e  unconfined s p i l l s  o f  up t o  350 m3 on wa te r ,  and l a n d  

s p i l l s  on d i k e  f l o o r s  up t o  25  x 30 m. A t  least  one test of  

each  c o n f i g u r a t i o n  w i l l  be i g n i t e d  t o  produce a  poo l  f i r e .  

The l a r g e s t  test s p i l l  s i z e ,  350 m3,  i s  chosen because 

t h i s  s i z e  i s  l a r g e  enough t o  permi t  s i m u l a t i n g  t h e  vapor 

d i s p e r s i o n  from a 25, 000-m3 s p i l l  on wate r  by p rope r ly  s c a l i n g  

t h e  wind speed and a tmospher ic  t empera ture  g r a d i e n t  (.see Sec- 

t i o n  V I )  , whi l e  somewhat l a r g e r  t e s t s  (1000 m3 o r  s o )  p rov ide  

l i t t l e  s i m u l a t i o n  advantage,  b u t  t h e  c o s t s  of  t h e  s t o r a g e  

t a n k  and t h e  LNG would become ve ry  l a r g e .  From F igu re .5 -5 ,  

-these tests-.w-i-l.l.-..requ-i-~e- a - body o f -  water a t  least  200 m i n  

d iameter .  Most of  t h e  wate r  can be  q u i t e  sha l low,  b u t  t o  



prevent bottom surface interactions near the spill point the . 

water depth in this vicinity should be at least equal to the 

height of the top of the spill tank, i. e., about. 10 m, unless 

the swimming pool experiments with the underwater disk show 

that such effects are unimportant. 

The accidental land spill of greatest concern with respect 

to public safety is the conceivable rapid spill of the entire 

contents of a storage tank into a surrounding broad, low dike. 

This would cover the entire dike floor with LNG, even if the 

floor were sloped or had sumps to minimize-the boiloff from . 

smaller spills. Such a large spill can be adequately simu- 

lated in a scaled-down dike around 25 x 30 m in size. By 
making the floor of the scaled-down dike level, only about 

3 100 m of LNG are required for a test, since this is adequate 

to give a liquid depth of about 15 cm and hence to simulate 

the first few minutes of most rapid boiloff that is of greatest 

safety concern. For accurate simulation of the vapor flow 
over the dike walls, the model dike floor should be raised so 

that the top surface of the LNG reaches a height corresponding 

to that for a full-scale complete tank spill. 

Before the land tests are performed, the boiloff rates of 

LNG on the soils and inpulating materials to be used should 

be measured on small samples in an. apparatus like that used 

in previous measurements at M.I.T. (Ref. 5-2). If necessary, 

the soil-surface should be treated or replaced, and the 

insulation modified, to obtain the desired.boiloff rates 

(which should be scaled down by.a factor of around 2 below 

the full-scale dike values of interest). 

The detailed parameters of the various field tests are 

listed and explained in later sections, so they will not be 

discussed further here. However, in every field test it is 

important to make reasonably accurate measurements of the LNG 



spreading and boiloff history, in order to characterize the 

test properly. The resulting extensive,set of data, together 
with the swimming pool.measurements described earlier, should 

be more than sufficient to develop reliable semiempirical 

relations for predicting the spreading and boiloff of large 

accidental spills. 

The fraction of ethane and propane in the LNG used in the 

field tests should be the same (within *10 percent) as that 

used in the swimming pool tests, as discussed earlier. The 

spreading and boiloff instrumentation for the water spills 

should also be essentially the same, with the omission of the ' 

underwater cameras and the raising of the overhead camera to 

a corresponding1y.higher point, using a tall tower, tethered 

balloon or aircraft. On the land spi1ls.i.n dikes, the LNG 

level should be measured by using several float gages and 

manometer gages, similar to those used in:.the AGA Phase 11' 

tests (Ref. 5-15), but with refinements to overcome the gage- 

sticking problems previously encountered. (These refinements 

would include use of noncorrosive materials, and bubbling of 

dry nitrogen through the manometer tube to prevent plugging.) 

In addition, the possible use of a nuclear liquid-level gage 

should be investigated. (One was tried unsuccessfully in the 
b 

Phase I1 tests.) In parallel fashion to the water test 

instrumentation, a few vertical rakes of thermocouples, 

cameras half-buried in the dike floor, sampling bottles-and 

infrared analysers should also be deployed. On land and water 

tests that are to be ignited, much of this instrumentation 

might be omitted, depending upon the tradeoff between the 

potential value of the data and the possible damage to the 

instruments. 

The LNG field-test installations and instruments des- 

cribed above could be applied equally well to field tests of 

LPG spills. 



e. Extended effort--The swimming pool and large field 

tests described above are considered important for solving 

the highest priority LNG safety problems. If a longer range 

program is desired to provide higher confidence and.accuracy, 

and answer questions of moderate priority, some further spill 

tests should be added. These would include repetition of 

many. of the swimming-pool tests, and addition of tests that 

vary the spill rate and other parameters, to simulate various 

conceivable accidents. Moreover, in the following sections 

of this report some supplemental large field tests are sug- 

gested as part of the extended efforts to improve our knowl- - 
edge of vapor dispersion and combustion; on these tests LNG 

spreading and boiloff measurements should be made to provide 

additional data, 

3. MATHEMATICAL MODELING 

a. Basic effort--It is recommended that three relatively 

.simple mathematical modeling tasks be undertaken. The input 

data for these models would be obtained initially from the 

swimming pool tests. When similar data from the large field 

tests become available, these inputs would be modified if b 

necessary, and the models revised accordingly. 

The first task would be simply to use the LNG spreading 

data to verify or modify the relation of Raj and Kalelkar 

(Ref. 5-6) for the LNG pool radius versus time, and to derive 

an empirical correction for the case of spreading around the 

end of a ship. The remaining two tasks would employ the 

experimental data on the boiloff rate and LNG front velocity 

as a function of LNG height and possibly other parameters to 

obtain boundary conditions for improving two types of spreading 

analyses. The first analysis would use the global approach 

of Raj and Kalelkar (Ref. 5-6), which yields an ordinary dif- 

ferential equation for the pool radius versus time that would 



be integrated analytically or numerically. The second analysis 

would use shallow-water theory, leading to a one-dimensional 

numerical calculation of the LNG height as a function of radius 

and time. Both approaches would be applied to all of the cir-' 

cular or semicircular test cases, and the results compared with 

the measurements. After appropriate adjustments, they would 

thenbe. used to calculate the behavior of full-scale spills. 

The results of these.two analyses...might also be applied 

to the spreading of LPG on water, by correcting for the dif- 

ference in density and boiloff rate between LNG and LPG. Also, 

if data are taken on swimming pool or field tests of LPG, they 

could be applied directly to such analyses, 

b. Extended effort--To cover a greater variety of spill 

'conditions, we recommend that the two analyses described above 

be applied to situations involving a variety of spill rates. In 

addition, a two-dimensional shallow-water model would be devel- 

eped and applied to the spreading of LNG around the end of a 
ship, between ship and:.shore, etc. 

To'provide a better basic understanding of .the spreading 

* and boiloff process, we also suggest that a more detailed and 
complex model be developed. This would involve two--' 

dimensional calculations of the radial and vertical ' ilew 

fields of unconfined spills using appropriate turbulence and 

boiling heat-transfer models. Such an approach would.probably 

require more than three years to give results of practical . . 

utility. 
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VI. RECOMMENDED RESEARCH ON LNG VAPOR CLOUD DISPERSION 

1. INTRODUCTION . . 

. .  One of the greatest technical needs in assessing the 

public safety of LNG operations is a high-confidence. spatial 

and temporal-description of the unignited vapor cloud from a 

large LNG spill, for use in defining the extent of the vapor 

cloud combustion and explosion.hazards. Spreading and dilution 

of the LNG vapor cloud occur by turbulent p,rocesses, and tur- 

bulent concentration fluctuations can produce local patches of 

flammable mixture even at points where the mean fuel/air mix- 

ture ratio is outside the flammable range. Accordingly, re- 

liable characterizations are needed of both the mean and the 

.fluctuating gas concentrations throughout the vapor cloud at 

various times following the spill. One also needs an accurate 

description of any significant separation, layering, or pocket- 

ing of. the ethane and propane vapor.relativs to that of methane. 

These descriptions are needed for a sufficient range of weather 

and terrain conditions (including man-made structures) to cover 

all major LNG sites. 

In the United States, a relatively large number of moder- 

ate-size LNG field experiments have .been carried out-in dikes 

on land with spills of up to about 35 m3 of LNG (Ref. 6-1). 

and on water with spills of up to about 6 m3 (Ref. 6-2). 

Although the instrumentation on these tests was limited in 

accuracy and coverage, the data have been useful for describ- 

ing the general behavior of LNG spills. However, they have 

not provided the information needed for scaling to large- 8 
size spills with good accuracy and confidence. Wind tunnel 

experiments have also been used to simulate full-scale land 

spills .in dikes (Refs . 6-3, 6-4) . The - wind tunnel simulation 
spills in dikes have had some (but not a sufficiently broad) 



confirmation by a field test in a 24-m-diameter dike. Wind 

tunnel simulations of large spills on water have not been 

reported. 

In addition, co~siderable mathematical modeling has been 

performed to describe the mean concentrations in such. clouds. 

Among the most credible of these models are the relatively 

simple analytical model of ~ermeles' and Drake (Ref. 6-5), 

the more complex model of Cremer and Warner analysts (Ref. 

6-6), and the three-dimensional (3-D) Eulerian hydrocode 

SIGMET developed by workers at Science Applications, Inc. 

(Refs. 6-7,' 6-8). Predictions by two of these models, and 

by wind tunnel tests, .for the maximum distance to the lower- 

flammability limit (LFL), corresponding to 5 percent methane 

by volume (neglecting turbulent fluctuations), are shown in 

Figure 6-1, for spills on water in a 2.2 m/s wind. Results 

from the Cremer and Warner model are not shown because they 

are not available for this wind speed, but at 4.5 m/s they 

lie between the results for the other two mathematical models 

(Ref. 6-9). For small spill volumes, which have little 

gravity-spreading effects except for very low wind speeds, 

the mathematical models agree quite well. However, at larger 

spill volumes, the LFL predictions vary considerably. At a 

spill volume of 25,000 m3 and neutral atmospheric stability 

(Pasquill Class D), the predicted maximum LFL distances vary 

from 2.6 to 5.3 km, about a factor of 2 (Ref. 6-8). For 

stable atmospheric conditions (Class F) where atmospheric 

mixing is greatly inhibited, the Germeles-Drake model pre- 

dicts a much larger distance, 18.5 km (Ref. 6 -10) . No 

SIGMET results for this case are available, but SIGMET results 
3 for a somewhat larger spill (88,000 m ) and slightly higher 

wind speed (3 m/s) show only about a 10 percent increase in 

going from a Class D to a Class G (very stable) atmosphere 

(~ef. 6-7). Accordingly, one expects that the SIGMET model 



Open symbols: Class D atmospheric stability. 
Solid symbols: Class F stabilitv . 
0.8 Germeler - Drake model (~efs .  6-5, 68, 6-10): 
0 SIGMET mod.el (Refs. 6-7, 6-81. 
A 

V Calculated from wind-tunnel measurements 
of .steady releases (Refs: 6-3, 64), using 
Froude number scaling (see Subsection 4a.); , 

results for D and F stability essentially 
wincident. 
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Figure  6-1. . Maximum d i s t a n c e  t o  t h e  LFL (5  p e r c e n t  mean vapor concen t r a t i on )  
p r e d i c t e d  by two a n a l y t i c a l  models and by s c a l i n g  wind t u n n e l  
r e s u l t s ,  f o r  i n s t an t aneous  s p i l l s  of  LNG on w a t e r  i n  a  2.2 m / s  
wind. 



would give a maximum LFL distance of about 3 km for a 
3 25,000-m spill in Class F conditions, which is only 1/6th 

of the distance given by the Germeles-Drake model. This 

uncertainty of a factor of 2 to 6 has serious practical con- 

sequences, especially for LNG facilities sited in or near 

cities where large exclusion~distances may be infeasible 

or costly. 

Moreover, no adequate theory exists for the turbulent 

concentration fluctuations in the cloud, or for the distri- 

bution of the ethane and propane vapor it. In safety 

evaluations the strength of the turbulent fluctuations is 

often expressed in terms of a "peak-to-mean ratio," which is 

generally taken to have a value of.around 2 or 3 (Ref. 6-5), 

based roughly on past LNG field tests. However, using some 

of the field data, Fay and Lewis (Ref. 6-11) deduced a statis- 

tical distribution of peak-to-mean ratios, with a value ex- 

ceeding 4 a few percent of the time. On the other hand, the 

data were scattered and the fit approximate, and it is not 

known whether the same values would apply to a much'larger 

spill. Moreover, little is known about whether the concen- 

tration peaks represent small discrete patches that-would 

give only brief flashes if ignited, or long streaks of flam- 

mable mixtures, such as the "structures" observed in many 

turbulent flows (Ref. 6-12), which could result in much larger 

fires. * 

Because of the current uncertainties in both the mean 

concentrations and the turbulent fluctuations, we believe 

that further research on the dispersion of large LNG vapor 

clouds is clearly necessary. 

*Apparently the only relevant published information is that 
on an LNG test spill in a 5-ft-diameter earthen dike, where 
flares 100 ft downwind caused only local ignition, without 
propagation back to the dike (Ref. 6-13). 



It is' desirable to set quantitative goals for this research 

that both satisfy practical needs and have a reasonable chance 

of being attained. For LNG facilities in areas where land is 

particularly expensive, there is a strong incentive to mini- 

mize the distance out to which other activities must be 

excluded. Accordingly, an accuracy goal of.around 510 percent 

in the predicted LFL distance from a diked spill or a line- 

break spill near a dock would clearly be advantageous. How- 

ever, it is doubtful that this degree of accuracy is attainable 

in a limited-duration research .program. The AGA field test 

data for diked spills (Ref. 6-11 show a scatter of about 225 

percent in the distance to the-mean LFL (averaged over the 

turbulent concentration fluctuations). The wind tunnel data. 

scatter less for a given configuration, although the data are 

scant (Refs. 6-3, 6-4). A new test program with improved 

instrumentation should be able' to do somewhat better, although 

the accuracy may be limited by the inherent nonuniformity and 

short-period variability of the air flow near the ground. 

Accordingly, we propose as optimistic research goals the 

developmeGt of techniques that permit the determination of the 

distance to a given mean LNG vapor concentration for a specified 

LNG site, spill and weather, with an uncertainty of +15 percent 

(or a factor of 1..3 from the lowest to the highest prediction), 

and the application of these techniques to yield numerical 

results for a few specific situations of:..highest.pra&tical im- 

portance. (Other situations.could then be treated rapidly, 

but with some loss in accuracy, by interpolation or extrapo- 

lation of these results, or with better accuracy by application 

of the same research techniques.) It should be pointed out 



that these accuracy goals are not as stringent as they might 

seem, since a '15 percent uncertainty in the distance to a 

given concentration corresponds to about a '33 percent uncer- 

tainty in the concentration at a given distance. 

In addition to these goals concerning the mean concentra- 

tion (averaged over the turbulent fluctuations), additional 

goals would be to obtain techniques and results for the peak- 

'to-mean ratio and the heavier hydrocarbon concentrations, in 

the same specific situations, with an accuracy of 225 percent, 

together with a semiquantitative understanding of the geometry 

of the turbulent fluctuations. These goals must be set because . 
of the need to characterize the spatia1,variations in the cloud 

that can affect flame propagation and possible explosion (see 

Sections VIII and IX). The accuracy of these goals is set 

lower than that of the mean-concentration goals because of 

their greater difficulty and somewhat less practical importance. 

We. believe that all of the above goals are both responsive 

to industry needs and have a fair chance of being achieved, 

although we cannot be sure about the latter until the program 

nears completion. 

In the remainder of this section we discuss the key physi- 

cal mechanisms affecting cloud dispersion and a technical 

approach to research designed to.attain the goals specified 

above. 

2. ' GENERAL FEATURES O F  LNG VAPOR D I S P E R S I O N  

Consider first the case of a large LNG spill (thousands 

of cubic meters) in a land facility--typically a 30-m-diameter 

tank surrounded by a:.low,rectangular dike about 100 m on a 



side. Prior to the spill, wind interactions with the tank 

and dike set up a shear region which propagates downwind. 

Horseshoe vortices are shed from the tank, and vortex sheets 

are shed from the dike. These are embedded in the atmospheric 

boundary layer--a shear layer with vertical gradients in veloc- 
ity and temperature. This complex flow field forms the initial 

conditions for the'problem. Next assume a tank rupture which 

rapidly spills the LNG into the diked area. Heat transfer 

from the dike floor and walls vaporizes the LNG at a rate 

which decreases with time as the solid surface cools. The 

vapor cloud is initially about 40 percent more dense than air, 

which causes it tb spread laterally due to gravity. This is 

demonstrated in Figure 6-2 which shows the LNG vapor spreading, 

simulated in wind tunnel tests performed at Colorado State 

University (Refs. 6-3, 6-4). The initial cloud movement is 

greatly influenced by gravity spreading for wind speeds up to 

tens of meters per second. In addition, the vortex wakes of 

the tank and dike entrain vapor and may have a significant 

effect on the downwind vapor distribution. Recent wind tunnel 

tests of cloud dispersion from rectangular dikes indicate that 

the vapor can be captured in the vortices from the dike, re- 

sulting in a bimodal concentration across the cloud width as 

shown in Figure 6-3 (Ref. 6-3). Sharp terrain contours may 

have a similar effect. 

The relative motion between the air and the LNG vapor 

creates a shear layer that causes turbulent mixing, even for 

the case of zero ambient wind velocity. Initially the large 

density differences have a strongly stabilizing effect on the 

shear layer. For example, the cloud starts out with a 

Richardson number of about 200 and, as shown in Figure 6-4 

(Ref. 6-14), the entrainment velocity is reduced by two to 

three orders of magnitude compared to the entrainment velocity 

expected for a uniform density fluid. Near the LFL the 



Figure 6-2. Visualization of the plume from the l o w  dike model 
in a wind tunnel simulation test. (Ref. 6-3, 6-4) \ 



Figure 6-3. Wind tunnel  contours  of 5 percent  helium-nitrogen (corresponding 
t o  5 percent  methane) a t  the  ground l e v e l  f o r  a low dike a t  45- 
degree o r i e n t a t i o n  ( ind ica ted  on t h e  l e f t  of  t h e  f i g u r e )  i n  a 
n e u t r a l  atmosphere (Ref. 6 - 4 ) .  The coordinates  and curves a r e  
l abe led  with t h e  f u l l - s c a l e  d i s t ances ,  .vapor r e l e a s e  r a t e s ,  and 
wind speeds. 



1,imit at 

zero Ri, 

Figure  6-4. A comparison be tween 'en t ra inment  v e l o c i t i e s  
produced by a s t i r r i n g  g r i d ,  a c r o s s  d e n s i t y  
i n t e r f a c e s  formed w i t h  temperature  d i f -  
f e r ences  and 0 s a l i n i t y  d i f f e r e n c e s .  ( R e f .  , 



Richardson number is of order one, and the entrainment 

velocity is reduced by a factor of 2 or 3. As the cloud 
drifts downwind it mixes with air and becomes less dense, so 
that density effects diminish and atmospheric turbulence mix- 

ing effects play an increasingly more important part in the 

vapor cloud dispersion. Recent experiments by Britter and 
Simpson (Ref. 6-15) on negatively buoyant clouds have shown 

strong turbulent mixing at short distances behind the cloud 
front for small cloud/air density differences (see Figure 6-5). 
This rapid large-scale vortex mixing near the front will govern 

the intermediate stages of the vapor cloud dispersion. The 
final stages are dominated by turbulent diffusion caused by 

ambient atfnaspharic turbulence (i.e., passive diffusion), 
which depends upon W e  atmospheric stability, wind speed and 

surface roughness. 

The cloud'is heated by heat transferred from the ground 

or water, by mixing with the air, and by condensation of water 
vapor in the air. In a hot moist atmosphere this heating could 

cause the cloud to become slightly positively buoyant, but this 

appears insufficient to cause the cloud to lift off prior to 
reaching to the Lm, except under zero wind conditions. 

Consider next the rapid spill of a large quantity of LNG 

fr0m.a ship into the water. Since there is no dike, the liquid 
LNG will spread freely over the water and form a larger vapor 

source than in the land case. Also, the vapor generation rate 

per unit area remains high longer for spills on water (Ref. 6-16) 
apparently because water circulation causes the water surface 

to remain warm, in contrast with the land case where the dike 

floor and walls rapidly cool. The vorticity generated from 
the ship structure is probably of less importance to the vapor 

dispersion than in a land spill case, since the maximum down- 

wind extent of flammable vapor is large compared to the ship 

size. 



SHADOWGRAPHS OF GRAVITY CURRENT HEADS BROUGHT TO @EST BY AN OPPOSING 
FLOW WlTH UNIFORM VELOCITY PROFILE. (a) WHOLE FLOOR MOVING AT THE SAME 
VELOCITY AS THE OPPOSING FLOW. THE ARROW INDICATES THE ELEVATION OF THE 
FOREMOST POINT OF THE GRAVITY CURRENT. (p, - p , ) lp ,  = 0.0074, h,lh, = 0.13. 
(b) WlTH A FIXED FLOOR BENEATH THE DENSE F~UID. ip2 1 p l ) I p l  = 0:00$7, h4/hl = 
0.19. (c) WlTH A FIXED FLOOR BENEATH THE DENSE FLUID. (p2 - p l ) I p l  = 0.015, 
h4/hl = 0.04. 

igure 6 - 5 .  Examples o f  turbulent mixing just  downstream 
~f a gravity driven cloud. (Ref. 6-15) 



For.small spills (tens.of cubic meters) gravity effects 

will be much less important than for large spills, and atmos- 
pheric diffusion effects will dominate the vapor cloud dis- 

persion,' especially at higher wind speeds. 

In summary, the following physical effects are potentially 

important 'to the vapor cloud dispersion from large. -LNG .spil'ls : 

Gravity spreading of the cloud. 

Flow field and turbulence of the natural atmos- 

pheric boundary layer. 

, e  Vorticity generation by objects in the source 

region. 

Inhibiting effects of the cold dense LNG cloud 

on the turbulent mixing. 

Flow deviations and turbulence created by local 

terrain features. 

a Heat transfer from the ground or water. 

Atmospheric water vapor condensation and freezing. 

3. TECHNICAL APPROACH 

In principle, all the above physical mechanisms could be 

taken into account in three-dimensional (3-D) hydrocode calcu- 

lations, which could then. be used to make predictions of the 

time-dependent mean concentfations 'and fluctuations resulting 

from LNG spills.as a function of the various problem parameters. 

In practice, however, it is not practical to do this accurately 

solely from first principles. Compromises must be made due 

to our lack of precise physical models and because of computer 

limitations. For example, turbulent mixing and rich/lean 

pockets are especially difficult to predict due to computer 

.storage limitations on the fineness to which the calculations 

can be zoned. Hydrocodes as well as simplified analytical 

techniques such as the Germeles-Drake model can be used to 

make predictions of the vapor dispersion of LNG clouds, but 



the accuracy of these predictions'will depend on the 

sophistication of the tools used. A major portion of the 

mixing modeling used in the computer codes must be determined 

experimentally from data. Confidence in the code predictions 

is established by verifying them with.experiinenta1 data taken ' 

in the appropriate flow regimes. 

A second approach is to conduct subscale tests which are 

scaled simulations of the dispersion of a full-size vapor 

cloud based on matching of the controllin,g nondimensional 

groupings of the physical parameters, and to use this physical 

modeling to predict full-scale cases; perfect simulation1 

requires that all the characteristic nondimensional parameters 

relevant to the problem (Froude number, Reynolds number, etc.) 

remain constant from full scale to subscale to preserve dynamic 

similitude. This is not generally possible, however. In wind 

tunnel and small field tests, Reynolds numbers are generally 

smaller than in full-scale spills by one to four orders of 

magnitude; scaled liquid boiloff rates are difficult to achieve 

and control in field tests, expecially for spills on water; and 

scaled heat transfer from water or land surfaces to the cold 

vapor is difficult to achieve in both wind tunnels and field 

tests. Hydrocode calculations can be used to investigate the 

sensitivity of the results.to parameters that are difficult to 

scale or control in tests. 

In view of the limitations in both the experimental and 

theoretical modeling, we believe that a dual approach to the 

prediction of full-scale LNG vapor cloud dispersion is required: 

e semiempirical scaled modeling using wind . 

tunnel and field experiments. 

o Transient, 3-D hydrocode calculations. 

For the semiempirical approach, we recommend that scaled 

simulation tests be performed in medid-size ($4-m wide) and 



large ($40-m wide) wind tunnels as well as in the field, For 

the hydrocode approach, we suggest that the turbulent mixing 

models currently employed in the codes first be verified or 

improved by use of small laboratory shear-layer experiments. 
t 

The improved code(s) should then be checked by comparison of 

computed results for LNG dispersion with measurements on wind- 

tunnel and field tests, and finally applied to full-scale LNG 

situations that cannot be completely modeled'by such tests. 

Preliminary code calculations should also be used to assist 

in designing the wind tunnel and field tests. 

A similar approach could be used to develop improved 

predictions for the vapor dispersion from LPG spills,. 

4. EXPERIMENTAL PROGRAM* 

a. Scaling requirements--Due to cost considerations it 

is impractical to perform full-scale tests on LNG vapor cloud 

dispersion. We believe, therefore, that dispersion tests 

should be performed as scaled experiments, both in wind tunnels 

and in the field. An accurate simulation of full-scale vapor 

dispersion is achieved when the conditions of similitude are 

fulfilled. The relative magnitudes (but not necessarily abso- 

lute magnitudes) of all terms in the governing equations and 

boundary conditions as applied to the simulation must be the 

same as the corresponding relative magnitudes in the descrip- 

tion of the.ful1-scale case. In this way, all pertinent 

physical phenomena are of the proper relative strength in the 

simulation. 

I A scaxing analysis of hydrodynamic motion of the LNG 

1 vapor reveals that the following dimensionless parameters 
must be the same in both full-scale and model experiments for 

I 
I perfect simulation: 

*A few simple experiments designed to determine basic turbulent- 

@ 
mixing parameters for use in mathematical dispersion models are 
discussed in Subsection.V1.5 instead of in this subsection. 



Reynolds number 

Froude number 

a/ 9, , Geometric ratio 

Dimensionless vapor discharge rate 

Any relevant temperature ratio 

psCs/paCa Ratio of the volumetric heat capacity 

L' 

of the surface material to that of - 
air 

Ks/ufi 'Dimensionless thermal diffusivity - 
of the surface material 

where u is a characteristic .velocity (such as the wind velocity 

at a given scaled altitude), L is a characteristic length 

(such as a dike length), v is the kinematic viscosity of air, 
g is the gravitational acceleration, d is any, relevant length 

scale different from L (such as the dike height or the terrain 
roughness height), Q is the volumetric vapor release rate, 

p and C are the density and specific heat per unit mass of 

the surface material (subscript s) or the. air (subscript a), 

and Ks is the thermal diffusivity of the surface material. 

The quantity T ~ / T ~  is the ratio between any two temperatures,. 

such as the LNG boiling temperature and the ground temperature, 

or the atmospheric temperatures at the bottom and top of the 

dike. 

Since the ratioT1/TZ must be the same in the model as 

in the full-scale situation, where the two temperatures can 

be chosen, for example, as the upwind atmospheric temperatures 

at two heights, the entire atmospheric temperature profile 

must be similar- in the two cases; i.e., the same except for 

scale factors in the temperature and height. Moreover, the 

atmosphe=ic velocity profile must also be similar, or scaled. 

(The ratio u1/u2 is not included in the above list because 



its constancy follows from the constancy of the Froude number, 
2 u gl, where u can be the velocity at any desired scaled posi- 

tion.) In time-varying flows the instantaneous velocity and 

temperature must be scaled, so that in turbulent flows both 

the mean and the fluctuating velocities and temperatures must 

be scaled by the same factor. 

The (mean) velocity and temperature profiles of atmos- 

pheric boundary layers can generally be approximated by formu- 

las involving the sum of a logarithmic and a linear term in 

the height (Ref. 6-17); in a neutral (adiabatic) atmosphere 

the linear term drops out. The coefficients in these terms 

depend upon the "friction velocity" u* and the Monin-Obukhov 

length, L, which are defined in terms of the surface st ess i 
and the surface heat transfer (Ref. 6-17). For proper model- 

ing, u*/u and L/A must have the same values as in the full- 

scale situation. However, it is considerably easier to meas- 

ure the mean velocity and temperature profiles than to meas- 

ure the surface stress and heat transfer, or the turbulent 

velocity and temperature correlations that determine these 

parameters, in order to evaluate u* and L. Moreover, the 

relation between these quantities insures that if the velocity 

and temperature profiles are properly scaled, uA and L will 

also be properly scaled, so the latter c~nditions are redun- ' 

dant. In addition, this scaling also insures that those tur- 

bulent velocity fluctuations that contribute primarily to the 

stress and heat transfer are also properly scaled. Conse- 

quently, the fluctuations that cause vapor dispersion are 

probably correctly scaled too, although this point deserves 

further study. 

If .the .atmospheric humidity i8.high enough ko affect the 

properties of the vapor-air mixture, it must be added to the 

list of parameters to be held invariant, and in addition the 

absolute temperatures (not just the temperature ratios) must 



be duplicated so that moisture condensation and freezing will 
I 

occur at the same mixture ratio. The Mach number is not in- 

cluded in this list because the flow is essentially incom- 

pressible, and the dimensionless vapor-air diffusivity (which 

determines how molecular diffusion smears the smallest scale 

concentration variations) has been omitted because (for a 

given mixture) it is inversely proportional to the Reynolds 

number. 

The above analysis assumes-that actual LNG vapor and air 
are used in the simulation. There appears to be no reason for 

seeking a substitute for air, but a nonflammable simulant for 

LNG vapor would have the advantage of increasing the safety 

of dispersion experiments. A previous study (Ref. 6-4) 

suggesdkd that the best nonflammable simulant was. a fifty- 

fifty mixture of helium and nitrogen released at the LNG 

temperature (112OK). This mixture has the same density- 

temperature relation as methane, although when mixed with 

ambient air its lower specific heat causes the resulting 

density to deviate by up to 7. percent from that of methane- 

air mixtures. Such a helium-nitrogen mixture was used in 

several of the past wind tunnel tests (Refs. 6-3, 6-4). 

Recently, however, it was realized that the few percent devia- 

tion in density can amount to a considerable fraction of the 

density difference bet%een the diluted vapor cloud and the 

external air that drives the gravkty spreading at intermediate 

times. .In addition, the large molecular diffusivity of helium 

might smear out the smaller turbulent concentration fluctua- 

tions. Accordingly, unless further analysis or tests show 

that these factors are unimportant or can be corrected for, 

it appears highly desirable to use actual LNG vapor or cold 

methane in all simulations. (A mixture containing some heavier 

hydrocarbons would be required, of course, to investigate 

differential dispersion of the component vapors.') 



Some kind. -tunnel simulations, .have: employed. a heavy room- 

temperature gas, either carbon dioxide (Ref. 6-3) or a freon- 

nitrogen mixture (Ref. 6-4), having a density close to that 

of cold LNG vapor. Such simulant gases, of course, cannot 

give information on possible heat transfer effects or on 

differential dispersion. Moreover, even though heat transfer 

from boundary surfaces is probably unimportant in full-scale 

spills (Ref. 6-3), the densities produced,when these gases mix 

with air deviate significantly from those of LNG vapor-air 

mixtures, especially when the air is moist, since such warm 

gases do,not give the additional buoyancy produced by cold , 

gases when they condense ,the moisture. 

The only.ways in which to preserve the same Reynolds. 
2 

:+, 

number (uR/v) and Froude number (u /gR) in a scaled-dok simu- 

lation (i.e., one with smaller R) are to decrease v by pres- 
surizing the apparatus or to increase g by putting it on a 

centrifuge. Either method would be expensive on a small scale 

and not feasible on a large scale. To simulate correctly the 

gravity spreading of the LNG vapor, it is important to keep 
2 the same Froude number, u /g~. ,Accordingly, if g is not varied', 

the wind velocity (at the same scaled altitude) must be scaled 

as R1/*, so the Reynolds number will vary like R3l2. Hence, 

the Reynolds number in a scaled-down field test will typically 

be one or two orders of magnitude smaller than that in a full- 

scale spill, while that in a wind tunnel test will be three 

or more orders of magnitude smaller. Fortunately, measure- 

ments have shown that reasonably good simulations of the mean 

atmospheric dispersion can be obtained even with large varia- 

tions in Reynolds number, as long as the atmospheric shear l 

layer is properly modeled (which can be done in wind tunnels . 
by special design) and the Reynolds number is kept high enough 

to maintain fully developed turbulent flow around the model 

.structures (Ref. 6-17). However, the extent to which such 



simulations reproduce the turbulent concentration fluctuations 

(which may be more sensitive to Reynolds number) has not been 

determined. An investigation of the scaling of such.fluctua- 

tions is 'included in the wind tunnel and field tests recom- 

mended in this section. 

To maintain .the same dimensionless vapor release. rate, 
2 Q/uR , in simulation experiments, the boiloff rate per unit 

area, which is proportional to */a2, must be scaled like u, 

or a''*. Methods for varying the boiloff rate approximately 

have already been discussed in.Section V; further details are 

given later in the subsections on wind tunnel and field tests. 

Generally, in wind tunnels it appears that the desired re- 

lease rates over the desired areas can be obtained by rela- 

tively simple mechanical devices.. For field'tests on land, 

modification of the dike floor material to reduce its thermal 

conductivity by the proper factor (generally about a factor 

of 2) appears to be a reasonable approach. No such modifi- 

cation appears possible for field tests on water, so that 

simulations of marine spills will have somewhat too high 

boiloff rates (as well as slightly too small boiloff areas), 

and probably give too large a distance to a given vapor con- 

centration. However, since in rapid spills on water all of 

the LNG is vaporized in a relatively short time, it is believed 

that the. concentration at distances.beyond a few pool diameters . 

is fairly insensitive to the boiloff rate, so that such simu- 

lations can yield useful approximations.to the maximum size 

of the flammable region. Perhaps more important, such simu- 

lations can be used.to check hydrocode calculations and wind 

tunnel measurements employing the boiloff rates of the field 

tests; then the.codes and wind tunnels can be applied to situa- 

tions with full-scale boiloff rates. 

-Ef ' heat c'onduct.ion. from. the .earth's surface ..to the cold 

vapor cloud is important, the previously.listed dimensionless 



ratios involving the thermal properties of the surface material 

must be the same in the model as' in.the full-scale situation. 

For wind 'tunnel tests this requires reducing the thermal con- 

ductivity of the ground plane by several order3 of magnitude 

while keeping the heat capacity constant, which is not easy 

to accomplish. Moreover, the heat transfer coefficient from 

the cloud to the LNG.tank and dike depends'somewhat on the 

Reynolds number, which is considerably smaller in the simula- 

tion tests. However, analysis suggests that in both full- 

scale situations and reasonably large field tests the heat 

transfer is fairly insignificant' (Ref. 6-3). 1n.wind .tunnel 

tests, by use of insulating materials it should also be possible 

to keep the heat transfer negligible,. thus achieving a good 

simulation. The validity of these conclusions can be checked 

by computer calculations and by tests with similar models 

that differ only in the thermal conductivity of their materials. 

b. Wind tunnel testing--The capability of simulating the 

wind and temperature profiles and the turbulence spectrum of 

the atmospheric boundary layer has been demonstrated by the 

Meteorological Wind Tunnel at Colorado State University at 

air velocities above about 1 m/s (Ref. 6-17). However, this 

tunnel is only 1.8 m wide, and model LNG dikes or pools used 

in 'it must be considerably smaller to a.void..wa'll effects .on 

the'vapor dispersion. Accordingly, the wind speed must be 

scaled down by more than a factor of ten, so that simulation 

of a moderate wind over a full-scale facility requires a tunnel 

speed around 0.1 m/s. At such low speeds most wind tunnels 

become extremely sensitive to small disturbances and exhibit 

unrealistic flow oscillations. In addition, the Reynolds 

number becomes marginal for producing fully developed turbu- 

lent flow around small-scale models. 

To alleviate,these problems, we recommend that the smallest 

wind tunnel used in the tests be about 4 m wide and' that some 



tests be performed in a much larger tunnel, about 40 m wide. 

Tests in a 4-m low-speed wind tunnel can be carried out rela- 

tively rapidly and inexpensively, so that the effects of 

varying many parameters can be studied at reasonable cost. 

However, in order to simulate large water spills in wind slower 

than about 5 m/s, it is necessary to utilize a larger wind 

tunnel. Moreover, tests in a considerably larger wind tunnel 

are also needed in order to determine the possible effects of 

Reynolds number on both the mean vapor concentrations and the 

turbulent fluctuations. In such a large tunnel some of the 

larger instruments designed for field tests can probably be 

employed. 

The sizes and scaling factors of the recommended wind 

tunnel tests are listed in Table 6-1, together with the sizes 

of the full-scale spills they are designed to' sirnulateeand 

the sizes of the corresponding field.tests (to be discussed 

later). For reasons discussed in Section IV, the simulations. 

cover both a full-tank spill and a.smal1 (line-break) spill 

on water,' and spills in both low and high.dikes on land. In 

the land-spill simulations it is not necessary to spill the 

equivalent of a full.tank of LNG, since the . . initial period 
of rapid boiloff can be simulated by a relatively shallow , 

layer in the low dike (which should have a built-up bottom 

to raise the liquid surface to the proper level), and in the 

high dike by an annular volume of LNG between the dike and 

the tank, since the LNG remaining in the tank during an acci- 

dent spill does not boil.,'.off significantly.. 

Suitable wind tunnels for the two sizes of tests are the 

Environmental Wind Tunnel at Colorado State University (3.7 m 

wide) and.. the .large low-speed wind. tunnel being reconstructed 

at NASA-Ames (37 m wide). The Environmenlfal Wind Tunnel has 

a provision for creating an appropriate velocity boundary 

layer, but not a thermal boundary layer; however, the latter 



TABLE 6-1. SIZES OF CREDIBLE FULL-SCALE SPILLS AND OF CORRESPONDING 
SCALED-DOWN FIELD AND WIND TUNNEL TESTS 

a~i though spill volumes are given in terms 'of (liquid) LNG, for wind tunnel tests involving small volumes spread over relatively 
large areas it is more practical to release the hydrocarbon as a cold gas. 

Water spills 

Ship lg x wd x ht (m) 

Length scale factor 

Velocity scale factor 
3 Large spill volume (m ) 

Large spill max pool diarn (m) 

Small spill volume 

Small spill rnax pool diam 

Land spills 

Tank diam x ht (m) 

Length scale factor 

Velocity scale factor 

Low-dike lg x wd x ht (rn) 

Low-dike spill volume 

High-dike diarn x ht (m) 

High-dike spill volume 

b ~ h e  LNG pool diameter on field tests does not quite follow the length scale factor, since the boiloff rate on water cannot 
be scaled. 

 his very small amount of LNG would be difficult to release properly and without vapor heating, and concentrations in the 
small cloud would be difficult to -measure accurately. Consequently, the LNG amount should be scaled up by about a factor 
of 100, and the ship model correspondingly scaled up by a linear factor of 4.6 for these tests. 

Full scale 

280 x 40 x 16 

1 

1 

25,000. 

770 

25 m3 

60 m 

36 x 30 

.I 

1 

95 x 81 x 4 

, 28,000 

40 x 30 

28,000 

d~olurne sufficient to simulate the early period of rapid boiloff. (Field-test value includes additional depth to allow for ground 
irregularities.) 

e~o lume sufficient to fill the annular region between the tank and the high dike where the boiloff actually'occurs. Could be 
decreased further by decreasing the volume of the bottom part of the annulus while maintaining the same warm surface area 
(or boiloff rate). 

Field test 

68 x 9.8 x 3.9 

114.1 

112.0 

350 

150b 

0.39 m3 

.12 m 

1 1 . 5 ' ~  9.5 

113.2 

111.8 

30 x 25 x 1.3 

100 m3d 

12.5 x.9.5 

150 m3e 

- 40-m wind tunnela 

1.9 x 0.27 x 0.11 

11150 

1/12 

0.0074 

5.1 

7.4 cm 3 

0.4 m 

1.8 x 1.5 

1 120 

114.5 

4.8 x 4.1 x 0.2 

0.15 rn gd 

2 x 1.5 

0.73 

- 4-m wind tunnela 

0.28 x 0.04 x 0.016 

111000 

1 I32 

25 cm3 

0.77 

(0.025 crn3lc 

(6 cm) 

0.29 x 0.24 

11125 . 

111 1 

0.76 x 0 . 6 5 ~  0.032 

590 crn 3d 

0.32 x 0.24 ' 

2800 crn3e 



could be added at reasonable cost, as could a device for 

changing the air humidity.* The Ames wind tunnel, which is 

expected to be rebuilt by January 1982, provides only a large 

working section in which the wind speed can.be varied down to 

zero (or even reversed), and into which users can insert their 

own test beds.** On gove.rnment-sponsored projects there is no 

charge for operation of this tunnel. For vapor dispersion 

tests, a test bed would have to be constructed that incorpora- 

ted upstream turbulence generators (to simulate the atmos- 

pheric boundary layer), model LNG ships or tanks and dikes, 

appropriate vapor release devices, and instrumentation for 

measuring gas velocities and concentrations. It would be 

difficult to produce a thermally stratified boundary layer in 

this large tunnel, but tests in a neutral atmosphere (com- 

bined with similar tests in the smaller wind tunnel and in the 

field) should provide'adequate information on the possible 

effects of Reynolds number and dimensionless thermal diffusiv- 
ity on the vapor 'dispersion. 

Both the Environmental Wind Tunnel and the Ames tunnel 

can be xun in an vopen-cycle" mode, without recirculating the 

air, so it is believed that actual LNG vapor (or methane) can 

be safely released in the tests without building up a flam- 

mable concentration in the bulk of the tunnel. For tests in 

the smaller tunnel, where the scaled amounts of LNG required 

are quite small' (Table 6-1), it is probably more convenient 

to meter and release the hydrocarbon as a cold gas rather 

than as a liquid. A suitable gas valve, giving a time- 

varying release rate simulating that of a dike spill, was 

designed by Colorado State university investigators and 

*Discussion with R. N. Meroney, Colorado State University, 
June 6, 1979.. 
**Discussion with M. Kelly and J. Kirk, NASA-Ames, Yay 17, 1979. 



employed in their wind tunnel (using a cold simulant gas) 

(Ref. 6-3). To model water spiLls, a mechanical floor plate 

that releases the gas over an expanding area should also be 

constructed. 

In the large wind tunnel, actual spills of LNG onto a . -  

surface precooled to scale down the boiloff rate appear 

simpler, and have the added advantage of giving a differential 

boiloff of the ethane and propane components that is probably . 

similar to that of full-scale spills. (This suggestion should 

be checked by composition measurements just above the liquid 

on both wind tunnel and field tests.) To simulate land spills. 

the thermal conductivity of the surface material must also be 

scaled down, while for water spills a thick conductive material 

should be used to maintain a constant boiloff rate per unit 

area, together with a mechanically expanding circular dam to * 

vary the liquid pool radius.properly with 'time, unless calcu- 

lations and tests in the smaller wind tunnel (see below) show 

that essentially the s,ame vapor concentration fields are pro- 

duced by a vapor so'urce with a radius fixed at an appropriate 
1 

value. 

If one wishes to study LPG vapor dispersion, the same two . . 

wind tunnels can be employed in scaled tests similar to those 

recommended for LNG. Separate boiloff and. spreading tests, 

such as those described in Section V, should first be carried 

out to determine the proper rate for an LPG vapor release or 

the proper floor material and temperature for a liquid spill 

in the wind tunnel, in order to simulate a full-scale spill. 

The instrumentation in the wind tunnels cbuld be virtually the 

same as for the LNG tests, except that sensors that distin- 

guish between the major components of LPG (propane and butane) 

are probably unnecessary because the detonation properties of 

these two hydrocarbons are quite similar (see Section IX). 



c. Test program for the smaller wind tunnel--The specific 

tests recommended for water spill simulations in the 4-m wind 

tunnel are listed in Table 6-2. This list may be modified on 

the basis of the results of the preliminary code calculations 

described in Subsection VI.5. To avoid possible interference 

between concentration sensors placed closely upwind/downwind of 

each other and to minimize the number of sensors required, each 

"test" should consist of about five test runs that are identi- 

cal except that the sensors are deployed at different positions. 

In addition, in the first test set and occasionally later on, 

a run should be completely duplicated to determine the repro- 

ducibility of the measurements. 

The first three tests are designed to determine if the. 

cloud from a realistic expanding vapor source can be closely 

'simulated by a constant-size source, which would simplify the 

release apparatus required for the large wind tunnel. The' 

best size to choose could be determined beforehand by matching 

the early vapor-cloud sizes calculated by a Germeles-Drake- 

type analysis (Ref. 6-5) or a hydrocode. The remaining tests 

are designed to determine the effects of varying the several 

meteorologic and geometric parameters listed in the column 

headings and in footnote c of Table 6-2. To keep the test 

program within a reasonable size, only a fraction of the pos- 

sible combinations of parameters are included. It is believed 

that the humidity, boiloff rate (withirthe indicated factor 

of 2), presence and orientation of the ship, and perhaps even 

the atmospheric stability have only a minor influence on the 

vapor dispersion (except for the ship structure in the small- 

spill case), so that just a few tests in which these param- 

eieers are .varied will provide adequate practical informatLon. 

Before the tests, this belief should be checked by the preli- 

minary code calculations described in Subsection VI.5, and 

changes made in the list if necessary. 



TABLE 6-2. RECOMMENDED TESTS- IN A.MEDIUM-SIZE WIND 
TUNNEL ( - 4  M WIDE) 'FOR MODELING THE VAPOR 
DISPERSION FROM LARGE AND SMALL LNG SPILLS 
ON WATER (LINEAR SCALE FACTOR 1/100.0) 

agecause of instrumentation I'imitations (see text), each "test" will probably 
consist of about 5 test runs. 

b~iv ide by 32 to get actual wind speed in tunnel. 
tests 1-3, vapor is released over a constant area; other tests have 

expanding area, modeling a full-scale expanding LNG pool. 
d~ests 7-9 are just like tests 4-6 except that they include a model of a 
cliff shoreline some distance downwind from the spill. 

eModel of ships colliding broadside. 
f ~ i g h  humidity preferably around 100 percent a t  300~. 
9Simulations of a small "line-break" spill (all other tests simulate a 25,000,-m3 
spill). These small spill simulations should include's model of a cliff 
shoreline. 



As mentioned earlier, modeling of wind speeds below 5 m/s 

is not recommended for the smaller tunnel. Moreover, for an 

F-stability condition wind speeds above 5 m/s are also omitted 

because in the actual atmosphere higher winds mix the boundary 

layer and cause it to approach a neutral (D) condition. The 

purposes of the tests with half or twice the nominal "best 

estimate" boiloff,rate are to determine the effects of uncer- ' 

tainties or variabilities in the boiloff rate (the latter possi- 

bly due to water waves; see Section V), and also the effects 

of inability to scale the b9,iloff rate for the field tests on 

water, as discussed earlier. 

At the end of the list, 15 contingency tests are included. 

These permit repetition.of any of the tests which gave incom- 

plete or questionable data and further exploration of the 

effects of varying those parameters shown by the earlier tests 

to be most significant. 

The recommended tests for simulating spills in low and 

high dikes in the 4-m wind tunnel are shown in Table 6-3. The 

list is roughly parallel to that for the water spills, and the 

rationale is similar. Tests 1-3 are for determining whether 

the wind flow disturbances caused by the tank and low-dike 

structures have significant effects on the vapor concentrations 

far downwind. The tests employing a constant vapoq release rate 

are intended to check the idea that the total release rate from 

a spill in a dike may vary slowly enough that the vapor disper- 

sion approximates a steady state, so that the maximum downwind 

extent can be determined by a steady release at the maximum 

rate. However, this idea was based on wind-tunnel measurements 

(Ref. 6-3) which modelled a dike boiloff rate that was assumed 

to be constant for the first 100 s (limited by film boiling), 

before falling off due to surface cooling. Recent boiloff 

measurements of LNG on soil and water (see Section V)--indirectly 

supported by published measurements of nonhydrocarbon liquids 



TABLE 6 -3 .  RECOMMENDED T E S T S  I N  A MEDIUM-SIZE WIND TUNNEL 
( - 4  M WIDE) FOR MODELING THE VAPOR D I S P E R S I O N  

FROM LNG S P I L L S  I N  LOW AND HIGH D I K E S  (L INEAR 
SCALE FACTOR 1/125) 

I 

Simulated Atmos, Dike Vap. rel. Dike 
wind sped stabit. Humidity  model^ rate orient. 

( d s )  corres. to to wind 

1-3 5, 10, 20 None Soil 

4-6  Low dike  ons st.^ 
7-9 

10- 12 

13- 15 

16- 18 

19 - 21 Insul. 

22 - 24 LOW 

25 

26' Soil 

27 - 29 5, 10, 20 Higzdike  ons st.^ No7appl. 

Uninsul. 

Insul. 

36 - 38 
39-41. Uninsul. 

42 

43 Insul. 

44-60 Contingency tests; parameters to be determined later 
1 L I I 

aBecause of instrumentation limitations (see text), each "test"wil1 prpbably 
consist of about -5 test runs. 

b~iv ide by 11 to get the actual wind speed in the tunnel. 
'~li tests include a model ofboth tank and dike, except t a t s  1-3, where 
the vapor is simply released at the ground level over an area corresponding 
to that of a low dike. 

d~onstant vapor release rate to be set later (see text). 
e~referably around 100 percent humidity at 30°c. 



showing that addition of a few'percent of a second liquid can 

double the film-boiling limit (Ref. 6-18)--strongly suggest 

that the LNG boil?££ rate per unit.area on most materials 

decreases by about a factor of 3 between 10 and 100 s. If a . 

catastrophic rupture occurred and produced a hole in the tank 

10 m in diameter or larger, the escaping LNG, would fill most 

of the impound volume within 10 st in both the low- and high- 

dike situations, and if. the dikes were uninsulated the vapor 

would fill the remaining volume and spill over the top within 

the same time period. Consequently, constant release-rate 

tests may be relevant only to slower spills or spills in insu- 

lated dikes. This question should be investigated in the pre- 

liminary numerical studies described in Subsection VI.5 before a 

decision is made on the best release rate to be used in the 

wind tunnel. 

The instrumentation recommended for the tests in the smaller 

wind tunnel includes about 10 TSI vapor concentration sensors, 

each containing two thin-film elements in a small aspirated 

tube (Refs. 6-3, 6-4). One film is unheated and used as a 

resistance thermometer; the other is electrically heated to a 

constant temperature, so the required current indicates the 

thermal conductivity and hence the composition of the gas. 

Such sensors were used successfully in recent LNG field tests 

by the Lawrence Livermore Laboratory (LLL) (Ref. 6-19). How- 

ever, to avoid lengthening their basically short time response, 

which is especially important in scaled-down tests, we recom- 

mend omitting the copper tube used by LLL to heat the gas and 

vaporize any water droplets before they enter the sensor, or 

perhaps replacing it with a very small cyclone-type particle 

separator (Ref. 6-3), if needed for the tests in moist air. 

All but one or two of the TSI  sensors should be deployed in 

a planar pattern covering the height and half the width of the 

vapor cloud at one downstream distance. ,(Coverage on only one 



side of the centerline is sufficient, due to ,symmetry.) On 

different runs this group of sensors would be moved to differ-. 

ent distances downstream, thus covering the whole cloud volume 

while avoiding placing any sensor in the wake of another sensor. 

The remaining TSI gages should.be stationed at fixed points in 

the other half of the cloud to check the symmetry 'of .the con- 

centration field and the reproducibility of the diffe~ent runs. 

If one of the optical concentration sensors being developed 

for field tests (Ref. 6-19) becomes available and has reasonable 

spatial resolution, it might also be used in the wind tunnel, 

provided that it could be placed where it would not disturb the 

other measurements. A similar statement applies to the use of 

small grab-bottles to take gas samples (Ref. 6-19). Since no 

attempt to simulate the differential boiloff of the'heavier 

hydrocarbons is recommended for the smaller wind tunnel, such 

additional concentration instrumentation does not have a high 

priority. 

Small thermocouples should be stationed close to several 

of the TSI sensors to check the temperature measurements of 

the latter and to measure with higher time resolution the 

temperature fluctuations, which are expected to reflect to a 

considerable extent the concentration fluctuations (Ref. 6-19). 

In addition, a hygrometer, a few hot-wire anemometers, and 

thermocouples for the F-stability runs should be placed up- 

stream of the vapor release to measure the humidity and check 

the simulation of the atmospheric velocity and temperature 

profiles, including turbulent fluctuations, at least ..for one 
run under each atmospheric condition. On other runs the up- 

stream instrumentation could be minimal. 
/ 

Photographs of the vapor cloud and its mation can also be 

extremely useful and enlightening. In previous wind tunnel 

tests using a cold simulant gas, condensation of the moisture 

in the air was sufficient to produce a visible cloud (Ref. 6-4). 



Accordingly, all that is required is a still camera and a 

movie camera, each to take simultaneous pictures of the cloud 

from the side and..the top with the aid of a mirror near the 

tunnel. 

d. Test program for the large wind tunnel--The tests 

recommended for 'simulating the vapor dispersion from,LNG spills 

in the planned NASA-Ames 37-m wind tunnel, or similar large 

wind tunnel, are listed in Table 6-4. It should be emphasized, 

however, that this list is tentative, since the results of the 

calculations and tests in the smaller wind tunnel should be 

available to improve the planning before this series is run. 

The tests are roughly parallel to those recommended for the 

smaller wind tunnel (Tables 6-2 and 6-3), with the addition of 

some lower wind speeds (including two with zero wind) and the 

omission of F-stability tests, due to the previously discussed 

capabilities and limitations of the large wind tunnel. Since 

the constraints on the testing time and costs will be greater 

on these tests than on those in the smaller tunnel, all test:s 

at 20 m/s and most at 5 m/s have been omitted. The time and 

cost are further reduced by deploying enough concentration. 

sensors to cover the entire cloud in one run, rather than the 

five runs employed in the smaller tunnel to avoid spacing the 

sensors so closely together that they interfere with each other. 

A high humidity is specified for a few of the tests. The cost 

of constructing a device to control the humidity accurately in 

this large tunnel does not appear warranted, but we believe that 

a simple water spray at the tunnel intake will increase the 

humidity sufficiently to'determine if it has a perceptible effect 

on the vapor dispersion. A few tests are included specifically 

to simulate the field tests on water (see Table 6-1 and Subsec- 

tion VI.4.e.); for these, the vapor must be released at a total 

rate of 40 percent greater and an area 30 percent smaller than 

for the tests that simulate full-size spills, because the 



TABLE 6 - 4 .  RJKOMMENDED TESTS I N  A. LARGE 'WIND TUNNEL 
' ( - 4 0  M WIDE) FOR MODELING THE VAPOR 

DISPERSION FROM LN.G SPILLS (LINEAR ,SCALE 
F A C T O R , ~ / ~ S O  FOR SPILLS ON. WATER, TESTS 

. 1 - 2 0 ,  AND 1 /20 'FOR SPILLS ON LAND, TESTS 
2 1 - 3 8 )  

'Tests 11 - 14 .include .a model of a cliff shoreline some distance downwind. . 

T~~~ 
no. 

1 -2  

3 - 6  

7 -8  

9 -  10 

11 - 12c 

13 - 1 4 ~  

15- 16 

17 - 18e 

19-me 

21 - 22 

d ~ h e  vapor release rate and area of tests 13- 18 are scaled to simulate the field-test spills on 
water, which implies a faster releaie rate and a. smaller area than for those tests that simulate 
full-size spills (see text). ' 

'~@ts  17-.20 simulate a small "line-break" spill on water;.they should include a model of a 
cliff shoreline. 

. Simulated 
wind speeda 

(mls) 

2.5, 10 

0,2.5,5,10 

2.5, 10 

7 

I 
f~apor released from a rectangular area like that. of the low dike but flush with the ground. 

g~~ .dike models include tank.model inside. 

23 - 26 0, 2.5, 5, 10 Low dikeg 

27-28 2.5, 10 High 

Low 45O 

Crosswind 

High dikes Nominal Not appl. 

35-36 Yigh 

37-38 . LOW Insul. 

39 - 43 Contingency tests; parameters to be determined later 
1 I 1 I 

b 

a TO get the actual wind speed in the tunnel, divide by 12 for tests 1 - 22 and by 4.5 

Humidity 

Low 

1 
High 

Low 

for tests 
23-40. After results from numerical calculations and tests in the smaller wind tunnel become 
available, the wind speeds in these tests should be adjusted, i f  necessary, to bracket the speeds 
that give the maximum LFL di!tance and the maximum volume of flammable vapor-air mixture. 

yodel of ships colliding broadside. 

I 
Ship 

or dike 
model 

None 

2 shipsb 

t 
1 ship 

1  one^ 

Vap. rel. 
rate 

comes. to 

Water 

Wat. flJI. 
test 

Water 

Soil 

LNG ship 
or dike 
orient. 

- 

Crosswind 

1 
Along wind 

Crosswind 



boiloff rate cannot be correctly scaled in the field tests on 

water (see Subsections V.2.b and VI.4.b). The results of these 

tests can also be used to determine the effects of. water waves 

on the vapor cloud, if the "swimming pool" tests described in 

Section V show that such waves affect the boiloff rate. 

The instrumentation recommended for the large wind tunnel 

is similar to that for the smaller wind tunnel, except that 

enough TSI sensors are employed to cover the entire flammable 

region in one test run, and several optical sensors and grab 

bottles are employed above the spill area and downwind in the 

cloud area to measure differential boiloff and dispersion of 

the heavier hydrocarbon components. Such instruments are 

needed for the field tests and probably can be borrowed for 

the large tunnel tests without additional expense. The effort 

put into measurements of the heavier hydrocarbons should be 

adjusted in accordance with the results available at that time 

from the swimming pool tests and detonation studies described 

in Sections V and IX, respectively. 

Figure 6-6 shows one possible arrangement of the TSI sensors 

in the NASA-Ames wind tunnel, together with the upstream tur- 

bulence generators for simulating the atmospheric boundary, a 

tank and dike model, and hot-wire anemometers, all mounted on 

a test bed and preassembled outside the wind tunnel. Because 

of the large size of the tunnel, it is believed that the large 

number of sensors shown can be deployed without seriously 

affecting the measurements of sensors downwind. 

Devices for holding and spilling the LNG (not .shown) would 

be built within the tank and ship models. 

e. Field test program--The wind tunnel tests described 

above are expected to answer most of the important questions 

about LNG vapor dispersion. However, to answer the remaining 

ones (such as the effects of large Reynolds numbers) and to 

improve our confidence in the answers obtained by Froude-number 



Figure .6-6;  Layorrt of  t h e  tes t  s e c t i o n  f o r  LNGvapor d i s p e r s i o n  measurements 
i n  t h e  f u t u r e  NASA-Ames 37-m wind tunne l .  



modeling, some field tests of relatively large' size are 

required. More than 10 such tests are needed to cover just 

the most important combinations of spi1.l and meteorological 

parameters (see below). If amounts of LNG approaching that in 

an actual ship tank or storage tank had to be spilled in a 

test, the cost would be prohibitive. Fortunately, following 

Froude scaling, the LNG amount required can be reduced by a 
3 3 factor of 70, from 25,000 m to 350 m , for example, if the 

wind speed is reduced by a factor of approximately 2. Since 

reasonably steady winds down to about 1 m/s can be found with 

fair frequency at many places. during the right. season, this 

means that full-scale winds down to 2 m/s can be simulated. 

In such simulations.the Reynolds number will be smaller by a 

factor of 8 than in full-scale spills, but turbulent flows 

generally vary only slowly with Reynolds number, especially 

in this high Reynolds number region. 

3 The cost of 350 m of LNG is comparable to the other costs 

of a.carefu1 and well-instrumented field test. Moreover, sur- 

plus cryogenic tanks of this capacity are available at reason- * 
able cost and can be moved by conventional trucks. Going.to 

smaller field tests would not save much money, and would limit 

the Reynolds number and simulated wind speed more seriously. 

Going to somewhat larger field tests, say 1000 m3, would be 

considerably mar= expensive and provide only a small improve-. 
ment in simulation. 

Because the maximum LFL distances predicted by the Germeles- 

Drake and the SIGMET mathematical models agree quite well for 

spills of up to 1000 m3 on water (in a 2.2 m/s wind), but dis- 

agree by increasing amounts for larger spills (see Fig. 6-1, 

p. 6 - 3 ) ,  it has been suggested that test spills larger than 
3 1000 m are required to distinguish between the models. However, 

, 
*Discussion with J. Gibson, Gibson Cryogenics, Inc., 'June 25, 1979 



not just the LFL distance but also the cloud width, height, 

flammable volume, etc., should be compared to validate a model. 

Moreover, if a scaled field test using a 350-m3 spill but simu- 

lating a 25,000-m3 spill is carried out, as proposed here, the 

results can be compared directly (after scaling) to the model 
3 calculations for 25,000-m spills, where the Germeles-Drake 

and SIGMET LFL distances differ by a factor of 2.. The field- 

test results can also be .used to evaluate.other mathematical 

models and wind tunnel tests. 

The sizes and scaling factors recommended for the field 

tests on land and water were given in Table 6-1 (p. 6-23). 

For the large spills on water, an LNG volume of 350 m3 is 

recommended, resulting in a linear scale factor of 1/4.1. Con- 

sequently, a large ship model is required, 68 x 9.8 x 3.9 m in 

dimensions; however, a rough box structure of plywood or other 

inexpensive material should be adequate to simulate the local 

flow field near the ship. The wind tunnel tests may show that 

the ship structure has a negligible effect on the LFL distance 

(since it is.many times the ship.dimensions), but perhaps a 

significant effect on a vapor-cloud fire, and certainly an 

effect on a small "line-break" spill next to the ship. Since 

a ship model is needed for the latter tests, it may as well be 

used for all of the water spill tests. 

If simulations of 25-m3 line-break spills are performed 

at the same linear scale (1/4.1)., test spills of only 0.35 m 3 

are required. It would not be difficult to spill a considerably 

larger amount of LNG, or even to go to a full-scale 25-m3 spill. 

However, .this size increase would require construction of a 

much larger ship model, which does not seem to be justified 

unless the wind tunnel results. and further analyses show that 

such larger tests are really needed. 

The large test spills on water require a pond or lake at 

least 200 m in diameter; however, the water can be quite shallow 



except at the spill point (where it should be deeper than the 

height of the spill tank, to prevent the LNG stream from strik- 

ing the bottom). To simulate the atmospheric boundary layer 

over relatively calm water, and the vapor cloud dispersion as 

it travels a considerable distance over water before reaching 

shore, which is probably the situation of greatest practical 

importance, either the pond must extend considerably farther 

or it must be surrounded by smooth and level ground. Construc- 

tion of a suitable test site in a region where large expanses ' 

of flat land are available, such as at the DOE Nevada Test Site, 

should be a straightforward task, provided that an adequate 

water supply is available. 

Large spills in dikes on land can be modeled on a scale 

comparable to that recommended for the water spills (see Table 

6-1) while using only 100 to 150 m3 of LNG. The reduction in 

LNG amount is made possible in the low dike by raising the . 

floor level and spilling a shallower layer of liquid, as dis- 

cussed in Section V. In the high dike, only the annular region 

between the dike and the tank needs to be filled; no LNG needs 

to remain in the tank. However, the tank cannot be raised very 

high because that would disturb the local air flow and vapor 

mixing, so either a pump or compressed nitrogen must be supplied 

to empty the tank into the dike. 

As explained in Section V, the materials used in the dike 

floor and walls must have thermal conductivities a factor of 

1.8 smaller than those of the full-scale materials .to properly 

scale down the boiloff rate. Suitable materials should not be 

difficult to find, since variations in composition,. compaction 

and moisture content of typical soils and concretes can lead 

to changes in thermal conductivity comparable to those required; 

.Scaling of the atmospheric boundary layer can be more diffi- 

cult. As already menti.oned, the wind speed (at the same scaled 

height) must be decreased by about a factor of 2. Since steady' 



winds below 1 m/s can rarely be found, simulation of wind speeds 

below 2 m/s is not feasible in these tests. However, this is 

probably not a serious deficiency because current vapor disper- 

sion calculations suggest that higher winds produce the longest * 
LFL distance from rapid LNG spills (Ref. 6-8). To model the 

vertical wind profile, the surface roughness at the test site 

must be reduced by the linear scale factor (1/4.1 for the water 

spills and 1/3.2 for the land spills), which does not appear to 

be difficult. In addition, the vertical temperature gradient 

must be increased by the same factor. For a neutral atmosphere 

(D-stability) this gradient vanishes and there is no modeling 

problem, but modeling a stable atmosphere requires a much more . 

stable atmosphere for subscale tests. Accordingly, simulation. 

of a full-scale F-stability condition may not be possible in 

the field, and one may have to settle for an E-stability. If 

preliminary meteorological measurements at the chosen test site 

show this to be the case, some of the contingency tests in the 

wind tunnels should be assigned to Class E conditions. 

Table 6-5 lists the field tests currently recommended for 

investigating LNG vapor dispersion. However, it is expected 

that the results of the earlier wind tunnel tests and mathe- 

matical modeling described elsewhere in this section, and limita- 

tions of the available meteorological conditions during the tests, 

will cause some modifications in this test plan. The field tests 

listed in the table comprise a subset of those recommended for 

the wind tunnels, with the cases of lesser practical importance 

omitted because of the greater cost of field tests. 

The instrumentation recommended for these tests is listed 

in Table 6-6. It is similar to that recommended for the wind 

*For slower, quasi-steady spills, not treated here because of 
their lesser importance to public safety, low-wind conditions 
are probably more critical, but such spills can be simulated 
without scaling them down so much, while still using a reason- 
able amount of LNG. 



�  he order in which the tests are performed is arbitrary. and can be adapted 
to the prevailing meteorological and logistic conditions. 

b ~ o  get the actual wind speed in the field. divide by 2.0 for tests 1-9 and 
by 1 .$ for tests 10-21. These speeds may be modified. depending upon the 
results of previous tests and analyses, , 

'orientation that' gives the longest LF L distance. 
dlf the atmospheric temperature gradient a t  the test site is insufficient to 
model a class F stability, class E should be modeled instead. 

%mall spills to simulate a line break. The test site should include a model 
of a cliff shoreline. 

6-40 



TABLE 6-6. RECOMMENDED INSTRUMENTATION FOR THE 
FIELD TESTS OF LNG VAPOR DISPERSION 

I 

70 TSI  dual - f i l m  vapor concentrat ion sensors 

20 i n f r a red  vapor-component sensors 

20 thermocouples i n  the vapor-air c loud 

60 grab b o t t l e s  t o  sample cloud composition 

7 three-component hot-wire anemometers 

4 wind bi-vanes 

2 hygrometers 3 

10 thermocouples a t  d i f f e ren t  heights upwind of the release (some 
connected t o  measure temperature d i f ferences)  

20 thermocouples o r  thermistors bur ied i n  the s o i l  below the vapor 
cloud 

2 LNG s p i l l - r a t e  sensors 

2 LNG samples p r i o r  t o  s p i l l  ( fo r  quan t i t a t i ve  analysis4 . 
1 so lar  radiometer - 

4 movie cameras, low-speed color ;  one i n  a i r c r a f t  

3 f a s t  movie cameras, half-submerged i n  the water o r  d ike f l oo r ,  
t o  observe the LNG pool spreading 

100 thermocouples t o  measure l i q u i d  pool spread and water temperature 
(water s p i l l  s on ly)  , 

4 ice-measurement instruments (water s p i l l  s on ly)  

4 water-wave sensors (water s p i l l s  on ly)  

4 LNG depth sensors ( land s p i l l s  on ly )  

. 



tunnel tests, but more extensive. Since several different 

sensors for methane and for the heavier LNG components are 

currently under development (Ref. 6-19), revisions to the list 

of sensors should be made if better alternates become available. 

In addition to the instruments for measuring gas concentrations, 

temperatures a'nd velocities (as in the wind tunnel), other 

instruments are also required for measuring the LNG spill rates, 

spreading, boiloff, ice formation, etc., as described in Sec- 

tion V. 

A research program for studying the vapor dispersion of LPG 

spills could make use of the same test site, spill tanks and 

equipment to conduct scaled tests simi l.ar to thase recommended 

for LNG. The instrumentation should also be the same, except 

that sensors that distinguish between the major components of 

LPG (propane and butane) are probably unnecessary because the 

detonation properties of thes'e two hydrocarbons are quite similar 

(see Section 1x1 .. 

f. Data interpretation and correlation--As explained 

earlier in this section, it is expected that the data taken on 

the wind tunnel and field tests will verify the use of Froude 

scaling to derive mean vapor concentration contours for the 

corresponding full-scale LNG spills. Although the tests may 

show moderate Reynolds number effects on the peak-to-mean con- 

centration ratios, and possibly on the mean concentrations close 

to the ship or dike models in the wind tunnels (where the Rey- 

nolds numbers are not so high), empirical extrapolations for 

these parameters in full-scale situations will probably be 

sufficiently accurate for practical purposes. 

However, many LNG spill scenarios of possible interest are 

not covered in the limited number of tests recommended here for 

the basic program. These include intermediate-size spills, 

spills at a slower rate, spills in dikes of intermediate height, 

vapor dispersion over land that is not flat, etc.' If any specific 



case of particular importance arises, it could be added to the 

test program, or at least tested in the smaller wind tunnel. 

For some new cases, however,-approximate answers can probably 

be deduced from the results of the tests already listed, pro- 

vided that these results can be expressed in terms of a few 

dimensionless quantities involving the dominant physical param- 

eters. 

Such an approach was- used in our correlation of previous 

data from LNG dispersion simulations in the Colorado State 

University wind. tunnel (Refs. 6-3, 6-4), shown in Figure 6-7. 

In this correlation the vapor concentration,.X, and downwind. 

distance, x, are normalized by the use of the total volumetric 

vapor-release rate, Q, and a buoyancy scale length, gb. Phy- 

sical arguments (Ref. 6-3) indicate that for a steady (constant- 

rate) release the proper choice of this length is 

where g is the acceleration due to gravity, vair and p 
vap 

are 

the initial densities of the air and LNG vapor (or simulant), 

and u is the wind-velocity. 

Figure 6-7 'is similar to one previously published (p. ,4-7 of 

,Ref. 6-3) except that the factor T vap/Tmix 
has been added 'to the 

ordinate, where. T is the initial temperature of the vapor 
vap 

and Tmix is the temperature of the vapor-air mixture at the 

point of interest. This factor puts the cold gas and warm 

heavy ,gas concentrations on equivalent scales (see Ref. 6-4). 

The plotted points are from tests using room temperature C02 

as an LNG vapor simulant, so that Tvap/Tmix = 1 for these points. 

However, the line representing the Battelle Columbus Laboratories 

(BCL) correlation is based on LNG .field test data, mostly at 

concentrations, near the LFL, where T ~a~/~rnix 4 112/288 = 0.4. 
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All of the data shown on Figure 6-7 (including those from 

simulations of the 044 field test, and those backing the BCL 

correlation) were taken on tests where the dike walls were so 

low that they probably had little effect on the vapor disper- . 
sion, except possibly at small x/gb values. In these dimension- 

less variables all of the results agree quite well, the reduced 

concentrations at a given nondimensional distance lying within 

30 percent of the mean curve (except for one C1 point), while 

the distances to a given concentration lie within 20 percent. 

For x/kb & 10 the mean curve also agrees with the straight-line 
BCL correlation (based on measurements at large x/Lb), while 

for smaller x/kb it falls somewhat lower. This deviation could 

be a basic property of dispersion at low x/gb, or it could be 

due to the aerodynamic influence of the tank and dike structures 

in the close-in region. 

There is no significant difference between the steady 

release data (where Q was 'held constant) and the transient 

release data (where Q was varied to simulate the decreasing 

boiloff rate after an actual spill), where the data are norma- 

lized by use of the maximum value of Q. This agreement is not 

surprising, because in the transient tests the vapor release 
rate was actually held constant during the first 120 s (full- 

scale), since it was assumed to be limited by film boiling 

(see Section V). This steady period is 4 to 10 times longer 

than the time required for the wind to blow across the dike 

length in these cases, presumably permitting the dispersion to 

approach a steady state. 

Similar data for a high-dike model are shown in Figure 6-8. 

For x/gb 2 10 the steady release points fall slightly above the 
low-dike data, while for larger values of x/g they agree quite b 
well, as one might expect a t  distances large compared to the 

dike dimensions. However, for the high dike the transient 

release data fall about a factor of 2 lower than the steady 
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Figure 6-8. Reduced concentrat ion data  from wind tunnel  
tests o f  s teady and t r a n s i e n t  vapor r e l e a s e s  
from high-dike models us ing  C02 a s  a simula- 
t i o n  gas .  (Ref. 6-3) 



release data. This difference, which was not observed on the 

low-dike measurements, is rather surprising, because. the tran- 

sient release rate for the high dike was nearly constant for 

4 to 10 times the'time required for the wind to.blow across 

the dike diameter, just as in the low-dike tests. To be sure, 

as the heavy vapor spills over the top of the high dike and 

hits the ground it acquires a velocity. that causes it to spread 

outward initially more rapidly than the vapor from the low dike. 

However, it is difficult to understand why in steady releases 

the two dikes give essentially the same downwind vapor concen- 

trations. for x/R ?, 10, while in similar transient releases b 
they, differ by a factor of 2.. 

Figure 6-8 also shows data (open circles) from tests 

simulating,spills in a high dike with insulated walls and 

floor. .These transient release data fall a factor of 2 to 3 

below the transient: release.data for the uninsulated high dike. 

However, most of this difference is due to normalizing the 

data by use of the peak rate at which the vapor wasbreleased 

at the bottom of the dike model. Due to the low and rapidly 

decreasing rate used for the insulated-dike simulation, by the 

time the vapor fi.lled the dike and spilled over into the air, 

the release rate was down to half its peak value. Correction 

for this factor moves the transient data for the insulated 

dike close to that for the uninsulated dike, but still leaves 

the discrepancy between all the high-dike transient data and 

the steady high-dike and'steady and transient low-dike data. 

Except for this discrepancy, the past data when plotted in 
this dimensionless form give a universal curve for steady or 

slowly.varying releases at x/R 2 10, and two fairly close b 
curves for smaller values of x/R between which one might b ' 
interpolate for a dike of intermediate height, for example. 

It would obviously be desirable to derive similar general 

dimensionless relations from the data of the wind tunnel and 



field tests recommended earlier in this section. However, this 

is likely to be more difficult. A large water spill in a low 

wind probably gives a vapor cloud that is closer to a "puff" 

than to a steady plume. For such puffs only the vapor volume, 

'vap ' and not its initial shape may matter, so dimensional 
analysis suggests a buoyancy scale length 

However, at moderately high wind speeds the vapor cloud from 

even a large, rapid spill on water may become stretched out 

into a plume, so that the definition of lbgiven earlier may 

be more appropriate. In the recommended water tests only u 

is varied and not Vvap, except for the. much smaller "line- 

break" tests, which are not really comparable. A plot of 

reduced concentrations versus normalized distance using this 

limited data base may give the illusion that dispersion from 

rapid water spills can be characterized by a single parameter, 

while actually a second parameter related to the puff/plume 

transition may be equally important. 

Similar problems arise for the dike spill simulations, 

many of which probably lie in the transition region between 

the puff and the plume regions. However, with the help of the 

theoretical analyses described later, it may be possible to 

make some useful correlations of the test data (besides the 

simple Froude scaling discussed earlier). 
a 

The same statement holds for correlations of the data that 
would be taken in wind tunnel and field tests of LPG vapor dis- 

persion, if a research proqram on LPG spill,s were initiated. 

g. Extended experimental effort--If a larger research 

program is desired to give greater confidence .in the results 



and to obtain answers for a ,greater variety of spill conditions, 

a number of additional wind tunnel and field tests should be 

added to the program. Some of these would be repetitions of 

the tests already listed to check the reproducibility of the 

measurements: In other tests the size and rate of the spill 

would be varied. Smaller and slower spills, 'though of less 

public concern, are not as improbable as the massive spills 

discussed above. Tests in which the land topography is varied 

would provide data use£ ul in evaluating specific storage sites. 

Tests of a greater variety of dike designs should also be con- 

sidered. 

5. MATHEMATIC MODELING PROGRAM 

a. General considerations--A simple analytic model of LNG 

vapor dispersion, such as the' ~ermeles-  rake model (Ref. 6-5), 
can be useful in ga;ining understanding of the relevant phy,sical 

processes and in making rough estimates of the quantitative 

behavior. However, we do not believe that the results of such 

models are sufficiently trustworthy or accurate for guiding 

important safety decisions, unless they are tested and cali- 

brated by comparison with a more complete model. For the 

latter we recommend a time-dependent'3-D hydrocode. 

Several 3-D Eulerian finite-difference codes exist for 

solving the turbulent Navier-Stokes equations including species 

diffusion. There are, however, three potential problem areas 

when applying these codes to' vapor-cloud dispersion : 

a Modeling of the turbulence. 

a Numerical diffusion effects. 

a Modeling of the vorticity produced when the wind 

blows over ships, tanks, dikes, sharp terrain 

features, etc. 

In most of the past turbulence modeling, simple eddy viscosities 

have been used. These do not inherently include buoyancy 



effects, so they cannot be relied on for calculating LNG vapor 

dispersion. Instead, a second-order closure model for turbulence 
is recommended. The two-equation k-E model (Refs. 6-20 to 

6-22), wherein transport, generation by buoyant forces, and 

dissipation of turbulence is taken into account in a more 

realistic manner than in eddy viscosity models, can be employed * 
with only a modest increase in computing cost. When calibrated, 

the simple two-equation methods can probably give an adequate 

description of the turbulent transport of the mean concentra- 

tion of the methane vapor. Probably the large-scale turbulence 

can also be reasonably predicted by these methods, but subgrid 

turbulence is not modeled. An accurate description of the 

fluctuations in methane concentration arising from the turbu- 

lent flow fluctuations is essential for predictions of cloud 

combustion and explosion phenomena. Normal finite-difference 

schemes, however, cannot calculate fluctuations with wavelengths 

shorter than a few cell lengths. Due to computer limitations 

the computational cells will necessarily be large (the SIGMET 

code has typically used 200-m cells in'the horizontal plane 

for water spills), and consequently small-scale turbulent 

fluctuations cannot be treated. These turbulent fluctuations 

arise primarily from the coherent vortex structures set up by 

the shear interaction between the vapor cloud and the air (see 

Reference 6-26 for an experimental investigation of coherent 

*More complex second-order closure schemes have been developed 
by the Aeronautical Research Associates,. Princeton. Such 
gchemes were successfully used in 2-D codes to calculate 
atmospheric bo'undary layers (Ref.. .6-23 ) and their stability 
characteristics (Ref. 6-24), .shear layer entrainment, and atmos- 
pheric dispersal.of .pollutants (Ref. 6-25). .The principal draw- 
backs of these codes a.re that extension to 3-D would require 
ma'jor code reformulat'ion.'(te~ephone conversation with W. L. 
Lewellen, May 10 , 197.9) , and the cost o.f solving the large. 
number of .partial differential equations (23 for 3-D) for the 
second-order turbulence correlations is large. 



vortices). Based on expected cloud heights, there can be 

five to ten such vortices across the horizontal dimension of 

a 200-m computational cell. To predict these.fluctuations 

mathematically for the entire flow field, a more direct model- 

ing of vorticity is required. One such approach is Chorin's 

Random Vortex Method (RVM) (Ref. 6-27). Ashurst has used RVM 

to predict large-scale vortex motion in shear regions success- 

fully (Ref. 6-28). These turbulent structures can also be 

studied in 2-D with an adaptive Lagrangian triangular grid 

method recently developed at the Naval Research Laboratory 

(Ref. 6-29). Such a method has been applied successfully to 

the 2-D Rayleigh-Taylor instability problem, as shown in 

Figure 6-9 (Ref. 6-30 ) . Unfortunately, ext.ensi0.n .o'f .Lagr.ang.ian 

codes to handle 3-D turbulent diffusion is a major unsolved 

problem, so only an Eulerian approach is practical at present. 

A problem frequently encountered with Eulerian finite 

difference codes is that of numerical diffusion, caused both 

by numerical dissipation and phase errors of the difference 

operator for the convection terms. Of course,'one desires to 

keep numerical diffusion small compared to molecular and tur- 

bulent diffusion. Numerical diffusion' effects can be disastrous 

when calculating peaked waves, as demonstrated by .Long and Pepper 

(Ref. 6-31) ; a "hill" of concentration C = 1 at the center whose 

diameter spanned 4 mesh spaces was passively advected in a 

circular motion through a 33 by 33 Eulerian mesh without mole- 

cular or turbulent diffusion. As shown in Figure 6-10; after 

the "hill" is translated one revolution around the mesh, some 

computational schemes diffused the concentration.peak down to 

only 7 percent. of its original value! (Physically, the peak 

concentration wo.uld have remained unity.) If such numerical 

diffusion is a problem for a given code, at least two techni- 
E 

ques are available for its reduction: 
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Figure  6-9. A Lagrangian Rayleigh-Taylor c a l c u l a t i o n .  . The 
h e a v i e r  upper Layer c o l l a p s e s  g e n e r a t i n g  vor- 
t ices a t t =  0 . 1 1 9 . ~ .  A t t =  0.140 s t h e  upper 
f l u i d  has  a lmost  reached t h e  bottom o f  t h e  con- 
t a i n e r  and t h e  v o r t i c e s  beg in  t o  mix t h e  f l u i d  
l a y e r s .  The v o r t i c e s  con t inue  t o  ro l l -up  a t  
t = 0.152 a s  t h e  h e a v i e r  f l u i d  breaks  over  a 
bubble of l i g h t e r  f l u i d .  The l i g h t e r  f l u i d  i s  
now mult ip ly-connected s i n c e  t h e  h e a v i e r  f l u i d  
has  touched t h e  .bottom. The i n t e r f a c e  h a s .  been 
manually darkened f o r  c o n t r a s t .  (Ref. 6-3.0) 
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Figure 6-10. Examples of numerical d i f fus ion  errors f o r  
several  Eulerian integrat ion  schemes f o r  
the  advection of a peaked wave (Ref. 6-31) 
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e J. Boris' Flux-Corrected Transport (FCT) 

technique (Refs. 6-32 to 6-35).. 

e The Galerkin Finite-Element Method (FEM) 

(Ref. 6-36). 

The FCT technique has recently been extended to multidimen- 

sions by Zalesak (Ref. 6-35) and can be adapted to many exist- 

ing finite-difference algorithms. The FEM approach would 

require changing the basic difference scheme. A Galerkin FEM 

code has been used for atmospheric pollution studies (Ref. 6-36). 

A final area of concern is the ability of the hydrocode 

to calculate and transport the vorticity produced when the wind" 

blows over ships, dikes, etc. Due to computer limitations it 

may be impractical to zone the relevant regions sufficiently 

fine to calculate the vortex street shed by such structures. 

Past wind-tunnel tests (Refs. 6-3, 6-4) suggest that this 

vorticity could be significant for spills from land-based stor- 

age tanks. For large ship spills it is probably insignificant. 

If and when future wind-tunnel tests show it to be of major 

importance, the entire numerical approach may have to be modi- 

fied if mathematica;l models are to be pursued further for 

these cases. At least two solutions appear possible: 

e If the only important sources of vorticity are near 

the spill point, calculate that region with a finely 

zoned mesh; then use the flux from that calculation 

as input for a downwind dispersion calculation. 

0 If that fails, model the vorticity more directly by 

using RVM or another suitable method. 

The RVM method has been used to calculate the wake of circular 

cylinders (Ref. 6-27) and spheres (Ref. 6-37); it has not yet 

been applied to the two-fluid case with density differences )1 

characteristic of LNG vapor.dispersion, 



The mathematical models recommended above would be equally 

useful for studies of LPG vapor dispersion. Practically the 

same code development and evaluation tasks (listed below) are 

required for such a study. However, if the codes were first 

developed and checked for LNG dispersion, only a little further 

checking with LPG measurements.would be required.. 

b. Recommended basic effort--The initial goal of the 

mathematical modeling program outlined in this subsection is ' 

to select the most appropriate existing 3-D hydrocode that in- 

cludes turbulent mixing and use it to make preliminary vapor 

dispersion calculations to guide the wind tunnel and field 

test planning. The final goal is to develop and prove a capa- 

bility for calculating, in.3-D. with time dependence, the mean 

vapor concentrations from a full-scale LNG spill. A secondary 

goal is to obtain some information on,coneentration fluctuations, 

if po sible with current mathematical models. The method $4 
recommended for achieving these goals is to carry out the ten 

tasks presented and justified in Tables 6-7 to 6-18. These 

tables are self-explanatory. 

c. Extended mathematical effort--If a larger research 

program is desired.to give greater confidence in the results 

and to obtain answers for a greater variety of spill conditions, 

a number of additional vapor dispersion calculations should be 

added to the program. Some of these would explore alternative 

mathematical approaches and codes to a greater extent than 

proposed in the basic effort. Other added calculations would 

model the additional wind tunnel and field tests described 

above under the extended experimental effort. These tests are 

designed to explore a greater range of spill sizes and rates, 

dike designs, land topographies, etc. 



TABLE 6-7. MATHEMATICAL MODELING TASK 1-- 
PRELIMINARY CODE EVALUATION 
AND IMPROVEMENT. 

OBJECTIVES 

o I den t i f y  an e x i s t i n g  3-D Navier-Stokes code su i tab le  f o r  
performing a pre l iminary  s e n s i t i v i t y  ana lys is  (and poss ib ly  
the f o l  low-on work) on vapor d ispers ion.  

a Make simple improvements t o  the  code, where appropriate. 

APPROACH 

a Evaluate the  numerical d i f fus ion e r ro rs  o f  e x i s t i n g  codes 
(e.g., SIGMET, COM3, e tc . )  by running a pure advection 
problem. This can be accomplished by p lac ing a squat 
cy l i nde r  of pure LNG vapor i n  the mesh and computat ional ly 
advecting i t  t o  a d istance comparable t o  the  maximum 
expected LFL distance, w i t h  tu rbu len t  d i f f u s i o n  turned o f f .  

a Review and evaluate codes f o r  tu rbu len t  mix ing models, heat 
t r ans fe r  models and cos t  ef fect iveness.  

a Select a code which has acceptable numerical d i f f u s i o n  6 

proper t ies ,  tu rbu len t  mixing models, etc.  

a I f  expedient, perform simple code improvements such as 
adding the effects o f  humidity, increasing the v e r s a t i l i t y  
o f  model i ng  i n i t i a l  and boundary condi t ions , and improving 
the t u rbu len t  mix ing and hea t - t rans fe r  model s. 

JUSTIFICATION 

a The magnitude and r e l a t i v e  importance o f  numerical d i f f u s i o n  
i s  unknown fo r  most codes cu r ren t l y  i n  use on t h i s  problem. 

0 Simple code improvements w i l l  be usefu l  f o r  Task 2. 

REQUIRED INPUT 

a Deta i led in format ion on candidate codes t o  be evaluated. 

EXPECTED OUTPUT 

a I d e n t i f i c a t i o n  o f  the  most appropr iate code f o r  p re l  iminary 
s e n s i t i v i t y  analysis.  

e Possible incorporat ion o f  simple improvements. 

a I d e n t i f i c a t i o n  o f  code de f i c ienc ies  r equ i r i ng  1 ong-term 
improvements. 

ANTICIPATED DURATION 

a Three months. 
- 



TABLE 6-8. MATHEMATICAL MODELING .TASK 2-- 
PRELIMINARY SENSITIVITY ANALYSIS. 

e Provide - ea r l y  informatlon concerning the s e n s i t i v i t y  o f  vapor 
d ispersion t o  the physical parameters o f  the problem t o  be 
used as guidance i n  designing wind tunnel and f i e l d  tes ts .  

r ' ~ i  t h  the hydrocode selected i n  Task 1, perform the ser ies of 
parametric s e n s i t i v i t y  ca lcu la t ions  ind icated i n  Tables 6-9 
and 6-1 0. (Because o f  code 1 imi ta t ions,  the aerodynamic 
e f f ec t s  o f  tank, d ike o r  ship are not  included.) These 
ca lcu la t ions w i l l  i nd ica te  the e f f ec t s  o f  va r ia t ions  i n  wind 
speed, vapor release rate,  and surface heat t r ans fe r  on the 
vapor cloud dispersion.* 

Also use the ana l y t i ca l  model o'f Germeles and Drake (Ref. 
6-5) t o  invest igate  these e f f ec t s  .** 

JUSTIFICATION 

r Ear ly  technical  guidance i s  needed t o  design the vapor d i s -  
persion t es t s  i n  the wind tunnel  and f i e l d .  

REQUIRED INPUT 

r Prel iminary vapor-re1 ease model . 
EXPECTED OUTPUT 

r Prel iminary estimates o f  t he  wind ve loc i t y  f o r  maximum LFL 

*~ ' a l cu la t i ons  o f  a .  small "1 ine-break" s p i l l  a re  omit ted from t h i s  
task because the vapor d ispersion i n  t ha t  case i s  expected t o  be 
strong1.y perturbed by the sh ip  and dock structures.  S im i l a r l y  
omitted are. ca lcu la t ions f o r  s p i l l  s  i n  undnsulated dikes, where 
the reduced b o i l o f f  r a t e  probably l i m i t s  the flammablg cloud t o  
the reg ion inf luenced by the d ike and tank. 

**Prior t o  use o f  t h i  s  model, we recommend changing the t ime o f  
w i tch ing from g rav i t y  spreading t o  atmospheric d i f f u s i o n  t o  the 

y equals the tu rbu len t  rms 



TABLE 6-8. CONCLUDED 

$ 

P r e l i m i n a r y  i n d i c a t i o n  o f  .the ' e f f e c t  o f  heat t r a n s f e r  on vapor 
d ispers ion  ( t h i s  a f f e c t s  the  choice o f  f l o o r  ma te r ia l  f o r  
wind-tunnel tes.ts and s o i l  ma te r ia l  f o r  land f i e l d  t e s t s ) .  

r Pre l iminary  i n d i c a t i o n  o f  ' the importance o f  the  humidi ty  
( t h i s  af fects whether t o  r e q u i r e  humidi ty  con t ro l  i n  the  , 
wind-tunnel t e s t s ) .  

' r Pre l iminary  i n d i c a t i o n  o f  t h e  importance o f  atmospheric . 
s t a b i l i t y  ( t h i s  a f f e c t s  wind-tunnel and f i e l d - t e s t  p lanning) .  

r Prel  im inary  i n d i i a t i o ? '  o f  t he  importance o f  vapor-re1 ease . 

v a r i a t i o n s .  

ANTICIPATED DURATION . . 
r Six months. # 

r b 



TABLE 6-9. RECOMMENDED PRELIMINARY WATER SPILL CALCULATIONS 
(25,000 M~ SPILL, NO SHIPS) 

I 
aWhichever wind speed in Calculations No. 1-5 gives the maximum flammable 
region. 

blf necessary, adjust these two wind speeds to bound the wind sped giving 
the maximum flammable region. 



TABLE 6-10.  RECOMMENDED PRELIMINARY DIKE SPILL CALCULATIONS 
(NO DIKE WALLS' OR TANK 'STRUCTURE) 

f 

aCorresponding to a soil floor. 
'whichever wind speed in calculations nos. 1 -5  gives the maximum flammable 

I region. 

Surface-to- 
vapor heat 

transfer 

Nominal 

Zero 

Half 
nominal 

Twice 
nominal 

* 

'lf necessary, adjust these two wind speeds to bound the wind speed giving 
the maximum flammable region. 

13- 14 

15- 16 - .- 
1 - 

L 

17 

18 Half 
nominal 

19 Twice 
nominal 

20-22 

Boiloff 
rate per 
unit area 

~ o m i n a l ~  

v 
Half 

nominal 

Twice 
nominal 

Nominala 

d~orrerponding to a concrete floor anddike wall (wall included in boiloff 
calculation but not in vapor dispersion calculation). 

Vapor 
release area 
corres. to 

Low dike 

Humidity 

Low 

v 
High 

Atmos. 
stabil. 

D 

Calc. 
no. 

1-2 

3 - 5  

6 

7 

8 

9 

10 

11 - 12 

Wind 'peed 
(m/s) 

0, 2.5 

5,10,20 

b 

I 

v 
.2.5, 5' 



TABLE 6-11. MATHEMATICAL MODELING TASK 3-- 
NUMERICAL DIFFUSION SUPPRESSION 
(IF REQUIRED) . 

a Reduce code numerical d i f f u s i o n  t o  l eve l s  small compared t o  
tu rbu len t  d i f f us i on .  

e Incorporate FCT method o r  some other technique t o  minimize 
numerical d i f f us i on .  

a Test code .by running pure advection cases o f  2-D 'a.nd 3-D 
"p i1  1s" o f  i n i t i a l l y  pure .vapor. 

a I f  too large,  numerical d i f fus. ion can int roduce serious errors '  
i n  t he  desc r ip t ion  o f  the vapor-cloud dispers ion.  

REQUIRED INPUT 

a Demonstrated need f o r  numerical d i f f u s i o n  suppression. 
(This task would be performed on ly  i.f the r e s u l t s  o f  Mathe- 

- ,  

mat ical  Modeling Task 1  so ind icated. )  

EXPECTED OUTPUT 

a Hydrocode w i t h  n e g l i g i b l e  numerical d i f f us i on .  

ANTIC IPATED DURATION 



TABLE 6-12.  DISPERSION MODELING TASK 4-- 
TURBULENT M I X I N G  TESTS. 

r Provide fundamental t u r b u l e n t  mix ing  data f o r  codbe 

r Using the  1.8-m meteorological  wind tunnel a t  :doloradq Sta te  
Univers i ty ;  o r  t he  equivalent ,  r u n  l ine-source t e s t s  w i t h  a 
heavy vapor us1 ng v a r i a b l e  and constant  vapor-release r a t e s  
f o r  D- and F-atmospheric s t a b i l i t i e s  and var ious wind speeds. 

r Measure t h e  t r a n s i e n t  concentrat ion, f i e l d  w i t h  about 10 dual - 
f i l m  gages and the  vapor-cloud entrainment w i t h  video cameras. 

JUSTIFICATION 

r Current  turbulence models were developed f o r  f lows w i t h  
balances o f  physical  mix ing  mechanisms d i f f e r e n t  .from t h e .  LNG. 
s i t u a t i o n .  Turbulence model s t o  be used i n  upgraded LNG and 
LPG vapor d ispers ion  c a l c u l a t i o n s  must b e ' v e r i f i e d  f o r .  a 
spreading g r a v i t y  cu r ren t  i n  t h e  s implest  geometry. 

r Appropr iate vapor re lease ra tes .  

r Wind tunnel sheer l a y e r  desc r ip t i on .  

EXPECTED OUTPUT 

r Data f o r  b u i l d i n g  a turbulence model appropr ia te  f o r  calcu-? 
l a t i n g  LNG vapor d ispers ion.  

ANTIC1 PATED DURATl ON 

r Six  months. 



TABLE 6-13. MATHEMATICAL MODELING TASK 5- 
. . 

TURBULENT MIXING MODEL IMPROVEMZNTS 

a , Improve the tu rbu len t  mix ing i n  the chosen hydrocode. 

a Improve the turbulence modeling by incorporat ing the two- 
, equation algebraic s t ress  model, o r  some o ther  model as 

appropriate, i n t o  the chosen hydrocode. 

a Use recognized experts i n  turbulence modeling of buoyant 
shear flows and atmospheric boundary layers  t o  help guide 
the model i ng development . 

a Numerically s imulate the 1 ine-source experiments (Task 4).  

a Modify modeling constants and i t e r a t e .  

JUST1 FICATION 

a Turbulent d i f fus ion w i l l  con t ro l  the l a t e r  stages of cloud 

a Prel  iminary comparisons of code and wind tunnel data w i l l  
probably i nd i ca te  t h a t  the cu r ren t  tu rbu len t  mix ing models 
a re  inadequate. 

a The two-equation s t ress  model gives no t  on ly  the tu rbu len t  
d i f f us i on ,  but  a1 so the second-order tu rbu len t  cor re la t ions.  

REQUIRED INPUT 

a Data from tu rbu len t  mix ing t es t s  (Task 4 ) .  

EXPECTED OUTPUT 

a An adequate turbulence model. 

ANTICIPATED DURATION 

a Nine months. 



OBJECTIVE 

s Provide p re l  iminary code evaluat ion and guidance f o r  f u r t he r  
development, using the small wind tunnel t e s t  data. , t 

APPROACH 

r Numerically simulate the key experiments i n  the smaller wind 
tunnel, compare the r e s u l t s  w i t h  data, and i t e r a t e .  

r I f  tes t s  i nd i ca te  t h a t  ships o r  tanks and.dikes a f f e c t  the 
vapor d i  spersion, perform some ca lcu la t ions w i t h  simple 
representat ions o f  these s t ruc tures t o  determine whether 
the code can adequately model these effects. , .  t 

JUSTIFICATION 

r Prel iminary code compari sons w i t h  data from scaled experi - . 
ments w i l l  be extremely useful  f o r  guid ing the numerical 
code development work. 

I 

REQUIRED INPUT 

r Data from small-scale wind tunnel tes ts .  

.EXPECTED OUTPUT 

r Prel iminary pred ic t ions o f  f u l l  -scal e vapor dispersion. . 

r Requirement fir fur ther  code development work on s t ruc ture-  . 
generated v o r t i c i t y  and/or turbulence modeling. 7 

r Input  t o  planning o f  la rge wind tunnel and f i e l d  - tes ts .  . 

ANTICIPATED DURATION 

Six t o  n ine months. 
I 



TABLE 6-15. MATHEMATICAL MODELING TASK 7-- 
. . NUMERICAL SIMULATION OF LARGE- 

SCALE WIND TUNNEL TESTS 

OBJECTIVE 

8 ,  Ver i f y  the computer code c a p a b i l i t i e s  f o r  p red ic t ing  the 
LNG vapor-cloud dispersion from la rge  s p i l l s  w i t h i n  the 
stated goals. 

APPROACH 

8 Numerically simulate the key experiments i n  the la rge  wind 
tunnel , pre- and post - tes t  , compare w i t h  t e s t  data, and 
i t e r a t e  i f  necessary. 

JUSTIFICATION 

The use of an unver i f i ed  code t o  p red i c t  f u l l - s c a l e  LNG 
vapor-cloud dispersion produces r e s u l t s  o f  unknown accuracy 
and confidence--codes must be v e r i f i e d  w i t h  accurate and 
re1 evant. t e s t  data. 

REQU IRED INPUT 

~ a t a  from large-scale wind tunnel tests.  

EXPECTED OUTPUT , 

8 Ver i f i ed  code,. o r  requirements f o r  f u r t he r  code improvement. 

ANTIC1 PATED. DURATI.ON 

8 Six months. 
4 



TABLE 6-16. MATHEMATICAL .MODELING .TASK 8-- 
NUMERICAL SIMULATION O F  F I E L D  T E S T S  ' 

. . 

OBJECTIVE 

e V e r i f y  t h e  computer code c a p a b i l i t i e s  f o r  p r e d i c i t n g  t h e  LNG 
vapor-cloud d i spe rs ion  from l a r g e  s p i l l s  w i t h i n  the  s ta ted  
goal s; 

APPROACH 

Numerical ly s imulate t h e  f i , e l d - t e s t  experiments pre- and 
post - tes t ,  compare w i t h  t e s t  data, and i t e r a t e  if nece'ssary. 

JUSTIFICATION 

The use o f  an u n v e r i f i e d  code t o  p r e d i c t  f u l l - s c a l e  LNG 
vapor-cloud d fspers ion  produces r e s u l t s  o f  unknown accuracy 
and confidence--codes must be v e r i . f i e d  w i t h  re levan t  t e s t  
data . 
Pre- tes t  c a l c u l a t i o n s  can be use fu l  i n  s e t t i n g  inst rument  
ranges and 1  ocat ions. 

REQUIRED INPUT 

Data from f i e l d  tes ts .  
0 

EXPECTED OUTPUT 

V e r i f i e d  code ( f o r  t h e  s p i l l  cond i t ions  tested) ,  o r  requ i re -  
ment f o r  f u t u r e  code improvement. 

ANTIC I PATED DURATION 

Four months. 
_r b 



TABLE 6-17. MATHEMATICAL MODELING .TASK 9-- 
FINAL NUMERICAL PREDICTIONS OF 
LNG VAPOR-CLOUD DISPERSION 

OBJECTIVE 

e Numerical prediction of the dispersion of an LNG vapor. 
cloud for generi:~ spills from ships and from land facilities. 

Using the hydrocode validated during this program, perform 
calculations to simulate the dispersion of LNG vapor clouds 
formed by a range of spill sizes and rates from generic 
ships and 1 and facil i ties for various atmospheric conditions 
and terrains. 

JUSTIFICATION . 

e Accurate predictions of LNG vapor clouds are required for 
the evaluation of fire and explosion hazards from LNG spills. 

e Mathematical models can simulate full-scale spill conditions 
relatively inexpensively, without the limitations imposed 
by wind tunnel and field tests (,smaller Reynolds numbers, 
boiloff and heat transfer scaling problems, etc.) 

REQUIRED INPUT 
Verified mathematical model. 

EXPECTED OUTPUT 
e Credible predictions of LNG vapor-cl oud dispersion. 

ANTICIPATED DURATION 
e Three months. 



TABLE 6-18. MATHEMATICAL MODELING TASK lo-- 
CODE DEVELOPMENT FOR MODELING 
COHERENT VORTICITY 

OBJECTIVE 

r Improvement o f  t he  mathematical modeling o f  coherent 
v o r t i c i t y  (generated e i t h e r  by sur face s t ruc tu res  o r  a t  t h e  
vapor /a i r  i n t e r f a c e s )  t o  improve p red ic t i ons  o f  bo th  the  
mean and t h e  f l u c t u a t i n g  LNG vapor concentrat ions.  

APPROACH 

Apply t h e  e x i s t i n g  RVM and Lagrangian t r i a n g u l a r - g r i d  codes, 
bo th  o f  which.are 2 4 ,  t o  t h e  l ine-source mix ing  t e s t s  o f  
Task 4 and compare the  r e s u l t s  w i t h  the  measurements. 

m I f  these comparisons a re  encouraging, apply the  same codes 
t o  t h e  LNG d ispers ion  cases tes ted  i n  the  wind tunnel and 
f i e l d ,  f o r  t imes and places where t h e  c loud i s  f l a t  and t h e  
mix ing e'ssent ial  l y  v e r t i c a l ,  and compare w i t h  data. 

I f  j u s t i f i e d  by the  above r e s u l t s  and o the r  consideratfions, 
extend one o f  these methods t o  t h e  3-D (a major undertak ing) .  

e Evaluate t h e  3-D code by app ly ing  i t  t o  cases tes ted  exper i -  
menta l ly  ( i nc lud ing  the  v o r t i c e s  generated both a t  t h e  
vapor /a i r  i n t e r f a c e  and by dikes, tanks, ships, e tc . ) .  

JUSTIFICATION 

r Ordinary Eu ler ian  3-D codes do no t  adequately t r e a t  t he  
coherent v o r t i c i t y  observed i n  model t e s t s  o f  vapor d i s -  
persion. 

r Two e x i s t i n g  n o n - ~ u l  e r i a n  codes can t r e a t  coherent v o r t i c i  t y  
i n  2-D; t h e i r  a p p l i c a t i o n  t o  the  c a l c u l a t i o n  o f  vapor 
d i spe rs ion  from l a r g e  LNG s p i l l s  would be very usefu l ,  s ince 
t h e  mix ing  i s  be1 ieved t o  be due p r i m a r i l y  t o  near l y  2-D 
v o r t i c e s a t  the  top  o f  t h e  f l a t  cloud. Such c a l c u l a t i o n s  
would g i v e  n o t  on l y  improved values o f  t h e  mean vapor con- 
cen t ra t i on ,  b u t  a l s o  values f o r  t h a t  p a r t  o f  t h e  t u r b u l e n t  
f l u c t u a t i o n s  due t o  coherent v o r t i c e s  (which may be the  
1  argest  p a r t ) .  

r Extension o f  one o f  these codes t o  3 4 ,  though d i f f i c u l t ,  
would permi t  i n c l u s i o n  o f  t he  v o r t i c e s  formed a t  the s ides 

$. o f  the  vapor c loud and around the  d ike,  tank, s h i p  o r  o ther  
s t ruc tu res .  These v o r t i c e s  probably a f f e c t  t he  mixing, 
e s p e c i a l l y  c lose  t o  the  s t ruc tu res .  

A 



TABLE 6 - 1 8 .  CONCLUDED ' , 

REQUIRED INPUT 

r Data from the l ine-source mix ing  t e s t s  (Task 4)  and the  
wind tunnel and f i e l d  t e s t s  (Tasks 6 t o  8 ) .  

EXPECTED OUTPUT 

Improved mathematical modeling c a p a b i l i t i e s .  

ANTIC1 PATED DURATION 

Nine months fo r  t h e  2-0 ca l cu la t i ons ;  two years if extended 
t o  3-D. 
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VII. RECOMMENDED RESEARCH ON LNG POOL FIRES 

1. INTRODUCTION 

Accidental rupture of a storage tank might produce an 

LNG pool up to 200 m across (the size of the largest dikes), 

while rupture of a ship cargo compartment might produce a 

pool reaching,almost a kilometer across. If ignition should 

occur immediately at the time of spill, pool fires of corre- 

sponding diameters would be formed, and the thermal radiation 

from their flames might cause damage or injury to distances 

of several pool diameters. For proper evaluation of such 

potential hazards, methods for predicting the maximum dis- 

tance to a given level of radiant intensity with high confi- 

dence and reasonable accuracy are required. The desired 

accuracy depends upon the particular practical circumstances. 

In 'some situations an uncertainty of a factor of 2 in dis- 

tance can be admissible because use of the upper bound causes 

little increase in the costs and difficulties of LNG operations. 

In more constrained situations an accuracy of +lo percent can 

be highly desirable. 

Current methods for predicting the radiation from LNG 

pool fires are based on a radiating-cylinder model, where 

the cylinder.height and surface radiant power are semiempiri- 

cal functions of the LNG pool diameter and boiloff rate, and 

the cylinder tilt is a function of these parameters and the 

wind speed (Refs. 7-1 to 7-3). The constants in these for- 

mulas have been evaluated primarily from data taken on diked 

fires 1.8 and 6 m in diameter (Ref. 7-1) and unconfined fires 

on water 9 to 17 m in diameter (Ref. 7-3) . 
Figure 7-1 illustrates one of the reasons for suspecting 

that these formulas, when applied to the much larger fires of 

practical concern, may give distances to a given radiation 
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Figure 7-1. Experimental data and semiempirical 
fits to the surface-radiant fluxes 
of LNG pool fires. 



level that are in error by a factor of 1.5 or greater. It 

shows values for the surface radiant flux derived directly 

from narrow-angle radiometer data, or indirectly from wide- 

angle radiometer data and photographic determinations of the 

flame area. (All of the values except the Marinette data 

were roughly corrected for atmospheric absorption, as dis- 

cussed later.) Unfortunately, the only data on the largest 

test fire (24-m diameter) were taken before the period of 

strongest burning and so represent lower limits, as indicated 

by the arrows in the figure. (No surface-flux determinations 

were made on the irregularly shaped pool fire in Libya (Ref. 7-4), 

which was almost as large in cross-sectional area.) 

Before 1979 only data from fires in soil dikes were avail- 

able (Ref. 7-1); these data are shown by all of the points on 

Figure 7-1 except those designated by $. Using these data 

and a simple gray-body model of the flame, three different 

groups of analysts (Ref. 7-1, Sections C, F and G) derived 

the three different curves for the flux vs pool diameter 

shown on the figure. For fires over 20 m in diameter, these 

curves differ by up to a factor of 1.8. However, as stated 

by the proponents of the highest of these three curves 

(Ref. 7-1;Sec. C), the lowest curve is based on the arbi- 

trary assumption that large LNG fires should have the same 

surface flux as large fires of other hydrocarbons, while the 

middle curve is based on data that are not corrected for atmos- 

pheric absorption, so the upper curve appears preferable 

(though not unambiguously supported by the data). \ 

Very recently, results from six fairly large test fires 

on a pond at China Lake have been published (Ref. 7-3). 

These data, also plotted on Figure 7-1, lie considerably 

above the three earlier curves. Moreover, from spectral 

measurements on one of the flames, the analysts deduced a 



flame temperature of 1500°K (Ref. 7-3), which implies a sur- 
2 face flux of 287 kW/m for very large flames (having an emis- 

sivity of unity). This value is not inconsistent with an 

extrapolation of the China Lake flux measurements, but it is 

about twice as high'as the curves based on the older land- 

fire data. Although the LNG boiloff rate during the fires on 

water was three to four times the average rate on the land fires, 

it has never been suggested that this difference, or other' 

differences between land and water fires, would affect the 

surface flux. Until this difference is understood, it seems 

prudent to allow a margin of error of at least a factor of 

2 in surface flux, which corresponds to a factor of about 

21i2 = 1.4 in the predicted safe distance from a large flame. 

An additional uncertainty arises from the corrections for 

atmospheric absorption of the r.adiation. In all published LNG 

flame,analyses incorporating such. corrections, they have been 

made as if the spectrum were a black or gray body. However, 

the spectral data show large deviations from the gray-body 

assumption, such that the absorption corrections used (typi- 

cally 10 to 30 percent) should be significantly increased. O n  

the other hand, 'very large LNG flames probably become optic- 

ally dense at most wavelengths and so approach a black-body 

spectrum (if their radiating region is isothermal); hence, the 

error in the conventional method of correction may not be as 

serious for them. 

The total radiant flux from a pool fire also varies with 

the flame height. According to the conventional Thomas flame- 

height correlation, which fits the measurements on LNG pool 

fires up to 17 m in diameter fairly well (Refs. 7-1,7-3) , the 
height-to-diameter ratio varies as the 0.61 power of the boil- 

off rate divided .by the square root of the diameter. But the 

boiloff rate is determined in part by the radiative flux inci- 

dent on the LNG pool. In diked.'land fires, this mechanism 



causes a factor of 2 uncertainty in the flame surface flux 

to give an uncertainty factor of up to 2 0.61/2 = 1.2 in the 

distance to a given flux level (in addition to the factor of 

1.4 derived earlier). In unconfined pool fires on water the 

situation is more .complex, because changes in the boiloff 

rate also change the pool diameter. Based on the Raj-Kalelkar 

theoretical result for the variation of the maximum pool diam- 

eter with boiloff rate, which appears adequate for rough 

estimates (see Section V), the change in flame height is 

nearly offset by a change in diameter in the opposite direc- 

tion, so the total radiance of fires on water (at their maxi- 

mum diameter) is relatively insensitive to uncertainties in 

the boiloff rate. 

The determination of the radiant flux from large LNG 

flames is also complicated by time variations. One type of 

variation is a fairly rapid oscillation or "flicker," having 

a period on the order of a second for flames a few meters 

across. This flicker is apparently due to fluctuations in 

both flame size and surface brightness. If these fluctuations 

are controlled by buoyant fluid motion, as seems probable, 

and Froude scaling holds (see Sections V and VI), the flicker 

period should be proportional to the square root of the flame 

diameter, and could exceed,lO s for a large accidental LNG 

spill on water. (A similar conclusion can be,reached by 

extrapolating to larger fires the flicker measurements of 

Portscht (Ref. 7-5) on alcohol pool fires of 0.001- to 0.7-m 
2-  

base area.) Ten seconds is long enough that damage to some 

vulnerable materials (such as human skin) may 2epend partly 

'on the peak radiance during the flicker, and not just on the 

mean flame radiance. 

There are also slower changes in radiance. In a diked 

pool fire the flame height and emission probably peak as soon 



a s  t h e  LNG has covered t h e  d ike  f l o o r ,  and then .dec rease  a s  

t h e  ground coo l s  and t h e  b o i l o f f  r a t e  decreases, ,  approaching 

t h e  s t eady-s ta t e  condi t ion  where a l l  of t h e  b o i l o f f  i s  due 

t o  r a d i a n t  hea t ing  of l i q u i d .  I n  a' r ap id  s p i l l  on water t h e  

flame s i z e  probably i n c r e a s e s  as t h e  LNG spreads,  although 

t h e , f l a m e  spreading may. lag behind t h e ' l i q u i d  spreading. 

unfor tunate ly ,  it i s  n o t  poss ib le  t o  check t h e  above s t a t e -  

ments by using publ ished d a t a ,  s i n c e  on t h e  land f i r e s  only 

radiometer d a t a  during t h e  l a t e r ,  steady-burning per iod  w e r e  

publ ished (Ref. 7 - l ) ,  and none' of t h e  water f i r e s  involved 

r e a l l y  r a p i d  s p i l l s .  

Toward . the  end of  t h e  LNG f i r e s  on both land and w a t e r  
t h e  flames became redder  and s o o t i e r ,  and o f t e n  t h e  emission 

r a t e  increased  (Ref. 7-1, Sec t ion  H ;  Ref. 7-3),  probably due 

t o  combustion of t h e  heav ie r  hydrocarbons i n  t h e  LNG a f t e r  

t h e  methane had been consumed. 

The range of damaging . . thermal f l u x  from an LNG pool f i r e  

i s  a l s o  a f f e c t e d  by the' .wind speed, which determines t h e  

flame tilt. However, t h i s  is  be l ieved t o  be only a minor 

source of  unce r t a in ty ,  s i n c e  t h e  flame tilt decreases  wi th  

inc reas ing  flame s i z e ;  and a publ ished c o r r e l a t i o n  of tilt 

angle' a s  a func t ion  of flame s i z e ,  burning r a t e  and wind 

speed f i t s  d a t a  from f i r e s  involving both small  wood c r i b s  

and LNG pools  up t o  15 m . i n  diameter f a i r l y  w e l l  (Refs. 7-1 

t o  7-3). 

The var ious  problems d iscussed  above imply t h a t  c u r r e n t  

e s t i m a t e s  of  t h e  range t o  given f l u x  l e v e l s  from very l a r g e  

LNG f i r e s  have an uncer t a in ty  of a t  l e a s t  a f a c t o r  of 1.5. 

I t  has been argued (Ref. 7-2) t h a t  i n d i r e c t  information 

from t h e  l a r g e  acc iden ta l  LNG f i r e  i n  Cleveland i n  1944 

demonstrates t h e  a p p l i c a b i l i t y  of t h e  conventional formulas, 

t o  very l a r g e  f i r e s .  However, t h e r e  appear t o  be cons iderable  



uncertainties in the assumed diameter of this fire (about 

200 m), deduced from the area of spread of the mineral wool 

tank insulation, and on the distance to given radiation levels 

deduced from the positions where wood burned or paint blistered, 

Moreover, the claimed agreement of the observations is with 

the lowest curve on Figure 7-1, which seems clearly too low, 

as discussed earlier. 

Another limitation of current knowledge is that no infor- 

mation is available on the effects of adjacent structures, 

such as tanks, high dikes or ship hulls, on LNG fires. 

Mathematical models based on fundamental physical prin- 

ciples can sometimes substitute for missing exper.imenta1 data, 

Fundamental models of LNG pool fires adequate for this purpose, 

however, are not yet available. Two specific models were 

developed in the past, but both make a.number of simplifying 

approximations which make their accuracy questionable; in 

addition, the first model (Refs. 7-6,7-7) was mathematically 

complex and never ca~ried through: to the point.of giving numer- 

ical results, while the second.(Refs. 7-6,7-7) included rad- 

iation only.in the horizontal direction, omitted soot radiation, 

and had an ad hoc air:entrainment term. 

2. RESEARCH GOALS. AND TECHNICAL APPROACH 

The goals of the research recommended in this section are to 

obtain sufficient information to make confident predictions of 

the maximum distance to any specified radiation level between 
2 

about 5 and 32 kw/m2 (1600 to 10,000 Btu/ft /hr; see.p. 3-3), 

within an uncertainty range of a factor of 1.3 (or '15 percent 

from the mean) .for LNG fires in low dikes up to 200 m across, and 

a factor of 1.4 for fires on water from unconfined spills of up 
3 

to 25',000 m next to a ship hull. Th,e uncertainty in predictions 

for water fires is larger than that for land fires due to their 



greater size (requiring .a longer extrapolation of test data) 

and the additional uncertainties of LNG spreading on water. 

Although smaller uncertainty factors would clearly be prefer- 

able, they are not believed to be attainable in the desired 

time period.due to limitations in our theoretical understanding, 

and experimental inability to scale all the relevant parameters 

in a simulation test of reasonable size, as discussed below. 

The quoted uncertainty factors are based on the belief 

that the actual test measurement errors will be small, their 

unaccounted-for variability (due to fluctuations and neglected 

variables such as detailed spilling par.ameters and atmospheric 

conditions) will be 'about a factor of..1.2, and the additional 

uncertainty introduced by the,extrapolation to full scale will 

be roughly a factor of 1.1 (land) or 1.2 (water). (All of 

these values correspond to the uncertainty in the maximum dis- 

tance to a given radiant flux; they should be roughly squared 

to ge,t the uncertainty in flux at a given distance.) 

With proper calibration, measurement errors can be held 

to a few percent in intensity, or about half that percentage 

in range. Past test data show that intensity variations from 

test to test, and with time for a given test, approach a 

factor of 2. However, this' variability probably causes a 

smaller uncertainty in the deduced maximum intensity, due only 

to the failure of a limited number of. tests to cover the full 

range of variability. This uncertainty is estimated to be a 

factor of 1.2 in range. 

The estimates of 1.1 and 1.2 for the additional uncertainty 

factor due to extrapolation are rather arbitrary and may be 

overly optimistic. The uncertainty for the water fires is 

larger than that for land fires due to their greater size, 

which requires a longer extrapolation of the test data (assum- 

ing that dqta on the larger water test fires are also partially 



relevant to full-scale land fires), and to the additional 

uncertainties of LNG spreading and boiloff on water. At the 

end of the research program a better estimate of the uncer- 

tainty can be made by examining the consistency of the test 

data and its agreement with the best theoretical models. How- 

ever, because of the considerable extrapolation required from 

even the largest of the proposed test fires, predictions for 

large LNG fires on water may not have high confidence until a 

complete and accurate turbulent pool-fire model is available, 

which may take five years. Fortunately, the most plausible 

deviations of large fires from simple models are a possible 

breakup into several smaller flame plumes and.a shielding of 

the radiation by the thick, cooler flame edges, both of which 

would reduce the haz'ardous range. fl . 

The recommended research approach is primarily experi- 

mental, involving detailed measurements on several test 

fires on land and water (most of them larger than previous 

test fires but still considerably smaller than the full- 

scale accidental fires of concern), combined with semiempir- 

ical analyses and modeling of the results. A moderate-level 

effort on more detailed mathematical models is also recom- 

mended, partly to minimize the possibility of overlooking 

significant phenomena in the test measurements and analysis, 

and partly because it may eventually lead to models accurate 

enough to rely on for safety predictions. Details of the 

proposed research are discussed below. 

3. EXPERIMENTAL PROGRAM 

a. General considerations--The two most important param- 

eters of an LNG fire pool that can be specified are the size 

of the pool and the surface onwhich it is poured, which 

determines the boiloff rate. Practically, the most important 

surfaces are water and packed soil (usually used in a dike 

impound area), with third importance assigned to materials 



having a  low b o i l o f f  rate, such a s  i n s u l a t i n g  concre te  o r  

corrugated s h e e t  metal  (Ref. 7-9)., which have been suggested 

f o r  impound a reas .  

For tuna te ly ,  many pool f i r e  parameters,  such .as t h e  

height-to-diameter r a t i o ,  t h e  su r face  r a d i a n t  f l u x  and t h e  spec- 

The s i z e  of t h e  pool f i r e  determines t o . a  cons iderable  

e x t e n t  t h e  t i m e  and c o s t  of  a  t e s t .  1 t .wou ld  be very.con-  

venient  i f  a  l a r g e  f i r e  could be c l o s e l y  s imulated by a  small  

t e s t  f i r e .  However, t h e r e  i s  no known way. t o  reduce uniformly 

t h e  r a d i a t i v e  mean-free pa ths  i n  t h e  'test f i r e  a t  a l l i i m p o r t a n t  , 

trum, appear t o  change only slowly and sys temat ica l ly  with 

f i r e  s i z e . .  Accordingly, it is  b e l i e v e d  t h a t  accura te  measure- 

ments on l a r g e  f i r e s  of two s i g n i f i c a n t l y  d i f f e r e n t  s i z e s  w i l l  

wavelengths, s o  t h e  s imula t ion  cannot be complete. Moreover, 

f o r  good s imula t ion  t h e .  Froude number should be he ld  f i x e d  

( s e e  Sect ion  V ) ,  s o  t h e  s p e c i f i c  b o i l o f f  r a t e  should be var ied  

l i k e  t h e  square r o o t  of t h e  f i r e  diameter.  I n  a  test  f i r e  on 

l a n d . s u c h  a  reduct ion  might be e f f e c t i v e l y  accomplished by 

employing a  patchwork of b a r r i e r s  t o  confine t h e  LNG t o , t h e  

d e s i r e d  f r a c t i o n  of  t h e  d ike  su r face ,  o r . b y  using a  d ike  f l o o r  

m a t e r i a l  having a  lower h e a t  conduc t iv i ty  (al though t h e  reduc- 

t i o n  poss ib le  by t h e  l a t t e r  method i s  1 imi ted .because  it does 

n o t  change t h a t  p a r t  of t h e  b o i l o f f  d u e  t o  r a d i a n t  hea t ing  

from t h e  f lame) .  For f i r e s  on water t h e r e  is no known way 

of reducing t h e  b o i l o f f  r a t e  without  changing t h e '  LNG spreading 

behavior ( see  Sect ion  V. 2b) . 1f' t h e  b o i l o f f  rate i s  f i x e d  

permit  reasonably conf ident  e x t r a p o l a t i o n  t o  cons iderably  

I 

i n s t e a d  of  sca led ,  t h e  empi r i ca l  Thomas formula f o r  flame. 

he igh t ,  which f i t s  d a t a  from LNG pool f i r e s  up t o  17 m i n  

diamet,er reasonably we l l  (Refs. 7-1 t o  7-3),  shows t h a t  a s  

t h e  f i r e  s i z e  i s  increased  its shape changes and it becomes 

broader and more squat .  This  behavior i s  i l l u s t r a t e d  i n  

Figure 7-2 f o r  f i r e s  of  va r ious  s i z e s  on water.  
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Figure7-2. Sketch of the expected flame geometry 
for LNG pool fires on water, .based on 
the Raj-Kalelkar pool spread model (with 
a boiloff rate of 0.065.cm/s) and the 

. Thomas f lame-height correlati~n.~ 



larger fires, provided that 'the important physical mechanisms 

do not change. The available experimental and theoretical 

'information suggests that once a fire diameter Of a few 

meters is reached, where soot becomes an important flame 

radiator, the basic flame mechanisms are unlikely to change. 

Accordingly, we believe that good data on a pool fire in the 

25- x 30-m dike described in Section VI, together with parallel 

data on a fire of half that size, will allow a confident 

extrapolation to a fire in a full-size dike up to 100 or 

200 m across. Similarly, data on rapid unconfined spills on 
3 water of 30- and 350-m LNG, ignited to produce fires of about 

55- and 140-m diameter, respectively, should provide adequate 

information for extrapolation to the 700-m-diameter-'fire that 

could be caused by a rapid 25,000-m3 spill. Figure 7-2 illus- 

trates the relative sizes and probable kha$es of these fires 

on water and of the China Lake fires, which are the largest 

LNG fires. for which extensive radiation data are available. 

This figure also demonstrates the relatively small advantage - 

in simulation that would be obtained by going from a 350-m 3 

test fire to a considerably more expensive 1000-m3 test fire. 
To obtain adequate accuracy and confidence in such extrap- 

olations, it seems important to obtain complete infrared 

images of the test flames with reasonable spatial resolution, 

and some spectral resolution. Past observations and theoret- 

ical considerations suggest that different parts of the flame 

may emit different proportions of H20 and C02 band radiation, 

soot radiation, and'possibly hot hydrocarbon radiation (Ref. 7-3). 

These regions may scale differently with fire size, so they 

must be characterized individually to .permit valid extrapola- 

tion. Conventional photography and measurements of the total 

radiation and. total flame spectra alone are not adequate to 

permit such a.characterization. 



In addition, spectra of the important radiating portions 

of the flame with fairly high resolution are needed to permit 

accurate corrections for atmospheric absorption between the 

flames and the instruments, and predictions of the absorption 

under, various atmospheric conditions and ranges. 

The range of damaging thermal flux from an LNG pool fire 

.is also affected by the wind speed, which determines the 

flame tilt. However, as discussed earlier, the flame tilt 

decreases with increasing flame size, and the available cor- 

relation of tilt angle as a function of flame size, burning 

rate and wind speed (Ref. 7-2) is probably adequate. 

Accordingly, one large test each on land and water in a 

reasonably high wind should provide a sufficient check of 

wind tilt predictions for large 'fires, as well as verify the 

common assumption that the wind does not change the surface 

flux or spectrum. 

b. Field tests--Based on the preceding considerations, 

a program of relatively large field tests of the LNG pool 

fires has been drawn up, as listed in Table 7-1. The purpose 

of tests 1 to 3 is to determine the effects of wind speed 

and dike size on land fires, while tests 6 to: 8 serve. the 

same purpose for fires on water. The low and high wind speeds 

indicated on the table were chosen to give a.flame tilt of 

1ess.than 5 deg and more than 45.deg, respectively, based on the 

A. D. Little, Inc:, empirical correlation of previous pool- , .  

fire data (Refs. 7-1 to. 7-3) . 
Test 4 involves a dike with an insulated impound area, 

since insulation is a promising passive method of mitigating 

the potential hazards of accidental LNG spills. It is sug- 

gested that the LNG industry be invited to recommend the 

exact insulating material or materials to be used in this 

test. In addition, as a test of active mitigation~measures, 

it is recommended that an appropriate organization be invited 



~ to install fire-fighting equipment and attempt to control one 

of the diked' fires by spraying' with water, foam or dry chemi- 

cals, after 1 or 2 min of undi'sturbed flame data have been 

taken. 

I 
TABLE 7-1. RECOMMENDED LNG POOL FIRE TESTS ~ 

Test 
No. 

1. 

2 

3 

4 

5 

6 

7 

8 

9 - 14 Contingency t e s t s  (not l a rger  than the  above t e s t s ) ,  
parameters t o  be determined during the t e s t  program. 

I I I 

LNG3Vol . 
(m ) . . , 

100 

100 

2 5 

100 

2 5 

350 

350 

30 

Spil.1 
Surface 

. . 

Soil f l oo r  

Soil f l o o r  

Soil f l o o r  

Insulated 

Soil f l o o r  

Water 

Water 

Water 

Pool SSze 
(m ) 

25 x 30 

25 x 30 

12.5 x 15 

25 x 30 

6.3 x 30 

%I40 diam. 

~ 1 4 0  diam. 

$55 diam. 

Wind. 
speed 
(m/s) 

< 2 

>4  

<2 

<2 

<2 

< 6 

. >12 

<5 



A l l  of t h e  recommended test  f i r e s  on land involve low 

d ikes  wi th  l e v e l  f l o o r s  s i n c e  a  majority.  of e x i s t i n g  d i k e s  

have such a  design,  and t h e  p o t e n t i a l  f i r e  hazard from d i k e s  

of t h i s  t y p e ' i s  g r e a t e r  than t h a t  from o t h e r  types.  A high 

d ike ,  wi th  i t s  reduced su r face  a r e a ,  .decreases  t h e  t o t a l  bo i l -  

o f f  r a t e  s o  much t h a t  w e  do n o t  g ive  a  high p r i o r i t y  t o  t e s t s  

of f i r e s  i n  a  high dike.  A s loping  f l o o r  o r  sump i n  a low 

dike  a l s o  reduces t h e  p o t e n t i a l  hazard i n  t h e  event  of small  

s p i l l ;  bu t  i f  t h e  s p i l l  i s  l a r g e  enough t o  cover t h e  e n t i r e  

d i k e  f l o o r ,  a  s lope  o r  sump causes l i t t l e  change i n  t h e  e a r l y  

per iod  of  maximum b o i l o f f .  Accordingly, f o r  low d i k e s  t h e  

condi t ion  of maximum f r e e  hazard can be inves t iga ted  by using 

a t e s t  d ike  with a  l e v e l  f l o o r ,  which minimizes t h e  amount of 

LNG requi red .  (The LNG volumes ind ica ted  on t h e  t a b l e  a r e  

s u f f i c i e n t  t o  give about a  5-min burning t ime.) However, one 

f i r e  test  is  included t h a t  i s  p a r t i c u l a r l y  p e r t i n e n t  t o  a  

smal ler  s p i l l  i n  a  d ike  with a '  s loping  f l o o r  o r  sump. This 

i s  t e s t  5, .involving a  pool f i r e  of t h e  same a r e a s  a s  t h a t  of 

test 3 but  twice a s  'long and ha l f  a s  wide. Such a  geometry i s  
s i m i l a r  t o  t h a t  of a  sump o r  p a r t i a l l y  f i l l e d  s loping-f loor  

d ike ,  and only l imi ted  d a t a  on f i r e s  of such geometry a r e  cur- 

r e n t l y  a v a i l a b l e .  

I n  a l l  t h e  t e s t s  t h e  LNG would be s p i l l e d  r a p i d l y  from 

a  s p i l l  tank i n  t h e  middle of a  d i k e  o r  body of water 

(except poss ib ly  f o r  t e s t  5, where t h e  tank could be a t  t h e  

s i d e  of  t h e  narrow d i k e ) .  Consequently, t h e  tank must have 

s u f f i c i e n t  e x t e r n a l  i n s u l a t i o n  t o  withstand a  few minutes '  

exposure t o  f i r e ,  which does no t  appe'ar t o  be a  d i f f i c u l t  

requirement. For aerodynamic reasons dur ing  vapor d i spe r s ion  

tests (see Sect ion  V I ) ,  an o u t e r  f a l s e  tank w i l l  surround t h e  

land  tank t o  give it a  shape s i m i l a r  t o  a  f u l l - s c a l e  s to rage  

tank.  I t  i s  d e s i r a b l e  t o  use t h i s  same s t r u c t u r e  during t h e  

f i r e  tests. I n  t h e  l a r g e  f i r e s  on water t h e  s p i l l  tank covers  



less than 1 percent of the pool-fire area, so its effects 

should be negligible. Of course, in a 'potential full-scale 

accident the spill would occur from a relatively larger LNG 

tanker, but the area of the tanker is still less .than 2 per- 

cent of the predicted maximum pool-fire area. The ship's 

hull also would restrict the early spreading of the LNG and 

yield a slightly noncircular pool fire, but the effect on 

the radiation field' should be small and probably can be 

estimated from the slightly nonsymmetric diked fires. Accord- 

ingly, the expense of constructing a fire-resistant ship model 
for the water tests does not seem justified. However, if the 

wind tunnel tests show.that a ship model is needed for the 

vapor dispersion tests (see Section VI), and if it is cheaper to 
construct it of fire-resistant material than to move it away 

for the fire tests, then of course it may be used. ' 

Because the ethane and propane content of the LNG affects 

the amount of soot in the flame and possibly the boiloff rate 

of the LNG on water, all the field tests should be carried 

out using a standardized LNG compositiod, as discussed in 

Section V. 2c. 

The required instrumentation for the pool fire tests is 

summarized in Table 7-2. For the basic radiation measurements 

with spatial and.spectra1 resolution, we recommend two types, 

of instruments. One is a scanning infrared imaging device, 

such as the AGA Thermovision Camera, which provides a contin- 

uous picture (24 frames/second) of the infrared emitting areas 

over approximately the 1.5- to 5.5-pm spectral region, using an 

indium antimonide detector. Either the Dual Model 780 instru- 

ment, which has two parallel optical systems and detectors, 

or two separate instruments should be used to view the entire 

flame (including a possible infrared-emitting region above the 

visible flame), with one channel filtered so as to observe 

only the soot-emitting portions, utilizing a limited spectral 

region between the molecular bands. 



INSTRUMENTATION FOR THE LNG POOL-FIRE TESTS 

1 - AGA Thennovision camera, Model 780 Dual, or equivalent (two 
channels, each covering 1.,5 - 5.5 pm infrared region or a 
portion thereof if filtered) 

1 - Michel son interferometer spectrometer (approximately 1.5 - 5.5 pm) , - 
steerable with aligned movie camera and radiometer 

9 - Narrow-angle radiometers 
5 - Wide-angle radiometers . 
5 - Pool radiometers 
3 - Movie cameras 
2 - Spill-rate instruments 
2 - Wind velocity and direction instruments 
2 - LNG samples for quantitative analysis 
2 - Humidity measurements 
6 - I  Thermocouples for monitoring tank temperature 

10 - Skin simulants, 100 Hz: numerous wood. targets . 

100 - Thermocouples for LNG spread on water 
3 - Liquid-level gages for dike spills 



The second type of instrument is a Michelson interfer- 

ometer spectrometer, which takes several spectra .per second 

over approximately the 1.5- to' 5..5-urn region.  his spec- 

trometer should habe provision either for manual or for 

automatic switching between a wide field of view, covering 

the entire flame, and a narrow field of view that can be 

steered to'different portions of the flame. A radiometer 

with the same narrow field of view and a wide-angle movie . 
camera with cross hairs and a timing marker should be attached 

to the same steerable mounting, in alignment with the spec- 

trometer, to record the total .(spectrally integrated) radia- 

tion and the direction of observation, respectively. 

In addition, the radiation instrumentation should include 

several fixed, narrow-angle.radiometers viewing different 

parts of the flame from dif-ferent directions, a few wide-angle 

radiometers viewing the entire flame, and a few pool radiom- 

eters looking upward from just above. the LNG surface to 

measure the flux contributing to boiloff, such as were used in 

the AGA Phase I1 tests (Ref. 7-1). About 10 .skin simulant 

devices, which employ a thermocouple to measure the rise in 

surface temperature (Ref. 7-I), and numerous wood block tar- 

gets should also be deployed. 

The scanning infrared images, the spectrometer and the 

radiometers should all be located as close to the fire as 

allowed by field-of-view and safety considerations, to mini- 

mize atmospheric attenuation of the radiation. Before and 

after each test the atmospheric attenuation should be measured 

as a function of wavelength over essentially the same optical 

path, using, the Michelson spectrometer and a 'standard black- 

body radiation source. All data from these and the other 

instruments should be recorded on magnetic tape for later 

reduction and-analysis, together with accurate timing markers , 

to permit cross correlation of the data. Generally, a time 

resolution of 0.1 sshould be adequate. 



In addition to the radiation instruments, these tests. 

should be covered by the usual movie cameras, wind and 

humidity instruments, and devices for measuring LNG spill 

rate and spread (on water) or depth (on land), and ice for- 

mation. 

c. Extended effort--If it is desired to support a longer 

range research program to give a more complete understanding 

of LNG pool fires and permit better predictions for a greater 

variety of practical cases, several additional field tests 

should be added. These would include fires in a simulated 

high dike and in a low dike with a sloping floor, and a small 

fire on water'next to a large wall, simulating the line-break 

spill described in Section V. All of these tests should be 

conducted both in a low (or zero) wind and in a fairly high 

wind. 

In addition, some measurements of temperatures and per- 

haps other parameters inside the flames should be performed 

on many of.the fire tests. Such measurements were not recom- 

mended for the basic effort because coverage of the interesting 

regions of these.large fires (especially the fires on water) 

would be quite expensive, requiring tall towers and long, 

flame-resistant leads, and because their results appear 

unlikely to have much .affect on the simple flame models derived 

from radiation data. However, such detailed measurements could 

be very useful for developing and checking the more complete 

flame models proposed for the extended theoretical effort. 

The measurements could include thermocouples to measure temper- 

ature, gas samplers to measure composition, and laser beams. to 

measure the total soot opacity along a few paths thsough the 

flame. The possibility of using some of the laser scattering 

methods recently developed (Ref. 7-lO).for.deterrnining flame 

temperature profiles, species concentrations and velocities 

should also be considered. However, there are considerable 



difficulties in applying these methods to large flames; in 

fact, some investigators have recently stated that because 

of turbulence problems their method probably will have to be 

confined to combustors 10 cm or less in size (Ref. 7-11). 

Finally, some measurements of the fire-induced air motions 

at varying distances outside the flames wo'uld be useful. 

These could be carried out by releasing smoke puffs at vari- 

ous points and determining their motion from photographs. 

4. MATHEMATICAL MODELING 

a. Basic effort--A certain amount of semiempirical . 

modeling of LNG pool fires is required to provide some 

understanding of the results obtained in the field tests 

and to fit these results with expressions that can be 

applied to larger fires.. This modeling,would be in the spirit 

of the past simple radiating-cylinder models, but more 

detailed. It would begin with a careful examination of the 

spectrographic, photographic and radiometric data from the AGA 

Phase I1 tests (Ref. 7-1) and the recent China Lake tests 

(Ref. 7-3), to determine if they could be better explained by 

the presence of two or more radiating regions having different 

compositions and/or temperatures. Both the data and physical 

principles would be used to estimate the parameters of each 

region and how they would vary with fire size. When more 

detailed data became available from the larger tests.recom- 

mended herein, these estimates would be improved. 

It is also recommended that a moderate effort be devoted 

to a more basic model of pool fires. This model would be 

similar but more complete than that developed by Wilcox (Ref. 

7-8), and closer to .that started by TRW researchers (Refs. 

7-6, 7-71, but without attempting to include wind effects. 

As in those models, the two-dimensional equations would be 

reduced to equations in a single (vertical) direction by 



assuming a fixed shape for the radial variations of velocity, 

temperature and composition, but instead of arbitrarily using 

a Gaussian (TRW) or trapezoidal (Wilcox) profile,. profiles 

based on measurements on smaller hydrocarbon flames (Ref. 

7-12) should be used. The recent simplified expressions of 

Yuen and Tien (Ref. 7-13) for radiation from H20, C02 and 

soot, and the four-flux model of radiative heat transfer pro- 

posed by Gasman and Lockwood (Ref. 7-14) will probably shorten 

the computations considerably. A small preliminary analysis 

should be carried out to determine whether the concentrations 

of the radiating species can be determined with adequate 

accuracy by local equilibrium relations, as suggested by TRW, 

or by a more detailed kinetic calcula~~ion, such as 

that presented by Jensen (Ref. 7-15) and Roper and Smith 

(Ref. 7-16) for soot.   he relation assumed for entrainment 
of air by the flame plume should be consistent with the avail- 

able measurements (Refs. 7-12,7-17) on smaller flames, and 
should include the effects of the "fire wind" (Ref. 7-18). 

b. Extended effort--After completion of the basic 

research effort on'pool fires recommended above, an extrapo- . 

lation of the results to fires about five times larger in diam- 

eter is required. Since, as explained earlier, accurate 

scaling laws do'not hold, our confidence in the extrapolation 

may be questioned. A detailed flame model based on fairly 

fundamental physical principles, with a minimum of empiricism, 

would provide (after checking with test data) an extrapolation 

method of considerably greater confidence. Such a model 

would incorporate not only a good turbulent mixing model, but 

. also models for the chemical kinetics and the radiation. 

Models for all three of these processes are currently avail- 

able, and incorporating them in a computer code might seem 

straightforward though time-consuming. 



Unfortunately ,  a s  t h e  more s o p h i s t i c a t e d  tu rbu lence  

models have been a p p l i e d  t o  combustion problems i n  t h e  l a s t  

t h r e e  o r  fou r  y e a r s ,  it has  become.clea2 t h a t  models t h a t  a r e  

q u i t e  a c c u r a t e  i n  o rd ina ry  mixing s i t u a t i o n s  are much less s o  

i n  s i t u a t i o n s  involv ing  chemical  r e a c t i o n s  (Refs. .  7-19.,.7-20). 

Th i s  problem is c u r r e n t l y  under. ex tens ive  s tudy  by s e v e r a l  

groups of b a s i c  i n v e s t i g a t o r s ,  and s t eady  p rogres s .  i s  being 

made. However, w e  e s t i m a t e  t h a t  f o u r  t o  f i v e  y e a r s  will be 

requ i red  t o  set t le  on an  adequate  tu rbu lence  model, develop 

a 'two-dimensional computer code f o r  a x i a l l y  symmetric flames 

t h a t  a l s o  inc lude  combustion and r a d i a t i o n ,  and check it a g a i n s t  
. . 

r e s u l t s  .from a t  l e a s t  some of t h e  l a r g e  pool-f lame, tests. 

Accordingly, t h i s  t a s k  i s  n o t  included i n  our  b a s i c '  two- t o  

. three-year  e f f o r t .  However, it should have .high p r i o r i t y  i n  

any extended o r  follow-on e f f o r t  . 
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VIII. RECOMMENDED RESEARCH ON VAPOR-CLOUD FIRES 

1. INTRODUCTION 

For LNG safety evaluations;.one needs reliable methods.for 

predicting the thermal radiation hazards associated with the 0 

burning of large clouds of LNG vapor that are partly or wholly 

'premixed with air. Such fires may result f.r,om accidental spills 

of LNG on la'nd or water if the resulting vapor drifts away from 

the liquid and mixes with air before it becomes ignited. . . 

Past experimental studies of vapor-cloud. fires have been . 

limited to spills of only a few cubic meters of LNG on land and 

water (Refs. 8-1,8-2). These studies have yielded useful data 

.'on the vapor-cloud burning mode, flame size and shape, and flame 

propagation velocity. However, no spectral data were taken on 

any of the tests, and radiometer measurements were made only on 

five water-spill tests (Ref. 8-2), which had several limitations. 

All were roughly the same size, and all were ignited at about the 

same distance from'the spill point, at a position significantly 

closer than the maximum extent of the flammable cloud. Moreover, 

narrow-angle radiometer measurements were made only near the 

base of the flame while it temporarily remained stationary at . 

the elevated edge of the spill pond. Such .stationary behavior 

was not generally observed while these and earlier test fires 

were burning over flat land. In the stationary flames the ratio 

of length (slant height) to thickness (in the wind direction) 

was only around 0.3 to 0.8 (Ref. 8-2), while in moving flames 

this ratio was 1..5 to 2.8 (Ref. 8-3). 

Perhaps the greatest limitation of existing data on.LNG 
3 

vapor-cloud fires is their restriction to spills of 5.5 m or 

less (except for one large A.G.A. test (Ref. 8-4), where ignition 



occur red  e a r l y  and few d a t a  were taken  b e f o r e  t h e  f lame burned 

back t o  t h e  LNG p o o l ) .  S ince  t h e  r o l e s  of buoyancy, s o o t  e m i s -  

s i o n ,  and p o s s i b l y  o t h e r  p roces ses  a r e  be l i eved  t o  i n c r e a s e  

w i th  i n c r e a s i n g  f lame s i z e ,  wi thout  d a t a  from l a r g e r  tests o r  

a we.11-grounded t h e o r y ,  one cannot p r e d i c t  w i th  conf idence  t h e  
e behavior  of t h e  much l a r g e r  vapor-cloud f i r e s  t h a t  could r e s u l t  

from l a r g e  a c c i d e n t a l  LNG s p i l l s .  

E x i s t i n g  t h e o r e t i c a l  models of vapor-cloud f i r e s  a l s o  have 

s e r i o u s  l i m i t a t i o n s .  The "wa l l -o f - f i r e "  model of Raj and Emmons 

(Ref. 8-3) makes s i x  s imp l i fy ing  assumptions ,  rel ies on empir- 

i c a l  d a t a  £or  some parameters ,  and does  n o t  i n c l u d e  a flame- 

r a d i a t i o n  model. (Use o f  one of t h e  p o o l - f i r e  r a d i a t i o n  models 

d i scus sed  i n  Sec t ion  V I I  may n o t  be j u s t i f i e d  h e r e  because t h e  

vapor c loud i s  u s u a l l y  premixed wi th  a i r . )  The " f i r e b a l l "  

model of Fay and L e w i s  (Refs .  8-5,8-6) assumes a  flame geometry 

d i f f e r e n t  from t h a t  observed i n  a l l  p a s t  LNG tests. The numer- 

i c a l  hydrodynamic model developed a t  Lawrence Livermore Laboratory 

(Ref. 8-7) makes fewer assumptions,  b u t  i s  c u r r e n t l y  r e s t r i c t e d  

t o  two-dimensional geometr ies  and r e q u i r e s  p r i o r  knowledge of 

t h e  a p p r o p r i a t e  burning v e l o c i t y .  None of t h e s e  models have 

been a p p l i e d  t o  any of t h e  f i r e  tests where r a d i a t i o n  measurements 

. w e r e  made and,  i n  f a c t ,  t h e  wide-angle rad iometer  d a t a  most rele- 

v a n t  f o r  checking s a f e t y  p r e d i c t i o n s ,  though recorded (Ref. 8 - 2 ) ,  

have not  been publ i shed .  I n  t h e  absence of such comparisons,  i t .  

i s  d i f f i c u l t  t o  e s t i m a t e  t h e  accuracy of t h e  r a d i a n t  i n t e n s i t y  

p r e d i c t i o n s  t hey  would g ive .  I n d i r e c t  ev idence  sugges t s  t h a t  t h e  

e r r o r s  probably would be g r e a t e r  t han  a  f a c t o r  of 2, except  per -  

haps  f o r  t h e  two-dimensional hydrodynamic code,  which i s  restric- 

t e d  t o  c e n t r a l  i g n i t i o n  of symmetric vapor c louds .  

Out l ined below i s  a  r e s e a r c h  program t h a t  has  t h e  goa l  of I 

o b t a i n i n g  s u f f i c i e n t  inkormat ion t o  make c o n f i d e n t  p r e d i c t i o n s ,  

w i t h i n  an  u n c e r t a i n t y  range of a f a c t o r  of 1 . 4 ,  of t h e  p o s i t i o n  



and dimensions of the region that.receives a given level of 

thermal radiation from the fire produced by ignition of the 
3 

vapor cloud from a spill of up to 25,000 m of LNG on water, 

or into a low dike up to 200 m across, with ignition at times 

and positions likely to maximize the extent of the potential 

hazard region. The recommended approach to thisgoal relies 

principally on detailed measurements of the dynamics and radia- 

tion of several vapor-cloud fires from spills of hundreds of 

cubic meters of LNG under selected conditions, combined with 

sufficient theoretical and modeling studies to permit extrap- 

olation to larger spills and to spills under different con- 

ditions than.those tested. Use is also made of information on 

vapor dispersion and flame propagation obtained in the studies 

described in Section VI and IX. The proposed research'program 

is discussed in more detail below. If similar information on 

LPG vapor-cloud fires should be desired, essentially the same 

type of field tests and mathematical models should be applied 

to that fuel. 

2. EXPERIMENTAL PROGRAM 

a. General considerations--The behavior of an LNG vapor- 

cloud fire is determined by the size, shape and concentration 

distribution of the cloud, the position of the ignition point, 

the wind speed and possibly other meteorological parameters 

such as the atmospheric stability and temperature, and the 

terrain geometry and roughness. The cloud parameters be£ ore 

ignition are controlled in turn by the parameters of the LNG 

spill that produced it, and by the same meteorological and 

terrain parameters that may influence the flame propagation. 

A field test program that studied the effects of varying all 

of these parameters would be very lengthy and expensive. 

Fortunately, the effects of these parameters on the cloud before 

ignition can be more conveniently studied in the wind tunnel and 



on t h e  computer, w i t h  s e l e c t e d  v e r i f i c a t i o n  by a  few f i e l d  

t e s t s ,  a s  d i s cus sed  i n  Sec t ion  V I .  I f  e x t e n s i v e  u s e  of  t h e s e  

vapor d i s p e r s i o n  r e s u l t s  i s  made and emphasis i s  p laced  on 

c o n d i t i o n s  l i k e l y  to 'maximize t h e  a r e a  o r  t h e  downwind d i s t a n c e  

of t h e  r eg ion  o f  s i g n i f i c a n t  r a d i a t i o n  from a  p o t e n t i a l  vapor- 

c loud  f i r e ,  t h e  r e q u i r e d  f i e l d  tests can  be reduced t o  a r ea -  

sonable  number. 

A s  d i s cus sed  i n  Sec t ion  VII f o r  pool  f i r e s ,  it i s  n o t  

p o s s i b l e . t o  perform Froude-scaled vapor-cloud f i r e  t e s t s . w h i c h  

a c c u r a t e l y  s imu la t e  much l a r g e r  f i r e s ,  because t h e r e  is  no known 

way t o  reduce t h e  r a d i a t i v e  mean-free p a t h s  by t h e  proper  r a t i o  

o r ,  f o r  t h e  vapor-cloud f i r e s ,  t o  reduce t h e  burning v e l o c i t y  s i m i - 4  

l a r l y .  Accord ing ly .  t h e  b e s t  way t o  a t t a i n  a  c a p a b i l i t y  f o r  

making good p r e d i c t i o n s  of t h e  danger r eg ion  around a l a r g e  

vapor-cloud f i r e  appears  t o  be t o  make measurements on s e v e r a l  

t es t  f i r e s  t h a t . a r e  as large a s  r e a d i l y  f e a s i b l e ,  and combine 

t h i s  in format ion  w i t h  r e s u l t s  from t h e o r e t i c a l  and semiempir ical  

s t u d i e s .  S ince  t h e  flame parameters  a r e  expected t o  change on ly  

s lowly  wi th  f lame s i z e ,  t h e r e  i s  no convincing r ea son  t o  go t o  

tes t  s p i l l s  l a r g e r  t h a n  t h o s e  a l r e a d y  recommended f o r  vapor  

d i s p e r s i o n  and pool  f lames.  Hence, t h e  same s p i l l  f a c i l i t i e s  

can  be used.  S ince  r a d i a t i o n  measurements w i th  s p a t i a l  and 

temporal  r e s o l u t i o n  a r e  needed t o  determine t h e  r a d i a n t  f l u x  a t  

d i f f e r e n t  p l a c e s  a n d . t i m e s ,  t h e  d a t a  wi.11'  cover  e a r l y  t i m e s .  

when t h e ' f i r e s  are r e l a t i v e l y  sma l l ,  and i.t is  be l i eved  t h a t  

t h e s e  ' da t a  . . w i l l  i n d i c a t e  s u f f i c i e n t l y  w e l l  how t h e  f lame param- 

eters va ry  wi th  s i z e  w i thou t  t h e  need f o r  sma l l e r  tests. 

b. Recommended f i e l d  t e s t s - -Tab le  8-1 l ists  t h e  seven tes ts  

recommended f o r  t h e  vapor-cloud f i r e  s t u d i e s ,  p l u s  e i g h t  con t in -  

gency tests, t o  be performed i f  ' any of t h e  f i r s t  seven exper ience  . . . .  " . . . . . " .  

s e r i o u s  ' ins t rument  f a i l u r e s  o r  g i v e  r e s u l t s  sugges t ing  tha t , :  

a d d i t i o n a l  tes ts  a r e  needed t o  cover  t h e  parameter range  of  



TABLE 8-1. RECOMMENDED LNG VAPOR CLOUD FIRE TESTS 

a ~ i n d  speed' chosen t o  maximize the downwind flamnable extent ,  based on wind- 
tunnel and f i e l d  measurements o f  vapor d ispers ion (see Set ion VI) .  

i 

J 

Wind speed 

a 

a 

Low 

High ' 

Low 

a 

Moderate 

parameters t o  

Spi 11 surface 

Water 

Water 

Water 

Water 

Water 

Soi 1 
Impound 

25 x 30 m 

Soi 1 
Impound 

25 x 30 m 

t es t s  (not  l a rge r  

Test 
No. 

1 

2 

3 

4 

5 

6 

7 

8 - 

I g n i t i o n  
Time 

Max. down- 
wind flamm. 
ex tent  

Max. extent  
o f  cont in-  
uous flamm. 
path from 
pool 

Max. extent  
o f  cont in-  
uous flamm. 
path from 
pool 

Max. s i ze  
flamm. 
region 

Max. s i ze  
f 1 amm. 
region 

Max. down 
wind flamm. 
ex tent  

Max. s i ze  
flamrn. 
region 

than the above 
program. be determined dur ing the t e s t  

LNG vol .  
(m3) 

350 

350 

350 

350 

350 

1 00 

100 

1 5  Contingency 

condi t ions 
Postion 

Downwind 
edge 

Downwind 
edge 

Downwind 
edge 

Centroid 

Centroid 

Downwind 
edge 

Centroid 

t es t s ) ,  



g r e a t e s t  s a f e t y  concern. The f i r s t  f i v e  tests a r e  of s p i l l s  on 

water ,  with i g n i t i o n  cond i t ions  corresponding. to  t h r e e  s i t u a t i o n s :  

t h e  maximum downwind d i s t a n c e  one can g e t  a  f i r e ,  t h e  maximum ~ 
d i s t a n c e  one can g e t  a  f i r e  t h a t  propagates  a l l  t h e  way back t o  

t h e  s p i l l  p o i n t  (which d i s t a n c e  i s  probably considerably s h o r t e r  

than  the  f i r s t  d i s t a n c e ) ,  and t h e  maximum s i z e  premixed vapor- 

c loud f i r e  one can g e t .  I n  t h e  l a t t e r  two cases ,  two d i f f e r e n t  

wind speeds a r e  t o  be employed. A l l - o f  t h e s e  t e s t s  would be 

under cond i t ions  where the 'vapor  cloud was blown over land,  s i n c e  

such s i t u a t i o n s  are of t h e  g r e a t e s t  pub l i c  s a f e t y  concern and 

a l s o  it is e a s i e r  t o  deploy instrumentat ion on land. 

Only two tests of vapor-cloud f i r e s  from s p i l l s  i n  d i k e s  a r e  

l i s t e d ,  p a r t l y  because such s p i l l s  r e l e a s e  vapor a t  a  more s teady 

r a t e  than water s p i l l s , .  s o  t h a t  t h e r e  i s  probably l e s s  d i f f e r e n c e  

between t h e  maximum downwind i g n i t i o n  d i s t a n c e  and t h e  maximum 

d i s t a n c e  from which a  flame w i l l  bur.n back t o  t h e  s p i l l - p o i n t  

pool. A second reason i s  t h a t  smaller  vapor clouds a r e  formed 

by t h e  l and- tes t  s p i l l s  than  by t h e  l a r g e r  wa te r - t e s t  s p i l l s ,  s o  

they  l e s s  c l o s e l y  s imula te  t h e  l a r g e  a c c i d e n t a l  c louds of i n t e r e s t .  

The exact  ign . i t ion  t imes and p o s i t i o n s ,  and t h e  meteorolog- 

i c a l  and topographic cond i t ions  f o r  t h e s e  tests should be chosen 

l a t e r ,  on t h e  b a s i s  of t h e  vapor d i s p e r s i o n  r e s u l t s  from t h e  wind 

tunne l  and, f i e l d .  experiments a n d . t h e  mathematical modeling des- 

c r ibed  i n  Sect ion  V I .  Probably a  f l a t ,  r e l a t i v e l y  smooth topog- 

raphy i s  of g r e a t e s t  p r a c t i c a l  i n t e r e s t ,  a l though i n  some c o a s t a l  

s i t u a t i o n s  a  s i g n i f i c a n t  rise of t h e  l a n d ' n e a r  t h e  edge of t h e  

w a t e r  may occur. ( I n  t h e  China Lake test  [Ref. 8-21 such a r i s e  

may have been respons ib le  f o r  stopping temporari ly  t h e  motion of 

the' flame f r o n t . )  Some of t h e  .contingency t e s t s  l i s t e d  i n  Table 1 
8-1 may be used t o  explore  t h e  e f f e c t s  of varying such parameters. 

I 

I 



Essentially the same measurements with the same instru- 

mentation should be made on the vapor-cloud fire tests as on 

the pool-fire tests .(see Table. 7-2), for the same reasons (see 

Section VII).. The principal difference is that the vapor-cloud 

flames 'will tend to move and predictions of this motion have, 

large uncertainties. This makes coverage by the infrared 

imaging camera, which.has both spatial and temporal resolution, 

especially important. It.also implies that many of the radi- 

ation instruments and cameras will have to be stationed farther 

away to cover a larger area (which increases the effects of 

atmospheric absorption*) unless they have very large fields of 

.view. Alternatives of employing duplicate instruments covering 

different portions of the region, or instruments that can be 

remotely steered during the test, should be analyzed for their 
. . 

cost effectiveness. 

In order to follow the motions of the vapor cloud and the 

flame front, it is important to place movie cameras upwind or 

downwind, to the side, and high above the cloud region. How- 

ever, parts of the flame may be nearly invisible (when the cloud 

is well mixed with air), or hidden behind fog or other flames. 

Accordingly, about 50 thermocouples or ionization probes should . 

be stationed at various heights in the predicted combustion 

region to record passage of the .flame front. In addition, 

measurements of the LNG vapor concentration at points inside . 

and just outside the flammable cloud beeore flame arrival would 

be very useful. The.instruments described in Section VI could 

be used for this purpose, .but their use would be constrained by 

the possibility of fire damage and the cost of repair or replace- 

ment. The prospects for developing a vapor concentration sensor 

*Measurements of atmospheric absorption versus wavelength should 
be made before and after each test, along the same optical path. 



t h a t  would no t  be s e r i o u s l y  damaged by f i r e  should be i n v e s t i -  

ga ted  e a r l y  i n  t h e  program. 

c .  Extended e f fo r t - - I f  a  more complete and longer research  

program t o  cover a  wider v a r i e t y  of vapor-cloud f i r e s  i s  

d e s i r e d ,  a d d i t i o n a l  f i e l d  tests should be added to .  cover ign i -  

t i o n  a t  d i f f e r e n t  t imes and p o s i t i o n s  (such a s  i g n i t i o n  a t  t h e  

s i d e  of a  c loud,  o r  i g n i t i o n  a t  t h e  downwind edge near t h e  t i m e  

of maximum flammable volume), d i f f e r e n t  wind speeds,  and d i f -  . 

f e r e n t  topography (sudh a s  vapor flow up a  s loping  beach versus  

up a  p a l i s a d e ) .  

3 .  MATHEMATICAL MODELING 

a .  Basic effort--A c e r t a i n  amount of simple semiemp,irical 

modeling i s  d e s i r a b l e  t o  provide rough p red ic t ions  f o r  f i e l d  

t e s t s  and a c c i d e n t a l  s p i l l s  u n t i l  b e t t e r  information becomes 

ava i l ab le . .  This  should s t a r t  with t h e  model recommended i n  t h e  

r e c e n t  r e p o r t ' o n  t h e  China Lake t e s t s  (Ref. 8-2) ,  which assumes . 
a  r a d i a t i n g  volume of h o t  water vapor,  carbon d ioxide  and soot  

a t  a  f ixed  temperature.  Refinements, such a s  mul t ip le  r a d i a t i n g  

regions  and v a r i a b l e  temperatures,  should be added a s  a d d i t i o n a l  

d a t a  and t h e o r e t i c a l  analyses  suggest '  t h e i r  d e s i r a b i l i t y .  

In  a d d i t i o n ,  a  more fundamental mode l ing .e f fo r t  i s  recom- 

mended u t i l i z i n g  numerical models of tu rbu len t  combustion, such 

a s  have been  developed a t  t h e  LawrenceLivermore ~ a b o r a t o r ~  

(Ref. 8-7) .  The p r i n c i p a l  l i m i t a t i o n  of such models i s  t h a t  

they  conta in  an a r b i t r a r y  turbulence parameter which, a t  p resen t ,  

can only be evaluated by use  of experimental  t u r b u l e n t  flame 

v e l o c i t i e s .  These v e l o c i t i e s  d i f f e r  f o r . d i f f e r e n t  s c a l e s  and 

i n t e n s i t i e s  of turbulence i n  a  manner t h a t  i s  not  completely 

understood. However, l abora to ry  experiments on t u r b u l e n t  flame 

v e l o c i t i e s  .(as.recommended i n  Sect ion  I X ) ,  and l a t e r  t h e  f i e l d  

t e s t s  d iscussed  i n  t h i s  s e c t i o n ,  should g i v e  more r e a l i s t i c  

i n p u t  d a t a  f o r  .such numerical c a l c u l a t i o n s .  



The initial calculations should utilize a two-dimensional 

code to calculate the combustion of cylindrical LNG vapor-air 

clouds ignited at the center. The cloud dimensions should 

correspond to those expected for the field tests and for full- 

scale accidental spills, and calculations should be made for 

three or four different values of the burning velocity. These 

calculations should be revised when laboratory experiments and 

field tests give better values for the cloud dimensions and 

burning velocities. 

In addition, the cost effectiveness of developing and using 

a three-dimensional combustion code for nonsymmetric clouds or 

noncentral ignition should be evaluated. The cost will depend . 
upon whether a combustion subroutine can be readily added to 

an existing three-dimensional hydrocode, such as those ,dis- 

cussed in Section VI. The effectiveness will depend upon 

whether a general relation between the burning velocity and 

the local hydrodynamic and thermal properties can be derived 

experimentally or theoretically.' If the evaluation is favor- 

able, such a three-dimensional.code should be developed and 

applied to all of the field test situations (Table 8-l), and 

to the full-scale situati%ns of greatest practical importance. 

If necessary, appropriate revisions in the code shoulld be made 

in the light of the field test results. 

b. Extended effort--If a more comp1ete:research~program 

is chosen, the semiempirical modeling and the three-dimensional 

code calculations should be extended to cover the additional 

situations included. in the extended experimental effort. More- 

over, one or more three-dimensional combustion codes shouid.be 

developed and employed, even if rather expensive. Finally, a 

theoretical study of the relation between the burning velocity 

and the intensity and scale of turbulence should be initiated. 
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IX. RECOMMENDED RESEARCH ON THE 
POTENTIAL .OF LNG VAPOR EXPLOSIONS 

I 1. INTRODUCTION 

If a large accidental LNG spill should occur, there is 
concern.that the resulting vapor-air cloud might detonate or 

explode, causing damaging overpressures at significant dis- 

tances outside of the cloud. A detonation might be initiated 

by a lightning stroke, a strong spark, a bursting compressed- 

gas boktle, or conceivably an ordinary flame, if a subsequent 

transition from deflagration (slow burning) to detonation 

should occur. The energy that would be released in the detona- 
3 tion of 25,000 m of LNG is equivalent to the energy contained 

in 140 kilotons of TNT, which is enough to cause blast damage 

out to several kilometers. However, tests have shown that 

unconfined clouds of LNG vapor (or natural gas) are extremely 

difficult to detonate (see below), and no such clouds are 

known to have accidentally detonated. 

The initiation of detonation in LNG vapor-air mixtures by 

compact (near-spherical) charges of high explosive has recently 

been studied experimentaJly by Bull et al. (Refs. 9-1 to 9-3) 

and by Lind*. For experimental convenience they placed their 

combustible mixtures in thin plastic bags or balloons rather 

than having them completely unconfined, but this did not affect 

the detonation initiation, since that occurred before any dis- 

turbance reached the bag walls. Their results for stoichio- 

metric hydrocarbon-air mixtures are summarized in Figure 9-1, 

where broken curves indicate interpolated or extrapolated 

values. This figure shows that a mixture of pure methane with 

air is especially difficult to detonate. To our,knowledge it 

*Discussions with C.D. Lind, Naval Weapons Center, August 8, 
1978., and April 27, 1979. 
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Figure 9-1. Compact mass o f  high explos ive  required t o  
i n i t i a t e  detonation i n  a stoichiometric  
mixture o f  a i r  and methane with a varying 
fract ion of ethane or  propane. 



has'never been accomplished with a compact charge as an 

initiator. However, Benedick (Ref. 9-4) appears to have pro- 

duced detonation in such a mixture with 4.1 kg of a thin, 

planar sheet of explosive. It is also clear.from the figure 

that admixtures of small quantit'ies of ethane or propane to 

the methane can strongly increase the detonability. This is 

due to the reduced induction time resulting from addition of 

the heavier hydrocarbons, as shown by Westbrook's detailed 

chemical kinetics calculations (Ref. 9-5). Much LNG contains 

10 percent or more ethane or propane, which can make it con- 

siderably easier .to detonate. However, in an LNG spill con- 

fined in a dike, and possibly in an unconfined one. (as. on 

open water), the.methane boils off firs.t, then the.;ethane and 

propane (see Section V). If subsequent atmospheric disper- 

sion processes do not remix these components, an LNG spill 

can produce two or three vapor c.louds with rather different 

detonation properties. It is for this reason that field 

measurements of differential boiloff and differential dis- 

persion were recommended in Sections V and VI.of. this report. 

The fact that detonations have been achieved in homogene- 

ous stoichiometric mixtures with explosive initiators does - not 

imply that unconfined LNG vapor clouds are likely to detonate. 

In the first place, an unconfined cloud would not be homogene- 

ous or stoichiometric. Recent experiments of Bull et al. (Ref. 

9-6) show that deviations from a stoichiometric mixture by 

15 percent toward the lean side or 55 percent toward the rich 

side increase the mimimum charge required for initiation by a 

factor of 38, for ethane-air mixtures. (Presumably, similar 

factors hold for.methane-air mixtures,~which were not tested 

because of the larger charges required.) Secondly, the initia- 

tion sources available to an LNG cloud must be considered in 

detail,, since it is not likely that high explosives would be 

included. More likely would be electric sparks and bursting 

gas bottles, but these would seldom release as much energy as 



rapidly as a kilogram of high explosive. 'Hence such sources, 

as well as others like pilot lights, would at most start a 

fire. In past balloon and spill tests that were ignited, no 

tendency for the flame to accelerate toward a detonation has 

been observed, and the flame velocities have remained over 

two orders of magnitude below the detonation velocity. Lab- 

oratory experiments suggest that.obstacles in the flame path 

may accelerate the flame significantly, as discussed below, 

but in an unconfined region acceleration all the way to a 

detonation seems very unlikely. 

. A somewhat more likely mechanism'of detonation.initiation 

involves a two-step process, where a fire starts in a nearly- 

closed structure, such as a large pipe, tunnel, or heavy- 

walled room, and builds up enough pressure and velocity to 

cause a detonation front or a fast gas jet to emerge from an 

opening and initiate detonation in the cloud outside. Transi- 

tions from deflagration to.detonation have been observed for 

a mixture of air with natural gas (8 percent ethane) in a 

0.6-m diameter p.ipe (Ref. 9-7), and with pure methane in a 

4.9-m water tunnel (Ref. 9-8). Such transitions occur only 

when the tube is large enough and ignition occurs near a 

closed end; they require a tube length of 50 to 150 diameters 

or more. Very recently Lind has demonstrated, in a stoichio- 

metric mixture of air with 94 percent methane/6 percent pro- 

pane, that a detonation started, in a 2.4-m diameter pipe (by 

high explosive at the closed end) propagated out the other 

end and caused the same mixture in a 20-m-diameter hemispheri- 

cal bag around the end to detonate.* (A mixture containing 

15 percent propane a,lso detonated, but.pure methane did not.) 

- In laboratory experiments using acetylene-oxygen mixtures, 

Lee and coworkers have'shown that a hot turbulent gas jet 

*Discussion with C.D. Lind, Naval.Weapons Center, November 2, 197 



generated by'combustion in a container with a single opening can 

initiate detonation in the gas outside, if the opening is partly 

covered by a grill having holes or slots of roughly the size of 

a "detonation kernel" in the mixture (Ref. 9-9). For LNG vapor- 

air mixtures, this size would be a few centimeters to perhaps 'a 

meter, depending upon the fuel/air and ethane/methane ratios. 

In the area near an LNG storage tank such -an arrangement might 

be formed by a heavy-walled chamber with a grill or several par- 

alled pipes over or near its opening. 

Destructive overpressures may be produced even without a 

detonation. A rapid deflagration, with a burning velocity (with 

respect to the unburned gas)' of 35 m/s or more, can produce des- 

tructive overpressures outside a spherical or hemispherical cloud 

(Ref. 9-10). However, the' vapor cloud from a large LNG spill is 

much broader than it is high, so somewhat larger burning'veloci- 

ties are. doubtless required to produce damaging,overpressures 

(horizontally) outside the cloud. 

In experiments with methane-air mixtures in large balloons, 

Lind (Ref. 9-11). observed flame speeds .of 5 to 9 m/s. However,. 

i n  a flame burning outward from an, ignition point, the flame motion 

is mostly due to the expanding hot gases pushing the unburned gases 

outward, while the actual burning velocity is only one-seventh of 

the flame. speed or about 1 m/s in Lindls experiments. In LNG 

spill tests where the vapor cloud was.ignited near its downwind 

end, the upwind flame speed with respect to the wind was observed 

to be about twice the wind speed for winds up to. 7 m/s, as shown 

in Figure 9-2. To convert the speed to a burning velocity, it 

should be divided by a factor somewhat less than 7, since in this 

geometry the burned gases can also expand backwards and .upwards. 

In laboratory experiments on laminar flames burning horizontally 

through flat'fue1'-a'irclouds, the factor was found to vary between 

3 and 6 (Ref. 9-13). 

t 
The observed increase in burning velocity with wind speed is 

doubtless due to the increased level of atmospheric turbulence 
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Note: The,actual burning velocity (with respect to the gas just ahead of 
the flame) is smaller than this speed by an uncertain factor (see. text). 

Figure. 9-2. Turbulent flame speed (with respect 'to 
the wind) observed on LNG test spills 
when the vapor cloud was ignited near 
the downwind 'end (from Ref. 9-12) . 



at the higher wind speeds. Using a small fan in a laboratory 

chamber.Bradley obtained burning velocities up to 10 m/s at 

high turbulence levels (Ref. 9-14) . 
1 The field tests shown on Figure 9-2 were carried out on 

I relatively smooth ground without structures, while laboratory 

experiments show that obstacles can considerably increase tur- 

bulent burning velocities. Lee and colleagues found that the 

burning velocity of a methane-air flame between two parallel 

disks could be increased up to at least 18 m/s by putting 

regularly spaced obstacles in its path (Ref. 9-15). In the 

case of a large accidental LNG spill a similar situation might 

arise if the vapor cloud drifted into a parking structure con- 

taining a number of cars. Also,. some LNG tanks are supported 

about 1 m off the ground by a large number of posts (although 

it is difficult to conceive of a fire starting in the center of 

this space). A somewhat similar geometry, but without the "lid", 

might be exhibited by vehicles in a parking lot, trees in a park, 

or even arrays of small buildings in some industrial or residen- 

tial areas. The flame acceleration in such a more open geometry 

will doubtless be less, but no tests of this geometry have been 

made. 

In addition to determining whether a vapor cloud will 

detonate or deflagrate, and with what speed, one must also 

determine the strength. of the pressure wave it produces. For 

a spherical cloud ignited at the center, or the equivelant 

case of a hemispherical cloud on a .flat surface, the situation 

is spherically symmetric (neglecting buoyancy) and relatively 

simple; mathematical solutions and some measurements are 

available in the literature. .However, as mentioned earlier, 

the vapor cloud from a.large LNG spill is much wider than it 

is high, which is expected to make an important difference in 



the pressure wave. No measurements'of the pressures produced 

outside such a burning cloud have been published. Williams 

(Ref. 9-16) gave an approximate relation for the .strength of 

the shock wave produced bjr a flame moving out'from the center 

of a cylindrical cloud of finite height. However, 'this rela- 

tion involves an "efficiency factor" whose magnitude is un- 

certain,.especially when the cloud is much wider than it is 

high, so it cannot be relied upon to better than an order of 

magnitude. Lee et al. (Refs. 9-17,9-18) derived a simple 

approximate method for calculating the blast wave from the 

detonation of an ellipsoidal cloud, and presented results for 

a major/minor axis ratio of 2. Their approximations, how- ' 

ever, are probably poor for much flatter ellipsoids. Very. 

recently, Sichel. and ~oster (Ref. 9-19) calculated and also 

measured the pressure decay behind a detonation wave moving . 

horizontally through a flat cloud, and got good agreement. 

However,, they did not extend the analysis or measurements 

beyond the edge of the cloud. Moreover, both their analysis 

and that of Lee et al. treated only detonations, which are 

simpler than deflagrations because the pressure at the detona- 

tion front is known (given by the Chapman-Jouget relation) 

and the gas ahead of the front is undisturbed. In addition, 

during a deflagration through a very large vapor cloud the 

buoyant combustion products have time to rise a:large distance, 

which may affect the pressure wave produced by the deflagration. 

To summarize the current state of knowledge on possible 

LNG vapor-air explosions, research has shown that detonations 

may be produced in such effectively-unconfined mixtures if 

they are homogeneous and stoichiometric, but it takes a large 

amount (kilograms) of high explosives to initiate such detona- 

tions, especially if the percent of ethane and propane in the 

LNG is small. However, research has not established the amount 

of high explosive required to initiate detonation in an actual 

unconfined vapor cloud produced by an LNG spill, which would 

9- 8 



be inhomogeneous and generally nonstoichiometric, Also 

unknown are the parameters of a lightning stroke, electric 

spark or bursting gas bottle which would.make it powerful 

enough to detonate.either a. homogeneous or inhomogeneous 

vapor-air mixture. 

It has been shown that when a natural gas-air mixture is 

contained in a large pipe or tunnel, a flame started near a 

closed end can run up into a detonation. However, the minimum 

pipe diameter and length required, and how these dimensions 

vary with mixture composition and homogeneity, are not known. 

The effects on this transition to detonation of a small open- 

ing in the pipe near the ignition point (which would permit 

ignition by an external fire) are also unknown. Tests have 

demonstrated that a detonation emerging from the open end of 

a large pipe can propagate through an effectively unconfined 

LNG vapor-air cloud, but they have not shown how the minimum 

pipe diameter depends upon the mixture composition and homo- 

geneity. 

Laboratory experiments have shown.that combustion of a 

gas in a container with a grilled opening can produce a hot 

jet strong enough to initiate detonation in some explosive 

mixtures outside the container, but the parameters of a con- 

tainer and gri'll adequate to ini.tiate an LNG vapor cloud are 

not well established. Small experiments hake also shown that 

obstacles can greatly increase flame velocities, but there is 

insufficient information to make even a rough estimate of the 

increase that would be produced by the type of surface obsta- 

cles likely to be found near an accidental LNG spill. The 

limited number of vapor-cloud fire tests over smooth ground 

show a flame speed increasing 'linearly with increasing 

wind speed, up to 7 m/s, but it is not known whether this 

increase would continue up to the higher burning velocities 

required to produce damaging overpressures. 



Good measurements and/or theoretical calculations have 

been made for the pressure wave produced by the detonation or 

deflagration of a centrally-ignited spherical vapor cloud. 

However, no measurements are available for the pressures out- 

side of detonating or deflagrating flat clouds like those , 

produced by LNG spills, and the only published theory (for a 

deflagrating cloud) is crude and gives only order-of-magni- 

tude results. 

Outlined below is a research. program designed to determine 

whether any of the objects or structures that might be found 

in the vicinity of LNG facilities or carrier berths could 

initiate, in the vapor cloud formed by a large accidental 

spill, either a detonation or a deflagration rapid enough to 

produce significant overpressures outside the cloud. We 
suggest that an overpressure of 0.07 bar (1 psi) be considered 

significant. This overpressure will break most windows but 

will not cause serious structural damage to residential-type 

construction. If such overpressures or greater should prove 

possible, a second goal would be to establish to within + 20 
percent the overpressures produced outside a given vapor cloud, 

with ignition at a given point. 

The approach recommended below is weighted toward the 

experimental, since many of the combustion phenomena involved 

are very difficult to model correctly theoretically. However, 

some mathematical modeling is included for experimental guid- 

ance and .to help extend the test results to full-scale cases. 

2. RECOMMENDED RESEARCH ON DETONATION 

a. Preliminary considerations--1t is convenient to divide 

'the explosion research tasks into those concerned with detona- 

tion initiation and propagation in an unconfined LNG cloud, 

discussed in this subsection, and those concerned with the 

rapid deflagration of such a cloud, discussed later. (De- 

flagration initiation by a pilot light, small spark, etc., 



is physically so easy that it is not treated separately.) 

Detonation initiation by combustion in .a pipe or chamber to 

produce a detonation wave or jet emerging from an orifice 

will be included in this subsection, even though the confined 

combustion may start as a deflagration. 

Much LNG contains 10 percent or more ethane and a smaller 

amount of propane. The discussion in earlier sections indi- 

cates that after an LNG spill these components tend to boil 

off separately from the methane, and they may remain separate 

in the vapor cloud. Figure 9-1 (earlier in this section) 

shows that increasing the fraction of these heavier hydro- 

carbons in the cloud increases the ease of detonation initia- 

tion, with ethane being slightly more effective than propane. 

Accordingly, we recommend that each of the detonation initia- 

tion tests and calculations listed below be carried out first 

with pure ethane; if that detonates, then test 85 percent 

methane/l5 percent ethane; if that detonates, then test pure 

methane. However, when and if the boiloff and vapor-disper- 

sion tests described in earlier sections show that the methane 

and ethane vapors always mix, the pure ethane tests should be 

omitted, while if they always remain separated the mixture 

tests should be omitted. 

b.' Survey and analysis of potential initiation sources-- 

At the outset of the r:esearch a :comprehensive s.urvey should be 

made of all existing potential initiation sources that might 

be found within the vapor dispersion range of LNG facilities 

and carrier berths. Examples of potential sources are con- 

densed explosives, high-pressure.gas containers (especially 

helium and hydrogen, which are efficient shock-wave drivers), 

storm drains, sewers, subways, highway tunnels, high-voltage 

lines, enclosed volumes in which combustion could produce 

strong jets through louvered openings, and any other objects 

that might contribute to detonation initiation. These poten- 

tial sources should be physically described by recording 



shapes, dimensions, wall masses and strengths, storage 

pressures, etc. Analyses should then be conducted on each, 

to identify those most likely to have initiation potential. 

Lightning should also be analysed for the gas mixtures of 

interest. The survey and analyses should also seek to deter- 

mine the number'of the potential sources of all types that 

may exist in the area and the ways in which ignition or other 

modes of energy release might occur. 

c. Tests of selected sources for characteristics relevant 

to detonation initiation--When the survey and analysis de- 

scribed above has been completed, those sources for which un- 

certainties remain as to whether they could produce a shock, 

detonation or jet powerful enough to initiate an unconfined 

LNG vapor cloud should be tested in controlled~experiments. 

These tests would be carr'ied out without simulating the ex- 

ternal cloud, to determine the characteristics of the emerging 

shock or jet before proceeding to the more-expensive large- 

bag tests discussed below. If the shock or jet from a given 

source was not very strong, that source'could be dropped from 

further consideration. 

d. Homogeneous mixture experiments in bags--Using the 

initiators that passed the above tests, a series of experi- 

ments should then be conducted in large bags with the three 

fuel-air mixtures described earlier. These bags. Should be 

large enough in cross section to eliminate edge effects, and 

long'enough to determine if detonation is sustained. For 

methane-air mixtures they should be about' 3.5 x .3.5 x 20 m; 

for mixtures containing ethane they could.be smaller. 

e. Inhomoqeneous mixture experiments in baqs--Those 

sources which initiated detonations in homogeneous mixtures 

would then be tested in inhomogeneous mixtures confined in 

bags that are partitioned into a number of layers.. Just before 

each test the partitions would be pulled out of the way. For 



most tests the fuel/air ratio in the different sections should 

. be varied, .but'onb a few the ethan=/methane ratio could be varied. 
The extent'of the variations and the' thickness of the layers, to 

be tested would be 'determined from the .results of the vapor dis- 

persion research described in Sectibn VI and the . . detonation 

kinetics calculati.ons described below. 

f. 1-D hydrocode calculations with..combustion kinetics-- 

To help-design the inhomogeneous mixture tests, and to increase 

our general understanding of the effects of inhomogeneities on 

detonation propagation, a set of 1-D spherical and planar cal- 

cu1a.tions is recommended. First, a suitable code must be dev- 

eloped, which could be done rapidly by taking an existing NRL 

hydrocode (Ref. 9-20) that included 43 reactions for hydrogen 

combustion and replacing these reactions with the 75 found. by 

Westbook (Ref. 9-5) to give a good representation of methane 

and.ethane combustion. (Probably'the reaction list could be 

safely cut down, if necessary.). The code should then be 

checked by applying it, in spherical geometry, to several of 

the high-explosive tests in homogeneous methane-ethane mix- 

tures performed by Bull et al. and by Lind, as mentioned 

earlier.' (For checking the calculations on nearly pure meth- 

ane, another 3 high-explosive tests are recommended, involving 

compact charges of about 10 kg in methane containing around 5 

percent ethane, mixed stoichoimetrically with air.) After the 

code is checked, it should be applied (in plane geometry) to 

detonation propagation through layers of LNG vapor-air mixtures 

differing in thickness, fuel/air ratio and ethane/methane ratio. 

Emphasis should be placed on determining the limiting condi- 

tions. where detonations barely pr6pzigate, within the range of . 
composition variations and thicknesses expected in unconfined 

vapor clouds. When better information on the cloud parameters 

becomes available from the-tests recommended in Section VI, 

further detonation calculations should'be made if indicated. 



g. 2-D hydrocode calculations with combustion kinetics-- 

Extension of the code discussed above to 2-D situations with 

cylindrical symmetry is also recommended. If done in time, 

this would provide predictions to help design experiments 

involving detonation propagation from the end of a pipe into 

an unconfined cloud, etc., discussed above in subsection 

IX.2.d. The code should later be checked by comparison with 

the results from such experiments, and then applied to other 

situations, including detonation propagation through (symmetric) 

inhomogeneities. ' 

h. Field tests of unconfined vapor clouds from LNG spills-- 

Since the question of detonation is complex, a few tests of 

detonability are recommended in vapor clouds produced by spills 
3 of 350 m of LNG on water, similar to those described for vapor 

dispersion experiments in Section VI. These experiments would 

integrate all of the phenomena tested in plastic bags, and 

would use the results of wind tunnel tests and the preceeding 
3 350 m vapor dispersion tests as guidance for placing and 

timing the initiators. The maximum combustible cloud would be 

sufficiently large in lateral dimensions (200 to 300 m) and in 

height (7 to 10 m) to remove concern that it might be too small 

for such tests. 

I Since the tests would be expensive and since a large 

number of detonation attempts is needed for high confidence, 
I 

about 25 initiators would be activated essentially simultan- 
I 
I .  ~ eously in each test. These initiators would be those that 

produced detonations in previous bag tests, and they would be 

distributed throughout the combustible volume of the cloud 

about 60 m apart. With.carefu1 initiator spacing and moni- 

toring via pressure gages and overhead airborne cameras, both 

high-speed and normal speed, it would be established which 

initiators, if any,..produced detonation and the extent of 

~ detonation propagation throughout the cloud. Repeat tests 



would be performed to provide an adequate statistical base. 

Five such tests are recommended, with a possible sixth for 

contingencies. Pressure instrumentation would be provided 

to measure any overpressure produced outside, the cloud. A 

limited amount of instrumentation bould be included on these 

tests to measure the liquid pool spreading and vapor cloud 

radiation. 

i. Aerosol experiments in bags--One can conceive of 

situations in which an explosion of.vapor from an LNG spill 

could violently disperse either the remaining LNG in the same 

tank or that in a neighboring tank, producing an aerosol of 

LNG droplets. Since aerosols of most fuels are known to be 

detonatable, it is desirable to determine if an LNG aerosol 

is more or less easily detonatable than a vapor-air mixture. 

To obt.ain the answer, a set of'experiments is recommended in 

which large bags would be filled with an LNG aerosol produced 

by a spray nozzle or other device, and tested for detonation. 

The same bags and types of initiators should be used as in the 

vapor-air experiments discussed in Subsection IX.2.d (above), 

but the initiators should be slightly smaller or weaker than 

those required to detonate a gaseous mixture of the same 

composition. If these produce detonation in the aerosol, . a  they 

should be made sti'll smaller, to determine the lower size 

limit for initiating LNG aerosol detonations. 

j. Unconfined aerosol tests--If the bag tests described 

'above show that aerosols are more easy to detonate than vapor- 

air mixtures, some tests should be made on unconfined aerosols. 

In these tests LNG in a container would.be dispersed by an 

explosive charge and initiated by a second charge, using the 

well-established fuel-air-explosive technique. A few.such 

tests have been carried out by Sandia Corporation* without 

*Discussion with W. Uncapher, Sandia Corporation, June 13, 1979. 
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achieving detonation, but they employed only about 0.02 m 3 

of LNG, which produced a cloud 6 - 8 m in diameter and prob- 
ably 2 - 3 m high; a height marginal for supporting detonation 
in methane-air mixtures. Tests of aerosol clouds at least : 

twice this diameter and height are needed. 

3. RECOMMENDED RESEARCH ON RAPID DEFLAGRATION 

a.' Preliminary considerations--In contrast to .LNG 

detonation tests, where it is believed that tests above-a 

certain critical size (which depends upon the geometry and 

the mixture composition) give essentially the same results 

as much larger tests, for deElagration .tests. the..burni.ng 

velocities and buoyancy effects may continue to increase with 

size up to sizes much larger than it is practical to test. 

Accordingly, in the deflagration research program more re- 

liance must be placed on mathematical models to extrapolate 

test results to situations involving larger LNG spills. 

b. 2-D hydrocode calcula.tions.with turbulence and flame 

gropagation--It is important to develop a 2-D hydrocode that 

includes buoyancy, an adequate model of turbulence, and a 

flame model based on an empirical relation between the burn- 

ing velocity and the turbulence parameters (see below). Such 

a codevcan be based on the improved 3-D hydrocode described 

in Section VI, Table 6-13, but reduced to 2-D and augmented by 

a simpleflame model. A code similar to that recommended here 

has been developed at Lawrence Livermore Laboratory and em- 

ployed to calculate the combustion of large cylindrical LNG 

vapor clouds (Ref. 9-21). However, the simple turbulence model 

employed in the Livermore code'may not be adequate. A two- 

equation k-E model is preferable, as discussed in Subsection 

VI.5.a. 

The recommended hydrocode'would employ an empirical relation 

for the burning velocity as a function of the local turbulence 



parameters, based on the experiments described below. As 

results become available, first from the laboratory experi- 

ments, then from the larger partially-confined and bag tests, 

'and finally from the large spill tests, this relation should 

be continually improved. The code would be used to predict 

the combustion of the centrally-ignited clouds from the spill 

tests, and the turbulence and/or flame.models adjusted if 

required to obtain agreement with the test results. The final 

version would then be used to make predictions for large 

accidental spills. The code calculations would generally in- 

clude a computation of the overpressures in the region sur- 

rounding the cloud. However, if the burning velocity ever 

became high enough to produce.damaging overpressures more 

than 2 cloud radii away from the center, it might be.more 

efficient to use a separate nonturbulent code to calculate 

the pressure-wave propagation at a distance from the cloud. 

c. Burning-velocity experiments--In order to derive an 
8 

empirical relation between the burning velocity and the.tur- 

bulence parameters in LNG vapor-air mixtures, further experi- 

ments like those of Bradley (Ref. 9-14) and Lee (Ref. 9-15), 

but in larger apparatuses, are needed. An effort should be 

made to vary a variety of parameters, so that the results 

apply to a large range of sizes and geometries. The rekults 

"should then be reduced to an empirical formula convenient for 

use in the 2-D code. 

d. Partially confined tests with turbulence--Because of 

their practical importance, deflagration tests are recommended 

on stoichiometric LNG vapor-air mixtures in full-scale mockups 

of two relevant structures. These include the region between 

the ground and the bottom of an LNG tank supported on posts, 

and the annular region between a tank and a high dike. The 

openings of these mockups should be covered with thin plastic, 

to allow filling with a uniform gas mixture, and ignition 



should be at the center on some tests and at the edge on 

others. In the tank-bottom tests the combustion-induced flow 

. ,around the posts is probably sufficient to produce strong 

turbulence. In the high-dike tests, consideration should be 

given to including one or more large fans to simulate the 

flow induced by the wind blowing across the dike top. Other 

structures, such as a narrow gap between two buildings, might 

also be simulated. The structures to be tested and the place- 

ment of obstacles, fans and ignition points should be deter- 

mined with the help of the burning experiments and calcula- 

tions described earlier, and possibly some small-scale model 

tests. 

e. Bag tests with turbulence--Deflagration tests should 

also be carried out with stoichiometric mixtures in large flat 

cylindrical bags that contain obstacles and/or fans to pro- 

duce turbulence. The first tests should employ central igni- 

tion; if these produce significant overpressures, side igni- 

tion should also be tried. 

f. Field tests of vapor clouds from LNG spills--The final 

set of tests would involve ignition of the vapor clouds from 

test spills of 350 m3 of LNG on water. The recommended tests 

are listed in Table 9-1, along with the five field tests for 

detonability described earlier. The first deflagration test 

would be on relatively smooth ground in a high wind, since * 

the latter tends to maximize the burning velocityL(see- Figure 

9-2). The next three tests would emphasize the effects of 

obstacles, including not only arrays of objects in the open, 

but also some in a roofed "parking structure." ~inal'ly, five 

contingency tests are included to permit repetition of any of 

the previous tests that seem particularly significant or for 

which some of the instrumentation failed, or performance of 

new tests suggested by the previous results. For example, if 

t h e  ,"parking structure1' tests fail to .give significant over- 



TABLE 9-1. RECOMMENDED EXPLOSION TESTS ON LNG 
VAPOR CLOUDS FROM LARGE TEST SPILLS. 

NOTE: A l l  tes ts  i n v o l v e  unconf ined  s p i l l s  o f  350 m3 o f  LNG 
on w a t e r ,  w i t h  i g n i t i o n  or  i n i t i a t i o n  n e a r  t h e  t i m e  
t h a t  t h e  flammable r e g i o n  r e a c h e s  i t s  maximum s i z e .  

~ e r r a i  n condi t ions 

Relatively smooth 

Relatively smooth 

Array of obstacles 
similar t o  cars i n  
a parking struc- 
ture ,  plus arrays 
of truck-1 i ke ob- 
jects  and other 
obstacles 

highest 

nined during 
. (I 

Ignition/Init iation 

Sets of 25 strong i n i t i a t o r s , '  
spaced over the predicted 
flammab1.e region and s e t  off 
simultaneously . . , 

Flare a t  centroid of cloud 

Flare a t  center of "parking 
structure" 

cf t e s t  6 o r  7 ,  whichever gave the 
sures . 
ncy t e s t s ,  parameters to  be deter 
program. 

Test 
.no. 

1 - 5 

.' 

'6 . 

7 - 8  

9 

10 - 14 

Wind 
speed 

Low 
or 

moderate , 

High . 

Low; 
hi'g h 

Repeat 
overprec 

' ~ontir igt  
: the tes t  



pressures, a. more-closed structure could. be tested, while if 

they give large overpressures, removal of the roof or ignition 
. , 

from the side should be considered. 

The instrumentation recommended.for these tests consisis 

of the pressure .sensors and movie cameras mentioned in con- 

nection with the detonation tests, plus.al1 of the instru- 

ments recommended in Section VIII for vapor-cloud fires. The 

latter includes sensors to measure the unburned'vapor concen- 

tration (to determine the cloud position before ignition) , 
sensors to detect.the flame-front,passage, and the full array 

of radiation and liquid-level instruments discussed previously 

(see Section VII, Table. 7-2).  Thus, these explosion tests 

will provide additional information on flame radiation and on 

LNG spreading and boiloff, unless financial or operational 

constraints prevent such measurements from being cost-effective. 

4. EXTENDED PROGRAM 

If a more complete and longer research program is desi.red, 

in order to cover a wider variety of.potentially explosive 

configurations and give greater conkidence to the conclusions, 
I 

each of the experimental and ma,thematical tasks described 

above..should be expanded by the repetition of some tests and 
the addition of other tests and calculations for different 

mixture compositions, wind speeds, ignition positions, detona- 

tor sizes, etc. Also recommended'is the extension to 3-D of 

the 2-D hydrocode with combustion kinetics (for detonation) 

and the 2-D hydrocode with turbulent flame propagation, and 

the application of these codes to nonsymmetric situations of 
I 

practical interest. Finally, consideration should be given 

to ,whether a code incorporating both turbulence and combus- 

tion kinetics in a realistic fashion could be developed and 

applied in the next five years, at a nonexorbitant-cost. If 

so, such a code development program should be supported. 
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X. PNLIMINARY COST ESTIMATE AND TIME SCHEDULE 

i 
I 1. SUMMARY OF COSTS 

A preliminary cost estimate is given in Table 10-1 and is 

broken down into eight categories. The cost.given for each of 

these categories is enlarged on in the following subsection. 

In addition, further cost breakdowns and backup material are 

available at R & D Associates. All costs are in 1979 dollars. 

TABLE 10-1. SUMMARY OF ESTIMATED COSTS 

- 
COST 

ITEM ($1,000) 

program management and support . . 3,738 

I Parametric line-source experiments 200 ' 

Fl ame-speed experiments 

Swimming pooi tes ts  , . 

small wind tunnel tests  

Lar,ge wind tunnel tests  

Explosion tes ts  . 

Large-scale f ield tests  

TOTAL $20,803 

2. INDIVIDUAL COST ESTIMATES 

a. Program management and support--This category includes 

salaries for overall program management and administrative 
'- support, mathematical analysis, and test planning and design 

work. Also included are monies for technical consultants and 

laboratory-scale experiments. Management and data reduction 
, k . , 



costs for the individual subprograms are included in the 

respective category estimates. 

Program Management $ 465K 

Mathematical Modeling and Analysis 1600 

Engineering Test Planning and Design 390 

Administrative Support 195 

Consultants/Laboratory Experiments 600 

$3250K 

15% Contingency 

b. Parametric line-source experiments--These experiments 

would be accomplished as a research project at a research 

organization or university. Facilities required would be a 

small wind tunnel plus instrumentation. It is estimated that 

$200,000 would cover the total cost including.data reduction 

and reporting. 

c. Flame-speed experiments--This task would be carried 

out by a research organization over a period of 1 to 1 1/2 

years. The major costs are based on the construction of a 

10-ft.explosion-proof tank and as.sociated gas-charging .equip- 

ment and diagnostics. An estimate of $610,000 will cover these 

experiments. - 

d. Swimming pool tests--The cost of this task is based on 

the use of an existing Navy-built pool near Albuquerque, New 

Mexico. This pool is 200 ft x 150 ft and is already equipped 

with.pumping and filtration equipment. The major items required 

for site preparation are the relining of the pool and the con- 

struction of the overhead camera and'spill tank support. An LNG 

tank trailer would be used for on-site LNG storage, thus elimi- 

nating the necessity for permanent storage facilities. This. 

tank trailer would also be used at the field-test site and its 



cost is accounted for there. Instrumentation would be 

government-furnished or shared with the large-scale field 

tests and is accounted for under that 'category. . 

Personnel $163K 

Site Preparation and Equipment 

Data Reduction and Reporting 

15% Contingency 

e. Small wind tunnel tests--These tests would be per- 

performed at an existing facility such as the one at Colorado 

State University. The major facility preparation items are 

the design and fabrication of a flow temperature and humidity 

control system and a vapor release mechanism. Instrumentation 

would be largely facility-furnished. 

Personnel $116K 

Facility Preparation and Equipment 51 

Data Reduction and Reporting 127 

$294K 

15% Contingency 44 

$338K 

f. Large wind tunnel tests--These tests would be performed 

in the new NASA Ames 37 x 55-m wind tunnel (see Section VI, 
. Figure 6-6), which will be equipped with its own data reduction 

.,and pro.cessing facility. All test equipment (models, sources, 

instrumentation, and test beds) would be prefabricated in modu- 

lar form for quick assembly into the tunnel for a one-month 

period qf actual testing. Assistance in model installation, 

tunnel operations, and data recording and reduction will be 

provided by NASA-Ames at no cost to the project. Much of the 



instrumentation used in these tests would be borrowed from 

the vapor-dispersion field.tests' and is accounted for under 

that section., 

Personnel $140K 

Model and ~unnei Preparation and 
Equipment 

Data Reduction and Reporting 

15% Contingency 

g. Explosion tests--These are series of field tests, . 

utilizing premixed vapor rather than liquid spills, whose 

major costs will be in site preparation .and.data reduction. 

Instrumentation will be government-furnished or shared with , 

the.large-scale field tests. Total test time should not ex- 

ceed four months. 

I 

Personnel $ 73K 

Site Preparation and Equipment 191 

Data Reduction and Reporting 278 

$542K 

15% Contingency 81 

$623 

h .  Large-scale field tests--The large-scale field tests 

are assumed to be located on Frenchman Lake at &he Nevada Test 

Site, shown in Figure 10-1. These tests consist of LNG spilIs 

on land and water for investigating pool fires, vapor-cloud 

fires, and explosions. The test area would consist of two 

si,tes served by a common remote data-gathering center. This 

center would be temporary in nature, consisting of goyernment- 

furnished recording and instrumentation trailers placed behind 

~ a protedtive earth berm. It i s  assumed that these trailers 
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and data-recording instruments would be provided at no cost 

to the project with only minimal modifications required. 

Costs'for all instrumentation including that which is shared 

with other sites is included here. Additional instrumentation 

costs for flame-radiation measurements and airborne camera 

coverage to be provided by outside contractors are included 

in the instrumentation figure presented below. 

, Spill tanks at the test sites and.the tanks to be used 

for LNG storage ,at the Nuclear Rocket Development Site (Jackass 

Flats) would be surplus tanks, .which are'known to be available. 

Cost,estimates for obtaining,.modifying, and erecting the two 

spill tanks and for'refurbishing the storage tanks .at the NRDS 

were obtained from Gibson Cryogenics, Inc., Lakeside, Cali- 

fornia. These estimates include all engineering, materials, 

and labor costs necessary for the refurbishment 'of the tanks 

to meet appropriate dodes. Using surplus tanks represents a 

considerable savings over the fabrication of new tanks. 

The water spill site is located at the low point in the 

dry lake bed. The lake is partially 'filled kith water during 

part of the year. Low dikes would be built and a well drilled 

additional to existing wells to.provi.de water,during the dry 

season and to insure sufficient water depth for all tests. 

6 For the complete series of tests, 3.85 x 10 gallons of 

LNG and an additional 200,000 gallons of liquefied ethane for 

enrichment are required. It is assumed this LNG would be 

commercially trucked in from San Diego Gas and Electric in 

Chula Vista, California, to the storage area at the NRDS. An 

LNG tank trailer purchased for this project will be used to 

transfer LNG from the storage area to the spill sites. The 

delivered cost of the LNG is listed. 



On-Site Personnel (including per-diem) $ 2,392K 

-Site Preparation and Construction 1,941 

LNG Storage Tanks 1,213 

Instrumentation 740 

LNG and Ethane 3,432 

Data Reduction and Reporting 2,776 

15% Contingency 

t 
. . 

3. .TIME SCHEDULE 

An approximate time schedule for the research tasks 

recommended in this report is shown in Figure 10-2. It 

should be pointed out that ,the durations of the various 

tasks. indicated in this figure are not necessarily an indi- 

cation of the sizes of the respective efforts, since some 

efforts are short but intense, while others extend longer 

but at a lower rate because they depend in part on infor- 

matioh becoming available from other tasks. 
-. 



Years after start of program 

Figure 10-2. Estimated t i m e  schedule f o r  the recommended LNG research tasks.  

General subject and task 0 0.5 1 .O 1.5 2 .O 2.5 3.0 

Spreading and boiloff 

Swimming pool testsa 

Empirical modelingb 

Global theoretical modelingb 

1-D numerical modelingb 

Vapor dispersion 

Experimental 
Medium-size wind tunnel testsa 
Large wind tunnel testsa 
Field testsC 

Mathematical modeling 
Semiempirical modeling 
Preliminary code evaluation 
and improvement 
Preliminary sensitivity analysis 
Numerical diffusion &ppression 
Turbulent mixing tests 
Turbulent mixing model 
improvement 
Simulation of medium-size 
wind tunnel tests 
Simulation of large wind tunnel 
tests 

Simulation of field tests 
Final predictions for large spills 
Code development for coherent 
vorticity 
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.. C .  . . . 
Years. after start of program 

General subject and &k 

Pool fires 

Field test# . . 

: .b.: 
Semiempirical modeling 

' Theoretical modelingb 
. .  . 

Vapor-cld fires 

Field testsc , 

Semiempirical modelingb 

Numerical modeling 

Potential explosions . .. .-. 
Detonation 

Suwey/analysir pot. initiation 
sour- 
Tests of initiation sourcesa 
Homog. mixture expr. in bagsa 
Inhomog. mixture exps. in 
bags 
1-D hydrocode with combust. 
kineticsb 
2-D hydrocode with combust. 
.kinetics 
Tests of lar@ clouds from 
spillsc - . 

Aerosol exps. in bagsa 
~ncon f  ined aerosol testsa 

Figure 10-2 (cont. ) . 



Years after start of program 

I-' 
0 
I 
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0 

a ~ h e  three segments shown on .the bar graph for these tests represent the three successive phases: test 
preparation (design, fabrication, calibration, installation, etc.); testing; and date reduction, analysis, and 
report writing. 

General subject and task 0 0.5 1 .O 1.5. 2.0 2.5 3.0 

Def lagation 
2-0 hydrocode with turb. and 
flame 
Burning velocity exps. I 

b~hese modeling efforts are broken into two segments, with. an inte&ning inactive period while awaiting 
further relevant test data. 

Part. confined tests with t ~ r b . ~  
Bag tests with t ~ r b . ~  
Tests of large clouds from 
spillsc 

these field tests the data reduction and analysis period, shown by the bar section between the dot- 
ted markers, overlaps considerably with the testing period, shown by the section between the solid 
markers. Also, the testing periods for vapor dispersion, pool fires, etc. overlap, to allow switching around 
in accordance with the weather and the availability of equipment and personnel. 

Figure 1.0-2 (concl. ) . 
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XI. TECHNICAL REVIEWERS'. COMMENTS. AND OUR RESPONSE 
. .  . . . ,  . . 
. . ,  

1. INTRODUCTION ' 

.By agreement with:the DOE, a draft of this report,' in 

almost its present form, was sent out for comments to 38 . ' 

persons with experience or responsibility for LNG safety regu- 

lations or research, or scientific expertise in a directly 

relevant field. Written replies were received from five indi- 

viduals: Dr. Elizabeth M. Drake (A.D. Little, Inc.), Dr. J. 

Reed Welker (Applied Technology, Inc.), Prof. Jerry A. Havens 

(University of Arkansas), Prof. Robert N. Meroney (Colorado 

State University), and Lt. G. R. colonna (U.S. Coast Guard), 

and collectively from two organizations: Battelle Pacific 

Northwest Laboratories and Lawrence Livermore Laboratory. 

Copies of their letters are reproduced in the Appendix. A 

number of the other report recipients were contacted by phone. 

Technical 'comments were made'.via telephone.'by 7 individuals: 

Prof. Forman A. Williams (UC San Diego), Dr. Henry Walter 

(DOE), Dr. Leonard C. Haselman (Lawrence Livermore Laboratory), + 

Dr. C. Douglas Lind (Naval Weapons Center), Dr. George Markstein 

(Factory Mutual Research Corp.), Dr. William Benedick (Sandia 

Laboratories), and Prof. James A. Fay (M.I.T.). Several others 

were unable to study the report in the time allotted because 

of summer travel plans or other commitments. A 'representative 

of the LNG industry stated that he and others.were . 
. 

preparing 

for DOE an AGA response to our report, but we have not received 

a copy of this document. 

Before summarizing the major written and oral comments 

and giving our responses to them, the authors wish to thank 

those who studied the draft report and communicated their' 

suggestions. Thanks are also due for their pointing out sev- 

eral typographical errors and infelicities of language, which 

have been corrected in this final version of the report. 
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2 .  COMMENTS ON THE SUMMARY 

It is convenient to discuss the comments in the order of 

the report sections to which they refer, starting with the 

Summary. The only comments received on thelSummary were from 

Battelle Pacific Northwest Laboratories (see Appendix). The 

Summary has since been replaced by an Executive Summary (at 

the request of DOE), so that it is now more logical to consider 

the three points raised by Battelle, concerning LNG release 

characteristics, desired prediction accuracy and maximum test 

spill size in the later discussion on LNG spreading and vapor 

dispersion. 

3. COMMENTS ON THE INTRODUCTION 

In the first full paragraph on page 1-2 of the ~ntroduction, 

Battelle reviewers had difficulty in following the logic. This 

difficulty may now be alleviated by'the change of the adjec- 

tive "unpredictable" to "unanticipated," as suggested by 

H. Walter.. We see no inconsistency in our intended implication 

that spill-prevention aspects are well founded, but that a large, 

low-probability accident might still occur, the consequences 

of which currently have'large uncertainties. . . . 

4 .  COMMENTS ON SECTION 11' (PERMIT PROCEDURES) 

In accordance with the relatively minor suggestions made 

on this section, a Latin phrase on page 2-4 was converted to 

English and a paragraph on OPSR standards on page 2-13 was 

updated. 

5. COMMENTS ON SECTION 111. (INFORMATION FOR REGULATORY PURPOSES) 

On this subj'ect, Battelle reviewers requested more details 

concerning the people contacted and the conclusions reached. 

Because many of the people involved were government or industry 

officials speaking unofficially,, we did not feel it appropriate 

to identify them. Moreover, their opinions were so varied that 



it was difficult to draw more definite conclusions than those 

indicated on pages 3-12 to 3-16. 

6. COMMENTS ON SECTION IV (GENERAL FEATURES OF THE RECOMMENDED 
PROGRAM) 

Commenting on this section, Drake recommends that the 

research program concentrate on the smaller accidental spills 

that occur more often, the Battelle group believes that at 

least truck spills should be included, and the Livermore group 

feels that a wide range of spills should be covered. We still 

believe that the large spills are.the critical public safety 

issue, and moreover that many aspects of smaller or more gradual 

spills can be fairly well predicted from past field and wind 

tunnel tests (see, for example, Section VI, Figures 6-1 and 

6-7). Drake also criticizes the "rapid" program, and mentions 

the data limitations of the early AGA and recent China Lake 

field tests. We feel that these limitations were due to 

inadequate instrumentation, and to spending so much effort on 

a number of small tests that insufficient time and money were 

left to' do a good job on the planning and instrumentation of 

the large ones. The AGA vapor dispersion and fire tests involved 

a total of 31 six-foot (diameter) spills, 15 twenty-foot spills 

and 3 eighty-foot spills (1 ignited), yet the most practically 

useful data came from the few large spills, and many of the data 

from the smaller spills were not even reported. Considerably 

more useful information could have been obtained in less time 

and at the same cost by cutting the number of small tests 

drastically and doubling the number of eighty-foot tests. 

Drake, Havens, Colonna and the Battelle reviewers suggest 

that we should have related our recommended program to the 

ongoing DOE/USCG program at the Naval Weapons Center (field 

tests), Colorado State University (wind tunnel tests), Livermore 

(theory and test planning) and Battelle (technical planning). 

We agree that a comparison would be useful. However, during 
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the first part of our study little written material on the 

DOE/USCG program was available, and obtaining the relevant 

information by visits would have been time-consuming and not 

vital to our primary purpose, which was to provide independent 

recommendations for a research program. Later, more documents 

were published, but time and cost constraints prevented our 

adding a comparison of the research programs to this report. 

However, we believe that the China Lake tests, because of 

their limited spill size and spill rate, the special topo- 

graphy of the test site (the pond bank has a height signifi- 

cant compared to the vapor-cloud height, and the ground slopes 

upward away from the pond), and the insufficient instrumenta- 

tion (at least on the tests conducted so far) will not 

answer the critical questions concerning large accidental 

spills. The Livermore analyses and suggested plans for large- 

field tests are closer to our recommendations, but we feel 

that their philosophy of gradually proceeding from small 
3 spills up to very large spills (perhaps 1000 m ) results in 

a program duration and cost considerably larger than is 

required to answer the high-priority practical questions. 

7. COMMENTS ON SECTION V (LNG SPREADING AND BOILOFF) 

On this subject, Drake questions the need' for experiments 

because the China Lake tests show that spreading and boiloff 

vary with the spill geometry and force (thus making any test . . 

results of specialized applicability),.while vapor dispersion 

and pool fire estimates are fairly insensitive to the boiloff 

rate. We believe that in the water-spill situations most 

important for public safety, i.e., massive cargo tank ruptures 

and transfer line breaks, the spill geometry and force are 

reasonably well defined. A large tank rupture simply results 

in an outward LNG flow at a velocity corresponding to the 

hydraulic head in the tank, with relatively little downward 

velocity (in contrast to the China Lake experiments), while 



in.a line break the LNG generally acquires a downward 

velocity corresponding to free fall from the height of. the 

deck. Although we agree that vapor dispersion and fires 

are not very sensitive to the boiloff model, we believe that 

the current uncertainty of up to a factor of 7 in the boil- 

off rate. per unit area on water (see p. 5-9) contributes an 

important uncertainty to predictions of the hazardous 

distance. 

In response to the Battelle reviewers' comment about 

the need to understand LNG release mechanisms and charac- 

teristics, we point out that our recommended swimming pool 

tests include modeling of the releases for the high-priority ! 

situations (massive tank rupture and transfer-line break). 

We thank Dr. Welker for recommending bubbler systems 

for measuring boiloff rates, and the Battelle group for 

informing us of Hoult' s differential boilof f model. The. 
. , 

latter reviewers ask for justification of our statements on ' 

pages 5-9 and '5-12 that spreading and boiloff on land are 

sufficiently well understood; this justi'fication was given 

earlier, on page 5-2: They also question our dismissal of 

the dike rupture problem; perhaps that problem deserves 

further consideration., 

8. COMMENTS ON SECTION VI (VAPOR DISPERSION) 

The greatest number of comments were made on this section. 

Many reviewers questioned the practical need and technical ; 
feasibility of our stated goal of developing techniques that 

permit the determination of the distance to a given mean LNG 

vapor concentration, for a specified LNG site, spill and 

weather, with an uncertainty of 210 percent.. Accordingly, 

after further consideration our accuracy goal has been 

relaxed somewhat, to t15 percent. Also, a more detailed 

I 
explanation of why we think this goal is desirable and 

probably attainable has been added to pages 6-5 and 6-6. 



Several reviewers questioned our reliance on Froude 

number scaling. It should be explained that we propose to 

match not only Froude numbers (including time-dependent ones), 

but also gas density ratios, by using actual LNG vapor in 

the wind tunnel and field tests. If one 'believes, as argued 

on pages 6-19 to 6-21, that heat transfer to the gas from 

the ground or other surfaces is negligible, and that the 

important phenomena are' independent of Reynolds number (as 

long as the latter is large enough to produce fully developed 

turbulence), then the Froude number and the gas density ratio 

are the only remaining independent dimensionless quantities, 

and the dispersion phenomena cannot depend upon other (dimen- 

sional) factors or they would vary with the specific measure- 

ment units employed. (This is the basic principle of dimen- 

sional analysis; see Reference 11-1.) To verify the Froude 

number scaling (which is essentially equivalent to verifying 

that Reynolds number variations and surface heat transfer 

have negligible effects), our recommended research program 

includes a number of, scaled tests in the small wind tunnel, 

large wind tunnel and field, involving a total variation in 

Reynolds number of about a factor of 4000. We do not 

believe that the addition of smaller field tests, or of 
3 larger ones involving up to 1000 m of LNG, as suggested by. 

the Livermore revievers, will importantly- increase the under- 
. . 

standing and confidence in the scaling of vapor dispersion. 

This is because going from 350 to 1000 m3 spills increases. 

the Reynolds numbers by only a factor of 1.4 if the wind 

speed is held fixed or 1.7 if the speed is Froude-scaled, 

while smaller field tests only add points between the wind 

tunnel and large field tests. Moreover, if they are fairly 

small, it is difficult.to find a natural steady wind low' 

enough to. permit significant gravity. spreading., 

Havens and Colonna also mention the recent paper by 



van Ulden (Ref. 11-2), which shows that the commonly used 

Froude number scaling is not always applicable. However, 

that paper merely criticizes a frequently assumed relation 

between the outward velocity of a heavy cloud front and its 

height, which is equivalent to assuming that the local Froude 

number at the front is'a universal constant. Instead, 

van ~lden'shows that it should vary as the cloud'expands 

and also depend on the cloud-to-air density ratio, unless 

this ratio is close to.unity. His results do not contradict 

our more.genera1 'assumption of Froude scaling. They do, 

however, ' indicate that the suggestion by Meroney, to use a 

test gas denser than LNG vapor (i.e., /P > 1.4) to a i r  . .. 
obtain the desired Froude number at a higher wind speed, will - ., 

not give an accurate simulation. 

Welker and the Battelle reviewers doubt the safety of' , 

using LNG in wind tunnels.' We emphasize that to fulfill : 
'1 

the test purposes the LFL boundary must lie within the test 

section, so that downstream the vapor concentration -will be , ! 
,well below the flammable range. For the nonrecirculating 

tunnels recommended in Section VI this minimizes the safety 

problem. We also discussed the question with operators of 

the tunnels, and although they made no commitments they did 

not immediately reject the idea. If use of LNG is not per- 

mitted, a nonflammable simulant (cold or warm) can be used, 

with some loss in the accuracy of simulation, as discussed 

.on pages 6-18 and 6-19. 

Drake and the Battelle reviewers question our rationale 

for selecting 350 m3 as the maximum test spill size. We 

still hold to our argument that tests of about this size are 

needed to simulate full-tank spills on water in a 2 m/s wind, 

and that going to a somewhat larger size only improves the 

simulation slightly, while increasing the cost greatly. 



Havens and Williams believe that we are too optimistic 

in our estimates of the value of detailed numerical computa- 

tions, due to the limitations of turbulence models. It may be 

true that not all of the recommended mathematical modeling 

tasks will be successful, but we believe that enough will prove 

so to make the effort worthwhile. 

Fay responded by telephone that he'd just had time to 

read the report rapidly, and had only the general comment 

that he now believes the vapor dispersion problem is not as 

difficult as he once thought; therefore, a research program 

as big as we recommend is probably not warranted. He also 

sent a copy of a review paper, "Gravitational Spread and 

Dilution of Heavy Vapor Clouds," which he gave at a recent 

meeting in Norway. This paper summarizes the considerable 

recent theoretical and experimental progress made on the 

subject, but concludes that "many important questions 

remain unanswered." 

Lind suggested that we put more emphasis on.the measure- 

ment and interpretation of atmospheric conditions. His 

latest field test employed many wind sensors' which showed 

that the wind speed and direction varied considerably with 

position and with time over the 3-min spill duration. 

On water spill tests, Haselman recommended omitting the 

ship model, since in a real accident the ship may drift away 

from the cloud, and this represents the worst case because 

the ship's aerodynamic wake would promote turbulent mixing. 

This omission simplifies the test program, since the ship- 

orientation parameter can be dropped. We believe that this 

is a promising simplification, but its rationale should be 

studied further be£ ore implementation. 

Finally, a-question raised by Walter has caused us to 

add to page 6-32 a more complete explanation of why we 



recommend a different deployment of concentration sensors in 

the large wind tunnel than in the small one. 

9. COMMENTS ON SECTION VII (POOL FIRES) 

Welker and the Battelle group suggested practical 

problems in our recommendation to test fire-fighting equip- 

ment during one of the pool fires. We agree that the possi- 

ble problems of delayed firefighting and equipment inter- 

ference must be considered seriously and may make our 

recommendation impractical. On the other hand, we disagree 

with Welker's suggestions to precool the soil to make the 

burning more steady and to employ many wide-angle radi- 

ometers to measure "what we eventually want to know." Pre- 

cooling would prevent simulation of the earliest and probably 

strongest radiating period of an accidental fire, while the 

value of wide-angle radiometers is limited because they do 

not measure the spatial and spectral variations needed to 

apply data from test fires to the much larger fires of 

primary interest. 

Drake s~ggests that at distances of practical interest 

the China Lake radiation .data do not give twice .the flux 

that'would be predicted from earlier.formulas because the 

new data have peaks at wavelengths that are strongly absorbed 

by the atmosphere. However, we believe that for much larger 

flames their greater optical depth will make their spectra 

approach a black body, and hence they will give about double 
. . 

.the previously predicted flux even at a distance. Drake also 

expresses two specific'.concern.s for the safety of our pro- 

posed spill tank; these need to be considered, although the 

surplug tank we located does not have an outer shell to be 

damaged. 

The Battelle group suggest that our' recommended LNG 

volumes for the pool fires may be too small to produce an 



adequate flame before burnout or composition change due to 

differential boiloff. We disagree; the dike spill volumes 

are chosen to give a burning duration of about 5 min, and - .  
the water spill volumes are much larger than those employed 

at China Lake. Battelle also recommends a task to investi- 

gate soot properties; we include this in our flame-modeling 

task (page 7-21). 

~arks'tein said via. telephone that this section and the 

following one (on vapor cloud fires) sounded good, and his 

only suggestion was to perform each fire test twice because 

fires have considerable variability even when one tries to 

control all the parameters. This was true of the old AGA 

tests and even of the large indoor fires with which he 

has worked. Accordingly, he would not put too much trust 

in a measurement unless it were repeated on a second simi- 

lar fire. In response;we have increased the number of 

.contingency tests from two to six, with the idea that some 

of these will be duplicate tests, the results of which will ' 

determine whether all the tests need to be.duplicated. 

10. COMMENTS ON SECTION VIII (VAPOR CLOUD FIRES) 

Drake suggests that this area needs more emphasis 

because it.is the area'where the fewest controlled experiments 

have been conducted in the past. Both she and Haselman 

recommend a number of small field tests before going to the 

large ones. We agree on the need for emphasis, and have 

added four more contingency tests to Table 8-1. However, 

we feel'that small vapor cloud fires are not very relevant 

to large accidental fires since buoyancy induced motions are 

much more important in the latter. 

Benedick thinks that the fireball type of burning 

cannot be ruled out. Also& he recommends the use of inex- 

pensive integrating calorimeters, consisting just of blackened 



copper sheets with dots of temperature-sensitive paints on 

the back, which have worked well in various Sandia experi- 

ments. We concur in their use-as a backup of the more 

sophisticated radiation instrumentation. 

Williams mentioned the recent experiments and theoretical 

analysis by Kaptain and Hermance (Ref. 11-3) .of flames propa- 

gating horizontally through fuel-air clouds in an open trough. 

We agree that this work may be quite pertinent. Although the 

clouds in those experiments were only a few centimeters high 

and the flames were laminar, the ratio of burning velocity 

to buoyancy-induced velocity could be comparable to that 

in larger turbulent flames. 

11. COMMENTS ON SECTION. IX (EXPLOSIONS) 

Drake and Welker feel.that work one explosions should have 

low priority, with Drake excepting the case of tanks on a 

pile cap foundation. For reasons presented on pages 9-4 and 

9-5, we believe that the possibility of 1arge.LNG vapor cloud 

explosions is appreciable enough to require careful investi- 

gation. Also, Drake apparently overlooked the inclusion of 

the elevated tank configuration in our test program (bottom. 

of page 9-17). 

Haselman pointed out that'we erred in labeling the ordi- 

nate of Figure 9-2 "Burning Velocity." This error was due 

to .ignoring the motion induced in the unburned cloud by the 

expanding combustion products, which can.make a large 

difference. The figure has now been relabeled and the dis- 

,cussion on pages 9-5 to 9-7 revised to clarify this point. 

Haselman also feels that explosions are the.most uncertain 

phenomena, that they can depend upon many parameters, and 

that the possibilities will not be greatly reduced by the 

survey of initiation sources. Consequently, he thinks it 

important to do a large number of explosion experiments, such 



as Lee's new experiments in a very large tube (3 m in 

diameter and 10 m long). We favor a considerable number of 

experiments of various types, as, indicated in Section' IX, but 

we believe that the initiation source survey will considerably 

reduce the number of configurations of .practical interest. 

12. COMMENTS ON SECTION X (COST AND TIME ESTIMATES) 

The only comments received on this section were from 

Lind and the Battelle and Livermore groups. All felt that 

our time and cost estimates were considerably too low. 

Battelle and Livermore suggested that this was due in part 

to our paying inadequate attention to safety considerations. 

Our estimates in this section were derived from a fairly 
detailed consideration of the manpower and equipment needed 

for each task. The duration and cost assigned to the theo- 

retical and smaller experimental tasks were based on our own 

experience and on discussions with people doing this type of 

work. For the large field tests, the prices of the major 

physical items, such as the LNG,. spill tanks, excavation and 

grading, and instrumentation were established by contacting 

potential suppliers. The time schedule and facilities 

selected for the field tests were estimated partly by draw- 

ing on our experience with the large high-explosive field 

tests conducted periodically over th; last decade by the 

Defense Nuclear Agency (see page 4-4), which we believe are 

quite relevant. In those operations, portable instrumenta- 

tion trailers were used, and the primary safety measure was 

to keep all personnel at a safe distance from the test, 

rather than constructing hardened facilities. In addition, 

the tests were performed by individuals from government and 

ind;stry who were experienced in conducting large hazardous 

tests and motivated to complete them in a timely fashion. 

The validity of our estimates was also confirmed by 

discussions with persoris.at Sandia Laboratories and at the 
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Defense Nuclear Agency Field Command who were experienced.in 

conducting large hazardous field tests. In addition, inde- 

pendent unofficial estimates were made by L. J. Vortman 

(Sandia Laboratories) for the fiel'd test on-site personnel, 

instrumentation, data reduction and reporting.. His 'total for 

these items was about 5 percent lower than our total, although 

his estimates for two of the three items differed from ours by 

I a larger percentage. 

For the above'reasohs,' we believe that our cost estimates 

and time schedule,are reasonably accurate, provided that the 

appropriate people are selected to carry out the work. 

It should be mentioned that in this final report version 

the field test costs have been increased by $1.1 million to 

allow for the eight fire tests added since the draft report 

was distributed, as explained above in subsections 9 and SO. 
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Arthur D Little, I ~ c .  ACORN PARK. CAMBRIDGE~MA 02140. (61 7 j 864-5710 .TELEX 921436 
May 12, 1980 

D r .  Forres t  R. Gilmore 
R&D Associates 
Post Off ice  Box 9695 
Marina d e l  Rey, 
Ca l i fo rn ia  90291 

Subject:  Commentary on Draft  Report RDA-TR-111000-001 
"Recommended Research on LNG Safety" 
Apr i l ,  1980 

Dear Forres t :  

Af ter  a f a i r l y  quick review of t h e  sub jec t  document t o  meet your request  
f q r  a response wi th in  th ree  weeks, I have a number of comments and concerns -- 
many of which I have discussed with you and J e r r y  Carpenter i n  the  pas t .  
This l e t t e r  w i l l  f i r s t  summarize the  more s i g n i f i c a n t  points .  

1 )  The f i r s t  s t e p  i n  designing a n a t i o n a l  LNG s a f e t y  research  program would 
seem t o  be i d e n t i f i c a t i o n  of the  models needed f o r  regula tory  and emergency 
planning decis ion  making. Then, the  e f f e c t  of present  u n c e r t a i n t i e s  and 
de f i c i enc ies  i n  hazard models would be evaluated i n  l i g h t  of regula tory  
needs. .While Chapter I1 discusses  r egu la t ions ,  the  regula tory  needs thus  
i d e n t i f i e d  seem t o  be l a r g e l y  ignored i n  the  research plan.  

For example, the  new Par t  193 regu la t ions  i n d i c a t e  t h a t  tank pressure  r e l i e f  
systems should be designed considering t h e  p o t e n t i a l  f o r  tank "rol lover" 
events.  Although some t h e o r e t i c a l  models a r e  ava i l ab le  f o r  p red ic t ing  
vapor generat ion r a t e s  i n  a "rol lover",  these  models a r e  sub jec t  t o  much 
uncer ta in ty  and a r e  not  experimental ly v e r i f i e d .  The b a s i c  research 
program a t  MIT under GRI  sponsorship is  unl ike ly  t o  provide a s o l u t i o n  t o  
t h i s  problem f o r  s e v e r a l  years  and MIT is not  equipped t o  run t e s t s  i n  
reasonable s c a l e  with LNG. This regula tory  need i s  no t  addressed i n  your . 

proposed program. 

Also, P a r t  193 bases most vapor d i spe r s ion  exclusion zone requirements on 
design accidents  involving pipe s p i l l s  i n t o  impounding systems, r a t h e r  than 
on ca tas t roph ic  tank f a i l u r e .  Continuous r a t e  s p i l l  t e s t s  i n t o  diked areas  
would thus  seem.to be a research a r e a  of p r i o r i t y  regula tory  i n t e r e s t .  

CAMBRIDGE. MASSACHUSETTS 
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The new r e g u l a t i o n s  a l s o  r e q u i r e  t h a t  tanks cons t ruc ted  on a p i l e  cap 
foundat ion be designed t o  wi ths tand  f o r c e s  a s soc i a t ed  wi th  i g n i t i o n  of  a 
flammable LNG vapor mixture under t h e  tank. This  r e p r e s e n t s . a  p a r t i a l l y -  

BI confined environment and some ove rp res su res  appear t o  be a n t i c i p a t e d  by 
\ t h e  r egu la to ry  language. Again, t h i s  i s  a r egu la to ry  r e sea rch  need which 

is  n o t  included i n  your proposed program. 

F i n a l l y ,  does t h e  U.S. Coast Guard f e e l  a need t o  r e f i n e  e s t i m a t e s  of 
downwind vapor  cloud t r a v e l  beyond t h e  p re sen t  s t a t e  o f ' t h e  a r t ?  Would 
u n c e r t a i n t i e s  i n  p r e s e n t  hazard assessments  cause them t o  modify any of 
t h e i r  r e g u l a t i o n s  o r  emergency planning? The U.  S. C .G. ha s  been conducting 
LNG s p i l l  t e s t s  a t  China Lake t o  e x p a n d . t h e i r  knowledge of LNG f i r e s  on 
water  and vapor cloud f i r e s .  It would seem l o g i c a l  f o r  DOE t o  look  t o  t h e  
U..S.C.G. f o r  guidance and coopera t ion  i n  planning f u t u r e  LNG water  s p i l l  
experiments t o  a s s u r e  t h a t  t h e  Coast Guard t e s t  exper iences  and r egu la to ry  
needs a r e  f u l l y  considered.  

I f  t h e  were d i r e c t e d  toward j u s t  t h e  a c t u a l  r egu la to ry  needs,  t h e  
proposed $20M budget could be s u b s t a n t i a l l y  reduced. 

2) On p. 4-1 i t  is  s t a t e d  t h a t  LNG f i r e  emiss ive  powers measured a t  China 
Lake a r e  about  twice  those es t imated  f o r  e a r l i e r  LNG land  f i r e s .  This  is 
somewhat misleading.  The earlier e s t i m a t e s  of emissive power t r e a t e d  t h e  
flame a s  a b l ack  body e m i t t e r  and were es t imated  us ing  t h e  measurements 
of wide ang le  radiometers  a n d , t h e  e m i t t i n g  a r e a  of  t h e  f i r e .  The China Lake 
informat ion  is  based on narrow ang le  rad iometers .  Fu r the r ,  s p e c t r a l  a n a l y s i s  
shows t h a t  t he  LNG flame is n o t  a b l ack  body e m i t t e r  - t h e r e  a r e  l a r g e  
emissions i n  t h e  water  and CO bands and much of t h i s  energy is  s e l e c t i v e l y  
absorbed by water  vapor and ~6 i n  t h e  atmosphere. A t  d i s t a n c e s  of a few 
diameters  from the  flame, t h e  a i f f e r e n c e s  between o l d  and new models i s  
n o t  a s  l a r g e  a s  a f a c t o r  of two. 

3) On p. 4-2, arguments a r e  made f o r  a "rapid" program. Cer t a in ly  i t  i s  
less. expensive t o  run tests i n  quick succession.  However, from much 
exper ience  with a v a r i e t y  of  experimental  programs -- from the  e a r l y  AGA 
s p i l l  t e s t s  w i th  which J e r r y  Carpenter  was involved t o  t he  more r ecen t  t e s t s  
a t  China Lake -- t h e  r a p i d  approach i n e v i t a b l y  l e a d s  t o  o b t a i n i n g  a l o t  of 
imperfec t  d a t a  and a need t o  e v e n t u a l l y  r epea t  some t e s t s .  I n  t h e  end ,  a 
s lower approach i s  more b e n e f i c i a l  t o  t h e  q u a l i t y  of t h e  r e s u l t s  and probably 
i s  more economical. 
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3 
4) The r a t i o n a l e  f o r  s e l e c t i n g  350 m a s  t h e  t e s t  s p i l l  s i z e  seems weak. 
These w i l l  be very l a r g e  and expe i s ive  t e s t s .  While much w i l l  be  l ea rned  
i n  t h e  wind tunne l  work, i t  would appear reasonable  t o  c o n d y t  tests a t  a 
somewhat sma l l e r  s c a l e  f i r s t .  These t e s t s 'wou ld  be less expensive and could 
be  used t o  check t h e  wind tunne l  p r e d i c t i o n s  be fo re  des igning  t h e  very  l a r g e  . . 
t e s t s .  For example, AGA ran  a few d ike  t e s t s  involv ing  bout  40 in3 s p i l l s  
and t h e  China Lake tests w i l l  a l s o  provide  d t a  f o r  40 m4 s p i l l s  on water .  3 
It would be i n t e r e s t i n g  t o  conduct some 40 m s p i l l s  a t  t h e  new test s i t e  
t o  l e a r n  t h e  importance of s i t e  s p e c i f i c  e f f e c t s .  Some t e s t s  might a l s o  
be conducted a t  an in te rmedia te  s i z e  -- perhaps 100 m3 -- with  t h e  l a r g e s t  
t e s t s  be ing  a check t o  s e e  i f  s c a l i n g  models a r e  v a l i d .  

It seems un l ike ly  t o  me t h a t  in format ion  w i l l  be  obta ined  from t h e  350 m 
3 

t e s t s  t h a t  w i l l  f u l l y ' r e s o l v e  ques t ions  about g r a v i t y  spreading  e f f e c t s .  
And the  goa l  of be ing  a b l e  t o  q u a n t l f y  vapor d i s p e r s i o n  d i s t ances  w i t h i n  2 1 0 %  
seems t o t a l l y  u n r e a l i s t i c  -- and probably unnecessary. 

5) While the  goal  of  developing good t h e o r e t i c a l  models is  of g r e a t  academic 
i n t e r e s t  ( t o  me and many o t h e r  r e s e a r c h e r s ) ,  t h e  complex n a t u r e  of a c t u a l  
acc ident  condi t ions  make the  use fu lnes s  of s o p h i s t i c a t e d  models q u i t e  
l i m i t e d .  I n  sh ipping  a c c i d e n t s ,  t h e  q u a n t i t y  and r a t e  of s p i l l  a r e  u sua l ly  
unknown. The geometry of t h e  s h i p s  involved may be hard t o  a s c e r t a i n  i n  
t he  presence of a vapor cloud o r  f i r e .  Thus, t h e  o b j e c t i v e  f o r  emergency 
planning purposes i s  t o  be  a b l e  t o  b racke t  t h e  p o t e n t i a l  e f f e c t s  i n .gene ra1  . 
terms. 

On p. 6-4 you no te  t h  t t h e  Germeles-Drake model p r e d i c t s  an  1 8  km d i s t a n c e  3 t o  LFL f o r  a 25,000 m s p i l l  under Class F, whereas Sigmet would p r e d i c t  
about a 3.km d i s t ance .  I n t e r e s t i n g l y  enough, and no t  noted by you, is 
t h e  f a c t  t h a t  Sigmet p r e d i c t s  much longer  downwind d i s t a n c e s  f o r  h ighe r  wind 
speeds than  does t h e  Germeles-Drake model. 

Thus t h e  p o t e n t i a l  hazard zones do n o t  d i f f e r  by as much a s  a f a c t o r  of s i x .  
Rather they  d i f f e r  because t h e  Germeles-Drake model p red ic t s .  t h e  g r e a t e s t  
hazard d i s t a n c e  a t  low wind speeds whereas Sigmet p r e d i c t s  i t  a t  h igh  wind 
speeds. It could be of  i n t e r e s t  t o  emergency p l anne r s  t o  know whether 
wind speed i n c r e a s e s  o r  decreases  t h e  downwind hazard  zone f o r  l a r g e  s p i l l s .  
Thus sonie t e s t s ,  both i n  t he  wind tunne l  and i n  t h e  f i e l d ,  should be  d i r e c t e d  
toward r e so lv ing  t h i s  b a s i c  i s s u e .  

Minor Po in t s  

3 6 )  Page 4-6. The argument aga ins t  s tudying  40 m s p i l l s  because t h e r e  are 
only 70 t rucks  i n  t he  U.S. is  i l l o g i c a l .  The program focusses  on c a t a s t r o p h i c  
s h i p  and s t o r a g e  tank s p i l l s  which a l s o  involve  an  equa l ly  l i m i t e d  number 
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of p o t e n t i a l  o b j e c t s .  Also, t hese  c a t a s t r o p h i c  acc iden t s  a r e  much l e s s  
l i k e l y ,  i n  my opin ion ,  than p ip ing  s p i l l  and t ruck  acc iden t s  which a r e  
n o t  t r e a t e d  i n  t h e  proposed program except  f o r  t h e  s h i p  unloading acc ident  
s cena r io .  

7) The bo i l i ng l sp read ing  experiments descr ibed  i n  Chapter 5 seem l a r g e l y  
unnecessary. From the  China Lake t e s t s ,  we know t h a t  s p i l l  geometry and 
f o r c e  g r e a t l y  i n f l u e n c e  t h e  i n t e r f a c i a l  a r e a  and thus  t h e  b o i l i n g  and 
spreading  behavior .  Again, i n  a r e a l  acc iden t ,  i t  w i l l  be of l i m i t e d  use 
t o  have a h igh ly  r e f i n e d  b o i l i n g  and spreading  model. Fu r the r ,  downwind 
d i s p e r s i o n  and pool  f i r e  e s t ima te s  a r e  f a i r l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  
bo i l i ng l sp read ing  model. 

8) Page 7-15. These experimental  p l ans  should .ge t  a c a r e f u l  s a f e t y  review. 
Ex te rna l  i n s u l a t i o n  on t h e  s p i l l  tank could cause a carbon s t e e l  s h e l l  t o  
o p e r a t e  below al lowable temperature l i m i t s .  Also, t h e  o u t e r  f a l s e  tank 
could  g ive  an enclosed a r e a  where some minor LNG leakage could produce a 
p o t e n t i a l l y  flammable mixture.  

9) Chapter 8 addresses  t h e  a r e a  where t h e  fewest c o n t r o l l e d  experiments 
have been conducted i n  t he  p a s t .  Therefore ,  vapor cloud f i r e  t e s t s  should 
r e c e i v e  more emphasis i n  t h i s  program. Also it would seem u s e f u l  t o  s tudy  
vapor cloud f i r e s  on a sma l l e r  s c a l e  be fo re  conducting 350 m3 t e s t s .  . 
10) Major r e sea rch  attempes t o  f i n d  conditdons under which LNG vapors  may 
de tona te  (by d i s t r i b u t e d  i g n i t i o n  sou rces ,  wi th  a e r o s o l  p r e s e n t ,  e t c . )  do 
no t  seem t o  be of p r i o r i t y  t o  suppor t  r egu la to ry  needs. The except ion is 
t h e  s p e c i f i c  a r e a  of i g n i t i o n  of flammable vapor  under a p i l e  cap tank 
foundat ion.  

Def l ag ra t ion  s t u d i e s  could a p p r o p r i a t e l y  be combined wi th  t h e  vapor cloud 
f i r e  s t u d i e s  t o  s e e  how t h e  presence of o b j e c t s  i n f luences  flame propagat ion 
r a t e s .  

While development of codes f o r  p r e d i c t i n g  f a s t  d e f l a g r a t i o n  behavior  is  of  
academic i n t e r e s t ,  i t  does n o t  appear necessary  f o r  t h i s  program. Also, 
such models could be developed and t e s t e d  more r e a d i l y  w i th  gases  which 
are e a s i e r  t o  de tona te  than  methane o r  LNG. 

I would be glad t o  d i scuss  any of t hese  p o i n t s  f u r t h e r  i f  you wish. 

S ince re ly ,  

~ l i s a b e t h  M. Drake 

EMD:mec 
cc :  D r .  John Cece 
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Dr. Forrest  R. Gilmore 
R&D Associates 
P. 0. Box 9695 
Marina del Rey, CA 90291 

Re: AT-112-L-27 

I Dear Dr. Gilmore: 

I have read through the  d r a f t  copy of your Report No. RDA-TR- 
111000-001, "Recommended Research on LNG Safety." While I have not 
had enough time t o  make a thorqugh technical review, I have several 
general comments concerning the proposed work: 

As I understand i t ,  the  purposes of the research a re  t o  
improve LNG safe ty  and t o  provide additional information 
t h a t  might be needed f o r  regulatory a c t i v i t i e s  re la ted t o  
LNG. I'm not ce r ta in  t ha t  e i t h e r  goal wi l l  be reached, 
perhaps not even appreciably aided. 

I 

We already have an appreciable body of knowledge on LNG 
vapor clouds, f i r e s ,  and f i r e  control ; i n  my opinion the  
knowledge i s  su f f i c i en t  t o  allow LNG operations t o  proceed 
a t  a safe ty  level g rea te r  than t ha t  found f o r  most, i f  not 
a l l ,  other hydrocarbon fuels .  We do not have analyt ical  
techniques f o r  predicting behavior within f_ 10 percent. 
In my opinion, we ( a )  do not need t ha t  kind of accuracy and 
(b)  cannot obtain i t  within the foreseeable future.  

I I don ' t  mean t o  indicate  by the above general comments t ha t  I'm not 
in teres ted in e i t h e r  the t e s t  programs o r  the r e su l t s .  I think the  
r e su l t s  wil l  be in te res t ing  and the  t e s t s  would be fascinat ing f o r  
the par t ic ipants .  My concern is t ha t  we wil l  think we have made progress 
b u t  have rea l ly  solved problems t ha t  a re  primarily of academic i n t e r e s t  
and do not improve LNG safe ty .  

I have a few spec i f ic  comments t h a t  came t o  mind as I read the  
report .  They can be considered i f  t e s t s  a re  i n  f a c t  r u n :  

1. I 6 d o n 1 t  think f i r e  extinguishment an.d/or control t e s t s  a re  
pract ical  i n  conjunction with the dispersion and f i r e  t e s t s  
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unless longer  du ra t i on  t e s t s  a re  planned. Even then, t he re  
w i l l  be some p o t e n t i a l l y  ser ious problems w i t h  system design 
because the  f i r e  p r o t e c t i o n  systems a re  usua l l y  designed f o r  
f a i r l y  r a p i d  ac t ion ,  p a r t i c u l a r l y  t he  d ry  chemi ca l  systems. 
A long exposure t o  a  f i r e  increases the p r o b a b i l i t y  of system 
mal func t ion  due t o  overheat ing o f  components du r ing  the  f i r e .  
Manual systems using hosel ines and moni to r  nozzles might  be 
t r i e d ,  b u t  the system capac i ty  would be so l a r g e  t h a t  as many 
as h a l f  a  dozen moni tor  nozzles o r  several  dozen hosel ines 
would be requ i red  f o r  t he  30 x  25 m t e s t ,  f o r  example. For 
h igh  expansion foam, about 50,000 cfm of foam would be requ i red  
and the  foam d i s t r i b u t i o n  system might  i n t e r f e r e  w i t h  the  f i r e  
t e s t s  . 

2. We have found t h a t  simple bubbler  systems can prov ide  r a p i d  
and f a i r l y  accurate measurements o f  b o i l o f f  r a t e  and burn ing  
ra te .  Since t h e  measured r a t e  i s  a  mass l o s s  ra te ,  t he re  i s  
no problem i n  c o r r e c t i n g  f o r  dens i t y  changes caused by d i f f e r e n -  
t i a l  b o i l o f f  o r  i n  measuring l o s s  ra tes  when there  i s  b o i l i n g  
o r  foaming . 

3. I wonder i f  the  f i e l d  t e s t s  w i l l  have a  long enough du ra t i on  
t o  g i ve  an adequate cha rac te r i za t i on  o f  bo th  mean and 
f l u c t u a t i n g  gas concentrat ion,  p a r t i c u l a r l y  f o r  sp i  11s on 
water. The v a r i a b l e  b o i l o f f  r a t e s  w i l l  be an a d d i t i o n a l  
compl ica t ing  factor ,  aga in  e s p e c i a l l y  f o r  water  sp i  11s. 

4. The wind tunnel  t e s t s  probably cannot be run  us ing LNG. As 
po in ted  o u t  i n  the  r e p o r t  i t  w i l l  probably be necessary t o  
use c o l d  gas. Even. then, I s e r i o u s l y  quest ion the3small (4-m) 
s p i l l  q u a n t i t i e s .  The smal les t  q u a n t i t y ,  0.025 cm of  LNG 
e q u i v a l e n t .  i s  o n l y  a  smal l  drop. I n  terms o f  c o l d  'gas i t  Js 
about 5  cm3, o r  about a  teaspoon o f  vapor. Even a t  1 percent  
i n  a i r ,  the  t o t a l  volume of m ix tu re  would be on l y  about a  p i n t ,  
which i s  n o t  very much f o r  r e l i a b l e  t e s t i n g ,  even i f  re leased 
q u i t e  r a p i d l y .  

5. Analys is  o f  s p i l l  f i r e  t e s t s  w i l l  be more d i f f i c u l t  i f  non- 
steady burn ing  i s  used. I t h i n k  i t  would. be b e t t e r  t o  s p i l l  
l a r g e r  q u a n t i t i e s  and a l l ow  the  s o i l  t o  pre-cool before i g n i -  
t i o n  f o r  a t  l e a s t  one of the tes ts .  

6. I would use several  t imes as many wide angle radiometers as 
planned, .perhaps as many as 25 t o  50. They are, a f t e r  a l l  , 
about the  on l y  inst rument  t h a t  t e l l s  what we even tua l l y  want 
t o  know, i .e., t he  i n c i d e n t  r a d i a n t  f l u x  a t  a  g iven l oca t i on .  
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Skin simulants and wood ta rge t s  wil l  be helpful ,  b u t  t h e i r  
r e su l t s  wi l l  be more d i f f i c u l t  t o  i n t e rp re t  and harder t o  
obtain. 

7. I t h i n k  t ha t  some of the  igni t ion conditions proposed in 
Table 8-1 a re  naive. I don ' t  t h i n k  t h a t  the  understanding o r  
control of t e s t  variables will enable us t o  i gn i t e  a cloud a t  

' 

i t s  downwind edge a t  maximum extent .  Neither do I think such 
a t e s t  would provide much useful information. Ignit ion a t  
the  centroid may provide more useful information, b u t  a p r io r i  
location of the centroid may be d i f f i c u l t  and the concentration 
may be above the upper flammable l imi t .  

8. I suppose t ha t  some time a system will  be designed t o  i n i t i a t e  
a detonation in  an uncon.fined methane-air cloud. However, with ,. 

a l l  the e f f o r t  expended t o  date on stoichiometric mixtures and 
the  lack of success, I wonder i f  i t ' s  worth the e f f o r t  t o  keep 
trying.  

I apr-ociate the oppor'tunity t o  review your report .  I f  you have any 
question5faA my comments, please l e t  me know. 

Sincerely,  

cc: Dr. John Cece 
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COMMENT BY J. A. HAVENS ON 

R & D ASSOCIATES DRAFT REPORT, RDA-TR-111000-001, I 
"RECOMMENDED RESEARCH ON LNG SAFETY," A p r i l  1980 

1 a m  r e s t r i c t i n g  my comments t o  t h e  reconmended 

r e s e a r c h  on LNG sp read ing ,  evapora t ion ,  and vapor d i s p e r s i o n  

s i n c e  I am more f a m i l i a r w i t h  t h e s e  problems and because I 

am c o n f i d e n t  t h e r e  are o t h e r  rev iewers  b e t t e r  informed than  

I on the q u e s t i o n s  remaining i.n t h e . a s s e s s m e n t  of p o t e n t i a l  

hazard o f  l i q u i d  poo l  f i r e s ,  vapor c loud f i r e s ,  and uncon- I 
f i n e d  vapor c loud  explos ions .  However, I b e l i e v e  t h e  l a t t e r  I 
q u e s t i o n s  w i l l  remain. unresolved u n t i l  t h e  q u e s t i o n s  regard ing  I 
l i q u i d  sp read ing ,  evapora , t ion,  and .vapor  d i s p e r s i o n  are I 
s a t i s f a c t o r i l y  addressed ,  s i n c e  t h e s e  p roces ses  :are impor tan t  I 
i n i t i a l  cond i t i ons  t o  the '  problems of  p red i . c t i ng  t h e  combus- 

t i o n  hazard.  

I h.ave two types  of .problerns  w i th  t h e  proposed r e s e a r c h  . I 
program on L N G  sp read ing ,  evapora t ion ,  and vapor d i s p e r s i o n .  

F i r s t ,  t h e  sugges ted  prbgram g i v e s  no e x p l a n a t i o n  of how t h e  

sugges ted  t a s k s  are t o  be  a f f e c t e d  by t h e  r e s u l t s  from t h e  I 
c u r r e n t  r e s e a r c h  program be ing  conducted by. DOE.- Although 

I a m  n o t  f a m i l i a r  w i t h  t h e  d e t a i l e d  exper imenta l  p l an  f o r  the-  

c u r r e n t  DOE work, i t  i s  my unders tanding t h a t  DOE w i l l  . 
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conduct approximately twenty f i e l d  r e l e a s e s  of LNG of 20 - 40 

m3 s i z e  t o  s tudy t h e  same problems o u t l i n e d  i n  t h e  RDA 

report . .  Furthermore, it i s  my.understanding t h a t  a number of 

pre-f i e l d - t e s t  and post-f i e l d - t e s t  exper'iments are planned i n  

t h e  Colorado S t a t e  Universi ty  Wind Tunnel,. which I assume a l s o  

address  the ques t ions  o u t l i n e d  i n  t h e  RDA . . repor t .  I t  seems 

t o  m e  t h a t  a research  p lan  of t h i s  magnitude cannot poss ib ly  

be judged without  due cons idera t ion  being given t o  t h e  c u r r e n t  

test program a t  China Lake, Ca l i fo rn ia .  

Second, and d is regarding  t h e  lack  of coordina t ion  of 

thi,s proposed p lan  with e f f o r t s  ongoing a t  China Lake, I 

o f f e r  t h e  following observat ions  regarding t h e  d e t a i l e d  

research  program on .LNG spreading,  evaporat ion,  and vapor 

dispers.ion: 

1. A t  t h e  o u t s e t ,  I 'do n o t  be l i eve  t h a t  t h e  goal  

set  f o r t h  on page 6-5 t o .  "develop techniques 

t h a t  permit  t h e  determinat ion of t h e  d i s t a n c e  

t o  a given mean LNG vapor concent ra t ion  f o r  a 

specified LNG s i te ,  s p i l l  and weather, with 

an uncer t a in ty  t o  - + 10 percent .  . ." can be 

met ,by t h e  proposed program --- even i f  no unfore- 

seen problems arise i n  i ts  conduct. The 
-3 -- 

c u r r e n t  understanding of tu rbu len t  .dispersion 

' i n  th.e atmospheric boundary l a y e r  is ,  i n  my 

opinion,  i n s u f f i c i e n t  t o  such a goal .  Uncer- 

t a i n t i e s  of - + 10% can n o t  be claimed a t  

p r e s e n t  even f o r  p red ic t ions  of n e u t r a l l y  

A-11 
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buoyant m a t e r i a l  d i s p e r s i o n ,  wherein t h e  prob- 

l e m s  p e c u l i a r  t o  LNG vapor d i s p e r s i o n  (such 

as g r a v i t y  spread ing)  .do n o t  e x i s t .  

Furthermore,  it must be  r e a l i z e d  t h a t  

e x i s t i n g  d i s p e r s i o n  d a t a  (such as Gaussian d i s -  

p e r s i o n  . c o e f f i c i e n t s )  are l a r g e .  ensemble 

averages  i n  which t h e  i n d i v i d u a l  exper imenta l  

d a t a  d e p a r t , f r o m  t h e  average  by c o n s i d e r a b l y  more 

than  10%. There i s  no p r o v i s i o n  (nor  am I sug- 

ges t ing .  t h e r e  should be) f o r  s u f f i c i e n t  t e s t i n g  

t o  determine such ensemble averagesc; i n  view of 

which, c la ims  f o r  + 10% u n c e r t a i n t y  i n  p red ic -  - 
t i o n  of such even t s  a r e ,  i n  my opin ion ,  n o t  

c r e d i b l e .  

2. The program s t r u c t u r e  relies h e a v i l y  on t h e  

u se  of  s i m i l a r i t y  theory  and a s s o c i a t e d  wind 

t u n n e l  t e s t i n g  of t h e  sp read ing  evapora t ion  

and vapor d i s p e r s i o n  processes .  The r a t i o n a l e  

of performing wind t u n n e l  tests which a r e  

s c a l e d  v e r s i o n s  of t h e  proposed f i e l d  t e s t s ,  

w i th  concur ren t -mathemat ica l  model t e s t i n g  

us ing  wind-tunnel-derived vapor d i s p e r s i o n  

data., i s  good, b u t  I am n o t  convinced t h a t  t h e  

s c a l i n g  laws are knownewith t h e  degree  of  

c e r t a i n t y  which i s  impl ied  i n  t h e  proposa l .  

Dis regard ing  problems which may be i d e n t i f i e d  

due t o  t h e  i n a b i l i t y  t o  p re se rve  Reynold's  

A-12 



niunber s i m i l a r i t y ,  t h e  s c a l i n g  of t h e  l i q u i d  

sp read  and g r a v i t y ' v a p o r  spread ing  process  is  

assumed t o  depend on t h e  Froude number. I t  

should be recognized t h a t  Froude number s c a l i n g  

of j r a v i t y  c u r r e n t s ,  which is  t h e  basi ' s  f o r  

most of t h e  c u r r e n t l y ' p r o p o s e d  t h e o r e t i c a l  

t r ea tmen t s  of  g r a v i t y  spread ing  of heavy vapor s ,  

has  been reasonably v e r i f i e d  only  f o r  s t e a d y  I 
g r a v i t y  c u r r e n t s  (i.e.. , where t h e  v e l o c i t y  of I 
advance of t h e  heavy gas  f r o n t  has  reached a 

s t eady  va lue)  . Even i n  t h e  ca se  of s t eady  

g r a v i t y  c u r r e n t s ,  t h e r e  i s  some ' u n c e r t a i n t y  

about  t h e  phenomenology of mixing between t h e  

heavy and less dense gas  l a y e r s .  The r e c e n t  I 
exper iments  by B r i t t e r  and Simpson (1) r e f e r r e d  I, I 

t o  i n  t h e  p roposa l  (pages  6 -10)  and by o t h e r  

papers  by B r i t t e r  and o t h e r s  (2 ,3 ,4 )  i n d i c a t e  

l i t t l e ,  i f  any,  mixing between t h e  advancing 

heavy g a s  l a y e r  a n d .  t h e  enviroriment excep t  

, a t  t h e  l ead ing  edge; The mixing a t  t h e  l e a d i n g  

edge i s  sugges t ed  t o  occu r  due t o  Kelvin-Helmoltz 
3 

i n s t a b i l i t y .  This  is  an impor tan t  f i n d i n g ,  

which, i f  t r u e  f o r  l a r g e  s c a l e  r e l e a s e s  of  LNG,  

may r e q u i r e  changes from t h e  methodology incor -  

.pora ted  i n  most p r e s e n t l y  used models such as 

t h e  Germeles-Drake and SIGMET models. I do 

n o t  b e l i e v e  t h e  i n t e r f a c i a l  mixing i s  s u f f i c i e n t l y  I 
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unders tood y e t  t o  a l low s t r a i g h t f o r w a r d  a p p l i -  

c a t i o n  of t h e  p rope r  s c a l i n g  laws. I do n o t  s e e ;  

f o r  example, how t h e  n ix ing .  a t  t h e  g r a v i t y  

c u r r e n t  head, desc r ibed  by . B r i t t e r ,  can be  

i nco rpo ra t ed  i n t o  t h e  s c a l i n g  methods proposed by 

RDA. I n  my op in ion ,  t h i s  is  an a r e a  where m o r e  

l a b o r a t o r y  o r  sma l l  s c a l e  wind tunne l  work i s  

i n d i c a t e d .  be fo re  l a r g e  s c a l e  r e l e a s e s  a r e  

a t tempted.  

With r e s p e c t  t o  t h e  s t e a d y  n a t u r e  of g r a v i t y  

c u r r e n t s  which a r e  s c a l e d  by p re se rv ing  Froude 

number s i m i l a r i t y ,  i t  does n o t ,  i n  my opin ion ,  

fo l low t h a t  s i m i l a r i t y  w i l l  be  ob ta ined  us ing  

Froude number s c a l i n g  f o r  h i g h l y  t r a n s i e n t  

g r a v i t y  spread ing  phenomena such a s  would be 

expected i n  l a r g e  s c a l e ,  sutiden, LNG releases. 

van Ulden has  r e c e n t l y  d i scus sed  t h i s  problem 

and concluded t h a t  t h e  commonly used Froude 

number s c a l i n g  i s  n o t  always a p p l i c a b l e  (5) . 
I n  t h e  mathematical  modeling p o r t i o n  o f  t h e  

proposed program I b e l i e v e  t h e  g o a l  of develop- 

ment of  a three-dimensional ,  t ime-dependent, 

hydrocode which accounts  f o r  m a s s  and energy 

t r a n s f e r  us ing  second o r d e r  t u rbu lence  " c l o s u r e "  

methods is  over-ambit ious f o r  t h i s  program. 

Such models can of  course  be developed and 

indeed,  might be  a v a i l a b l e  a t  p r e sen t .  However, 

A-14 
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I am n o t  convinced t h a t  such u n c e r t a i n t i e s  a s  

now e x i s t  due t o  t h e  inadequacy of modeling 

t u rbu l ence  u s i n g  eddy v i s c o s i t y ,  the rmal  conduc- 

t i v i t y ,  and d i f  f u s i v i t y  ( f  i r s t - o r d e r  c l o s u r e )  

approaches would be  r e l i e v e d  by i n c o r p o r a t i n g  

h i g h e r  o r d e r  c l o s u r e  schemes. I n  my o p i n i o n ,  

t h e  primary u n c e r t a i n t y  i n  modeling mixing 

between t h e  heavy g a s  l a y e r  and t h e  environment 

i s  between d e s c r i p t i o n s  such  a s  t h e  one cur-  

r e n t l y  used i n  SIGMET, which is  based on a  

g r a d i e n t  concep t ,  and a  very  d i f f e r e n t  t y p e  of 

mixing such a s  t h a t  sugges ted  e a r l i e r  by B r i t t e r .  

I t  i s  ha rd  f o r  m e  to ,  see how t h a t  q u e s t i o n  w i l l  

be  addressed  by t h e  i n c l u s i o n  o f  h i g h e r  o r d e r  

t u r b u l e n c e  c l o s u r e  schemes. 

F i n a l l y ,  I s t i l l  b e l i e v e  t h a t  h igh-  

conf idence  c a l c u l a t i o n  of  d i s p e r s i o n  of vapor 

mix tu re s  and t h e  modeling o f  t h e  t u r b u l e n t  f l u c -  

t u a t i o n s  w i t h  such advanced methods i s  u n r e a l i s -  

t i c  t o  e x p e c t  i n  t h e  t i m e  frame and w i t h  t h e  

e f f o r t s  o u t l i n e d .  
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I Dear For res t :  

Colorado State University 
Fort Collins, Colorado 
80523 

30 May 1980 

I have examined with i n t e r e s t  your r epor t  Recommended 
RcseaYdl 011 LNG Safe ty ,  .RDA-TR-111000-OOi. Since 1 am a b i t  
harassed f o r  time a s  I prepare f o r  a sabba t i ca l  year  i n  
Germany a t  the  Universi ty o f  Karlsruhe (June 1980-May 1981), 
I have only read genera l ly  and not  checked f o r  numerical accuracy. 

I f e e l  the  case you have presented f o r  LNG s imulat ion i s  
q u i t e  good and represents  t h e  current  s t a t e  of the  a r t .  We 
have now completed a comparison between the  China Lake LLL 
f i e l d  measurements and our wind tunnel measurements (Neff 
and Meroney (1979)). You may d e s i r e  t o  note  th i s "mate r i a1  i n  
Sect ion  V I .  

I f e e l  t h e r e  is  a p lace  f o r  f u r t h e r  heavy isothermal 
gas r e l e a s e s  i n  your t e s t  program. These t e s t s  would be 
espec ia l ly  valuable during numerical model v e r i f i c a t i o n  
s ince  they e l iminate  t h e  add i t iona l  va r i ab les  o f  temperature 
and humidity. Future i n t e r e s t s  may a l s o  include p red ic t ion  
of  ammonia, ch lo r ine ,  o r  propane d ispers ion .  Such t e s t s  w i l l  
make t h e  e n t i r e  s e t  of  experiments more useful .  

If you . permit . t he  use of  isothermal gases a s  well a s  
. "  

u 5 t  
speci fy  the  .Froude f l u x  number F = - and vapor r e l e a s e  r 

r a t e  Q/&2, then i t  i s  poss ib le  t o  d i s t o r t  dens i ty  r a t i o  and 
opera te  a t  wind tunnel v e l o c i t i e s  which simulate l e s s  than 
5m/sec i n  the  atmosphere ( i . e . ,  2.5m/sec). 



Dr. Forrest R. Gilmore -2- 30 May 1980 

I .  

If you have any questions, my address this coming year 
is : 

Dr. R. N. Meroney 
Tnstitute for Wasserbau I11 
An der Universitat Karlsruhe 
D-75 Karlsruhe 1 
Kaiserstrasse 12 
WEST GERMANY 

Sincerely, 

Robert N. Meroney v 
Professor 
Fluid Mechanics and 
Wind Engineering Program 

RNM: lw 
Enclosure: CER78-79-41 
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Dr.  orre rest R. Gilmore 
R&D Assoc ia tes  
P.O. Box 9695 
Marina Del Rey, C a l i f o r i n i a  90291 

Dear Dr. Gilmore: 

Thank you f o r  t h e  oppor tuni ty  to review the  d r a f t  r e p o r t  "Recommended 
Research on LNG Sa fe tyn  (RDA-TR-111000-001) da ted  A p r i l  1980. 

I have two comments only,  regarding the  r e p o r t .  There has been no 
a t tempt ,  apparent ly ,  to coord ina te  the  r e s u l t s  and developments from 
t h e  c u r r e n t  research  program being conducted by DOE w i t h  t he  suggested 
program. The DOE t e s t  p lan  c u r r e n t l y  c a l l s  f o r  f i e l d  test r e l e a s e s  of 
up t o  40m3 of LNG i n  t e s t s  s i m i l a r  to those proposed i n  t he  RDA 
r epor t .  I n  conjunct ion  with the  p r e - t e s t  planning f o r  the  DOE program, 
Colorado S t a t e  Univers i ty  (CSU) is performing wind tunnel  s imula t ions  
f o r  s i t i n g  o f  the  DOE i n s t r u  ment a r r a y  during the vapor d i spe r s ion  
t e s t s  a t  NWC, China Lake, Ca. CSU w i l l  a l s o  perform p o s t - f i e l d - t e s t  
experiments. The scope of t he  CSU e f f o r t  would aga in  seem to p a r a l l e l  
some of  what is i n  t h e  RDA r epor t .  

Secondly, it seems too much emphasis has  been placed on the  wind . tunnel  
t e s t i n g  and .corresponding s i m i l a r i t y  f o r  t he  spreading,  evaporat ion,  
and vapor d ispers ion '  processes .  The appraoch i n  t he  RDA r e p o r t  has  
been t o  match the  proposed f i e l d  t e s t s  to the  proposed wind tunnel  
tests. I t  has been my experience,  t h a t  one always conducts t he  f u i l  
s c a l e  f i e l d  tests which it is p o s s i b l e  to perform and supplements the  
r e s u l t s  with s ca l ed  wind tunnel  s imula t ion  f o r  t e s t i n g  which exceeds 
the  l i m i t s  . f e a s i b l e  f o r  f i e i d  t e s t i n g .  Thewind tunnel  is matched t o  
t he  f i e l d  test, n o t  t he  o the r  way around. The . .uncer ta in t ies  of  
Reynolds number and Froude number s c a l i n g  would seem t o  d i b t a t e  an 
approach reversed  from t h a t  p re sen tea  i n  b e  RDA r epor t .  A r e c e n t .  

. 'paper by Van Ulden concluded t h a t  Froude number s c a l i n g  is n o t  always 
app l i cab le  (presented  a t  Technical  Meeting of  t h e  NATO CCMS i n  Rome, 
1979).  

The approach descr ibed  i n  t he  RDA r e p o r t  is one, I f e e l ,  which we could  
no t '  support .  The c u r r e n t  DOE e f f o r t  r ep re sen t s  a more f e a s i b l e  
approach, one which c l e a r l y  must be coord ina ted  i n t o  the,RDA proposed 
program. Resul t s  and developments of  the  DOE program c u r r e n t l y ' i n  

I.--.--) 
It'a e law we 
con !lwe with. 
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progress  must be =ncorwra ted ,  and the l i m i t a t i o n s  and u n c e r t a i n t i e s  i n  ' 
wind tunnel t e s t i n g  must be e x d i n e d  further .  

Thank ybu aga in ,  f o r  the  oppoi t u n i t y  to comment. 

S i n c e r e l y ,  



May 27, 1980 

Pacific Northwest Laboratories 
P.O. Box 999 
Richland, Washington U.S.A. 99352 
Telephone (509) 

Telex 15-2874 

Dr. Forrest  R. Gilmore 
R&D Associates 
P.O. Box 9695 
Marina del Rey, CA 90921 

I Dear Dr. Gilmore: 

Thank you f o r  your l e t t e r  of April 21 inv i t ing  comments on your repor t  . , 

"Recommended Research on LNG Safety",  RDA-TR-1 11000-001 . Key members of 

our LNG Safety Studies Project  team have reviewed your r e p o r t . '  This l e t t e r  
contains a compilation of our comments. 

Our overall  impression is t h a t  your repor t  provides a good appraisal  

of research needs in LNG sa fe ty  and many recommendations worthy of consi- 
deration in planning.the evolution of the  DOE/ECT LNG Safety and Environ- 
mental .Control Assessment Program. We perceive your repor t  t o  be ac tua l ly  

two d i s t i n c t  repor ts .  Section I1 and Section 111 a r e  very good reviews 

of the  regul a tc ry  environment and a re  par t i cu la r ly  vai uabl e addi t ions  
t o  the  1 i t e ra tu re .  Our principal  points of c r i t i c i sm  focus on your 

research plan. In general,  your recommendations do not adequately build 
on, in tegra te ,  o r  complement ongoing work i n  the  ex i s t ing  DOE/ECT Program. 
We question the  realism of some schedules and cos t s  and t he  apparent lack 
of cohesiveness of the  recommended program. However, your" e f f o r t  adds 

much addit ional  i n s i g h t  and perspective t o  the  planning information 
avai lable  t o  t he  sponsor. On the  bottom l i n e ,  therefore ,  the RDA repor t  

i s  considered t o  be a useful product t h a t  can have a pos i t ive  influence on 

the  fu ture  course of the  LNG Program. Detailed comments a r e  given by repor t  
section and f o 1 l . o ~  below. 

I SUMMARY 

S t a t e n ~ n t s  i n  the  f i r s t  f u l l  paragraph of p. XIV ( l i n e s  5 through , ' 

9)  apparently ignore the  need t o  understand re lease  mechanisms and charac- 

t e r i s t i c s  as par t  of good LNG hazards analysis .  The comment on l i n e  20 



Dr. F o r r e s t  R. G i lno ,  c 
May 27, 1980 
Page. Two 

t h a t  c u r r e n t  t h e o r e t i c a l  t reatments a r e  p r i m i t i v e  and c o n t r o v e r s i a l  i s  a 

r a t h e r  sweeping statement and n o t  complete ly  supportable.  Current  models 

may be good enough depending on t h e i r  in tended purpose. On l i n e  26, what 
+ 

i s  t h e  j u s t i f i c a t i o n  t h a t  a p r e d i c t i o n  c a p a b i l i t y  between - 10 and 2 30 

percent  i s  a f e a s i b l e  o r  requ i red  goal o f  t h e  proposed research program? 

We do n o t  agree t h a t  a v a i l a b i l  i t y  o f  surp lus  cryogenic tanks (Page 

XV) i s  a major decisi.on bas i s  f o r  t h e  maximum t e s t  s p i l l  s i ze .  L i n e  10 

may be c l e a r e r  if w r i t t e n ,  "except f o r  spreading and b o i l o f f  on water . . . ." 
Page X V I  summarizes t h e  c o s t  and schedule est imates o f  t h e  RDA proposed 

program. The Summary Sect ion  o f f e r s  the  f i r s t  o f  several  o p p o r t u n i t i e s  i n  

t h e  t e x t  t o  d iscuss how t h e  proposed e f f o r t  w i l l  complement, con t ras t  

o r  s u b s t i t u t e  f o r  e f f o r t  t h a t  i s  under way i n  e x i s t i n g  programs. This would 

enhance the  value o f  t h e  RDA study. 

I. INTRODUCTION 

The l o g i c  i n  t he  f i r s t  f u l l  paragraph of page 1-2 ( l i n e s  12 through 21) , 

. i s  hard  t o  f o l l o w .  These statements suggest t h a t  s p i l l  p revent ion  aspects 

a re  s imul  taneously we1 1 -founded and unpredictable.  I f  s p i  11 prevent ion  

measures are  adequate, why would we worry ex tens i ve l y  about o t h e r  s p i l l  

consequences. We suggest t he re  a r e  u n c e r t a i n t i e s  i n  t h e  area of  re lease 

c h a r a c t e r i z a t i o n  t h a t  a re  worthy o f  study. 

11. CURRENT PROCEDURES FOR OBTAINING LNG PERMIT APPROVAL 

Sect ion I 1  i s  an e x c e l l e n t  rev iew and would be a wor thwhi le  p u b l i c a t i o n  

separate from t h i s . r e p o r t .  A smal l  p o i n t  i s  our  suggest ion t h a t  i t  might  

be more convenient as an Appendix r a t h e r  than as s e c t i o n  11. Another smal l  

p o i n t ,  page 2-4 ( l i n e  2), i s  t h a t  statements be kept  i n  p l a i n  Eng l i sh  t h a t  

engineers can understand. A discrepancy o r  typograph ica l  e r r o r  appears 

p o s s i b l e  i n  comparing pages 2-13 ( l i n e  27) w i t h  page 3-2 ( l i n e  10). I s  

t h e r e  a NFPA59A 1979 e d i t i o n ?  

111. LNG SAFETY INFORMATION FOR REGULATORY PURPOSES 

Th is  s e c t i o n  appears t o  be l o g i c a l l y  p laced i n  t h e  r e p o r t ;  however, 

Sec t ion  111.3 (Page 3-12) leaves t h e  reader i n t e r e s t e d  i n  more d e t a i l s  

than a r e  presented. For  instance,  who were t h e  twenty groups and i n d i v i d u a l s  

A-22 
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contacted? Were recognized experts consulted? Were the e a r l i e r  DOE/LNG 

Workshops considered? What conclusions, i f  any, can be drawn from t h i s  

Section? Some consideration of these questions would enhance the value 

of t h i s  Section. 

IV. GENERAL FEATURES OF THE RECOMMENDED LNG SAFETY A N D  RESEARCH PROGRAM 

The general goal of the research program recommended i n  this document 
i s  mentioned f i r s t  in l ines  27 through 31 on page 4-3. We fu l ly  agree 

tha t  engineering answers a re  the most important practical product of the 
program and a re  surprised th i s  point isn ' t  made e a r l i e r  as the essential  
philosophy of the recommended program. As will be noted in subsequent 
comments, i t  appears tha t  t h i s  philosophy has been forgotten from time 

; i t o  time in the detailed planning of the recommended program. The comments 
on page 4-4 (1 ines 5 through 11 ) provide a questionable analogy t o  the LNG 

case. On page 4-6, the neglect of LNG truck s p i l l s  i s  not jus t i f ied .  
These s p i l l s  a re  probably as l ike ly ,  or  more l ike ly ,  than the massive . .. 

s p i l l s  mentioned previously. 'They also involve more l ike ly  d i r ec t  contact 
1 

with the public. .tf 

V .  RECOMMENDED RESEARCH ON LNG SPREADING AND BOILOFF I .  

On page 5-1 ( l i n e  3) the word "explained" i s  somewhat an overstatement. 
Section I discusses t h i s  issue br ief ly  and "mentioned" might be a be t te r  

word. We would l i k e  to  see an explanation offwhy the spreading of LNG 

through a dyke rupture i s  not a high-priority problem (page 5-2, l i ne  16). 
On page 5-9, the statement on l ines  21 and 22 i s  not s t r i c t l y  correct.  
Houl t developed a boiloff model f o r  LNG which account~s fo r  spat ia l  separa- 

t ion of the d i f fe rent  components using a character is t ics  method. The 

statement i n  parenthes.is s t a r t ing  on l ine  29 needs to  be supported. 

The treatment of boiloff r a t e  for  scaling purposes in wind tunnels 

i s  considered good. However, the statement on page 5-12 ( s t a r t ing  l ine 
8) regarding the spreading and boiloff of LNG on a sol id  surface should be 
supported in more de ta i l .  

The philosophy of a basic e f f o r t  followed by a more detailed extended 

e f fo r t  i s  good. We agree with the l a s t  statement4 on page 5-32 (1 ines 24 

through 26). 
A- 2 3 
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V I .  RECOMMENDED RESEARCH ON LNG VAPOR CLOUD DISPERSION 

Our f i r s t  p o i n t  i n  t h i s  s e c t i o n  concerns the  statement on page 6-5 

( l i n e  5 )  t h a t  a  reasonable research goal  i s  t he  de te rm ina t i on  o f  LNG 
+ 

vapor concentrat i0 .n w i t h  an unc.er ta inty .  o f  - 10%. I s  t h i s  reasonable on 

t h e  bas i s  o f  group d iscuss ions  mentioned on page 3-12, and does t h i s  

correspond t o  t h e  fac to rs  l i s t e d  i n  Table 3 - I ?  A more bas i c  quest ion,  

i s  a  f a c t o r  o f  1.2 even f e a s i b l e ?  We would l i k e  t o  see the  statement 

on 1  i nes  23 through 25 supported by reason r a t h e r  than be1 i e f .  

The s tudy  assumes a  p r i . o r i  t h a t  t he  LNG. ques t ions  are  s c a l a b l e  and 

t h a t  t he  s c a l i n g  r e l a t i o n s  are  c o r r e c t .  Whi le  t h e  Reynolds number 

s c a l i n g  presented i s  ve ry  p l a u s i b l e ,  t h e  Froude number s c a l i n g  i s  no t .  

There appears t o  be a, need f o r  scal  i n g  law v e r i f i c a t i o n  as p a r t  o f  t h e  

planned program. On page 6-18;the Froude number on l i n e s  14 and 20 a re  

de f i ned  as t h e  r e c i p r o c a l  of t h a t  i n  t he  second l i n e  d e f i n i t i o n  on page 

6-15. Th i s  i s  a  minor  p o i n t  because t h e  e q u a l i t y  of t he  Froude number o r  

i t s  r e c i p r o c a l  i s  a l l  t h a t  i s  requ i red .  However, i t  would be t i d i e r  t o  

be c o n s i s t e n t ' o n e  way o r  t he  o t h e r  throughout  t h e  r e p o r t .  .On page 6-23 

( l i n e  22) t he  presumption t h a t  wind tunne l s  can be r u n  w i t h  LNG vapor 

w i t h o u t  b u i l d i n g  flammable - concen t ra t i ons  i s  p robab ly  o v e r l y  o p t i m i s t i c .  

SeveraVdes ign  changes 'probably  would be r e q u i r e d  t o  operate such a  system 

sa fe t y .  I t  i s  n o t  apparent t h a t  these cons ide ra t i ons  a re  f i g u r e d  i n t o  

t h e  c o s t  and schedule repo r tpd  i n  l a t e r  sec t i ons .  

The task  summaries presented i n  Tab1 es 6-7, 6-8, 6-1 1  , e t c .  a re  i n  an 

e x c e l l e n t  b a s i c  format  t h a t  should be e'xtended throughout  t he  repo'r t .  

1; ~ a b l e i  6-7 and 6-8; the  a n t i c i p a t e d  d u r a t i o n  o f  t h e  tasks a r e  judged 

t o  be inadequate f o r '  t h e  scope o f  work de f ined .  Th i s  comment a p p l i e s  

g e n e r a l l y  t o  many of t h e  o t h e r  a c t i v i t i e s  proposed i n  l a t e r  sec t i ons .  

V I I .  RECOMMENDED RESEARCH ON LNG POOL FIRES 
. . 

The, recommended LNG pool f i r e  t e s t s  d e t a i l e d  i n  Table 7-1 i n c l u d e  LNG 

s p i l l  si.zes t h a t  may be, too  smal l .  The pool  may burn o u t  be fo re  an adequate 

f lame develops and/or d i f f e r e n t i a l  " b o i l o f f  changes t h e  na tu re  o f  t he  flame. 

We recommend a  t a s k  be i nc luded '  t o  . i n v e s t i g a t e  t h e  k i n e t i c s  and r a d i a t i v e  

p r o p e r t l e s  o f  soot .  
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The philosophy o f  using f i e l d  t e s t s  t o  develop f i r e f i g h t i n g  know1 edge 

i s  worthwhile i n  p r i nc i p l e .  We question whether the'recommendations on 

page 7-14, 1 ines 1 t o  3 are p rac t i ca l  and syggest they poss ib ly  dupl i c a t e  

the t r a i n i n g  oppor tun i t ies  ava i l ab le  in .such  courses as LGF F i r e  Prevention 

and Control conducted by the .Texas' A&M Uni vers i  t y  System. 

VI I I. VAPOR-CLOUD 'FIRES AND IX. RECOMMENDED RESEARCH ON THE POTENTIAL 
OF LNG VAPOR EXPLOSIONS 

Apart from our comrnents.on costs and schedules, there i s  general 

agreement w i t h  the recornendations o f  these two sections., . . (  . 

X. PRELIMINARY COST ESTIMATE AND TIME SCHEDULE . 

The general c r i t i c i s m  o f  t h i s  sec t ion  centers on the questionable 

confidence o f  the cos t  and schedule estimates. There are genera l ly  insu f -  

f i c i e n t  data presented t o  support the  cos t  estimates. Based on our 

fami l  i a r i t y  w i t h  preparing proposals f o r  research and development work and 

i n t u i t i v e  fee l ings  f o r  the order-of-magnitude o f  work involved, many o f  the 

estimates presented appear t o  be low, i n  some cases by a f a c t o r  o f  two o r  

three. The f i x e d  15% contingency i n f l a t o r  may no t  adequately cover the 

uncer ta in t ies  o f  each task. These uncer ta in t ies  do no t  appear t o  have 

been establ  ished according t o  the i nd i v i dua l  complexi t ies and r i s k s  o f  

each task. The use o f  e x i s t i n g  f a c i l i t i e s ,  shared instrumentation, 

surplus equipment,,etc. looks superficially'attractive, but  many possib le 

compl i ca t i ons  a'nd uncer ta in t ies  are  no t  apparently considered, and the cos t  

o f ' these can be very large. There i s  an inadequate explanat ion o r  consi- 

derat ion o f  the sa fe ty  problems invo lved i n  the  use o f  these f a c i l i t i e s  and 

the corresponding requirements f o r  sa fe ty  and p ro tec t ion  systems t h a t  may 

be needed. 

S im i l a r  comments apply t o  t he  t ime schedule. The j u s t i f i c a t i o n  f o r  the 

schedule i s  non-existent. An impression gained i s  t h a t  the  ove ra l l  du ra t ion  

was a r b i t r a r i l y  chosen. Many tasks a re  se l f - ev i den t l y  o r  over -op t im is t i ca l  l y  

too short.  Provis ions f o r  s t a r t  up, necessary communications, a u t h o r i t y  t o  

proceed, contingencies , and other  p r a c t i c a l  considerat ions i n  p r o j e c t  

planning and management appear t o  be t o t a l l y  ignored i n  the t ime schedule. 
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The schedu1.e provided in Figure 10-2 does not indicate the timing and c r i t i -  
cal paths f o r  information t ransfer  and interaction between the tasks. This 
appears t o  be a c r i t i c a l  defect emphasizing another impression tha t  essential  

planned cohesiveness of e f f o r t  which would be necessary t o  make t h i s  project 
a success i s  lacking. 

The impression gained tha t  the schedule has been given qui te  cursory 
at tent ion and the grossly optimistic schedule of individual tasks detracts  
from the qual i ty  of the balance of t h i s  document. The tightness of scheduled 
events i n  some cases can be expected t o  have cost implications tha t  apparently 
a re  not fdgured e i the r  as costed o r  contingency elements. I t  i s  f e l t  tha t  
considerably more eff0r. t  would b.e needed i n  the cost  and schedule estimate 
t o  provide the sponsor w l t h  a -bas i s  f o r  deciding between the options 
presented in this report  and currently planned a c t i v i t i e s  in .  the DOE Program. 

TYPOGRAPHICAL ERRORS I 
The following itemized typographical e r rors  were found in the col lect ive 

reading of the PML Project Team. None of us proofread your document; 

however, we note the following t o  cover the poss ib i l i t y  tha t  they might 

otherwise' be missed. 

Page XV,  l i n e  5 . . . t o  the other costs . . . 
Page 2-58, l i n e  17 . . . inspection on 16 February 1978, in which . . . I 
Page 3-4, l i n e  29 . . . systems, high-expansion . . . 
Page 3-14, .Tab e 3-1 Safety Parameter Column, Vapor Cloud Dispersion 

Page 5-1, bottom l ine  . . . of water (which does -. . . .)  - I 
Paqe 5-18, l i n e  16 . . . Raj and Kalelkar theory . . . 
Paqe 6-18, see above note on Froude number and i t s  reciprocal . . . 

- Page 6-42, 3rd from bottom . . . representing the Bat te l le  Columbus I 
Laboratories . . . 
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GENERAL IMPRESSIONS 

Expected bene f i t s  o f  i nd i v i dua l  task r e s u l t s  do no t  appear t o  be 

s u f f i c i e n t l y  described t o  provide a  basis f o r  eva luat ing the cost-benef i t  

value o f  t h e i r  r esu l t s .  There are a lso  no contingency plans t o  back up 

p o t e n t i a l l y  unsuccessful e f f o r t s .  The program p lan does not  appear t o  

consider and i n teg ra te  the f u tu re  r e s u l t s  o f  o ther  ongoing work i n  

l i q u e f i e d  gaseous f ue l s  research. Many facets o f  a  given problem are 

considered i n  a  . commendable . fashion; however, the' program has no t  been 

organized i n  task elements and-work packages t h a t  provide a  systematic 

and cohesive p i c t u r e  o f  R&D needs. It i s  not  c l e a r  which o f  the recommended 

methods o f  i nves t i ga t i on  and which taskowi l l  con t r ibu te  t o  the'  s ta ted 

ob ject ives o r  what the r e a l  cost  e f f i c i e n c y  and r e l i a b i l i t y  o f  the i n d i -  

v idual  methods are. The authors may be over l y  concerned w i t h  i n t e rna l  

f jne-sca le  dynamics and thermal dynamics i n  an LNG s p i l l .  We fee l  t h a t  

the bulk-or iented analys is  i s  no t  being pushed f a r  enough. 

As s ta ted previously,  cos t  estimates appear t o  be too low and tasks 

are u n r e a l i s t i c a l l y  shor t .  Tasks over lap i n  areas where ca re fu l  ana lys is  

requires completion o f  one task p r i o r  t o  the beginning o f  subsequent tasks. 

The program appears t o  requ i re  t h a t  d i s t i n c t  groups work simultaneously 

on re l a ted  tasks which does no t  a l low f o r  appropr iate communications 

between a c t i v i t i e s .  We recommend a l l  task e f f o r t  be def ined i n  work 

psckages s i m i l a r  t o  the form presented i n  Table 6-7 and other  tables i n  

Section 6. The exce l len t  work package summaries i n  these tables could be 

taken a step fu r ther .  I n  add i t i on  t o  the items i d e n t i f i e d ,  a l t e r n a t i v e  

s t ra teg ies should be ind ica ted  i n  the event t h a t  expected output i s  

d i f f e r e n t  than t h a t  ind ica ted  i n  the plan. The work packages should be 

j u s t i f i e d  i n  r e l a t i o n  t o  the d i r e c t i o n  and expected r e s u l t s  o f  o ther  

a c t i v i t i e s  i n  the e x i s t i n g  DOE Program and o ther  LGF research a c t i v i t i e s .  

I n  general, a  more substant ia l  case f o r  the proposed program would r e s u l t  

i f  i t  were presented as a  comprehensive approach t h a t  complements o ther  

cu r ren t  research. 
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As i t  p resen t l y  stands and t o  the  ex ten t  some o f  t h e  above p o i n t s  

w i l l  be addressed i n  the  f i n a l  version, t h i s  ' r epo r t  conta ins  much usefu l  

i n fo rma t ion  and j u s t i f i c a t i o n s  f o r  s p e c i f i c  tasks t h a t  a re  important  and 

needed a c t i v i t i e s  ' i n  LNG sa fe ty  research. The authors a re  t o  be compli-  

mented on the value and i n s i g h t  prov ided i n  many o f  the  recommendations 

i n  t h i s  repo r t .  

1 I hope the preceding comments may. be o f  c o n s t r u c t i v e  he lp  i n  your 

1 p repara t ion  o f  t he  f i n a l  r e p o r t .  

S incere ly  yours, 

J O ~ X  G. DeSteese, P r o j e c t  Manager 
LNG Safety Studies 
Energy Systems Department 

JGD: j f  

cc: Dr. ti. F. Walter,  DOE 
D r .  J. M. Cece, DOE 
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Forrest  R. Gi'lmore 
R & D Associ.ates 
post O f f i ce  Box 9695 
Marina del Rey, CA : 90291 

Dear Forrest: 

'Several LLNL s t a f f  members have reviewed RDA'.s d r a f t  document e n t i t l e d  
"Recommended Research on LNG Safety". I w i l l  attempt t o  summarize our 
concl usions . 

We found many o f  your recommendations t o  be qu i t e  good. For the most 
par t ,  we have been proceeding along the recommended 1 ines f o r  about two 
years. Due t o  funding l im i t a t i ons ,  our progress has been slower than the' 
" forecast"  i n  the RDA schedule, but  many o f  the computer code evaluations, 
some developments, and some experiments have a1 ready been done. However, 
we a1 so found many disagreements w i t h  d e t a i l s  t h a t  were recommended i n  the 
report .  For example, we have j u s t  f i n i shed  designing, bu i ld ing,  and f i e l d i n g  
an instrument ar ray and data c o l l e c t i o n  system f o r  la rge  LNG vapor d ispersion 
experiments. Our ar ray d i f f e r s  i n  several s i g n i f i c a n t  respects from tha t  
recommended i n  your d ra f t .  Obviously, we f ee l  our design j s  be t t e r  f o r  
co l l ec t i on  o f  the required data. However, since your r epo r t  was no t  intended 
as a step-by-step guide, we choose no t  t o  elaborate here about these types 
o f  agreements and/or disagreements. 

' I n  a more general.view, we s t rong ly  agree w i t h  your conclusion t h a t  the 
experimental program should move more r a p i d l y  toward f i e l d  t es t s  i n  which a 
few hundred cubic metres o f  LNG are sp i l l ed .  Our agruments are somewhat 
d i f f e r e n t  from yours, but  our conclusions are the same. We have bel ieved f o r  
some t ime . tha t  clouds from l a rge r  spi.11 s under calmer' condi t ions w i  11 be 
needed i n  order t o  observe the phenomena which may dominate the vapor mix ing 
process (and, thus, determine the LFL) i n  large-scale accident s i tua t ions  o f  
i n te res t .  Experimental cloud dimensions must be 1 arger than cha rac te r i s t i c  
dimensions o f  re levant  atmospheric turbulence. I n  our view, acqui r ing a 
f a c i l i t y  where up t o  a, few hundred cubic metres o f .  LNG may be s p i l l e d  under 
low, steady wind condi t ions and a1 lowing dispersion over a r e l a t i v e l y  smooth 
surface i s  a very high p r i o r i t y .  

We disagree, however, .w i t h  RDA1s pos i t i on  t h a t  the f i e l d  experiments 
should p r i m a r i l y  be simulat ions o f  worst-case, large-scale accidents ( i  .e., . 
the f i e l d  t es t s  are simply outdoor wind tunnel simulat ions). I f  t h i s  i s  a l l  
t h a t  i s  done, the program w i l l  be subject t o  c r i t i c i s m  on several scores. 
F i r s t ,  someone w i l l  i n e v i t a b l y  suggest another scenario . d i f f e ren t  enough 

- 

1 
from the one simulated t h a t  a simple ext rapo la t ion w i l l  no t  su f f i ce .  Second, 
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the  a p p l i c a b i l i t y  o f  Froude number sca l i ng  t o  our  problem w i l l  be quest ioned '. 
(ac tua l l y ,  i t  a l ready  has been). We be l i eve  t h a t  the  number and type o f  
experiments, the  measurements, and the  data ana lys i s  described i n  the  RDA 
approach a re  i n s u f f i c i e n t  t o  conf i rm the  v a l i d i t y  o f  Froude number sca l i ng  * d  # 
o r  t o  conf i rm the  choice o f  scenarios. They c e r t a i n l y  a re  i n s u f f i c i e n t  t o  
v a l i d a t e  a phys ica l  o r  numerical model. F i e l d  experinfents a t  d i f f e r e n t  
scale s izes w i l l  be requi red,  some o f  which might  have t o  be l a r g e r  than 
those proposed by RDA. 

The o b j e c t  o f  the  D O E ' S  program should be the  development and v e r i f i -  
c a t i o n  o f  p r e d i c t i v e  t o o l s  t h a t  can be used by a number o f  persons and 
organizat ions.  The t o o l s  should be capable o f  p r e d i c t i n g  accident  phenomena 
under a v a r i e t y  o f  circumstances not  t es ted  i n  the l a r g e  experiments. They. 
may be used f o r  e s t a b l i s h i n g  safe f a c i l i t y  design requirements, r e g u l a t i n g  
operat ions, o r  eva lua t i ng  accident  m i t i g a t i o n  suggestions t o  name j u s t  a few. 
Va l i da t i on  o f  the  models w i l l  r e q u i r e  a v a r i e t y  o f  c o n t r o l l e d  experiments ' 

i n  the  wind tunnel  and i n  the  l abo ra to ry  and d e t a i l e d  measurements i n  the  
f i e l d .  A few phys ica l  s imu la t ions  ( l i k e  those proposed by RDA) i n  the  wind 
tunnel  and i n  t he  f i e l d  w i l l  a l s o  be necessary t o  conf i rm the p r e d i c t i o n  
c a p a b i l i t y  o f  the  t o o l s ;  however, they would n o t  be s u f , f i c i e n t  alone. As 
mentioned by John Deutch two years ago, "This  (approach) i s  p a r t  o f  the  long, 
hard road t o  develop an understanding o f  t he  mechanisms t h a t  dominate the  
behavior o f  these fue ls !  We have been proceeding along t h i s  rou te  f o r  
several years and be1 i eve  the  DOE should cont inue i t .  

As a f i n a l  word, we be l i eve  RDA's cos t  and t ime est imates are  o v e r l y  
o p t i m i s t i c ,  even f o r  t he  abbreviated experimental program you out1 ine .  The, 
i ssue i s  not ,  as you c la im,  t he  permanence o f  t he  f a c i l i t y ;  i t  i s : t h e  sa fe ty .  
I n  our view, inadequate a t t e n t i o n  was p a i d  t o  sa fe ty  i n  your  recommendations. 
Since there  has now been a t ' l e a s t  th ree  LNG programs i n  which ser ious 
accidents have occurred, we be l i eve  the  DOE should i n s i s t  on adequate s a f e t y  
f o r  i t s  program. I n  general, t he  "quicky"  experiments l ead  t o  s a f e t y  p r o b l ~ m s .  
We est imate t h a t  adequate a t t e n t i o n  t o  sa fe ty  i n  the  design and opera t ion  o f  
your  proposed f a c i l  i t i e s  and experiments would r e s u l t  i n  a s i g n i f i c a n t l y  
longer  and more c o s t l y  schedule; one which, i n  f a c t ,  would n o t  d i f f e r  
s i g n i f i c a n t l y  from what you c a l l  the  "expanded" program. 
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