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FOREWORD 

The Ass is tant  Secretary f o r  Environment has r e s p o n s i b i l i t y  f o r  i d e n t i -  

f y ing ,  character iz ing,  and amel iora t ing the environmental, health,, and 

sa fe ty  issues and pub l i c  concerns associated w i t h  commercial operat ion o f  

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

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

the Environmental and Safety Engineering ~ i v i s i . o n ( ~ )  as a  r e s u l t  o f  discus- 

sions w i t h  var ious governmental, industry,  and academic persons having 

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

na tu ra l  gas, l i que f i ed  petroleum gas, hydrogen, and anhydrous ammonia. 

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

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

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

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

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

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

(LNG) Safety and Environmental Control Research and .on ~ i ' r e  Safety and Hazards 

o f  L ique f ied  Petroleum Gas (LPG) are included i n  Volume 1. 

Volume 2 consists. o f  19 repor ts  descr ib ing techn ica l  e f f o r t  performed 

by Government Contractors i n  the area o f  LNG Safety and Environmental 

Cont ro l .  Volume 3 i s  a  s i m i l a r  compi lat ion and contains 6 con t rac to r  

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

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

EXECUTIVE SUMMARY 



EXECUT.IVE SUMMARY 

Liquefied gaseous fuels 'are an integral part  of our energy system. 
They are  compact, clean burning and have the potential for  reducing some of 
the impacts on energy supply, transportation and storage tha t  may be 
caused by shortages of other fuels.  For example, the volume reduction of 

about 600, obtained by liquefying natural gas, has important transportation 
and storage imp1 ications.  The storage of 1 iquefied natural gas (LNG) a t  
c r i  t i ca l  regional locations (peakshaving .and sate1 1 i t e  faci l  i t i e s )  w i t h i n  

the United States can supply natural' gas during seasonal periods of high 
demand and during emergencies when other sources of energy are  disrupted. 
Liquid and liquefied energy materials are essential  i n  many industrial  

systems and processes and the ava i lab i l i ty  of these materials i s  important 
to  both the economy and security of the nation. 

The Department of Energy (DOE) has responsibi l i t ies  to  develop a 
~ a t i o n a l  Energy Plan and to implement comprehensive research, development 
and demonstrati on (RD&D) programs designed to achieve sol utions to  short- 
and long-term energy supply and management problems (PL 95-91). A portion 
of the National Plan (ERDA 77-1, page 32) has the objective of identifying 
and characterizing environmental, heal thy and safety issues and publ i c  
concerns associated w i t h  the commercial operation of specif ic  energy 

sys tems. The Environmental and Safety Engineering Division (ESED) , Office 

of the Assistant Secretary for  Environment, has responsibil i ty for  
preparing assessments i n  some of these areas, . including liquefied gaseous 
fuels.. 

To f u l f i l l  t h i s  responsibil i ty the ESED i s  sponsoring a broad 

spectrum of research on safety and environmental control aspects of 

liquefied gaseous fuels .  The objective of th is  e f fo r t  i s  to gather, analyze 
and disseminate technical information tha t  will aid future decisions made 
by industry, regulatory agencies and the general publ i c  on f a c i l i t y  s i t i ng ,  

system operations, and accident prevention and mitigation. This research 
addresses a definable need for  additional information and complements related 
proyrallls supported by other government agencles and Industry. 



Two previous documents i n  t h i s  se r ies (a )  descr ibe the  DOE approach 

t o  LNG safety and environmental research and the  sta'tus of e f f o r t  i n  the  

L iquef ied  Gaseous Fuel s (LGF) Safety and Environmental Contro l  Assessment 

Program a t  the end o f  F i sca l  Year (FY)-1978. This s ta tus  r e p o r t  summarizes 

the  progress and accomplishments o f  e f fo r t s  sponsored o r  cosponsored by t h e  

ESED i n  t h e  LGF Assessment Program dur ing  FY-1979 arid e a r l y  FY-1980. 

1.1 PURPOSE AND EMPHASIS OF LGF ASSESSMENT PROGRAM 

The need f o r  a comprehensive i n teg ra ted  RD&D program t o  reso lve  

l i q u e f i e d  gaseous fuel  issues has been i d e n t i f i e d  by the  ESED as a r e s u l t  

o f  d iscussions w i t h  many experts from government, i n d u s t r y  and academia. 

The development of a program s p e c i f i c a l l y  addressing LNG issues began i n  

l a t e  f a l l  1976, b u i l d i n g  on informat ion developed i n  a cooperat ive program 

w i t h  t h e  U.S. Coast Guard and the  American Gas Associat ion.  Fur ther  i n p u t  

came from an ERDA sponsored LNG Safety and Control  Korkshop (December 1976) 

which was attended by over 40 persons selected t o  represent  a cross sec t i on  

of cognizant  experts from indus t ry ,  government, and academia. Many of the  

safety and environmental issues i d e n t i f i e d  f o r  LNG appear t o  apply t o  the  

hand l ing  of o ther  l i q u e f i e d  gaseous f u e l s  and energy ma te r ia l s .  

The purpose o f  t he  LGF Assessment Program i s ,  therefore,  t o  develop 

a d d i t i o n a l  s a f e t y  and environmental c o n t r o l  i n fo rma t ion  on LNG and o ther '  

s i g n i f i c a n t  1 i q u e f i e d  gaseous f u e l s  and energy ma te r ia l s .  The emphasis o f  

t h i s  e f f o r t  i s  on in format ion  needed by i ndus t ry ,  regu la to ry  bodies and t h e  

general p u b l i c  fo r  making dec is ions  r e l a t i n g  t o  the  handl ing, t r a n s p o r t a t i o n  

and s torage.  o f  these ma t e r i  a1 s . 

( a ) ~ n  Approach t o  L iquef ied  Natura l  Gas (LNG) Safety and Environmental 
Contro l  Research, DOE/EV-0002, February 1978. 

L ique f ied  Gaseous Fuels Safety and Environmen'tal Control  Assessment 
Program: A Status Report, DOE/EV-0036, May 1979. 



An o u t l i n e  o f  the DOE LGF Assessment Program Plan descr ib ing the major 

research elements needed t o  achieve the program ob ject ives can be found i n  

Section I 1  o f  .the f i r s t  LGF Program Status Report (DOEIEV-0036). Three 

- d i s t i n c t  ob jec t ives are i d e n t i f i e d  t o  meet the goals o f  ' the in tegrated program: 

1. Ve r i f y  Pred ic t ive  Capabi l i ty  

~ e v e ' l  op and val  i date ana ly t i ca l  model i ng capabi 1 i t y  t o  provide 

f i r m  technical  foundation fo r  the promu,l.gation o f  regu la t ions 

and t o  adequately support the development o f  prevention and 

cont ro l  st rategies,  techniques and procedures. Kherever possible, 

theory and p red i c t i ve  capabi 1 i ty w i l l  be based on laboratory  

experiments. 

2. Ve r i f y  Prevention Methods 

Invest igate  and va l ida te  methods t o  prevent the release t o  the 

environment o f  l i q u e f i e d  gaseous fue ls .  The focus i s  on material 's, 

techniques, 'and s t ra teg ies  which are intended t o  prevent a release. 

These are, by nature, essen t i a l l y  -"passive" sys tems . 
3. Ve r i f y  Control Methods 

. . 

Invest igate  and va l ida te  methods t o  con t ro l  the release t o  the 

. environment o f  l i q u e f i e d  gaseous f ue l s  should a rel.ease occur. 

The emphasis i s  on mater ia ls,  techniques, and s t ra teg ies which 

'are intended to.reduce the impact o f  a release. By nature, these 

w i l l  tend t o  be "act ive t '  systems. 

The LGF Program i s  coordinated w i t h  the e f f o r t s  o f  other agencies. 

Program and subprogram research a c t i v i t i e s  are being conducted a t  nat iqna l  

laborator ies  and technical  i n s t i t u t i o n s  w i t h  the involvement and support of 

i.ndus tri a1 research contractors. 

I SUMMARY OF REPORTS 

Summaries o f  the 25 repor ts  contained i n  Volumes 2 and 3 are presented i n  

t h i s  vol  urne as an overview , o f  cur rent  a c t i v i t i e s  i n  the LGF Assessment 

Program. The summaries are, grouped according t o  t h e i r  primary technical  



. . 
emphasis. The LNG' repo r t s  ' ( ~ e p o r t s  A through .. , S) a re  categor ized according 

t o  the  r e l e v a n t  technl'cal area i'n the  LNG~ssessment Program. Reports on 

the  o the r  l i q u e f i e d  gases (Reports T through Y )  a re  grouped by energy form. 

1.2.1 LNG Reports 

t h e  work described i n  Volume 2 (Reports A thro,ugh S) addresses research 

goals i n  seven techn ica l  areas o f  the program: Vapor Generation and 

Dispersion, F i r e  and Rad ia t ion  Hazards, Flame Propagati.on, Release Prevention, 

Release Contro l ,  Inst rumentat ion and Technique Development, and Scale E f f e c t s  

Experiments. Release Prevention and Release Contro l  a re  combined f o r  the 

purpose of summarizing Reports I, J and K because these repor t s  r e l a t e  t o  

both areas. 

VAPOR GENERATION AND DISPERSION 

Three repor t s  i n  Vol.ume 2 descr ibe research on LNG vapor generat ion and 

d ispers ion .  

Report A - Simulat ion o f  LNG Vapor Spread and Dispers ion by F i n i t e  Element 
Methods 

Two f i n i t e  element models, developed under previous work and adapted by 

Lawrence Livermore Laboratory (LLL), a re  described i n  Rep-ort A. The models 

have been used t o  i n v e s t i g a t e  the  f e a s i b i l i t y  o f  us ing the  f i n i t e  element 

method (FEM) t o  s imula te  LNG vapor spread and d ispers ion.  

The mot i va t i on  f o r  t h i s  work i s  the  cont inu ing need t o  develop models 

t h a t  accu ra te l y  p r e d i c t  consequences of l a r g e  LNG s p i l l s .  The p r e d i c t i v e  

c a p a b i l i t i e s  o f  e x i s t i n g  models t h a t  s imulate LNG vapor d i spe rs ion  processes 

a re  considered t o  be s t i l l  l ess  than sa t i s fac to ry .  

A pr imary o b j e c t i v e  o f  t h i s  s tudy was t o  compare the  adequacy of a 

h y d r o s t a t i c  model w i t h  t h a t  o f  a more complete nonhydrostat ic  model app l ied  

t o  t y p i  ca l  LNG s p i  11 scenarios. Both model s solve time-dependent, two- 

dimensional conservat ion equations o f  mass, momentum and energy. Buoyancy 

ef fects a re  inc luded i n  both models qs ing  the Boussinesq approximation. An 



add i t iona l  assumption i n  the hydros ta t i c  model i s  t h a t  the v e r t i c a l  pressure 

gradient  i s  balanced e n t i r e l y  by the buoyancy force. This hydros ta t i c  

assumption al lows easier computation o f  the f low f i e l d ,  bu t  i t s  range o f  

a p p l i c a b i l i t y  i s  a lso g rea t l y  reduced. 

The appl icabi.1 i t y  of these models was invest igated i n  numerical exper i -  

ments representing a range of LNG spi ' l l  scenarios and atmospheric condi t ions.  

Results o f  these t e s t s  demonstrate c l ea r l y  t h a t  t he  FEM i s  a v e r s a t i l e  

numerical t oo l  f o r  p red ic t ing  LNG vapor d ispersion phenomena. 

The comparison o f  the hydrosta t ic  and nonhydrostat ic models showed 

good agreement i n  a1 1 f i e l d  var iables (temperature, pressure, and ve loc i t y )  

f o r  cases o f  h igh d i f f u s i v i t y  (V = K = 10 m2/sec) w i t h  and wi thout  a pre- 

e x i s t i n g  wind. With moderate d i f f u s i v i t y  (V = K = 1 m2/sec) the models 

y ie lded  s imi  1 a r  resu l  t s  f o r  the temperature and pressure f i e 1  ds . However, 

the hydrosta t ic  model f a i l e d  t o  produce the cor rec t  r e c i r c u l a t i o n  flow and * 

ind icated unreasonably 1 arge v e r t i c a l  ve l  oc i  t y  components near the top 

boundary. The hydrosta t ic  model does no t  appear t o  be appl icable t o  cases 

o f  low d i f f u s i v i t y  (V = K = 0.1 m2/sec). With low d i f f u s i v i t y ,  the 

non-hydrostat ic model y ie lded reasonable resu l t s  only f o r  the case wi thout  

wind. The model's f a i l u r e  i n  the pre-ex is t ing wind case was a t t r i b u t e d  t o  

the mesh being too coarse f o r  the f low f i e l d  under considerat ion. 

The simulated cases i n  t h i s  study lead t o  tt ie conclusions t h a t  a hydro- 

s t a t i c  model cannot be appl ied t o  the worst LNG s p i l l  'cases and t h a t  f u r t he r  

model development should be based on the nonhydrostati c formulat ion.  

Report A out1 ines several refinements t h a t  are t o  be appl ied t o  the non- 

hydrosta t ic  model as p a r t  o f  the next  phase o f  model development a t  LLL. 

Report B - Modeling o f  Negatively Buoyant Vapor Cloud Dispersion 

Report B summarizes progress a t  Massachusetts I n s t i t u t e  of Techno1 ogy 

i n  the development o f  new anal y t r c a l  methods f o r  modeling negat ive ly  buoyant 

vapor c loud motion and dispersion. A p r i nc i pa l  purpose o f  t h i s  e f f o r t  i s  t o  

provide a common basis f o r  comparing resu l  t s  from ea r l  i e r  nega t i ve ly  buoyant 



models, and t o  determine whether the di f ferences r e s u l t s  from d i f f e r e n t  

assumptions o r  the  nature  o f  the  mathematical ana lys is .  The new model i s  

of in te rmedia te  complexity,  f a l l i n g  between the  SIGMET three-dimensional, 

unsteady flow model and the  modi f ied  c l a s s i c a l  models o f  Fay 6 Lewis and 

o f  Germeles & Drake. 

This r e p o r t  describes the  assumptions and simpl i f i  cat ions  used i n  

cons t ruc t i ng  the  new model . Considerat ions are  presented t h a t  j u s t i f y  

t r e a t i n g  flow w i t h i n  the  vapor c loud as f l o w  w i t h i n  a viscous boundary 

l aye r .  Because the  f l o w  w i t h i n  the  c loud i s  p r i m a r i l y  i n  the  ho r i zon ta l  

d i r e c t i o n ,  a h y d r o s t a t i c  pressure d i s t r i b u t i o n  i s  assumed. An entrainment 

r e l a t i o n s h i p  i s  proposed t o  account f o r  v e r t i c a l  mixing. The r a t e  o f  

entrainment cons is ts  o f  two independently a d d i t i v e  terms, the  f i r s t  due 

t o  ho r i zon ta l  shear and the  second due t o  free-stream turbulence. 

The equations developed (conservat ion of mass, l a t e r a l  components o f  

momentum and energy, entrainment r e l a t i o n  and c a l o r i c  equat ion o f  s t a t e )  

a re  hyperbol i c i n  character .  E f f o r t  has concentrated on developing .asymp- 

t o t i c  a n a l y t i c a l  so lu t i ons .  The c l a s s i c a l  Boussinesq approximation and a 

uniform v e r t i c a l  d i s t r i b u t i o n  o f  dependent va r iab les  are  used t o .  simpl i f y  

the  i n t e g r a t i o n .  

Report B i d e n t i f i e s  some quasi one- and two-dimensional steady and 

unsteady f lows f o r  which so l  u t i ons  were inves t iga ted.  The resu l  t s  

i n d i c a t e  the  r e l a t i v e  importance. of, the d i f f e r e n t  phys ica l  phenomena , 

t h a t  a f f e c t  t he  motion of nega t i ve l y  buoyant vapor clouds. The development 

o f  asymptot ic s o l u t i o n s  i n  a n a l y t i c  form i s  p a r t i c u l a r l y  r e l e v a n t  t o  the  

p r a c t i c a l  need fir ga in ing  knowledge o f  f l o w  cot idi  t ioni where d i l u t i o n  i s  

g rea t  enough t o  preclude f u r t h e r  hazard. 

Report C - Effect of Humidity on the Energy ~ u d ~ e t  o f  :a L ique f ied  Natura l  ' 
Gas (LNG) Vapor Cloud 

The d ispers ion  cha . rac te r i s t i cs  of- the  vapor ' c loud above an LNG sp i  11 

w i l l  be s t r o n g l y  in f luenced by i tsabuoyancy.  'Methane, the p r i n c i p a l  compo- 

nent o f  LNG, has a vapor dens i t y  g reater  o r  l ess  than:.that of a i r ,depend ing 
\ . . t  I , p  f 

t 

1-6 



on temperature. Compared w i t h  a i r  a t  293K, methane vapor has a r e l a t i v e  

densi ty of 1.45 a t  i t s  normal b o i l i n g  po in t  (112K) and 0.55 a t  293K. The 

buoyancy o f  an LNG/air mixture may depend, therefore, on the heat added 

t o  the c loud by external  sources. Report C describes a study performed 

a t  LLL t h a t  evaluates the e f f e c t  o f  humidity as one such source o f  heat. 
' 

The e f f e c t  o f  humidity on the buoyancy o f  the cloud was calculated 

using a re l a t i onsh ip  based on temperature, densi ty and methane concentrat ion 

f o r  mixtures o f  a i r ,  methane and water vapor. The theore t i ca l  r esu l t s  were 

compared . t o  data from experiments performed a t  the Naval Weapons Center, 

China Lake, Ca l i fo rn ia .  I n  these experiments, LNG was s p i l l e d  a t  the center 

o f  a square pond 50 m on a side. Simultaneous measurements were made of 

methane concentrat ion and temperature t o  t e s t  the theore t i ca l  assumptions 

of ad iabat ic  isothermal mix ing o f  methane and humid a i r .  

I n  comparing the theore t i ca l  change o f  temperature versus methane 

concentrat ion w i t h  experimental data, the measured resu l t s ,  i n  general, 

show h i  gher 'temperatures than expected. Low w i  nd condi ti ons g i  ve poorer 

agreement than tha-t o f  the high wind case. This r epo r t  .considers possi b l  e 

explanations but  concludes t ha t  there are i n s u f f i c i e n t  data t o  decide the 

cause. of the disagreement. Further work i s  planned i n  t h i s  area. 

FIRE AND RADIATION HAZARDS 

Report D provides an assessment o f  research needs r e l a t i n g  t o  the 

analysis and cont ro l  o f  LNG f i r e  and rad ia t i on  hazards. This assessment 

includes def l  agrat ion and detonation phenomena and i s  , therefore, a1 so 

re levant  t o  the research scope of the LNG Program Element devoted t o  Flame 

Propagation. 

Report D - LNG F i r e  and Explosion Phenomena Research Evaluation 

Four types o f  combustion phenomena are considered: i g n i t i o n ,  vapor 

cloud burnup, pool f i r e s  and detonation. This r epo r t  discusses the range 

o f  cur rent  knowledge t ha t  permits the magnitude o f  LNG combustion charac- 

t e r i s t i c s  to be estimated, the areas where such estimates cannot be made 

w i t h  confidence and the scope and p r i o r i t y  o f  needed future research. 



This study was part  of the LNG Safety Studies Project (see also Reports 
I and P )  conducted by Pacific Northwest Laboratory ( P N L ) .  The work was 
subcontracted to  the University of Rashington so tha t  the recognized 
knowledge and ins,ight of the author could be made available to  the Project 
and, i n  t u r n ,  t o  the LGF Program. The purpose of th i s  work i s  to  recommend 
fur ther  research on LNG f i r e  and radiati.on phenomena tha t  are  important 
considerations i n  hazard analysis and'management. This information adds 
to  the perspective and data used i n  planning and updating the research 
objectives of the LGF Program. 

General assumpti'ons are  made to  establ i sh representative ran'ges of 
the parameters tha t  control combustion. Each of four types of combustion 
phenomena is  discussed i n  separate sections of the report. These sections 
include a discussion of the information considered most important fo r  
hazard management purposes, a review of the existing technical understanding 
i n  these areas and, f inal  ly ,  sal  ien t  conclusions and recommendations for  
additional research. The following recommendations a re  presented. 

The most important c lass  of,phenomena requiring research i s  vapor 
cloud burnup. Because .of uncertainties related to  the t ransi t ion from 
defl agration to detonation, areas which merit further investigation are  
flame spread i n  turbulent layered gases, the interaction of gravity and 
flame spread, and non-detonative pressure wave character is t ics .  Each of 
these areas, especial ly  the first-mentioned, may be amenable, t o ,  a s ignif icant  
degree, to  scal e-model i ng . 

Based upon resu l t s  of previous research, work aimed at .  detonation 
phenomena i s  of lower pr ior i ty .  To provide bet ter  understanding of detonation 
probabi 1 i t y  , three research a c t i v i t i e s  a re  recommended. The most important 
is to  ascertain a quenching thickness. The second i s  t o  improve understanding 
of '  the confinement .needed fo r  t rans i t ion  from deflagration. t o  detonation. The 
t h i r d  need i's be t te r  knowledge of d i rec t  i n i  t i  a t i  on requirements . The f i r s t  
two are  amenable to  scale-down. The third can be assisted markedly through 
aquisit ion of improved chemical kinetic data that  will enable re1 iable  
theoretical calculations. 



The thermal r a d i a t i o n  i n c i d e n t  on t a r g e t s  outs ide  the  f i r e  area i s  a 

characteristic o f  p r a c t i c a l  importance. , In format ion  on f i r e  geometry and 

the  thermal r a d i a t i o n  f l u x  a t  f lame.boundaries i s  a v a i l a b l e  i n  approximate 

form. Hazard c h a r a c t e r i s t i c s  are  on ly  moderately s e n s i t i v e  t o  f lame geo- 

metry parameters and emission f l u x .  Thus, al though much work remains t o  

be done t o  b e t t e r  understand pool f i r e  phenomena, t h i s  research i s  n o t  

considered a h igh  p r i o r i t y  i n  terms o f  hazard management needs. 

Condi t ions f o r  i g n i t i o n  by hot  sur face o r  ho t  gases are  reasonably 

we l l  understood. I f  more prec ise  data a re  required,  f o r  example, t h e  

probable t ime t o  i g n i t i o n  a f t e r  a flammable c loud accumulates, then the  

distribution and nature  o f  i g n i t i o n  sources i s  the most important  i n f o r -  

mation no t  immediately ava i l ab le .  No new research on i g n i t i o n  phenomena 

i s  needed f o r  LNG hazard ana lys is .  

FLAME PROPAGATION 

Four repor t s  a re  inc luded i n  t h i s  sect ion.  The t o p i c s  inc lude:  

laminar  flames i n  mixtures o f  vaporized LNG and a i r ;  chemical k i n e t i c s  

i n  LNG detonations; e f f e c t s  o f  c e l  l u 3 a r  s t r u c t u r e  on the  'behavior o f  gaseous 

detonat ion waves; and computer s imu la t i on  o f  combusti.on and f l u i d  dynamics 

i n  two and th ree  dimensions. 

Report E - Modelinq o f  Laminar Flames i n  Mix tures  o f  Vaporized L ique f ied  
Natura l  Gas (LNG) and A i r  

The combustion o f  f u e l - a i r  mix tures  cesul t i n g  from poss ib le  LNG s p i l l  s 

i s  a c e n t r a l  problem i n  the. LLL L ique f ied  Gaseous Fuel S p i l l  E f f e c t s  Program. 

Combustion depends on a. v a r i e t y  o f  f a c t o r s  i n c l u d i n g  l o c a l  f u e l - a i r  

equivalence r a t i o ,  t u r b b l  ence 1 eve1 s, humid i ty  , and charac te r i  s t i  cs o f  t he  

i g n i t i o n  source. As i n  o ther  po r t i ons  o f t h e  LLL program, combustion i s  

being analyzed using numerical models t o  p r e d i c t  the  evo lu t i on  and charac- 

t e r i s t i c s  o f  LNG s p i l l  s. The combustion and f l u i d  dynamic codes under 

development (See Report H) r e q u i r e  chemical k i n e t i c  submodels t o  descr ibe . 

t he  f u e l - a i r  burning t h a t  may occur in, a l a r g e  LNG s p i l l .  Recent work on 

the  development o f  these chemical k i n e t i c s  submodels i s  described i n  t h i s  

repo r t .  



Flame propagation s tud ies  have been c a r r i e d  ou t  us ing  a one-dimensional 

model, i nco rpo ra t i ng  f l u i d  mechanics and chemical k i n e t i c s  equations. 

I n  some o f  the computations, a d e t a i l e d  chemical k i n e t i c s  mechanism was 

used w h i l e  s i m p l i f i e d . k i n e t i c s  mechanisms were considered i n  the  remainder 

o f  t he  computations. T h e  chemical k i n e t i c s  o f  combustion i s  t h e o r e t i c a l l y  

w e l l  understood fo r  laminar '  cond i t ions ,  whereas the  f l o w  f i e l d  i n  an LNG 

s p i l l  w i l l  i n e v i t a b l y  be tu rbu len t .  The approach se lec ted  f o r  modeling 

the  propagation o f  the flame through a t u r b u l e n t  f u e l - a i r  m ix tu re  i s  t o  

separate the  problems o f  turbulence model i n g  from those o f  chemical k i n e t i c s ,  

a l though the  two a re  coupled t o  some ex ten t .  A d e t a i l e d  chemical k i n e t i c s  

r e a c t i o n  mechanism was used t o  model flame p rope r t i es  f o r  methane-air 

mix tu res  a t  atmospheric pressures. I t  was poss ib le  t o  reproduce accu ra te l y  

. a l l  a v a i l a b l e . l a b o r a t o r y  experimental  data on laminar  f lame speed and f lame 

s t r u c t u r e .  I n  add i t i on ,  t he  d e t a i l e d  k i n e t i c s  model was used t o  examine 

t h e  e f f e c t s  o f  adding minor cons t i t uen ts  t o  the  unburned f u e l .  I t  was found 

t h a t  t he  a d d i t i o n  o f  water vapor has v i r t u a l l y  no e f f e c t  on the  computed 

f lame speed o r  f l a m m a b i l i t y ' l i m i t .  Th i s  f i n d i n g  i s  important  because i t  

shows t h a t  data taken a t  t e s t  s i t e s ,  such as China Lake can be app l i ed  t o  

the  t y p i c a l  l y  humid coasta l  l o c a t i o n s  o f  c u r r e n t  and. proposed LNG termina l  s. 

A second minor c o n s t i t u e n t  examined w i t h  the d e t a i l e d  r e a c t i o n  mechanism 

was ethane. While the  presence o f  ethane has been found t o  increase the  

d e t o n a b i l i t y  o f  LNG, (See -Report F) t h e  r e s u l t s  o f  t h i s  study show 

ethane has very l i t t l e  e f f e c t  on f lame p rope r t i es .  As a r e s u l t ,  i t  i s  

poss ib le  t o  use a v a i l a b l e  f lame data f o r  methane-air t o  represent  f lame 

p r o p e r t i e s  o f  vaporized LNG i n  a i r  w i t h  very reasonable accuracy. 

Equations describing.chemica1 k i n e t i c s  o f  LNG combustion a r e  complex. 

.Deta i led  k i n e t i c s  models r e q u i r e  t o o  much computer t ime t o  pe rm i t  t h e i r  use 

i n  t he  two- and three-dimensional codes being used t o  model the  vapor c loud 

d i spe rs ion  and combustion (See Report H ) .  S i m p l i f i e d  k i n e t i c s  models 

t h a t  r e q u i r e  much l e s s  computer t ime have been developed f o r  these codes. 

The balance o f  r e p o r t  E descr ibes the  c a l i b r a t i o n  o f .  a simp1 i f i e d  k i n e t i c s  

model. The approach was t o  use experimental  data as a guide f o r  the i n i t i a l  

parameter se lec t i on ,  then t o  compare the  r e s u l t s  o f  the s i m p l i f i e d  submodel 

t o  those o f  the d e t a i  l e d  model. Four parameters o f  the  r e a c t i o n  r a t e  



equat ion a re  used f o r  curve f i t t i n g  t o  match a v a i l a b l e  experimental  data. 

The c a l i b r a t i o n  process cons is ted  of f i n d i n g  a s e t  o f  these f o u r  parameters' 

t h a t  gave the  bes t  agreement between the  d e t a i l e d  and the s i m p l i f i e d  models. 

W i th in  the  l i m i t a t i o n s  inherent  i n  us ing  a . s i n g l e - s t e p  r e a c t i o n  mechanism, 

a r a t e  expression was determined t h a t  c r e d i t a b l y  reproduces f lame speed 

data and f l ammab i l i t y  l i m i t s  f o r  methane-air flames i n  the  atmosphere. 

Report F - Chemical ~ i n e t i c s  i n  LNG Detonat ions 

The p o s s i b i l i t y  o f  an atmospheric gaseous detonat ion  may be the  most 

dangerous hazard which can r e s u l t  f rom an LNG sp i  11. Th i s  r e p o r t  descr ibes 

the use o f  a c h a r a c t e r i s t i c  t ime ana lys i s  by LLL t o  study the  d e t o n a b i l i t y  

o f  vaporized. LNG and a i r  mixtures.  Separate numerical models a re  used t o  

t r e a t  t he  e v o l u t i o n  o f  the  blast-wave produced by a charge o f  h igh  exp los ive  

and chemical i g n i t i o n  de lay  o f  t he  f u e l - a i r  m ix tu re .  The type o f  modeling 

described i s  intended t o  be used i n  con junc t ion  w i t h  experimental  programs. 

The models are va l i da ted  by experimental  data a f t e r  which they  can be used 

t o  a s s i s t  the  ana lys i s  o f  experiments and i n  ex t rapo la t i ons  t o  cond i t i ons  

which a r e  d i f f i c u l t  o r  expensive t o  achieve exper imenta l ly .  The modeling 

e f f o r t ,  there fore ,  prov ides a d d i t i o n a l  d iagnos t i c  t o o l s  t o  a i d  the  i n t e r -  

p r e t a t i  on o f  exper imenta l '  resu' l  t s  and t o  subs tan t i a l  l y  reduce t h e  c o s t  and 

t ime requirements o f  the  research program. 

Detonat ions can be produced e i t h e r  by t r a n s i t i o n  from d e f l a g r a t i o n  o r  

by d i r e c t  i n i t i a t i o n  from a blast-wave. I n  . e i t he r  case, t he re  a re  q u i t e  

r e s t r i c t i v e  cond i t i ons  which must .be s a t i s f i e d  i f  a de tonat ion  i s  t o  

propagate. The shockwave associated w i t h  a de tonat ion  compresses and heats 

a m ix tu re  o f  unreacted gases very r a p i d l y .  I f  the  shocked gas i s  reac t i ve ,  

chemical reac t i ons  w i l l  begin once the  shockwave has compressed and heated 

the  gas. A t  the  end o f  a chemical i g n i t i o n  de lay  per iod,  r a p i d  energy 

re leases again heat the m ix tu re  and f u r t h e r  r a i s e  i t s  pressure. A use fu l  

measure o f  the  s t a b i l i t y  of a de tonat ion  wave can be der ived by comparing the  

c h a r a c t e r i s t i c s  o f  shockwave de lay  t ime w i t h  the  chemical i nduc t i on  t ime. 

I f  the chemical t ime scale i s  longer  than the  shock decay time, t he  de tonat ion  



w i l l  weaken and decay i n t o  a sound-wave preceding a conventional de f l ag ra t i on .  

On the  o the r  hand, if the  chemical t ime scale i s  sho r te r  o r  comparable 

t o  the  shockwave t ime scale, t h e  detonat ion w i l l  be s tab le  and cont inue t o  

propagate. The detonat ion s t a b i l i t y  and d i r e c t  i n i t i a t i o n  processes may 

thus be s p l i t  conceptual ly  i n t o  a f lu id-mechanical  model dea l ing  w i t h  the  

blast-wave, and the chemica l -k ine t ic  model dea l i ng  w i t h  the  i nduc t ion  times. 

These two submodels are  described and used t o  analyze c e r t a i n  detonat ion 

phenomena. 

A d e t a i l e d  reac t i on  mechanism descr ib ing  the  chemical - k i n e t i c  evo lu t i on  

of.methane and ethane mix tures  was presented i 'n Report E i n  the  f i r s t  Status 

Report (DOEIEV-0036). The model-was. used t o  i n v e s t i g a t e  methane-ethane 

mix tures  combined w i t h  s to i ch iomet r i c  amounts o f  oxygen. The a d d i t i o n  o f  

ethane i n  the composit ional range o f  normal ly-occurr ing LNG prompt ly  

reduced the  i nduc t ion  t ime o f  the composite f u e l  r e l a t i v e  t o  pure methane. 

The d e t o n a b i l i t y  o f  LNG appears t o  be dominated by  minor cons t i t uen ts  such 

as ethane. There i s  both experimental and t h e o r e t i c a l  evidence t o  suggest 

t h a t  as f a r  as k i n e t i c .  s e n s i t i z a t i o n  and i n d u c t i o n  delay are  concerned, 

propane and ethane behave s i m i l a r l y .  Water vapor, on the  o ther  hand, was 

found t o  have a n e g l i g i b l e  e f f e c t  on i nduc t ion  delay times. It was shown 

t h a t  the. same~degree o f  k i n e t i c  s e n s i t i z a t i o n  occurs f o r  f u e l - a i r  mix tures  

which are  no t  s to i ch iomet r i c .  This . conclus ion . i s  s i g n i f i c a n t  because wide 

ranges o f  l o c a l  f u e l - a i r  equivalents r a t i o  would be expected i n  an ac tua l  

LNG s p i l l .  

Th is  work was ab le  t o  determine the  d e t a i l e d  mechanism f o r  the  f u e l  

s e n s i t i z a t i o n  process.. The CH4 molecule i s  un,usually s table.  When a 

hydrogen atom i s  abstracted,  the  r e s u l t i n g  methyl r a d i c a l  ( C H ~ )  i s  even 

more d i f f i c u l t  t o  consume. Rather. than being ox id i zed  . d i r e c t l y ,  methyl 

r a d i c a l s  combine together  t o  form ethane which i s  the  pathway f o r  much 

of the  methane consumption. When ethane i s  present i n i t i a l l y ,  more hydrogen 

atoms a re  a v a i l a b l e  t o  i n i t i a t e  chain branching reac t i ons  which r a p i d l y  con- 

sume the  a v a i l a b l e  f u e l .  The k i n e t i c  process by which small amounts o f  

ethane can dominate the  consumption o f  methane and dramat ical  l y  reduce 

induc t ion  t imes n o t  o n l y  exp la ins  a l l  experimental data, bu t  a l s o  demonstrates 

conc lus i ve l y  the  jnadequacy o f  so-cal led thermal sens i t i , , za t ion  mechanisms. 



Report F  a l s o  describes comparisons made between model c a l c u l a t i o n s  and 

experimental s tud ies  o f  f u e l  d e t o n a b i l i t y  c a r r i e d  o u t  under near l y  unconfined 

atmospheric cond i t ions .  For each mix ture  selected, a  one-dimensional f i n i t e  

d i f f e r e n c e  hydrodynamic numerical model was used t o  c a l c u l a t e  the e v o l u t i o n  

o f  t he  time-dependent shockwave produced by spher ica l  charges o f  h igh  

explos ive.  The shock decay t ime was def ined somewhat a r b i t r a r i l y  as the 

t ime requ i red  f o r  the  shock t o  decay from 2 0  t o  10 bars. The minimum 

amount o f  h igh  exp los ive  requ i red  t o  i n i t i a t e  a  steady detonat ion was 

determined. The shock decay t ime was found t o  vary  as the  cube r o o t  o f  the  

charge mass, a s  would be expected from a n a l y t i c a l  t reatment  o f  spher ica l  

shock f r o n t  decay. By equating the  chemical i nduc t ion  t ime w i t h  t h e  shock 

decay time, a  c o r r e l a t i o n  was es tab l ished between the  c r i t i c a l  mass o f  h i g h  

exp los ive  and the  i n i t i a l  post-shock temperature o f  t he  r e a c t i v e  gas 
. . mixture.  The c h a r a c t e r i s t i c  temperature c o r r e l a t i o n s  were ex t rapo la ted t o  

est imate the  re1 evant i nduc t ion  t ime - f o r  methane-air. The' model s  p red ic ted  

c r i t i c a l  exp los ive  charge masses o f  24 t o  106 kg f o r  pure'methane i n  a i r .  

The range o f  these est imates c6rresponds..to the, range o f  uncertafn' ty.  i n  t h e  

ex t rapo l  a t i ons  t h a t  are made. 
t 

The k i n e t i c  modeling presented . i n  t h i s  r e p o r t  suggests t h a t  several 
' 

. . .  
types o f  f u e l  m o d i f i c a t i o n  might  be used t o  increase t h e  chemical i n d u c t i o n  

t ime o f  LNG-air mix tures  thereby reducing the  d e t o n a b i l i t y  o f  these mixtures.  

An a d d i t i v e  t h a t  could i e r v e  as a  means f o r  cap tu r ing  hydrogen atoms would 

sharply reduce t h e  chain branching o f  these systems. S i m i l a r l y ,  i f  amounts 

o f  t he  minor cons t i t uen ts  such as ethane o r  propane were removed o r  a t  

l e a s t  s i g n i f i c a n t l y  reduced, the  r e s u l t s  of t h i s  study i n d i c a t e  t h a t  t he  

i nduc t ion  t ime would again be sharp ly  increased. I n  add i t ion ,  chemical ly  

i n e r t  d i l u e n t  species could be added t o  the  LNG. Any o f  these processes 

could s i g n i f i c a n t l y  enhance the  sa fe ty  o f  handl ing and using LNG 

i f  t h e i r  a d d i t i o n  were otherwise compatible w i t h  the  end use o f  the  f u e l .  



Report G - Effects of Cellular Structure -on the Behavior of Gaseous 
Detonation Waves Under Transient Conditions 

Increased concern about the detonability of gaseous mixtures in 

unconfined clouds has increased interest in the behavior of the detonation 

process.under various transient conditions such as non-uniform distributions 

of pressure, temperature, and composition. The object of this LLL effort 

was to study the effect of cellular'wave structure on the transition of 

the detonation process into expanding geometries. In readjusting itself 

during a transition state, the process may survive and continue as a detona- 

tion wave'or may weaken so fast that it transforms into a simple deflagration 

wave. The transition from a one-diiensional expansion to a spherical 

expansion, such as that of a detonation wave exiting a tube, was selected 

for study. 

Much information about -the detonation process and.its cellular structure 

have been gained during the past decades. Not only has this cellular 

structure been proven to exist, its existence is essential to the process. 

Cellular size and regularity are characteristic of a particular combination 

of initial conditions such as composition, pressure and temperature. Vari- 

ation of these conditions causes the cell size to change and attain a 

new size that is characteristic of a new set of conditions. Differences 

in confinement, or the lack of any confinement, if kept constant during the 

process, will have no effect on the characteristic cell size. If the 

detonation wave enters an area change, the cell size will be immediately 

affected. As a result, the detonative process may be enhanced or weakened 

with the possibility of complete extinction. 

The effect of the cellular structure was demonstrated by showing that 

there must be an inner core of the wave -.. 3 consisting of a critical number 

of cells unaffected by side rarefactions to insure the transition of the 

detonation process. Work done on the. outer gas by the inner core was 

compared with the critical energy for spherical initiation. A remarkably 
good agreement was achieved. Extrapolation of data o? a log/l'og plot of 

cr'l'tical energy versus critical diameter ,led to a prediction of the critical 



energy'needed t o  i n i t i a t e  de tonat ion  i n  a  pure methane-air mix tu re .  The 

p l o t t i n g  o f  c h a r a c t e r i s t i c  c e l l  s i z e  versus c r i t i c a l  c e l l  number needed 

f o r  t r a n s i t i o n  a l s o  l e d  t o  q u a n t i t a t i v e  est imates o f  these values f o r  
1 

methane-air m ix tu res . ,  Comparison o f  r e s u l t s  on the  c r i t i c a l  energy o f  

i n i t i a t i o n  w i t h  p rev ious ly  pub1 ished v a l i e s  l ead  t o  a  somewhat d i f f e r e n t  

view on the phys ica l  s i g n i f i c a n c e  o f  the  de tonat ion  kernel  and i t s  

correspondence t o  the  l eng th  o f  the  de tonat ion  c e l l .  The s i z e  o f  the kennel 

i s  unique i n  t h a t  the  chemical energy conta ined i s  comparable t o  t h e  source 

energy re leased by the  i n i t i a t o r  charge. However, t he  s i z e  o f  t he  kernel  

i s , n o t  t he  same a,s t h e  c h a r a c t e r i s t i c  l e n g t h , o f  the de tonat ion  c e l l .  The 
0. . 
r e s u i t s  show f u r t h e r  t h a t  n e i t h e r  t he  tub,e d iameter  nor  t h e  i n i t i a l  

pressure o f  t he  medium c o n t r o l  the  s u r v i v a l  o f  the  wave. The detonat ion  
I 

process i s  c o n t r o l  led :  1  ) by the number o f  c e l l s  a v a i l a b l e  t o  endure losses 

from f l o w  e f f e c t s  generated by t r a n s i e n t  cond i t ions ;  and 2)  by the  number 

of c e l l s  remaining t o  regenerate new c e l l s  t h a t  r e v i v e  the  de tonat ion  

process. ' .  

c 3 .  r 

Report H - Computer S imula t ion  o f  Combustion and F l u i d  .Dynamics i n  Two 
and Three Dimensions 

Th is  r e p o r t  g ives a  b r i e f  overview o f  computer codes developed by LLL 

t o  s imu la te  unsteady gaseous combustion and f l u i d  dynamic processes. Areas 

o f  appl i c a t i o n  i nc lude  pool f i r e s ,  f i r e b a l l  fo rmat ion  and burn, and d i spe rs ion  

o f ,  f u e l  vapors bo th  w i t h  and w i thou t  wind. 

Two codes are under development.; t he  TDC . (two-dimensional code) which 

models combustion and f l u i d  dynamics i n  an axisymmetric o r  a  two-dimensional 

Cartes ian coord ina te  system, and the  COM3 code, which uses a  three-dimensional 

Cartes ian coord ina te  system. Both codes use s t a t e - o f - t h e - a r t  f i n i t e  

d i f f e r e n c i n g  methods t o  so lve  the  viscous hydrodynamic conservat ion 

equations. Although i t  i s ,  i n  p r i n c i p l e ,  f e a s i b l e  t o  o b t a i n  an accurate 

s o l u t i o n  t o  these equations, i n  pract ice," the  number o f  zones requ i red  i s  

t o o  g rea t  f o r  even the  l a r g e s t  computers. Thus coarse g r i d s  a re  used w i t h  

subgr id-scale gas motions be'ing s imulated 'by a  turbulence model. ,Because 

turbulence models a re  i n h e r e n t l y  empi?ical, t he  computer models must be 



chosen ca re fu l  l y  and va l  i da ted  aga ins t  experimental data. By determining 

t h a t  t he  model c o r r e c t l y  accounts f o r  turbulence on several d i f f e r e n t  

sca le  s izes  and under d i f f e r e n t  i n i t i a l  cond i t ions ,  t he  code may be used 

t o  ex t rapo la te  t o  la rge-sca le  s p i l l s  f o r  which no experimental data e x i s t .  

Pre l im inary  s tud ies  have shown t h a t  wind d ispers ion  o f  LNG vapors i s  

i n h e r e n t l y  three-dimensional ; there fore ,  most e f f o r t  i n  t h i s  area w i l l  

i n v o l v e  the  COM3 code. However, t he  g r a v i t y  spread o f  vapors under calm 
L 

cond i t i ons  i s  one aspect t h a t  can be s tud ied w i t h  the TDC. I n  a d d i t i o n  

t o  the  basic conservat ion equations, models a re  needed f o r  phenomena t h a t  

a f f e c t  t he  d ispers ion  of fuel '  vapors. These inc lude  pool spread and vapor i -  

zat ion,  humidity,  heat a d d i t i o n  due t o  r a d i a t i o n  from the ground and sun, 

and convect ive heat t r a n s f e r  from the ground o r  water. The k i n e t i c s  equations 

f o r  the  chemical r e a c t i o n  of f u e l  and o x i d i z e r  must a l so  be solved t o  

s imulate combustjon processes. 

The chemical k i n e t i c s  f o r  even t h e  s imples t  hydrocarbons are  extremely . 

complex and would r e q u i r e  the simultaneous s o l u t i o n  of a l a r g e  se t  o f  

d i f f e r e n t i a l  equations. An i m p r a c t i c a l l y  l a r g e  amount o f  computer t ime 

would 'be needed t o  so lve  the  k i n e t i c s  equations i n  two and th ree  dimensions. 

A s i m p l i f i e d  scheme i s  now used whereby parameters a re  adjusted u n t i l  the  

r e s u l t s  agree e i t h e r  w i t h  experiments o r  w i t h  more accurate c a l c u l a t i o n s  

us ing  complex nondimensional or .  one-dimensional chemical k i n e t i c  models. 

Th is  approach i s  computat ional ly  e f f i c i e n t  b u t  r e s u l t s  i n  some l o s s  o f  

genera l i t y .  

The TDC has the  capabi l  i ty f o r  us ing  a one-step r e a c t i o n  scheme i n  

which the  f u e l  p l u s  o x i d i z e r  goes t o  products (See. Report E)  and a more 

soph is t ica ted k i n e t i c s  model t h a t  accounts f o r  the  in termedia te  r a d i c a l s  

formed dur ing  combustion. The i n i t i a l  use o f  the  COM3 code w i l l  i nvo l ve  

o n l y  the  simple one-step scheme. Most p r a c t i c a l  combustion problems 

i n v o l v e  the propagation 0 f . a  t u r b u l e n t  flame. A t  present the re  i s  no 

adequate model t o  p r e d i c t  turbu1en.t f lame v e l o c i t i e s ,  so these must be de-. 

termined experimental ly.  The approach used i s  t o  modi fy  the  i n  

the  chemical k i n e t i c s  and turbulence models used i n  the  TDC and COM3 codes 

t o  produce the  observed flame v e l o c i t y .  The codes can then be used t o  

study t h e  f l u i d  dynamic motions r e s u l t i n g  from. t h a t  f lame v e l o c i t y .  



Pre l  i in inary computations. have been .made o f  pool f i r e s  and f i r e b a l l  

format ion using the  TDC code; however, these c a l c u l a t i o n s  cannot y e t  .be 

considered p r e d i c t i v e .  The pr imary a p p l i c a t i o n  o f  t he  COM3 code w i l l  be 

plume combustion. 

RELEASE PREVENTION AND CONTROL 

Three repor t s  i n  t h i s  Sect ion (Reports I, J, and K) describe, respec- 

t i v e l y ,  f u r t h e r  research on LNG re lease prevent ion and re lease con t ro l ,  

systems f o r  reducing LNG tanker hazards, and the  s a f e t y  o f  g e l l e d  LNG. 

These repor t s  document the  con t inua t ion  o f  e f f o r t  summarized by Reports 

F, G, and H i n  the  f i r s t  LGF Program Status Report (DOE/EV-0036). 

Report I - LNG Release .Prevention and Contro l  

The LNG indus t ry  employs a  v a r i e t y  o f  re lease prevent ion and c o n t r o l  
T 

mechanisms t o  -prevent, detect ,  c o n t r o l  and conta in  acc identa l  LNG releases. 

Th is  r e p o r t  summarizes progress i n  the  PNL study t o  4:dent i fy poss ib le  weak 

l i n k s ,  knowledge gaps and research needs t h a t  may a i d  the  f u t u r e  development 

o f  re lease prevent ion and c o n t r o l  systems. 

The basic approach i n  t h i s  research inc ludes p rog ress i ve l y  more d e t a i l e d  

ana lys is  t o  develop an adequate understanding o f  re lease prevent ion and 

re lease c o n t r o l  systems and the  f a c t o r s  which may n u l l i f y  t h e i r  usefulness. 

The study began by d e f i n i n g  reference desc r ip t i ons  fo r  t he  bas ic  types o f  

LNG f a c i l i t i e s .  The f a c i l  i t i e s  considered inc lude  the  impor t  te rmina l ,  

expor t  te rmina l ,  marine vessel, peakshaving p l a n t  and s a t e l l i t e  f a c i l i t y .  

Scoping assessments were performed as t h e o n e x t  phase o f  t he  study t o  

i d e n t i f y  areas t h a t  may m e r i t  subsequent and more d e t a i l e d  ana lys is .  

These assessments conta in  a  reference system desc r ip t i on ,  a . p r e l i m i n a r y  

hazards ana lys i s  (PHA) and a  1 i s t  o f  rep resen ta t i ve  LNG re lease scenarios. 

The f i n a l  stage i n  t h e  ana lys i s  i s  t o  assess the  e f fec t i veness  o f  t he  re lease 

prevent ion and c o n t r o l  systems i d e n t i f i e d  as war rant ing  f u r t h e r  consldera- 

t i o n s  i n  the  scoping assessments. 



Scoping assessments f o r  each o f  the  bas ic  LNG f a c i l i t i e s  have.been 

completed and a re  summarized i n  t h i s  repo r t .  The impor t  te rmina l  and 

peak-shaving p l a n t  a re  descr ibed i n  moderate d e t a i l .  Assessments o f  the  

expo r t  te rmina l ,  marine vessel and sate1 1  i t e  f a c i l i t y  a re  more b r i e f l y  

summarized. 

, The assessments i n d i c a t e  t h a t  t h e  storage and unloading sec t ions  o f  

t h e  import  te rmina l  have the  p o t e n t i a l  f o r  the  l a r g e s t  LNG releases. 

Key storage sec t i on  components inc lude the i n n e r  and ou te r  tank s t ruc tu re ,  

the  pressure c o n t r o l  system, and the  l i q u i d  l e v e l  i n d i c a t o r s  and alarms. 

Important  unloading sec t i on  components i nc lude  the  t r a n s f e r  l i n e ,  the  

l oad ing  arms and coup l ing  mechanisms, and the  load ing  emergency shutdown 

system. General areas which m e r i t  d e t a i l e d  ana lys i s  i nc lude  human f a c t o r s  

i n  LNG operat ions, LNG storage tank operat ions,  and data gather ing.  Fur ther  

s tudy has been i n i t i a t e d  i n  these areas. 

Report I a l s o  descr ibes b r i e f l y  the  i n i t i a l  e f f o r t  undertaken i n  the  

d e t a i l e d  analyses o f  the  impor t  te rmina l  and peakshaving p l a n t .  The bas ic  

o b j e c t i v e  o f  these ana1ys.e~ i s  t o  q u a n t i f y  rep resen ta t i ve  re lease scenarios 

i n  terms o f  re lease frequency and re lease quan t i t y .  work performed t o  

da te  has concentrated on LNG re lease prevent ion.  Future work w i  11,"address 

engineer ing aspects o f  vapor c o n t r o l ,  f i r e - . p r e v e n t i o n  and f i r e  c o n t r o l .  

Report J - The F e a s i b i l i t y  o f  Methods and Systems f o r  Reducing LNG 
Tanker F i r e  Hazards 

A major acc ident  i n v o l v i n g  an LNG tanker  cou ld  r e s u l t  i n  a  l a r g e  

LNG s p i l l  and f i r e .  Report J summarizes a  r e c e n t l y  completed study by 

A r thu r  D.' L i t t l e ,  Incorporated,  t h a t  i d e n t i f i e s .  and evaluates new.and novel 

methods f o r  reducing LNG tanker  f i r e  hazards. These methods i nc lude  

,reducing the re lease r a t e  and quan t i t y ,  a l t e r i n g  the phys ica l  o r  chemical : 

s t a t e  of the. cargo, p r o t e c t i n g  the tanker  and'crew from thermal e f f e c t s  

and d ispos ing  o f  t he  cargo:. 



3 Ihe basic accident event was assumed to be a Z5,UUU m spill resulting 

from a collision between a large ship and an LNG tanker. This corresponds 

to spilling the contents of one cargo tank of a tanker with an LNG 
3 capacity of 125,000 m . With this spill volume, little value can be expected 

from fire fighting or inerting the flammable vapor after the spill occurs. 

The principal focus of this study is on modifications to the ship and cargo 

that reduce the magnitude of the potential fire. 

To reduce the spill rate and/or quantity, the following methods are 

considered: (1) partitioning existing tank designs, (2) multi-tank. ship 
designs, (3) inserting open cell filler material to restrict the flow of 

LNG, and (4) combining cellular filler material with compartmentalization. 

With certain 1 imitations, all of these methods appear to be of practical 

value. The efficacy and perceived problems of each method are discussed. 
8 .  

Transforming LNG to a gel, converting LNG to methanol, mixing flame 
* 

suppressants with LNG and solidifying rather than li,quefying natural gas 
. are considered as ways of changing the chemical or physical state of LNG. 

The transport of gelled LNG and methanol converted from methane are 

basically practical. However, additional development of the gel manufac- 

turing process is considered necessary and system level cost/benefit 

analyses are required to establish the economic feasibility of these 

approaches. While the use of flame suppressants, such as halons, mixed 

with LNG is considered impractical, the transport of solid natural gas may 
have merit. 

A prel iminary eval uati.on of system costs' was made considering the 

above concepts. Based on the transport of a billion,standard cubic feet 

per day with LNG shipped from A1 geria to Texas, the expanded-metal , 
hanging-wall type of flow restrictor might increase gas energy costs by 

less than 0.5%. In contrast, the transport of gelled or solid LNG could 

add 15% and conversion to methanol 'might increase the unit cost of deli- 

vered energy 10% or .more. 



Most c r i t i ca l  locations i n  existing tankers may be exposed t o  the 

thermal e f fec ts  of an accidental fi-re. Thermal insulation can greatly 
reduce f i r e  damage, b u t  water deluge systems may not be re1 iabl e under 
post-collision conditions. Currently,' no sat isfactory method exis t s  for  
emergency off-loading LNG other than a t  terminals. This study considers the 
t ransfer  of cargo t o  other ships, disposal by ship f la res  or combustors 
and dikposal a f t e r  t ransfer  to  a location remote from the vessel. The 
merits of these approaches and innovative solutions are discussed. 

0 I 

The mechanisms causing ignition a t  the time of impact are  also 
examined. S t a t i s t i c s  of past accidents show about 30% of col l is ions 
involving spilled cargo resulted i n  immediate ignition. A more detailed 
analysis of pertinent conditions i s  necessary, however, t o  predi'ct w i t h  

reasonable certai 'nty that  ignition will occur a t  the time of impact. 

Report K - Safety Assessment of Gelled LNG ' 

Report K summarizes the continued e f fo r t s  of the Aerojet Energy 
Conversion Company to  characterize the process, flow, and use properties 
of gel led L N G  ( G E L N G )  and to  examine potential safety advantages resulting 
from gelation. The gelling of LNG reduces the spread area and ra te  of 
evaporation from an accidental s p i l l .  This could reduce the magnitude of 
a 'potential pool f i r e  or an unignited vapor cloud. 

Gels are characterized according to  s ix  properties: (1)  yield s t r e s s ,  
( 2 )  rheological behavior, (3) flow character is t ics  under s t r e s s ,  ( 4 )  

expulsion behavior, ( 5 )  gel aging character is t ics ,  and (6)  boil-off ra tes  
under simulated storage conditions. The variation of these physical 
character is t ics  with gelant content, composition, type and method of 
preparation a re  discussed. Using the minimum gel lant  required to  obtain 
a' given gel s t ructure,  water as a gel 1 ing agent i s  shown to  be superior 

to  methanol. For gels of similar composition, yield s t resses  were found 
t o  increase w i t h  increasing gelant content. Gels flowed easi ly  through 
coiled tubes under isothermal conditions and showed shear-thinning without 

evidence of gel s t ructure degradation. Gel expulsion from tanks was found 



t o  be dependent on tank sur face area and compared favorab ly  w i t h  t h e  

expul s ion  e f f i c i ency  o f  LNG. Simulated, storage under low t o  moderate heat 

f l u x  cond i t i ons  showed l i t t l e  d i f f e r e n c e  between b o i l o f f  r a t e s  o f  LNG and 

GELNG. Gel l a t i o n  s i g n i f i c a n t l y  increased t o t a l  s p i l l  vapor i za t i on  t imes 

and' decreased maximum sp i  11 spread areas i n  unconfined s p i  11 s. Vapor iza t ion  

r a t e s  a l s o  were lower f o r  ge l s  than f o r  LNG i n  conf ined s p i l l s  on sand, 

concrete and water. A f t e r  t he  cessat.ion o f  a  small i n i t i a l  f low, 2 weight 

% ge l  under a  20 p s i  pressure showed no detec tab le  leakage through a  

simulated p ipe  crack approximately 3.8 mm x  0.6 mm. I n . c o n t r a s t ,  the  

LNG f l o w  r a t e  through t h i s  crack was 964 g/min under 10.5 p s i  d r i v i n g  

pressure. 

I n d u s t r i a l  scale product ion (11,000 ga l lons  o f  ge l  de l i ve red  i n  two 

hours) was s tud ied t o  ob ta in  a  p r e l i m i n a r y  assessment o f  t echn ica l  f e a s i -  

b i l i t y  and cost.  The concept considered invo lves  d i r e c t  i n j e c t i o n  o f  

a  gaseous ge lan t  i n t o  the  LNG as i t  i s  t r a n s f e r r e d  t o  a  t r u c k  o r  s torage 
6 tank. The incremental cos t  o f  g e l a t i o n  i s  est imated as $0.23110 Btu. 

6  Compared w i t h  a  basic cos t  o f  $4.25110 Btu, g e l a t i o n  would increase the  

cos t  o f  na tu ra l  gas approximately 5% a t  the  d i s t r i b u t i o n  p o i n t .  Th is  

est imate con t ras ts  w i t h  t h a t  o f  the  previous r e p o r t  (Report J) where the  

incremental cos t  o f  g e l a t i o n  i s  est imated as h igh  as 15%. 

Resul ts  o f  t h i s  study support the  conclus ion t h a t  g e l a t i o n  provides 

a  p r a c t i c a l  means t o  enhance LNG safe ty .  Larger scale tes ts ,  d e t a i l e d  

design e f f o r t  .and economic s tud ies  .appear j u s t i f i e d  t o  con f i rm  these 

resu l  t s  and develop p r a c t i c a l  systems. 

INSTRUMENTATION AND TECHNIQUE DEVELOPMENT 

Four r e p o r t s  a r e  i nc luded . tha t  descr ibe t h e  development o f  i ns t~umenta -  

t i o n  and the  data a c q u i s i t i o n  system t o  be used i n  upcoming LNG d ispe rs ion  

t e s t s  a t  the  Naval Weapons Center, China Lake, C a l i f o r n i a .  



Report L  - A Four Band D i f f e r e n t i a l  Radiometer f o r  Mon i to r ing  LNG Vapors 

The J e t  Propu ls ion  Laboratory (JPL) developed a  Two Band D i f f e r e n t i a l  

Radiometer (TBDR) f o r  mon i to r ing  methane t h a t  was descr ibed i n  Report J  

i n  the  f i r s t  S ta tus  Report (DOE/EV-0036). The TBDR was success fu l l y  

t e s t e d  dur ing  s p i l l  t e s t s  he ld  i n  the  f a l l  o f  1978. Fo l lowing the  1978 

t e s t s ,  i t  was recognized t h a t  a  c a p a b i l i t y  f o r  d i f f e r e n t i a t i n g  methane 

from ethane and propane i s  des i rab le .  The TBDR design was mod i f i ed  t o  

measure absorp t ion  a t  f o u r  wavelengths a l l ow ing  the  de terminat ion  o f  f o u r  

parameters o f  the  LNG cloud. The Four Band D i f f e r e n t i a l  Radiometer (FBDR) 

i s  descr ibed i n  t h i s  S ta tus  Report. Report L  prov ides d e t a i l s  o f  the FBDR 

design and est imated performance together  w i t h  a summary o f  recent  

development, t e s t i n g  and design v e r i f i c a t i o n  a c t i v i t i e s .  

The base l ine  FBDR design measures methane, ethane and propane i n  the 

spec t ra l  reg ion  2.0 t o  2.5 pm. The f o u r t h  channel i s  used t o  c o r r e c t  f o r  

v a r i a t i o n s  o f  source i n t e n s i t y  o r  broadband e x t i n c t i o n  i n  the  o p t i c a l  

path. Important  design cons idera t ions  i nc lude  weight, power requirement, . 

volume, s igna l  t o  no ise  r a t i o ,  number o f  de tec tors  and ambient temperature.' 

The performance requirements i nc lude  a  measurement th resho ld  o f  0.4% 

volume o f  any o f  the  th ree  vapors,.a range o f  th resho ld  t o  50% volume and 

an accuracy o f  0.2% o r  10% o f  concentrat ion,  whichever i s  g rea ter .  

Fab r i ca t i on  and assembly o f  the FBDR engineer ing model was completed i n  

January 1980. Routine opera t ion  o f  the  inst rument  has been achieved a t  

approximately t he  design s igna l  - to -no ise  r a t i o  o f  1  04. ' The thermal c o n t r o l  

servo system has been demonstrated success fu l l y  and absorp t ion  data f o r  

methane, ethane and propane have been c o l l e c t e d  w i t h  gas - to -a i r  r a t i o s  o f  

about 5, 15 and 30% a t  s i x  wavelengths. F i n a l  ana lys i s  o f  these r e s u l t s  

w i l l  be the  b a s i s  f o r  se lec t i ng  the f o u r  wavelengths t o  be used i n  the  f i e l d  

u n i t s .  Data a n a l y s i s  a lgor i thms and support ing sof tware have been w r i t t e n  

and .ana log - to -d ig i t a l  conversion, m u l t i p l e x i n g  and i n t e r f a c e  c i r c u i t s  a re  

i n t e g r a t e d  i n t o  the system. Design v e r i f i c a t i o n  i s  proceeding and p r e l i m i -  

na ry  t e s t  r e s u l t s  i n d i c a t e  acceptable performance. System l e v e l  t e s t i n g  

o f  t he  enginner ing model inst rument  began the  week o f  A p r i l  7, 1980. 



A product ion  pro to type w i l l  be b u i l t  and used f o r  f i n a l  system i n t e -  

g r a t i o n  tes t i ng .  The d e t a i l e d  opto-mechanical design o f  the pro to type 

sensor i s  complete and f a b r i c a t i o n  o f  o p t i c a l  and mechanical components has 

begun. The f i n a l  e l e c t r o n i c  packaging design has a l so  been s ta r ted .  F i n a l  

assembly and acceptance t e s t i n g  o f  the  product ion  pro to type u n i t  i s  scheduled 

f o r  e a r l y  June 1980. System i n t e g r a t i o n  t e s t i n g  w i t h  the  LLL data acqu is i -  

t i o n  system (See Report 0)  w i l l  be undertaken i n  mid-June a t  China Lake. 

A f t e r  v e r i f i c a t i o n  t h a t  system i n t e g r a t i o n  and o v e r a l l  design compati- 

b i l i t y  meet performance requirements, the  product ion  o f  ten  f i e l d  inst rument  

systems w i l l  begin. The i n t e g r a t i o n  o f  the ten  f i e l d  u n i t s  i n t o  the  China 

Lake System i s  c u r r e n t l y  scheduled fo r  e a r l y  September 1980. 

Report M - A Battery-Powered D i f f e r e n t i a l  I n f r a r e d  Absorpt ion Sensor f o r  - 
Methane, Ethane and Other Hydrocarbons 

Th is  r e p o r t  presents the  performance goals, design considerat ions,  

and ,physical' d e t a i l s  o f  a m i n i a t u r e  d i f f e r e n t i a l  i n f r a r e d  absorp t ion  sensor 

being developed by  LLL. The purpose o f  t h i s  e f f o r t  i s  t o  develop a small, 

p ~ r t a b l e ~ a c c u r a t e  gas sensor f o r  a r r a y  deployment du r ing  LNG s p i l l  d isper -  

s i o n  tes ts .  The sensor i s  l i g h t w e i g h t ,  battery-powered, se l f -conta ined,  

and capable of opera t ing  over the f u l l  range o f  expected gas concent ra t ions  

and i n  dense fogs created when l i q u i d  methane a t  -164OC contac ts  humid a i r  

and water. Devel opment goal s i nc lude  meeting a1 1 techn ica l  requirements 

w i t h  a sensor t h a t  can be produced inexpens ive ly  and adapted e a s i l y  t o  

o ther  purposes, such as mon i to r i ng  o the r  gases w i t h  middle i n f r a r e d  

absorp t ion  bands. 

The sensor i s  a d i r e c t  e v o l u t i o n  o f  a min ia ture ,  p o r t a b l e  Cop sensor. 

A pro to type C02 sensor mod i f ied  t o  measure methane was success fu l l y  demon- 

s t r a t e d  i n  the  1978 LNG s p i l l  t e s t s  a t  China Lake (see Report K i n  the 

f i r s t  Status Report, DOE/EV-0036). The pre'sent design a l lows i t  t o  measure 

two components, b u t  i t  can be mod i f i ed  t o  measure a d d i t i o n a l  components a t  

reduced sampl i n g  frequency. To min imize temperature e f f e c t s  and power 

consumption, a s i n g l e  source, s i n g l e  de tec to r  design i s  employed which 

inc ludes  a r o t a t i n g  c h o p p e r - f i l t e r  wheel. A complementary metal -ox ide 



semiconductor (CMOS) microprocessor interfaced wi th a fast arithmetic 

chip is used to linearize sensor output and correct for component interfer- 
ence. Specific operational design goals include a battery power requirement 
of less than 15W, less than $5 minutes warm-up time, multigas sensing 
capabi 1 i ty (0.1-1 00% methane, 0.1-25% ethane-propane) and a sampl ing rate 
of 5/second per channel. Additional goals are an optical unit height less 

3 than 1 kg and sensor head volume less than 500 cm . 
From an optics standpoint, an instrument operating on the 2'.4 pm band 

is cheaper to build because it can use readily available glass, lenses 
and an incandescent source (see a1 so Report L in this Status Report). 
However, the long paths demanded at this wavelength are incompatible with 
the requirement for operating in a. fog. For this reason, the LLL instru- 
ment was designe'd to operate in the 3.4 pm absorption band. The sensor is 
designed in two packages: a small, 1 igh.tweight. optical head. assembly and 
the electronic control and processing unit. The optical head is about 
the size of a 12-02 soft drink can. The physical layout of the electronic 
control and processing.unit is not yet settled pending completion of the 
tower data acquisition system design. Two way communication with the 
tower data station processor is expected to start, stop, and possibly 
change the averaging time of the LNG sensor. 

Two interchangeable optical absorption cells have been designed for 
the sensor with absorption path lengths of 2.5 and 25 cm respectively. 
The optical head contains a black body radiation source and an optical 
system of lenses and mirrors that focuses the source radiation on a detector 
situated behind the rotating chopper-fil ter wheel. Where significant fog 
concentrations.are expected, the long path cell is replaced by the short 2.5 
cm cell that .contains a prism instead of mirrors to complete the optical 
path in the instrument. Report M includes a summary of the electrical 
design, with details of the optical head electronics, detector, amplifier- 
filter section, peak detecting A/D converter and filter synchronization 
circuit. The motor speed controller, source controller, electronic 
control and processing package, microprocessor, arithmetic processor and 
display components are a1 so briefly described. 



C a l i b r a t i o n  o f  the  LNG pro to type has been completed us ing  standard 

gases. The sensor has been operated i n  a fog  chamber w i t h  bo th  the  l ong  

and s h o r t  path absorp t ion  c e l l s  i n s t a l l e d .  F i n a l  performance f i g u r e s  are 

n o t  y e t  a v a i l a b l e  because t h e  f i l t e r s  used i n  these t e s t s  were no t  

opt imized f o r  t h e  device. The sensor has v e r i f i e d  t h a t  methane.and ethane 

s igna ls  and the  mutual i n te r fe rence  o f  these gases show a power-law 

dependence v a r i a t i o n  i n  absorp t ion  c o e f f i c i e n t  versus concentrat ion.  

Separat ion and l i n e a r i z a t i o n  a lgor i thms us ing  these r e l a t i o n s h i p s  a r e  

now being prepared. * 

The b igges t  problem w i t h  t h e  LNG' prototyp'e cont inues t o  be opera t ion  

i n  a fog. When operated i n  t he  fog  chamber f o r  a l ong  per iod,  the.whole 

sensor becomes coated w i t h  a heavy water l a y e r  which even tua l l y  absorbs o r  

s c a t t e r s  a l l  r a d i a t i o n  from the source. Rearranging the.sensor  components 

i n t o  a mod i f ied  two-ended design i s  expected t o  a l l e v i a t e  t h i s  prob1,em. 

A drawback o f  t he  mod i f ied  design, however, i s  t h a t  t he  longer  path lengths  

needed..for accurate measurements o f  low gas concent ra t ions  a r e  longer  

than the  small high-frequency eddies f o r  which s tud ies  have been proposed. 

This  l i m i t s  t he  frequency response o f  t he  sensor a t  t he  lower concentrat ions.  

Report N - Remote Sensing f o r  Diaqnosing Vapor Dispers ion i n  . S p i l l s  o f  
L i q u i d  Energy Fuels 

ks a means o f  determining:?.the e f f e c t s  o f  .: large-scal e. LNG sp i  11 s, LLL 

i s  developing numerical  models t o  determine how the l i q u i d  spreads, vapor- 

izes,  and d isperses under vary ing  weather cond i t i ons  ' (see Reports A and H).  

I n  o rder  t o  exper imenta l l y  v e r i f y  the  accuracy o f  these models, i t  w i l l  

probably be necessary t o  conduct and diagnose f u t u r e  t e s t  s p i l l s  i n  the  
3 - 3.  200m o r  l a r g e r  range. Diagnosing planned experimental  s p i l l s  o f  40 m , - 

and subsequent s p i l l s  o f  200 m h r  more, w i  11 r e q u i r e  an ex tens ive  a r r a y  
' 

o f  i n  s i t u  inst ruments t h a t  may cos t  several  mi.11 i o n  do1 l a r s  ( s e e  Report 0 ) .  , 

Remote sensing i s  a means o f  p o t e n t i a l l y  reducing the' cost,  and/or p r o v i d i n g  

b e t t e r  coverage than t h a t  o f  a more ex tens ive  i n  s i t u  array.  Th i s  r e p o r t  

conta ins  a comparison between a "fence" o f  i n  s i t u  inst ruments proposed 
3 fo r  40-m s p i l l s  a t  China Lake and a Raman LIDAR system o f  s i m i l a r  c o s t  

designed t o  cover t he  same area o f  t h e  cloud. 



The measurement of gas concentrat ions i n  l i q u i d  energy f u e l  d ispers ion  

clouds by remote LIDAR'~) sensing i s  an a t t r a c t i v e  a l t e r n a t i v e  t o  the  use 

o f  i n  s i t u  instruments i n  regions where the  gas concentrat ion l e v e l  i s  low. 

LIDAR o f f e r s  subs tan t ia l  l y  h igher  s p a t i a l  r e s o l u t i o n  and coverage t h a t  

b e t t e r  a l lows f o r  wind va r ia t i ons .  A comparison i s  made between Raman (b 

and DIAL(') LIDAR and shows t h a t  Raman LIDAR i s  b e t t e r  s u i t e d  t o  measure the 

concen t ra t i on  l e v e l s  o f  i n t e r e s t .  The LIDAR systems are  l i m i t e d  p r i m a r i l y  

by the  opaque fog  produced by t h e  evaporat ion of a cryogenic l i q u i d  f u e l .  

The l i m i t a t i o n  i s  most severe f o r  methane, f o r  which LIDAR i s  no t  use fu l  

a t  concentrat ions above the  flarnmabi 1 i ty range. However, t he  s p a t i a l  

ex ten t  o f  the c loud i s  l a r g e  i n  low concentrat ion regions and i s  n o t  

e a s i l y  covered w i t h  an array.  

The f e a s i b i l i t y  o f  us ing Raman LIDAR on LNG s p i l l s  was evaluated i n  

a 5-m3 s p i l l  a t  China Lake i n  September 1978. The expected performance o f  

ins t rumenta t ion  suppl ied by Computer Genetics Corporat ion was v e r i f i e d ,  

and the  observed r e l a t i o n s h i p  between hydrocarbon concentrat ion and fog  

was cons is tent  w i t h  ca l cu la t i ons .  . These resu' l  t s  a re  described i n  t h i s  

r e p o r t .  

Based on t h e o r e t i c a l  and experimental evidence, LLL proposes t h a t  a 

Raman LIDAR system be b u i l t  t o  diagnose the l a r g e  volume, low concentrat ion 

reg ion  o f  40-m3 s p i l l  s. Deta i  1 s o f  the  proposed system a re  described i n -  

c lud ing  the  l a s e r  and o p t i c a l  systems. Summary desc r ip t i ons  o f  t he  rece ive r  

components i nc lude  the  telescope, analyzer, de tec tors  and t ransmission 

system. Data storage, ana lys is  and d i s p l a y  are  a l so  b r i e f l y  reviewed. 

An est imated system cos t  o f  $400,000 i s  der ived from a d e t a i l e d  ana lys i s  

o f  commercial component costs us ing  proven s ta te -o f - the -a r t  technolcgy. 

Manpower est imates o f  $70,000 per  year a re  pro jected.  

For 40-m3 s p i l l s  LIDAR i s  est imated t o  be compet i t i ve  i n  cost,  and 

sdper io r  i n  performance t o  a l t e r n a t i v e  i n  s i t u  instruments. When l a r g e r  

s p i l l s  are.conducted, a LIDAR system cou ld  r e s u l t  i n  a s i g n i f i c a n t  reduc- 

t i o n  i n  t o t a l  d iagnost ic  cost .  

( a )  LIDAR i s  a l a s e r  ranging technique named by analogy t o  RADAR. 
(b) Raman LIDAR i s  based on emission spectroscopy. 
( c )  DIAL uses d i f f e r e n t i a l  i n f r a r e d  absorpt ion. 



Report 0 - The 'LLL Data Acquisition System for Liquefied Gaseous Fuels 
Program 

Dispersion tests involving LNG spills in quantities up to 40-m3 are 
scheduled to begin in May 1980 at the Naval Weapons Center, China Lake, 
California. A data acqu.isition system is bei'ng developed for use during 
these tests by E.G.&G., Incorporated, and the Electronics Engineering 
Department of LLL. .This system will employ 51 battery-powered complementary 
metal-oxide semiconductor (CMOS) data acquisition units-to measure gas con- 
centration, wind direction and speed, temperature, humidity and heat flux. 
Stations will be located in an area approximately 500 meters wide by 2000 
meters long. Data acquired by the CMOS acquisition units will be tele- 
metered by UHF radio links to a trailer-based microcomputer command, 
control, and data recording system (CCDRS). 

The basic requirements of the data acquisition system are to (1) display 
and record wind data from 20 weather stations and 6'turbulence stations 
before, during and after the spill tests; (2) receive a starting signal 
for timing the gas sensor data acquisition system; and (3) to record data 
from 25 gas sensor stations during 'the spill tests. Gas concentration and 
temperature will be measured at three different.heights at each of the gas 
sensor stations. Some of the stations will also have humidity sensors, 
heat flux sensors, or radiometers. Measurements will be made once per 
second and the data recorded in the trailer for subsequent analysis. All 
together, approximately 700 'channels of data wi 11 be recorded for periods 
of one-half hour or more. Previous dispersion tests indicated that porta- 
bility is a necessary requirement because of the variability of wind direc- 
tion. A large area covered by the array precludes the use of power cables 
and commercial power. Battery-powered units are therefore required and 

made necessary the use of low power consuming components. 

This report describes the basic requirements and components of the 

data acqui si tion stations and the CCDRS. Commercially avai 1 able micro- 

computers, will be used in the data acquisition, data recording and display. 
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Analog s igna ls  f rom inst ruments such as thermocouples, th ree-ax is  anemometers 

and humid i ty  sensors w i l l  be d i g i t i z e d  b y  the 16 channel mu l t i p lexed  analog- 

t o - d i g i t a l  conver ter .  Power w i l l  be prov ided by g e l l e d  e l e c t r o l i t e  1 2 - v o l t  

storage b a t t e r i e s  w i t h  s o l a r  c e l l  rechargers and dc conver ters w i l l  

generate the  5 v o l t s  + 15 v o l t s  and o the r  dc vol tages requ i red  by micro-  

processors. The UHF command and data te lemet ry  system w i l l  operate i n  

t h e  406-420 MHz band. A t h ree - leve l  b i n a r y  i n t e r f a c e  has been designed a t  

LLL t o  connect the  microprocessors t o  the  r a d i o  u n i t s .  

The CMOS microprocessors w i l l  be commanded.to begin acqu i r i ng  data by  

the  CCDRS. A l l  t i m i n g  and sequencing w i l l  be c o n t r o l l e d  through the  CCDRS 

microcomputers. Each major subsystem ( the weather s t a t i o n s  , the  gas sensor 

s ta t i ons ,  and the t u r b u j e n t  s t a t i o n s ) ,  w i l l  communicate data t o  D i g i t a l  

Equipment Corporat ion LSI-11 f r o n t  end processors. Data w i l l  be s to red  on 

10-M by te  d i sc  memory u n i t s  at tached t o  these processors. Fol lowi.ng each 

t e s t ,  data w i l l  be r e t r i e v e d  from the  d i sks  and rerecorded on magnetic tape 

t o  be read on the  Livermore t ime-shar ing data processing system. A 

graphics te rmina l  w i l l  a l l o w  e a r l y  rev iew of the  recorded data f o l l o w i n g .  

each t e s t .  

The overa l - l  system design and d e t a i l e d  designs a r e  complete. ' Mu,ch o f  

t he  necessary e l e c t r i c a l  and e l e c t r o n i c  components have been ordered. 

SCALE EFFECTS EXPERIMENTS. . 
Three r e p o r t s  i n  t h i s  c a d g o r y  descr ibe  ' the r e s u l t s  o f  5-m3 LNG 

s p i l l  t e s t s  and the  experimental  p lan  and f a c i l i t i e s  o f  40-m3 s p i l l  

t e s t s  a t  China Lake, C a l i f o r n i a .  The f o u r t h  r e p o r t  presents an envi ron-  

mental ana lys i s  o f  the'proposed s i t e  fo r  a sca le-e f fec ts  t e s t  f a c i  1 i t y  

a t  Frenchman F l a t ,  Nevada. 

~ e b r t  P - Data and Ca lcu la t i ons  o f  D ispers ion  on 5-m3 LNG S p i l l  Tests 

A se r i es  o f  l i q u e f i e d  LNG s p i l l  and d i spe rs ion  experiments was 

c a r r i e d  ou t  i n  t he  f a l l  of 1,978 a t  t h e  Naval Weapons Center, China Lake, 
. . 

C a l i f o r n i a .  Nominal ly '5-m3 LNG were s p i l l e d  onto a water pond under wind 

cond i t i ons  from 3 t o  10 m/s. The p r i n c i p a l  reasbn f o r  LLL p a r t i -  

c i p a t i o n  was t o  evaluate gas concent ra t ion  measuring .devices which may be 



used in future larger scale spill experiments. This instrument evaluation 

effort was described in the first LGF Program Status Report (Report K, 

DOE/EV-0036).  hi s report presents di spersi on data taken during the 
 experiment,^ and compares these data with, calculations niade using the 
ATMAS computer model . 

Each of four experiments invol.ved the release of LNG through an 8-inch 

pipe onto a pond of water at a rate of approximately 5-m3/min. A typical 
experiment lasted from 2 to 3 minutes from the beginning of the LNG release 
until the trailing edge ofthe vapor cloud passed thelastsensor. Data were 
collected for about 5 minutes in each experiment. Comparison of the measured 
concentration data .with model predictions was significantly hindered by 
fluctuations of.the wind speed and direction during the experiment. Most 
transport models assume a constant wind velocity. Wind speed varied by 
as much as a factor of 3 and direction. shifted up to 60° during a single 
test. To overcome this difficulty, plume dispersion was simulated using 
the ATMAS compu'ter model. This atmospheric transport model generates a 
three-dimensional time-varying wind field from the 'wind velocity data 
taken during the experiments. Although the ATMAS model has significant 
deficiencies when applied to LNG vapor cloud dispersion, the simulations 
were generally quite good and provided a useful tool for interpreting 
field data and understanding the effects of wind variations on the vapor 
pl ume. 

Experimental results are presented for each of the four spill tests. 
Comparisons are made between the different instruments at each station and 

between the experimental data and the predjctions of the ATMAS code. 

The very sparse array of gas sensors used in the test series did not 
allow the gener,ation of experimental concentration~contours % .  but required 
,point-by-point comparisons at specific stations. Steep gradients in 
the vicinity of some of the measurement stations may have exaggerated 
the differences between calculations and experiment. Where comparisons 
were possible, the predictions of the ATMAS -code were often in reasonable 
agreement with the experimental data, although exceptions did occur. 

These experiments were successful in their primary purpose of eval uati ng 

the gas sensors and showed clearly the need for a large array of instruments 
. . 

q x., , 1 I 
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t o  measure bo th  gas concent ra t ion  and the wind f i e l d .  The a r r a y  being 
b u i l t  f o r  the  1980 40-m3 s p i  11 experiments (see Report 0 )  i s  based on t h i s  

know1 edge. 

3 Data from the  5-m s p i l l  t e s t s  a l s o  prov ided in format ion about the 

d i spe rs ion  process. Estimates of the  d i spe rs ion  c o e f f i c i e n t s  were 

ob ta ined by comparison w i t h  data from s t a t i o n s  a t  the  edge o f  the  plume. 

The ho r i zon ta l  d i spe rs ion  c o e f f i c i e n t  was found t o  correspond t o  s t a b l e  

atmospheric cond i t i ons  as de f ined by the  P a s q u i l l - G i f f o r d  d i spe rs ion  cate-  

gor ies .  The v e r t i c a l  d i spe rs ion  c o e f f i c i e n t  was determined from gas con- 

c e n t r a t i o n  data and was a l s o  found t o  correspond t o  s t a b l e  cond i t ions .  The 

v e r t i c a l  d ispers ion  c o e f f i c i e n t  was found t o  be n e a r l y  the same i n  a l l  f o u r  

experiments desp i te  considerable change i n  wind speed. 

Wind speed v a r i a t i o n s '  have a  s i g n i f i c a n t  e f f e c t .  on source parameters. 

The LNG pool s i z e  was found s e n s i t i v e  t o  wind v e l o c i t y .  A s i g n i f i c a n t  

r e s u l t  o f  these experiments was the  f i r s t  f i e l d  v e r i f i c a t i o n  o f  d i f f e r e n t i a l  

b o i l o f f .  The data i n d i c a t e  t h a t ,  under c e r t a i n  wind cond i t ions ,  p a r t  o f  the 

gas enr iched i n  ethane and propane can propagate some d i s tance  downwind. 

Overa l l ,  these experiments' i n d i c a t e  t h a t  a  good d e s c r i p t i o n  o f  the  vapor 

source as a  f u n c t i o n  of t ime w i l l  be necessary i n  o rder  t o  reproduce the  

downwind behavior o f  the  vapor plume. Th is  w i l l  r e q u i r e  b e t t e r  measurements 

o f  l i q u i d  spread and b o i l o f f  r a t e  and an improved computer model. 

Report Q .- Experimental Plan f o r  40-m3 L i q u e f i e d  Natura l  Gas (LNG) 
D ispers ion  Tests 

Th is  r e p o r t  descr ibes the. LNG vapor generat ion and d i spe rs ion  exper i -  

ments t o  be conducted L L L . i n  1980-1981 a t  China Lake. These experiments 

together  w i t h  a  se r ies  o f  pool f i r e s  and vapor burns (see Report R) a r e  a  

j o i n t  e f f o r t  between LLL and the  Naval Weapons Center (NWC). The exper i -  

ments w i l l  be i n t e n s i v e l y  instrumented so t h a t  s u f f i c i e n t  q u a n t i t a t i v e  

data a re  gathered t o  ga in  an understanding o f  the  phys ica l  phenomena 

invo l ved  and t o  make d e t a i l e d  , . comparisons w i t h  computer and wind tunnel  
, : *  

models. The a n t i c i p a t e d  r e s u l t  o f  t h i s  e f f o r t  i s  t he  experimental  v e r i -  

f i c a t i o n  o f  computer models app l i cab le  t o  f u l l - s i z e  s p i l l s .  The 40-m 3 

s p i l l s  planned i n  t h i s  t e s t  se r i es  are  the  minimum s ize-  i n  which the  



d i spervsiny LNG vapor c l  oud i s expected t o  i n f  1 uence the  atmospheric boundary 

l a y e r  i n  a manner s i m i l a r  t o  t h a t  o f  a l a r g e  s p i l l .  Data requirements f o r  

t he  measurement o f  gas concentrat ion,  temperature, heat f l u x ,  pool spread, 

vapo r i za t i on  ra te ,  wind f i e l d ,  and humid i ty  a r e  presented. 

The major goal o f  the  experimental  program i s  t o  measure gas concentra- 

t i o n s  downwind of the s p i l l  p o i n t  f o r  a se r ies  o f  wind speed and s t a b i l i t y  

cond i t ions ,  s p i l l  s izes  and s p i l l  ra tes .  Ea r l y  i n  the  program the  vapor 

source w i l l  be charac ter ized by the  measurement o f  gas concent ra t ions  

c lose  t o  the  s p i l l  po in t ;  l a t e r ,  d i r e c t  measurements o f  t he  pool i t s e l f  w i l l  

be made. Concentrat ion f l u c t u a t i o n s  w i l l  be examined as a f u n c t i o n  o f  down- 

wind d is tance and atmospheric cond i t ions ,  i n c l u d i n g  the s i g n i f i c a n c e  o f  

these f l u c t u a t i o n s  on c loud f l ammab i l i t y .  The i n h i b i t e d  v e r t i c a l  mix ing  

t h a t  r e s u l t s  from the h igh-dens i ty  o f  the c o l d  c loud i s  a,n impor tan t  
1 .  

e f f e c t  t h a t  w i l l  be i nves t i ga ted  f u r t h e r .  Measurements o f  heat  f l u x ,  

temperature, and water content  w i  11 be used t o  determine the  energy balance 

i n  the  c loud and i t s  e f f e c t s  on c loud d i spe rsa l .  The pers is tance o f  the  

downwind reg ion  enr iched i n  heavy hydrocarbons w i l l  a l s o  , .  be inves t i ga ted .  

I n  a d d i t i o n  t o  the d i spe rs ion  and vapor generat ion data needs, t he re  

a re  opera t ion  data requirements. The NWC team, as operators of the  s p i l l  

f a c i l i t y ,  w i l l  record  the  s p i l l  volume, s p i l l  dura t ion ,  LNG composit ion, and 

n ~ e t e o r b l o ~ i c a l  tower data. The NWC w i  11 a1 so prov ide  photographic coverage ' 

o f  t he  experiments. 

Report Q prov ides d e t a i l s  o f  inst rument  c a p a b i l i t i e s ,  s t a t i o n  , requi re-  

ments and the  data a c q u i s i t i o n  system. These sec t ions  i n  t h i s  r e p o r t  

together  w i t h  the  data a c q u i s i t i o n  system d e s c r i p t i o n  i n  Report 0 prov ide  

a comprehensive summary d e s c r i p t i o n  o f  LLL experimental  c a p a b i l i t i e s  a t  . 

China Lake. 

The experimental  program w i l l  c o n s i s t  of several  t e s t  se r i es  each w i t h  

a number o f  experiments and d i f f e r e n t  ob jec t i ves .    he f i r s t  two se r ies  

w i l l  c o n s i s t  o f  about t h i r t y  d i spe rs ion  experiments. The most impor tan t  

experiments w i l l  at tempt t o  determine gas concent ra t ion  contours w i t h i n  

the  gas c loud w i t h  va ry ing  s p i l l  r a tes ,  s p i l l  volumes and wind and 



stability conditions. The second series will address source definition and 
near-field dispersion. Direct measurements will be made of LNG pool spread 
and vaporization rate at the water surface. This will allow the estimation 
of source parameters such as boiloff rate, rate of vapor movement up the 
hill, and rate of air entrainment for the gas emerging from this area., 
It will be desirable to make both near and far-field dispersion measurements 
during each experiment. Consequently, ten gas sensors and three anemometer 
stations will be left in the far-field configuration to provide a correla- 
tion between the two series of experiments. 

Six stations will be used for fast response measurements to provide 
information on turbulence. The turbulence stati0n.s wi 11 be scattered 
throughout the cloud. . Later in the experimental series, it may be desirable 
to make correlations between turbulence and gas mixing at various specific 
locations within the dispersing cloud. It is expected that turbulence will 
be investigated when more fast response stations are added to the array, 
making it possible to densely instrument a small portion of the cloud. 
This dense array of instruments can then be moved to other parts of the 
cloud in a series of experiments designed to investigate turbulent mixing 
as a function of downwind distance. Measurements of the time dependence 
of the pool radius and evaporation rate will be attempted when appropriate 
instrumentation and techniques are available. Final.ly, a series of experi- 
ments similar to those performed in water will be performed for spills on 
land. This series of experiments will be less extensive and use knowledge 
gained from the previous experiments. 

Report Q provides a detailed summary of the measurements to be made 
and the instruments to be used including their number, location, and per- 
formance characteristics. A schedule for the 1980 experimental series is 

also provided. These experiments are expected to begin in early May and 
continue through September at China Lake. 

Report R - China Lake 40-m3 LNG Spill Facility 
This report describes the LNG spill facility'at the Naval Weapons Center 

(NWC), China ~ake, California which has been expanded to carry out 40-in3 
LNG spill tests and outlines the proposed spill tests planned for this 
faci 1 i ty. 



The u l t i m a t e  purpose o f  the  LNG s p i l l  s tud ies  i s  t o  be able' t o  model 
3  the  e f fec ts  o f  s p i l l s  up t o  25,000 m such as t h a t  r e s u l t i n g  from the  

poss ib le  rup tu re  o f  one compartment o f  an LNG tanker .  , The approach 4s tb 
3 conduct LNG s p i l l  t e s t s  of  p rog ress i ve l y  i nc reas ing  s i z e  from 5  m . u p  t o  

3  3  several hundred m . S p i l l  t e s t s  of  5 m have been conducted a t  the'NVC 

f a c i l  i t y  . w i t h  LNG, 1  i q u e f i e d  petroleum gas, gas01 i n e  and 1  i q u i d  nitrogen:. 

These t e s t s  have been used t o  develop models and sca l?  ng laws. The nex t  se r i es  
3  of t e s t s  w i  11 be i n  t he  40 t o  100 m range. The i r  purpose i s  t o  v e r i f y  the  

s c a l i n g  laws developed t o  date and t o  p rov ide  design and s a f e t y  c r i t e r i a  . f o r  

a  l a r g e r  sca le -e f fec ts  t e s t  f a c i l i t y .  

Operat ion o f  the  40-m3 f a c i l i t y  w i l l  be s i m i l a r  t o  t h a t  o f  t he  5-m3 

f a c i l i t y .  The 5-m3 t e s t  f a c i l i t y  has been mod i f i ed  by a d d i t i o n  o f  l a r g e r  

tanks t o  g i v e  i t  a 40-m3 s p i l l  c a p a b i l i t y .  The LNG w i l l d b e  fo rced  out  o f  

a vacuum- jacketed tank by pressur ized n i t rogen.  Heat sh ie lds  ' w i  11 p r o t e c t  

both the  5.3 and the  40-m3 tanks. The t e s t s  w i l l  be conducted remotely  

from the c o n t r o l  van l oca ted  250 m northwest o f  the  tank. The pond was 

modi f ied  s l i g h t l y  t o  be more c i r c u l a r  i n  shape, and the  slopes of a l l .  b u t  

t h e  south bank were smoothed t o  p rov ide  l e s s  t u r b u l e n t  wind f l o w  over t he  

basin. ' I n i t i a l  check-out o f  the  p ressu r i za t i on -ven t  system w i l l  be done 

w i t h  gaseous n i t rogen.  Th i s  w i l l  be fo l l owed  by th ree  5-m3 l i q u i d  n i t r o g e n  

s p i l l  t e s t s  t o  check ou t  f a c i l i t y  operat ion.  

; Three types b f  LNG on water s p i l l  t e s t s  w i l l  be conducted. ~ n ,  i n i t i a l  
3  se r i es  o f  two 5-, one 20- and one 40-m s p i l l s  w i l l  be undertaken t o  check 

ou t  the  f a c i l i t y  and ins t rumenta t ion  and t o  make rad iomet r i c  measurements' 

o f  pool f i r e s .  The second se r ies  w i l l  c o n s i s t  o f  s i x  20- and s i x  40-1113 

s p i l l s  conducted by LLL t o  determine d i spe rs ion  c h a r a c t e r i s t i c s  under d i f -  

f e r e n t  atmospheric s t a b i  1  i ty cond i t ions .  The f i n a l  t e s t  se r i es  i s  planned 

w i t h  one 5-, 15- and 20-1113 s p i l l  and f o u r  40-m3 s p i l l s  t o  make rad iomet r i c  

measurements and determine premixed flame c h a r a c t e r i s t i c s  o f  LNG vapor f i r e s .  



Report S - Technical In fo rmat ion  f o r  Environmental Ana lys is  o f  1000-m3 
LNG S p i l l  Test E f f e c t s  a t  Frenchman F l a t ,  Nevada 

The environmental e f f e c t s  o f  LNG s p i l l  t e s t s  a t  the  proposed n a t i o n a l  

LNG t e s t  s i t e  have been analyzed by LLL. A t o t a l  o f  69 Federally-owned 

f a c i l i t i e s  were evaluated as s i t e s  f o r  t h i s  LNG f i e l d  t e s t  f a c i l i t y .  A 

d e t a i l e d  environmental e f f e c t s  ana lys i s  was conducted f o r  the  most l i k e l y  

candidate l oca t i on ,  the Frenchman F l a t  basin.  A cursory  examination o f  

p o t e n t i a l  environmental impacts was done f o r  the o the r  e i g h t  f i n a l  candi-  

date s i t e s  as described i n  Appendix A o f  Report S. The est imated environmental 

impact o f  t e s t s  a t  Frenchman F l a t  was compared t o  t h a t  f o r  each o f  the  

o t h e r  f i n a l  e i g h t  candidate s i t e s .  A comparison was a l s o  made t o  determine 

whether impacts s i m i l a r  i n  na ture  and magnitude t o  those est imated f o r  

LNG t e s t s  were accounted f o r  i n  e x i s t i n g  environmental impact statements 

f o r  Frenchman F l a t .  The EIS 's  f o r  both the Nevada Test  S i t e  and N e l l i s  A i r  

Force Range were considered because the  LNG t e s t s - w o u l d  impact bo th  s i t e s .  

The i n i t i a l  screening o f  69 p o t e n t i a l  s i t e s  f o r  t he  LNG f i e l d  t e s t  

f a c i  1 i t y  inc luded '  f a c i  1 i t i e s  having areas g rea te r  than 64 km2 owned by 

the  DOE and the  m i l i t a r y .  Th is  screening e l im ina ted  a l l  b u t  n ine  s i t e s  

on t h e  bas i s  of unfavorable sa fe ty ,  cost ,  atmospheric cond i t i ons  and o the r  

ex te rna l  cons t ra in t s .  When one s t rong reason was found f o r  r e j e c t i n g '  a 

g i ven  s i t e ,  i t s  s u i t a b i l i t y  w i t h  regard t o  o ther  c r i t e r i a  was o f t e n  n o t  

examined. Therefore, t he re  may be o the r  reasons besides those shown f o r  

r e j e c t i n g  some of the  s i t e s .  ..The n ine  s i t e s  remai.ning a f t e r  t h i s  i n i t i a l  

screening were examined f u r t h e r  us ing  a v a i l a b l e  in fo rmat ion .  Four o f  the 

remaining s i t e s  were e l iminated 'because they were judged t o  be envi ron-  

men ta l l y  more s e n s i t i v e  than Frenchman F l a t  t o  proposed energy t e s t s .  

Four s i t e s  (White Sands M i s s i l e  Range; H i l l  A i r  Force Range, Wendover 

A i r  Force Range, and China Lake Naval Weapons Center) were judged t o  

e'ntai 1 s i m i l a r  envi ronmental impacts t o  those expected a t  Frenchman F l a t .  

More d e t a i l e d  s tud ies  would have t o  b e  made o f  these f o u r  s i t e s  t o  conf l rm 

t h i s  judgment. However, because o ther  f a c t o r s  such as c o s t  and l o g i s t i c s  

were judged t o  be l e s s  s a t i s f a c t o r y  f o r  these f o u r  s i t e s ,  i t  i s  recommended 

t h a t  the  Frenchman F l a t  be se lec ted  f o r  the l o c a t i o n  o f  the l a r g e r  

sca le -e f fec ts  t e s t  f a c i l i t y .  I n  o rder  t h a t  a more q u a n t i t a t i v e  ana lys i s  
3 

cou ld  be made, t h i s  study se lec ted  a s p i l l  s i z e  o f  1000 m . This i s  

be1 ieved t o  bound the  s p i l l  s i z e  - u l  t i m a t e l y  .deemed necessary i n  t he  

scal  e-effects study. 1-34 



I .2.2 Other Liquefied Gaseous Fuels 

The large effort devoted to.LNG research in the LGF Assessment Program 
has been motivated by the identification of a need for this research to 
understand LNG behavior in the event' of an accidental release. Many insights 
gained and techniques developed in this research are applicable to other 
liquefied fuels.'and energy materials. The balance of the LGF Assessment 
program includes research activities that complement the knowledge derived 
from the LNG studies and address specific safety and environmental 
concerns associated with liquefied petroleum gas (LPG), ammonia.and 
hydrogen energy systems. Reports T through Y in Volume 3 describe this 
effort. Summaries of these reports, grouped.according to energy material 
are presented below. 

LIQUEFIED PETROLEUM GAS .. 

Report T - Simul taneous Boi 1 ing and Spreading of ~iquef ied' Petroleum Gas 
(LPG) on Water r .  

The objectives of this project, performed by the Massachusetts Insti- 
tute of Technology, are to experimentally measure boiling and spreading 
rates of LPG on water and to develop an analytical model to describe the 
phenomena involved. A discussion of existing boiling/spreading models and 
the related literature was reported in the first Status Report (See Report 
S in DOE/EV-0036). This report describes the effort of the past year which 
has been devoted primarily to the design, fabrication, testing and modifi- 
cation of the experimental components. The project is currently in the 
final phase of apparatus construction. 

One-dimensional boiling and spreading tests are to be conducted by 

spilling LPG or a similar liquid into a long, narrow.water trough built 
from Plexiglas tubing. The hydrocarbon vapor generated is ducted to a hood. 

The water, spilled liquid and vapor.temperatures are monitored by a set 
of chromel-constantan thermocouples. A high-speed camera'will be used to 
record the movement of the LPG. If the cryogen is spil'led directly onto 
the water surface, the impact would cause undesirable wave motion and wave 



r e f l ec t i on  from the. f a r  end. -+ A d i s t r i b u t o r  has been designed t o  minimize 

t h i s  disturbance, and a packing o f  s ta in less  s tee l  wool i s  placed a t  the 

end o f  the trough t o .  prevent wave re f lec t ion. .  E ight  vapor sampl i ng  s ta t ions 

are posit ioned. along the trough. Each o f  these.s ta t ions has 'the capaci ty 

t o  eol 1 ect: six 'sepasate PCkpbr siarnp1.e~. i n  an' a r ray  o f .  g l  a'ss.:sampl. i.ng bulbs . 
Local boi  1 -o f f  r a tes  o f  the .LPG w i  11 be monitored using an l n e r t  t racer  

gas - and. a. temperature,. programmab.le. gas. chromatograph:to. analyze'. va.por samples . 
The temperatures and e compositions o f  the vapor w i l l  provide necessary i n f o r -  

mation t o  determine the mass bo i l ed  o f f  as a funct ion o f ,  time and posi- 

t i o n  along the trough. 

The spyeading o f  LPG on water i s  analogous t o  a la rge  extent  t o  the 

spreading o f  an o i l  s l i c k  on water. The major d i f fe rence  between' the two 

processes i s  the associated mass loss due t o .  the evaporation o f  LPG. 

Several pentane s p i l l s  were made t o  study the spreading o f  a non-vo la t i l e  

1 i q u i d  on water. The experiment showed . tha t  the e a r l y  spre.ading o f  pentane 

on water agrees we1 1 w i t h  the pred ic t ions o f  one-dimensional spreading 

developed in. a theore t i ca l  model by Fannelop and Waldman. Data co l lec ted  

show t h a t  the dimensionless spreading distance i s  proport ional  t o  the 

dimensionless t ime ,raised t o  the 213 power. 

Several 1 i q u i d  n i t rogen s p i l l s  were performed t o  study the e f f e c t  o f  

b o i l i n g  on the spreading process. The general shape o f  a l . i qu id  n i t rogen 

s p i l l  on water i s  a t h i c k  spreading f r o n t  fol lowed by a thinner'  t a i l  as 

observed i n  the pentane s p i l l s .  Report T compares the spreading time/ 

distance data o f  l i q u i d  n i t rogen a n d  pentane s p i l l s  w i t h  the same i n i t i a l  

volume. ' Theory would p r e d i c t . t h a t  l i q u i d  n i t rogen spreads much slower 

than pentane. However, bubbles o f  evaporated n i t rogen a1 t e r  the dens i ty  

e f f e c t  o f  the l i q u i d  n i t rogen  layer.  This may exp la in  the l a rge r  than 

expected 1 i q u i d  n i t rogen spreading ra te .  The experimental da'ta from 1 i q u i d  

n i t rogen s p i l l s  were compared w i t h  the p red ic t ion  o f  Raj Is' model. The 

model appears t o  underestimate the spreading d i  stance. However, i t i s  

l i m i t e d  by the assumption o f  a constant b o i l i n g  ra te .  



Plans for future work include completing the fabrication of the spill 
apparatus and conducting further nitrogen spills to thoroughly test and 
check-out the experimental equipment. Both instantaneous and continuous 
spills of liquid pr0pan.e and LPG will.be carried out in the volume. range 
from 0.5. to 3 liters. A goal of this effort is to use the experimental 
data to develop an analytical model which will be the basis of estimating 
potential hazards resulting from larger LPG accidental .spi 1.7 s. 

Report U - LPG Safety Research 
The goals of LPG Safety Research being conducted by the Applied 

Techno1 ogy Corporation (ATC) incl ude the analysi s of LPG transportation 
hazards and the evaluation of fire fighting agent effectiveness. Other 
objectives are to measure radiant fluxes from LPG fires; to determine boil- 
off rates for LPG spills on solid surfaces and to measure vapor concentra- 
tions downwind of small to medium scale spills. The LPG Annotated Biblio- 
graphy included in Volume 1 of this Status Report was also prepared 
as part of this effort. Report U describes the marine hazard analysis, 
the fire fighting agent effectiveness evaluation, and some of the small 
scale boi loff tests. 

This report contains a summary description of LPG vessel design, 
operations and- fire protection systems. The fire protection philosophy for 
LPG ships .includes' fire prevention, control and extinguishment and damage 
ootential reduction. If a fire occurs, it may be controlled, extinguished 
or allowed to bu.rn out. Only small fires can be extinguished reliably, 
a dry chemical being the best .agent for most situations. Fires may be 
control ied using high-expansion foams. Generally, LPG fires should be 

extinguished only after the spill is. finished and the flow of products 
stopped to avoid the possibility of reigni tion. Water sprays may be used 
for cooling as a damage control measure; however, water cannot be use.d on' 
.LPG'fires directly because it increases the fire size by increasing 
boiloff rates. 



Fault-tree analysis was used t o  estimate the probability of LPG 

releases. The goal of th i s  analysis was to  estimate the probability 
of events that  e i ther  d i rec t ly ,  or as the in i t i a t ion  of a larger event, 
might endanger the public or operators. The highest . r isk appears to  be 
when the vessel i s  i n  port or transversing an inland waterway. The major 
emphasis of th i s  analysis i s  on dockside operation when a tankship i s  
unloaded. Results of the fau l t - t ree  analysis,  showing sp i l l  probabi,lity 
per t ransfer  versus sp i l l  s ize  i n  gallons are presented for  both 
tanker 'and barge t ransfer  operations. The sp i l l  probabili t ies for  tankers 
and barges are about the same, a conclusion which i s  generally supported 
by other estimates found i n  the l i t e ra tu re .  Even when the sp i l l  probability 
i s  large,  i t  does not necessarily follow that  the operation i s  especially 
dangerous. Small s p i l l s ,  less  than 10 gallons i n  s ize ,  which occur i n  more 
than half of a l l  t ransfers  appear to  have very low ignition probabili t ies.  
Spi l l s  involving more than 100,000 gallons of LPG are essent ial ly  certain 
to  be ignited. Ignition probabili t ies versus s p i l l  s ize  are  calculated 
i n  the absence of col l is ion events. The ship col l is ion contribution i s  
omitted.because i t  makes the f i r e  probabi.lity estimates appear higher than 
they rea l ly  are  a t  the terminal. 

Fire damage and personnel injur ies  a re  related to  f i r e  size.  Fires 
resulting from s p i l l s  of less  than 10 gallons are  unlikely to  cause sub- 
s tan t ia l  damage or r e su l t  i n  f a t a l i t i e s .  Fires involving thousands of 
gallons are  nearly certain to  cause substantial damage and are  quite l ikely 
t o  r e su l t  in f a t a l i t i e s  and serious injur ies .  The overall probability of a 
operator f a t a l i t y  i s  estimated to  be i n  the range of to  per 
t ransfer  operation. A f a t a l i t y  probabil i t y  fo r  the general public is  
much lower because of the great separation from,the t ransfer  area. The 
" boi 1 ing' 1 i qu id  expanding vapor explosion" (BLEVE) ha's occurred fo l l  owing 
L P ~  r a i l ca r  derailments. This could possibly occur in barge 
operations because the cargo i s  pressurized.   ow ever, no f i r e s  a t  barge 
t ransfer  f a c i l i i i e s  tha t  resulted in BLEVES have been recorded. BLEVES 

cannot occur d u r i n g  operations with fu l ly  refrigerated LPG cargoes because 
a1 1 operations involve using 1 iquids tha t  are  saturated hear atmospheric 
pressure. 



Two t e s t s  were run  t o  measure the  b o i l o f f  r a t e  o f  LPG f o l l o w i n g  a 

r a p i d  sp i  11 onto concrete,. polyurethane foam, and a sand-soi 1 mix. The 

pred ic ted bo i  1 o f f  r a t e  and q u a n t i t y  remaining was based on a f i l m  ' c o e f f i c i e n t -  

l i m i t e d  model o f  heat t r a n s f e r  by conduction through the  concrete w i t h  

a d d i t i o n a l  terms represent ing  atmospheric convecti.on, s o l a r  r a d i a t i o n ,  and 

sens ib le  heat from the coo l i ng  o f  the  LPG. Agreement between the  exper i -  

mental r e s u l t s  and t h e o r e t i c a l  p red ic t i ons  was obtained. Burning r a t e s  

were found t o  vary  w i t h  f i r e  s i z e  and. t o  a l esse r  ex ten t  w i t h  wind speed. 

Not enough data were obtained t o  prov ide  q u a n t i t a t i v e  r e l a t i o n s h i p s .  

However, maximum burn ing r a t e  i nd i ca ted  i s  about 0.45 inch  per  minute and 

i s  reached w i t h  f i r e s  l a r g e r  than 20 f e e t  wide. I f  the  f u e l  i s  i g n i t e d  

before  the  ground i s  w e l l  f rozen, the  burning r a t e  can,be s u b s t a n t i a l l y  

h igher  because o f  more rap' id b o i l - o f f .  

As p a r t  o f  t he  experimental e f f o r t  conducted by ATC, about 100 t e s t s '  

were run on f ree-burning LPG f i r e s  t o  determine t h e  q u a n t i t i e s  o f  f i r e  

f i g h t i n g  agent t h a t  i s  requ i red  t o  con t ro l  o r  e x t i n g u i ~ h  a f i r e .  Tests 

us ing  h igh  expansion foam were r u n  on f i r e s  i n  5-, l o - ,  2.0-, and 40- foot  

square p i t s .  F i r e s  were al lowed t o  burn f r e e l y  f o r  a t  l e a s t  a minute a f t e r  

i g n i t i o n  so t h a t  t he  burning r a t e  could reach a steady r a t e  before  e x t i n -  

guishment was attempted. It was found t h a t  LPG f i r e s  can be c o n t r o l l e d  

b u t  n o t  ext inguished by the  a p p l i c a t i o n  o f  h igh  expansion foam. To prov ide 

c o n t r o l  w i t h i n  a few minutes, a p p l i c a t i o n  r a t e s  i n  the  range o f  0.1 t o  
2 0.15 ga l /m in - f t  a t  an expansion r a t i o  o f  500 t o  1 were required.  The wide 

v a r i a b i l i t y  experience w i t h  LNG f i r e s  i n . t h e  e f fec t i veness  o f  var ious  types 

o f  foam was demonstrated w i t h  LPG. 

Three types o f  d r y  chemical were used: sodium bicarbonate, potassium 

bicarbonate, and urea-potassium bicarbonate. The chemicals were app l i ed  from 

f i x e d  nozzles located along the  s ides o f  the  t e s t  p i t s .  A l l  the d r y  

chemical agents were found e f f e c t i v e  i n  ex t i ngu ish ing  LPG f i r e s ,  the  sodium 

bicarbonate being l e s s  e f f e c t i v e  than the  o ther  two agents. However, t he  

sodium bicarbonate i s  an a t t r a c t i v e  choice on the bas is  o f  cos t  and 

range f o r  l a r g e  f i x e d  systems discharging a t  h igh  ra tes .  



There i s  a minimum a p p l i c a t i o n  r a t e  below which f i r e s  cannot be 

ext inguished by  d r y  chemicals. P a r t  of the ext inguishment mechanism i s  

absorp t ion  o f  f r e e  r a d i c a l s  o f  t h e  combustion chain. Minimum a p p l i c a t i o n  
r a t e  i s  apparent ly  r e l a t e d  t o  t h e  average f r e e  r a d i c a l  concent ra t ion  i n  

t h e  flame. There i s  a l s o  a minimum a p p l i c a t i o n  t ime below which the f i r e  

w i l l  n o t  be ex t ingu ished even f o r  very h igh  powder a p p l i c a t i o n  ra tes .  This  
minimum a p p l i c a t i o n  i s  apparent ly  r e l a t e d  t o  the  t ime requ i red  t o  mix 

powder and flame. Minimum ext inguishment t ime f o r  a l l  powders was about 

t h e  same, between 2 and 3 seconds. Higher powder a p p l i c a t i o n  r a t e s  are  

requ i red  fo r  LNG f i r e s  than LPG f i r e s .  P r a c t i c a l  ext inguishment systems 

can'be designed f o r  LPG p rov id ing  'care i s  taken so t h a t  r e i g n i t i o n  i s  

prevented. 

Report V - Sta te-o f - the-Ar t  o f  Release Prevent ion and Cont ro l  Technology 
i n  t he  LPG I n d u s t r y  

P a c i f i c  Northwest Laboratory (PNL) i s  conduct ing a study t o  i d e n t i f y  

poss ib le  knowledge gdps i n  the  safety and environmental c o n t r o l  o f  p'roces- 

s ing,  storage.and t r a n s p o r t i n g  LPG. The ob jec t i ves  o f  t h i s  assessment i nc lude  

the  i d e n t i f i c a t i o n  o f  areas where a d d i t i o n a l  work may be needed and the  

recommendation o f  s p e c i f i c  research and development s t ra teg ies .  Release 

prevent ion  i s  t he  pr imary a c t i v i t y  f o r  avoidi.ng uncon t ro l l ed  LPG"spi1 ls  and 

the  at tendant  p o t e n t i a l  hazards. Release c o n t r o l  encompasses a c t i v i t i e s  

which l i m i t  t he  e f f e c t s  o f  a p o t e n t i a l  s p i l l  i f  re lease prevent ion  methods 

f a i l .  An understanding o f  c u r r e n t  re lease prevent ion  and re lease c o n t r o l  

c a p a b i l i t i e s  i s  an impor tan t  b a s i s a ' f o r  t h e  PNL assessment. 

Th is  r e p o r t  presents a s ta te -o f - t he -a r t  summary'.of re lease prevent ion  

and c o n t r o l  technology i n  the  LPG i n d u s t r y  performed by  B a t t e l l e  Columbus . 
Labora tor ies  i n . s u p p o r t  o f  the  PML assessment e f f o r t .  A summary o f  

re lease  prevent ion  and c o n t r o l  methods and regu la t i ons  i s  prov ided fo r  

p ipel . ine,  r a i l  road and t r u c k  t r a n s p o r t a t i o n  and consumer storage. The 

acc ident  record  f o r  each o f  these elements i s  discussed, together  w i t h  

design and cons t ruc t i on  p rac t i ces ,  operat ions and mai,ntenance and research 

development a c t i v i t i e s .  



In pipeqine transportation, most developments which contribute to 

release prevention are -grciUped i n  three .categories : . the improvement 
of material s, understanding accidental release causes, and the development 
of better operating practices. The analysi s of previous pipel ine accident 
history. has been used. by the Department of Transportation' to include 
several new release prevention requirements in. recent rulemaking. These 
include requirements for irnp.roved.quality control of materials, system 

pressure testing , review of shutdown. and emergency response, .procedures 
and cooperative notification plans. 

Accidents involving the railroad transportation of LPG often result 

in boi 1 ing 1 iquid expanding vapor explosions (BLEVE's). Fol lowing a 
number of tankcar ruptures in 1969, a research project was inittated 
known as the "Railroad Tankcar Safety Research and Test Project". This 
project, consisting of 15 phases, provided a basis for recent regulatory 
actions requiring thermal shields, shelf couplers and head shields on LPG 
rajlroad tankcars. When fleet installation of these items is complete, 
the quality of LPG release prevention in the railroad environment can be 
expected to improve. 

Truck accidents involving the r.elease of LPG occur mainly in three 
situations: during loading and unloading operations, in repair garages, 
and in collisions or other,accidents on the road. Release prevention 

research in connection with LPG trucking has involved analysis of accident 
data for the purpose of discovering causes. Human error has'been identi- 

fied in many cases. Recent rulemaking identifies several approaches for 
improving LPG release prevention in truck transportation. These include 

the tightening of equipment performance and compliance requirements for 
tank structural components, valves, supporting and anchoring devices and 
other fittings. 

The LPG industry serves about 18 million customers, and it is esti- 
mated that roughly 60 mil 1 ion people use. LPG in one way or another. There 

appears to 'be no single agency or private organization which has assembled 
comprehensive statistics on accident experience with consumer LPG equipment. 



The National Bureau of Standards recently i.nvestigated incidents involving 
injur ies  associated with LP gas tanks and f i t t i n g s  in the s ize range 20 

t o  100 pounds. The conclusion of th i s  study was tha t  code requirements 
for  devices such as release valves, regulators, shut-off valves, plugs, 

1evel.gauges and.pressure gauges were generally satisfactory. However, 
questions were raised about the adequacy of release valve pressure 
requirements and standards fo r  requalifying cylinders, par t icular ly the 
method of subjective visual inspection. The study emphasized that  the 
de'tection and reporting of leaks to  qualified service personnel would 
avoid many accidents. 

Report V also describes the s tatus  of release control practices i n  

the.transportation and consumer storage of LPG. A survey of LPG pipeline 
operators shows that  almost a l l  pipelines have both automatic and remote 
shutdown capabi l i t ies  for  pump s ta t ions and tha t  pump s ta t ions can be 
shut down in 2 to  4 minutes e i ther  automatically or remotely. The time 
required to shut down a pipeline depends on whether they can be operated 
remotely or manually. Up to  two hours may be required for  personnel to  
travel t o  a remote manual valve. Proposed rulemaking includes provisions 
to  1 imit the spacing of block valves i n  c r i t i ca l  areas and to  require that  
they be automatically or remotely operable. Early detection of a leak or 
a break could be accomplished by means of pressure or flow transducers 
closely spaced along the pipeline. However, a t  present, such equipment 
i s  limited almost en t i re ly  to  pump s ta t ions.  Leak detection systems are  
unable to  detect small leaks as a r e su l t  of the i r  i n t r ins i c  accuracy and 
the compressibility of the flow. 

Other aspects of hazard control following accidental LPG releases are 
based on information systems, procedures and communications. There i s  
abundant evidence to  suggest tha t  these methods are  weak links i n  release 
control strategy. Written procedures have often been inadequate or  
infrequently reviewed. Emergency response training of. personnel has been 
inadequate, and the pub1 i c  who reside i n  the vicini ty  have not been 
suff ic ient ly  informed about the product, i t s  hazards and how to  respond to 
accidental releases. . New rulemaking addresses some of these problems, and, 
in f a c t ,  regulation appears to  be the principal approach for  improving 

release and hazard control for  LPG pipelines. 



Water i s  the primary agent used to  control LPG releases from derailed 
tankcars. !dater f s  sprayed from a distance to  cool tanks in the flame 
environment as an attempt to  avoid BLEVE's and to  extinguish flames from 

other leaking cars. A recent evaluation has found tha t  current methods of 

a ler t ing emergency response personnel t o  the presence of hazardous materials 
involved in railroad accidents are often unreliable or untimely and rely on 
unstructured individual actions to  provide the necessary information. A 
hazardous materials emergency response system tha t  documents emergency 
response al ternat ives  and information needs, and coordinates agency ef for t s ,  
i s  not operational. Currently railroads a re  not required to  have an 
emergency response preparedness capabi 1 i ty .  However, most major ra i  1 roads 
have developed or are  developing the i r  own systems. These include the 
use of the Association of American Railroad Commodity Codes that  provide 
computerized printouts of emergency actions appropriate for  each hazardous 
material on a given t rain.  

A BLEVE i s  possible in the case of LPG leakage and f i r e  a t  or near a 
truck.tanker-involved i n  an accident. The response procedures appropriate 
for a potential r a i l ca r  BLEVE appear to  be applicable and useful t o  a truck 

,' tanker i n  a similar s i tuat ion.  I t  appears that  adherence to  regulations 
would prevent the majority of LPG accidents i n  garages and during loading 
and unloading procedures. Several educational and procedural bull e t in s  
are available which offer  guidance i n  emergency response ac t iv i t i e s .  

Human er ror  i s  involved a large extent i n  releases of LPG i n  consumer 
appl ications. Present release control methods are  similar to  those appl i -  
cable to  truck transportation. Bulletins are  avail'able that  describe 
procedures and precautions t o  control leaks in LPG systems. These include 
shutting off the source of LPG supplying the leak, downwind evacuation and 
approaching the leak or  the f i r e  from the upwind side. Current research, 

devel opmet?&~'pro;jects or. reports .deal i,ng ui  t h  the improvements in the 
technology 'of re1 ease control or  consumer storage were. not discovered. 



An overall conclusion, that may be drawn from this study, shows a strong 
emphasis on regulatory approaches ,for release prevention and an advisory 

approach to release control of LPG in the transportation and storage 
envi ronmen ts . 

AMMON I A 

Report W - Ammonia:. .An.Introductory Assessment of Safety and Environmental 
Control Information 

The Government and the ammonia industry are addressing safety aspects 

of handling, storing, transporting and using ammonia. Agencies involved 
in ammonia spill research include: the U.S. Coast Guard, Federal Railroad 
Administration, DOE, and Fertilizer Institute. The use of ammonia is 
expected to increase in the future, both'in conventional and in new 
applications. The increasing use o.f ammonia may result in more emissions 
and more frequent accidents. The purpose of this report is to provide 
appropriate background info'rmation 'aid a basis for the ammonia assessment 

' h a ; . * {  ' 
study being performed at PNL. 

Literature pertaining to the production, storage, transportation and 
use of ammonia is reviewed. This report also describes ammonia properties, 
potential hazards., production methods, accident reports, regulations, and 
control techniques. Fi.nal ly , potential research 'and devel opment needs are 
identified in the area of ammonia safety and environmental control that 
need to be considered in more detail as part. of the PNL assessment study. 

The possible future increased use of ammonia in energy-related appli- 
cations may cause several new concerns in addition to those associated 
with the current widespread use of ammonia as a fertilizer. The potential 
for accidents and large spills especially during transportation is a 
principal concern. Additional research simulating large scale spills may 
be needed to fill knowledge gaps in this area. Ammonia and its oxidation 
products may perturb the atmospheric nitrogen cycle and possibly contribute 
to acid precipitation problems. Stress corrosion cracking in system 
components containing ammonia may also require further work. Handling,and 
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storage problems of the refrigerated liquid, industrial exposure and the 
exposure of users appear to warrant further study. Current spill control 
methods for the small scale ,user: and accident response procedures and 
capabilities at ammonia facilities and on transportation routes deserve 
further attention. If ammonia has potential as a future automotive fuel, 
a comprehensive risk assessment may be required to establish the relative 

hazards in vehicular use relative to that of gasoline. 

The ongoing PNL Ammonia .Assessment study will continue to develop 
perspective and detail ih the definition of the above concerns. Future 
work wi 1 1  include the development of rec'hendations for- R&D strategies 
that address gaps in current ammonia safety and environmental control "' 

knowledge. 

Report X - Ammonia as a Fuel 
  he future uses of ammonia as an"knergy material are under study as 

: I 

part of the ammonia safety and environmental control assessment being 
performed by PNL. This report presents a.genera1 overview of ammonia 
characteristics and provides a perspective on its potential use as a fuel. 

Ammonia may be burned directly as a fuel or used. as a storage medium . 
, , 

for hydrogen. (a) The practical use of liquid anhydrous ammonia as an engine 
fuel dates back to the mid-193O1s, and examples of ammonia fuel use are 
recorded in Europe during World War 11. More recently the U.S. Army Material 
Command considered ammonia as part of its "energy depot" concept. ' Studies 
indicated that ammonia would be a more' suitable fuel for this purpose than 

a1 ternative fuel s such as hydrogen, tiydrazine, or hydrogen-peroxide. 
Historically, ammonia fuel utilization has'been tied to actual or expected 
shortages of fossil fuel'. Future' fossil fie1 shortages may similarly 

make ammonia an attractive fuel. The production ofammonia maybe a 
method for converting energy from la&e-siale alternative energy sources, 
such as fusion energy, into a convenient fuel for small-scale uses such 
as transportation.   not her significant factor for considering ammonia as 

4 

(a) The fuel uses of hydrogen are identified in Report 'Y. 
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- a fuel is the reduced environmental impact. As a non-carbonaceous fuel , 
.-, it allows cleaner combustion withcht atmospheric emissions of CO, COZ, 

sulphur-oxide, and trace elements. 

Ammonia is potentially a very versatile fuel and can be used in both 

internal and ext,ernal combustion engines, as well as in direct and in 

indirect fuel cells. Ammonia can be used successfully in internal com- 

bustion engines at compression ratios typical of gasoline engines if it 

is introduced as a vapor partially decomposed to hydrogen and nitrogen. 

Under these circumstances, the hydrogen acts as a pilot fuel to initiate 

ammonia combustion. Engine output is reduced approximately 70% of the 

equivalent gasoline model because of the intrinsically lower energy 

density of ammonia relative to that of gasoline. The compatibility of 

ammonia and its combustion products with engine materials and lubricants 

presents no substantial problems. When used as a fuel in diesel engines, 

ammonia presents difficulties because of poor self-ignition qualities. 
7 

Theoretically a compres,sion ratio of 35 .would be necessary for self- 
' 1  I *  

ignition, .but this is well beyond current capabilities. When compared 

with other substitute fuels such as methane, methanol, and ethanol, the 

principal drawback of using ammonia in diesel engines is the emission of 

unburned NH3 and its objectionable odor. As a gas turbine fuel, ammonia 

has demonstrated approximately a 10% improvement in power output and 

efficiency compared to hydrocarbon fuels , but a specific fuel consumption 
reduced by a factor of 2.5 as a proportional result of its lower heating 

value. The theoretically high specific impulse of ammonia when reacted with 

liquid oxygen or liquid fluorine gives it great potential as a liquid 

rocket fuel. Performance of ammonia'is only slightly less than that 

of hydrazine with the same oxidizers, and its cost and availability are 

significant advantages. As a source of hydrogen or hydrazine, ammonia may 

a1 so be used in future fuel cell developments. Ammonia-oxygen and ammonia- 

air cells were demonstrated in the'late 1960's. However, present deve1,op-. 

ment of fuel cell technology is directed toward the use of fossil fuels, 

and ammonia may not be reconsidered unless these fuels become scarce or 

too expensive. 



Ammonia has a p p l i c a t i o n  p o t e n t i a l  as an energy f u e l  b lend ing  o r  

s torage ma te r ia l .  Acetylene cou ld  be used A &  by i t s e l f  as an automotive 

f u e l  if i t  were n o t  so d i f f i c u l t  t o  s tore.  When l i q u e f i e d ,  i t  can decom- 

pose and explode v i o l e n t l y .  However, when d isso lved i n  a s u i t a b l e  l i q u i d  

agent such as acetone, methanol, o r  ammonia, acety lene becomes much sa fe r  

t o  handle. A recent  experimental  s tudy by General Motors Research 

~ a b o r a t o r i e s  has ihown ' t ha t  a m ix tu re  o f  immonla and acety lene may be a 

s u i t a b l e  automotive f u e l .  The use o f  ammonia as a v e h i c l e  t o  s t o r e  hydro- 

gen i n  l i q u i d  form i s  perhaps the most i n t e r e s t i n g  fue l -use a p p l i c a t i o n  

o f  ammonia. The storage of hydrogen i n  l i q u i d  ammonia i s  more compact 

than any o ther  form of hydrogen storage. . . ' ~ 0 t h  hydrogen and ammonia 

vapors escaping from s tored fue ls  a re  hazardous; however, the c o n t r o l  

o f  ammonia vapor emiss io is  which 'ake t o x i c  appear e a s i e r  t o  e f f e c t  than 

the c o n t r o l  o f  hydrogen emissions which a r e  flammable when mixed w i t h  a i r .  

Ammonia i s  hard t o  i g n i t e ,  and almost impossib le t o  detonate. Ammonia, 

may, there fore ,  have i t s  most s i g n i f i c a n t  f u e l  use p o t e n t i a l  as a hydrogen 

storage medium i n  the framework o f  ' fh tu re  "hydrogen ~ c o i o m y "  concepts t h a t  

have been proposed. 

Most ammonia manufacture i s  der ived from n a t u r a l  gas feedstocks. The 

c u r r e n t  worldwide oversupply of  ammonia which i s  n o t  expected t o  disappear 

u n t i l  the  mid-1980's has depressed the  cost .  Under c u r r e n t  economic 

cond i t ions ,  the  energy cos t  o f  an ammonia f u e l  on a Btu/$ bas i s  i s  l e s s  

than 60% o f  the c o s t  o f  gasol ine.  Low cos t  ammonia f u e l  may be synthesized 

i n  the  f u t u r e  us ing  waste heat from nuc lear  reac tors ,  var ious  biochemical 

processes, o r  c a t a l y t i c  processes i n  sun l i gh t .  Y ie lds  f rom these processes 

a r e  low a t  present,  b u t  t he re  are  prospects t h a t  they can be increased. 

This,  i n  t u rn ,  suggests ammonia cou ld  be produced from inexhaus t i b le  

resources. . . 

. :  



HYDROGEN 

Report Y - Hydrogen Safety and Environmental Cont ro l  Assessment 

A  f i n a l  r e p o r t  has been publ ished t h a t  descr ibes the  2-112 year  

assessment program conducted by the Los A1 amos S c i e n t i f i c  Laboratory (LASL) 

on concerns i n  hydrogen sa fe ty  and environmental c o n t r o l .  Report Y i s  the  

execut ive  summary o f  t h i s  repo r t .  (~3)- Th i s  assessment program 

considered the  p i p e l i n e  t ransmiss ion of gaseous hydrogen, l i q u i d  hydrogen 

t ranspor ta t i on ,  metal embr i t t lement ,  s a f e t y  regu la t i ons ,  and environmental 

aspects o f  hydrogen product ion  and use. The assessment concludes t h a t ,  

even i f  hydrogen does n o t  become a  major energy ma te r ia l ,  hydrogen use w i l l  

increase i n  c lose  p r o x i m i t y  t o  the general p u b l i c .  

A con t i nu ing  assessment program i n  hydrogen s a f e t y  and environmental 

c o n t r o l  i s  recommended, i n c l u d i n g  f u r t h e r  work i n  the .areas  o f  hydrogen 

product ion,  storage, and t ranspor ta t i on .  A program i s  o u t l i n e d  f o r  

assessing the s a f e t y  and environmental c o m p a t i b i l i t y  o f  hydrogen end 

uses i n c l u d i n g  hydrogen used as a  f u e l  i n  t r a n s p o r t a t i o n  systems, i n  the 

home and i n - i n d u s t r y .  The f i n a l  and major recommendation i s  f o r  research 

t h a t  addresses the d i spe rs ion  and i g n i t i o n  o f  combust ible hydrogen mix tures  

r e s u l t i n g  from la rge-sca le  s p i l l s  o f  l i q u i d  o r  gaseous hydrogen. 

1.3 STATUS REPORT PURPOSE AND ORGANIZATION 

The purpose o f  t h i s  r e p o r t  i s  t o  p rov ide  a  d e t a i l e d  s ta tus  rev iew o f  

c u r r e n t  research addressing issues and needs i d e n t i f i e d  i n  the DOE'S 

i n t e g r a t e d  Safe ty  and Environmental Contro l  Research Assessment program 

on L ique f i ed  Gaseous Fuels. The coordinated e f f o r t s  o f  many i n d i v i d u a l s ,  

i n s t i t u t i o n s  and agencies address a  l a r g e  spectrum o f  program a c t i v i t i e s  

and requirements. In fo rmat ion  developed i n  t h i s  program should a s s i s t  

dec is ions  regard ing  f u t u r e  f a c i l i t i e s ,  t he  upgrading o f  e x i s t i n g  f a c i l i -  - 
t i e s  and new hazard c o n t r o l  techniques. 

(a) Edeskuty, F. J. e t  a l ,  Hydrogen Safe ty  and Environmental Cont ro l  
Assessment, Los Alamos S c i e n t i f i c  Laboratory, LA-8225-PR, March 1980. 



The balance o f  t h i s  r e p o r t  cons is ts  o f  annotated b i  b l  iographies 

i n  ~ o l h e .  1  and a compi la t ion  o f  con t rac to r  r e p o r t s  i n  Volumes 2 and 

3. B ib l iograph ies  on LNG and on LPG F i r e  Safety and Hazards were prepared 

by PNL and the  ATC, respec t i ve l y .  Contractor  r e p o r t s  on .LNG (Reports 

A  through S) are compiled i n  Volume 2.. Volume 3 conta ins  repor t s  on the 

o ther  1  i que f ied .  gaseous f u e l s  (Reports T through Y )  under' study i n  the  

LGF Assessment Program. To remain t o p i c a l  and preserve the  i n s i g h t  

o f  i n d i v i d u a l  authors, these repor t s  are presented w i thou t  appreciable 

e d i t i n g  o r  format s tandardizat ion.  Co l l  e c t i v e l y ,  they r e p o r t  the  substance 

and cu r ren t  s ta tus  o f  the  p r i n c i p a l  a c t i v i t i e s  i n  t h i s  DOE program. 
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SUMMARY 

This bibliography provides b r i e f  summaries o f  l i t e r a t u r e  re la ted  t o  LNG 

safe'ty and environmental control ,  organized alphabetical ly by author. 



Alger, A. . S . ,  
o f  Structures . . 

Co r l e t t ,  R. C., Gordon, A. S. -and W i  11 iams, F. A., Some Aspects 
o f  Turbulent Pool Fi res.  WSS/Cl 76-46, October 1976. 

R e s u l t s  a r e  r e p o r t e d  on  the b u r n i n g  o f  JP-5 and methanol  p o o l s  
305 cm i n  d i a .  Measurements made i n c l u d e  r a d i a n t  e n e r g y  f l u x e s  
o u t s i d e  and w i t h i n  the f i re ,  t e m p e r a t u r e s  and chemical  composi-  
tions w i t h i n  the f ire and r a t e s  o f  w e i g h t  loss o f  the p o o l .  
R e s u l t s  emphas i ze  s t r u c t u r a l  d i f f e r e n c e s  between JP-5 and meth- 
a n o l  fires and impor tance  o f  r a d i a n t  feedback o f  energy  to  the 
pool s u r f a c e  i n  c o n t r o l l i n g  r a t e s  o f  b u r n i n g .  

A1 lan, D., A ta l l ah ,  S., Drake, E., Hinckley, R. and Mathias, S., Technology 
and Current Pract ices f o r  Processing, Transfer r ing and Stor ing L iquef ied 
Natural Gas. Department of Transportation/OST, O f f  i c e  o f  P ipe l ine Safety, 
Washington, DC, (prepared by Arthur D. L i t t l e ,  Inc.,  Report No. C-76971) 
December 1974. 

C u r r e n t  s t a t e - o f - t h e - a r t  s a f e t y  i n f o r m a t i o n  r e l a t e d  t o  the d e s i g n ,  
l o c a t i o n ,  c o n s t r u c t i o n ,  o p e r a t i o n  and main tenance  of f a c i l i t i e s  
r e q u i r e d  for l i q u e f a c t i o n ,  t r a n s f e r ,  s t o r a g e ,  and r e v a p o r i z a t i o n  o f  
n a t u r a l  g a s  i s  assembled and summarized. A d e t a i l e d  r e v i e w  of  c o d e s ,  
s t a n d a r d s  and p r a c t i c e s  p e r t a i n i n g  t o  LNG i n s t a l l a t i o n s  i s  presen ted  
a l o n g  w i t h  an e v a l u a t i o n  o f  p r e s e n t  t r e n d s  i n  LNG s a f e t y  r e q u i r e m e n t s .  
LNG s a f e t y  r e s e a r c h  programs completed or i n  progress  a r e  d e s c r i b e d  
and k e y  r e s e a r c h  r e s u l t s  summarized. F i n a l l y  a  methodology for 
q u a n t i t a t i v e  a s s e s s m e n t  o f  risks a s s o c i a t e d  wi th  LNG f a c i l i t i e s  i s  
o u t l i n e d .  

Almgren, D. W. and Smith, J .  L., Jr. ,  "The Incept ion o f  Nucleate B o i l i n g  
With L i qu i d  Nitrogen ." Journal o f  Engineering f o r  Industry.  pp. 121 1-1216, 
November 1969. 

T h e  phenomena o f  pa tchwise  b o i l i n g  a r e  d i s c u s s e d ,  and the s i g n i f i c a n t  
parameters  r e s t r i c t i n g  the growth o f  a  b o i l i n g  p a t c h  a r e  a n a l y t i c a l l y  
de termined  t o  be: a h i g h  n u c l e a t e  b o i l i n g  h e a t - t r a n s f e r  c o e f f i c i e n t ;  
a  l o w  t o t a l  h e a t  f l u x ;  the absence  o f  c a v i t i e s  w i t h  a  t rapped  l i q u i d  
vapor  i n t e r f a c e  o u t s i d e  the b o i l i n g  pa tch;  a n  a p p r o p r i a t e  v a l u e  o f  
w a l l  thermal  c o n d u c t i v i t y ;  a  h i g h  vapor  e n t h a l p y  per  b u b b l e .  

American Gas Associat ion, LNG Fact Book. Planning and Analysis Group, AGA 
Ar l ing ton,  VA 22209, 1977. 

T h i s  r e p o r t  summarizes t h e  American Gas Associati011 v i e w  o f  LNG 
i m p o r t a t i o n  and i t s  advan tages .  I s s u e s  and p r o j e c t  s t a t u s  a t  the 
t i m e  o f  p u b l i c a t i o n  a r e  a l s o  rev iewed .  ' 



An Economic Analysis o f  Imported LNG i n  Selected End Use Markets. Prepared 
f o r  the American Gas Associat ion by Booz A l l en  and Hamilton, Inc., May 1978. 

Economics o f  LNG usage  i n  s p a c e  h e a t i n g ,  w i t h  and w i t h o u t  advanced 
e q u i p m e n t ,  and i n  i n d u s t r i a l  a p p l i c a t i o n s  i s  r e v i e w e d .  

Univers i t y  Engineers , Inc.  , t o  the American Gas Association, February 1974. 

A series o f  f i r e  control, f i r e  e x t i n g u i s h m e n t  and vapor  d i s p e r s i o n  
tests were  conducted  under  the h i g h  boi l -o f f  r a t e s  which o c c u r  
i m m e d i a t e l y  f o l l o w i n g  an  LNG s p i l l  o n  l a n d .  C o r r e l a t i o n s  o f  the 
r e s u l t s  p r o v i d e  f i r e  control and e x t i n g u i s h m e n t  t i m e s  w i t h  d r y  chem- 
i c a l  a g e n t s  and h i g h  e x p a n s i o n  foams. T h e  magn i tude  of  the r e d u c t i o n  
i n  downwind c o n c e n t r a t i o n s  o f  methane v a p o r s  b y  the a p p l i c a t i o n  o f  
h i g h  e x p a n s i o n  foam on the s p i l l  was a l s o  d e t e r m i n e d .  

Analysis o f  Risk i n  the Water Transportat ion o f  Hazardous Mater ia ls .  U.S. 
Coast Guard Report, CG-D-39-76. NTIS No. AD/A025298, January 1976. 

T h i s  r e p o r t  a s s e s s e s  the u t i l i t y  and f e a s i b i l i t y  o f  u s i n g  risk 
a n a l y s i s  t o  a s s i s t  i n  management d e c i s i o n s  r e g a r d i n g  the r e g u l a t i o n  
o f  w a t e r  t r a n s p o r t a t i o n  o f  b u l k  hazardous  m a t e r i a l s .  A number o f  
risk a n a l y s i s  s t u d i e s  were s u r v e y e d .  Barge t r a n s p o r t a t i o n  o n  
i n l a n d  waterways  was chosen f o r  s p e c i a l  s t u d y ,  and a p r o b a b i l i s t i c  
model o f  risk was s e l e c t e d .  I t  was concluded t h a t  the g r e a t e s t  
u t i l i t y  o f . t h e  methodology l i e s  i n  answer ing  s p e c i f i c  q u e s t i o n s  
w i t h  o u t p u t  o f  a s p e c i f i c  predetermined n a t u r e .  

Andersen, W. H., Garf ink le,  D. R., Carpenter, G. E. and Brown, R. E., "Energy 
Absorption Near and Below the Burning Surface o f  Hydrocarbon Pools." Paper 
presented a t  the 1969 Meeting, Central States Section, The Combustion 
I n s t i t u t e ,  March 18-19, 1969. 

The  b u r n i n g  b e h a v i o r  o f  a l i q u i d  f u e l  pool  i s  d i s c u s s e d  i n  t e r m s  of  
the h e a t  f eedback  from the f lame  t h a t  i s  t r a n s p o r t e d  i n t o  and t h r o u g h  
the f u e l  v i a  c o n d u c t i o n  and r a d i a t i o n .  I t  i s  shown t h a t .  the r a d i a n t  
f l u x  c o n t r i b u t i o n  t o  the t o t a l  h e a t  f l u x  i n p u t  i s  g r e a t e s t  f o r  ben- 
z e n e ,  and d e c r e a s e s  c o n s e c u t i v e l y  for g a s o l i n e ,  k e r o s e n e ,  and a l c o h o l .  

Anderson, P. J., "Recent Developments i n  Regulations f o r  LNG Storage i n  the 
Uni ted States. " CONF-790985-1, 1979. 

T h e  paper  r e p o r t s  o n  the ongoing d e b a t e  f o r  a new v e r s i o n  o f  the p r i n c i p a l  
s t a n d a r d  for LNG f a c i l i t i e s :  NFPA-59A. A t a r g e t  d a t e  for f i n a l  approva l  
was set for November 1979.  



Anderson, R. P. and Armstrong, D. R., "Experimental Studies o f  Vapor Explosions." 
3 rd  In te rna t iona l  Conference on L ique f ied  Natural Gas, paper 3 o f  Session V I ,  
Chicago, 1972. 

Smal l  s c a l e  e x p e r i m e n t s  w i t h  m o l t e n  s a l t s  and m o l t e n  m e t a l s ,  i n j e c t e d  
in to  w a t e r ,  a r e  d e s c r i b e d .  I n  some c a s e s  e n s u i n g  r e a c t i o n s  can  t u r n  
in to  vapor  e x p l o s i o n s .  

Anderson, R. P. and Armstrong, D. R., "Experimental Study of ,  Vapor Explosions ." 
Paper presented a t  the Th i rd  I n t e rna t i ona l  Conference and Exh ib i t i on  on 
L ique f ied  Natural  Gas, September 24-28, 1972, Washington, DC. 

Present knowledge abou t  v a r i o u s  a s p e c t s  o f  vapor  e x p l o s i o n s  i s  
summarized.  P a r t i c u l a r  emphasis  i s  placed on methods  o f  e v a l u a t i n g  
the d e s t r u c t i v e  .kinetic e n e r g y  r e l e a s e  from a,  s p e c i f i e d  a c c i d e n t .  
A t h e o r e t i c a l  method o f  c a l c u l a t i n g  the maximum d e s t r u c t i v e  e n e r g y  
i s  o u t l i n e d .  

Andrews, G. E. and Bradley, D., "The Burning Ve loc i t y  o f  Methane-Air Mixtures." 
Combustion and Flame. - 19:275-288, 1972. 

R e s u l t s  a r e  p r e s e n t e d  for the v a r i a t i o n  of  b u r n i n g  v e l o c i t y  w i t h  
e q u i v a l e n c e  r a t i o  for methane-air  m i x t u r e s  a t  one atmosphere  p r e s s u r e .  
V a l u e s  were  de termined  b y  the bomb-hot w i r e  and c o r r e c t e d  d e n s i t y  
r a t i o  t e c h n i q u e s ,  for combus t ion  d u r i n g  the pre -pressure  p e r i o d .  
The former o f  these methods  g i v e s  a maximum b u r n i n g  v e l o c i t y  o f  
45 2 2 c m / s e c ,  a t  a n  e q u i v a l e n c e  r a t i o  o f  1.07. 

Anspach, G., Baseler, R. and Glasfeld, R., "A F loa t ing  LNG Receiving Terminal ." 
Chem. Eng . Progr. - 75(10) :86-91, 1979. 

The paper p r e s e n t s  the f l o a t i n g  LNG t e r m i n a l  a s  a p r a c t i c a l  a l t e r n a t i v e  
t o  land-based s t o r a g e  and r e g a s i f i c a t i o n  f a c i l i t i e s .  Lower cost and 
independence  o f  s e i s m i c  r e s t r a i n t s  a r e  i t s  prime advan tages .  However, 
so f a r  n o  s u c h  t e r m i n a l  h a s  been des igned  or o r d e r e d .  

Anthony, E. J., "Some Aspects o f  Unconfined Gas and Vapor Cloud Explosions ," 
Journal o f  Hazardous Mater ia ls  . 1: 284-301 , 1975-77. 

A c r i t i c a l  r e v i e w  i s  presen ted  o f  e x p e r i m e n t a l  and t h e o r e t i c a l  
work on  u n c o n f i n e d  vapor  e x p l o s i o n s  w i t h  emphasis  on mode l ing  
s t u d i e s .  

Arnoni , Y. G. , "The Marriage of LNG and Offshore Faci 1 i t i e s .  " Chem. Eng. Progr. 
75(10):60-65, 1979. - 

The a r t i c l e  d e a l s  w i t h  the advan tages  and problems o f  a n  LNG offshore 
f a c i l i t y  on ' t e c h n i c a l ,  economic and s o c i o l o g i c a l  grounds .  'Even though 
no s u c h  f a c i l i t i e s  h a v e  been b u i l t ,  s e v e r a l  a r e  i n  the p lann ing  and 
e n g i n e e r i n g  phase.  



Ar thu r  q. ~ i t t l e ,  Inc., A ~ e ~ o r t  on LNG Safety Research, Vol.  I. t o  A.G.A., 
A.G.A. P r o j e c t  I U-2-1, A.G.A. Catalog No. M19711, January 31, 1971. 

I t  i s  concluded t h a t  s m a l l e r  r e l e a s e s  a r e  r a t h e r  r a r e  and u s u a l l y  
not damaging; p r o b a b i l i t y  i s  l o w  t h a t  a l a r g e  s p i l l  w i l l  o c c u r  
from c u r r e n t l y  c o n s t r u c t e d  f a c i l i t i e s ;  s p i l l s  from c o n t a i n e r s  may 
h a v e  a c c e p t a b l e  p r o b a b i l i t y  b u t  some a d d i t i o n a l  p r o t e c t i o n  shou ld  
be prov ided;  risk o f  t r a n s f e r  l ine  f a i l u r e  r e q u i r e s  h i g h e r  level 
o f  p r o t e c t i o n ;  f u r t h e r  c o n s i d e r a t i o n  shou ld  be g i v e n  t o  hazards  
i n v o l v e d  w i t h  LNG t r a n s p o r t .  

Ata l l ah ,  S. and A l len ,  D. S., "Safe Separat ion Distances From L i q u i d  Fuel 
Spi 11 F i res . "  Paper presented a t  Centra l  States Sect ion, Combustion' I n s t i t u t e  
Meeting on D isas ter  Hazards, Houston, .TX, Apr i  1 1970. 

T h i s  paper c r i t i c a l l y  r e v i e w s  the methods g e n e r a l l y  used t o  c a l -  
c u l a t e  s a f e  s e p a r a t i o n  d i s t a n c e s  from l i q u i d  f u e l  s p i l l  f ires.  
C o r r e l a t i o n s  for p r e d i c , t i n g  f lame h e i g h t  and other r a d i a t i v e  prop- . 

erties a r e  rev iewed .  D i s t a n c e s  a t  which the thermal  r a d i a t i o n  . . 
f l u x  f a l l s  b e l o w  the minimum level needed t o  i g n i t e  c e l l u l o s i c  
m a t e r i a l s , a r e  c a l c u l a t e d  and t h e , r e s u l t s  a r e  presen ted  i n  convenient 

. . 
g r a p h i c a l  form. 

Ata l l ah ,  S. and Raj, P., "Thermal Rad ia t ion  From LNG S p i l l  F i res  ." Paper 
P-3 presented a t  t he  Cryogenic Engineering Conference, A t lan ta ,  GA, 
August 10, 1973. 

T h i s  paper r e v i e w s  the p r e s e n t  s t a t e  o f  knowledge r e l a t i n g  t o  
thermal  r a d i a t i o n  from LNG fires. U t i l i z i n g  d a t a  from recent 
AGA-sponsored LNG fires i n  s e v e n  6 - f t ,  s i x  2 0 - f t ,  and one  8 0 - f t  
d i a m e t e r  p o o l s ,  e q u a t i o n s  were d e r i v e d  for p r e d i c t i n g  LNG f lame 
h e i g h t  and the a n g l e  o f  tilt o f  LNG f lames  i n  the presence  o f  
wind.  A model for p r e d i c t i n g  the thermal  r a d i a t i v e  f l u x  a t  
v a r i o u s  l o c a t i o n s  away from an LNG f ire i s  p r e s e n t e d .  

Bai ley ,  F. B., "Status o f  Un i ted  States Codes and Regulations A f f e c t i n g  Land 
Based LNG Faci 1 i t i e s  . " 1978 Operating Sect ion Proceedings , Ameri can Gas 
Associat ion,  Montreal, Quebec, May 3978. 

This r e p o r t  summarizes c u r r e n t  s a f e t y  and n o n - s a f e t y  r e g u l a t i o n s ,  
and a c t i v i t i e s  concern ing  r e g u l a t i o n s .  NEPA59A v e r s i o n s  and a p p l i -  
c a t i o n s  a r e  l i s t e d .  

B a i t i s ,  A .  E., Bales, S. L. and Meyers, W. G., P red ic t i on  o f  L i f e t i m e :  Extreme 

A procedure  i s  developed t o  p r e d i c t  the e x t r e m e  a c c e l e r a t i o n s  
needed for d e s i g n  o f  the cargo  t a n k s  i n  LNG vessels. T h e  v a l i d i t y  
o f  the p r e d i c t i o n  tool i s  d i s c u s s e d .  Comparisons a r e  made w i t h  
a c c e l e r a t i o n s  measured i n  model and f u l l  s c a l e  e x p e r i m e n t s .  



The r e s u l t s  o f  a  p i l o t  s t u d y  on a  s i n g l e ,  l a r g e  t y p i c a l  LNG s h i p  
a r e  p r e s e n t e d  . A c c e l e r a t i o n  r e s p o n s e  v a r i a ' t i o n s  due t o  changes 
i n  s h i p  l o a d  c o n d i t i o n s  and changes  due  t o  l o n g i t u d i n a l ,  l a t e r a l  
and v e r t i c a l  l o c a t i o n s  a r e  examined.  

Becker, H .  and Liang, D . ,  "Viable Length of Vertical Tree Turbulent Diffusion 
Flames." Combustion and Flame. - 32:11-137, 1978. 

The  a u t h o r s  o f  this paper propose and r e v i e w  c o r r e l a t i o n s  for the 
v i s i b l e  l e n g t h  o f  t u r b u l e n t  d i f f u s i o n  f lames .  T h i s  paper may be 
u s e f u l  for d e t e r m i n i n g  the magni tude o f  thermal  r a d i a t i o n  from LNG 
pool fires. 

Beer; J .  M . ,  "Methods for  Calculating Radiative Heat Transfer from Flames in 
Combustors and Furnaces." Heat Transfer in Flames . Chapter 2 ,  John Wiley 
and Sons, 1974. 

R e c e n t  advances  i n  methods for p r e d i c t i n g  r a d i a t i v e  h e a t  f l u x  
d i s t r i b u ' t i o n  i n  f u r n a c e s  and combus tors a r e  reviewed w i t h  s p e c i a l  
r e f e r e n c e  t o  the zone method o f  a n a l y s i s  and the f l u x  methods .  
R e c e n t  e x p e r i m e n t a l  s t u d i e s  s p e c i a l l y  d e s i g n e d  t o  test  these 
p r e d i c t i o n  procedures  under  s u f f i c i e n t l y  severe c o n d i t i o n s  a r e  
d i s c u s s e d .  

Be1 lus., F .  , Cochard, H.  , Vincent, R .  and Mauger, J . ,  Control 1 ing the 
Hazards from LNG Spi 11s on the Ground LNG 'Firefighti ng Methods and Thed r 
Effects Application t o  Gaz de France Terminals. Gar de France, DOE-Tr-18. 

T h r e e  b a s i c  a r e a s  a r e  examined i n  this paper .  A  mathemat ical  
model t o  c a l c u l a t e  vapor d i s p e r s i o n  from a c c i d e n t a l  LNG s p i l l s  
on l a n d  i s  d e s c r i b e d .  T h i s  model i s  used to  i n v e s t i g a t e  v a r i o u s  
t y p e s  o f  impounding a r e a s -  and their m i n i m i z a t i o n  o f  methane c loud  
t r a v e l .  A method t o  c a l c u l a t e  w a t e r  s p r a y  r a t e s  for the p r o t e c t i o n  
o f  LNG t a n k  w a l l s  from the e n e r g y  r a d i a t e d  b y  an ' a d j a c e n t  fire i s  
d e s c r i b e d  and a  numerical  example i s  g i v e n .  The a u t h o r s  d e s c r i b e  
the d e t a i l s  o f  d e s i g n  and c o n s t r u c t i o n  o f  the new 80,000 m3 LNG 
t a n k  a t  the F o s  Termina l .  

Bellus, F . ,  Vincent, R . ,  Cochard, H.  and Mauger, J . ,  "Controlling the Hazards 
from LNG Spills on Land." Fifth International Conference on LNG,  Session 111, 
paper 5, Inst i tute of Gas Technology ( i n  French), 1977. 

A new mathemat ica l  model Is d e s c r i b e d  which a l l o w s  the c a l c u l a t i o n  
o f  vapor  d i s p e r s i o n  from a c c i d e n t a l  s p i l l s  o f  LNG on l a n d .  



' 

Benedick, W .  B., "High-Exposure I n i t i a t i o n  o f  Methane-Air Detonations." 
Combustion and Flame." --- 35:89-93, 1979. 

T h e  d e t o n a t i o n  l i m i t s  o f  a s t o i c h i m e t r i c  methane-air  m i x t u r e  h a v e  
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~ i ~ e r i m e n  t s  a r e  ' d e s c r i b e d  which d e t e r m i n e  the de tona  tion l i m i  ts  of 
methane-ethane-air  m i x t u r e s .  T h e  presence  . o f  even s m a l l  amounts.  
o f  the h e a v i e r  hydrocarbons  has' a s i g n i f i c a n t  e f f ec t  .on. these l i m i t s .  

Burgess, D .. , B i o r d i  , J. and Murphy, 3 .  , Hazards. o f  Spi 11 age o f  LNG i n t o  Water. 
PMSRC Report .No. 4177, .U.S. Department of the I n t e r i o r ,  Bureau o f  Mines, 
P i t t sburgh  , PA, 1972. 

T h e s e  a r e  r e p o r t s  o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  LNG s p i l l s  on 
w a t e r  . T h e  pool s p r e a d ,  e v a p o r a t i o n  r a t e ,  vapor  g r a v i t y  s p r e a d ,  
downwind d r i f t  and d i s p e r s i o n  were s t u d i e d  i n  s p i l l  s i z e s  u p  to  
0.5 n?. In uncon f ined  s p i l l s  coherent ice f l o w  format ion  was not 
o b s e r v e d .  I n  s e v e r a l  c a s e s  s m a l l  s c a l e  p h y s i c a l  e x p l o s i o n s  were 
observed b u t  no a t t e m p t  was made t o  s t u d y  the i n i t i a t i o n  or b u r n i n g  
o f  the c l o u d .  

Burgess, D 
i n  Flames. 

. S. and Hertzberg, M., "Radiat ion From Pool Flames." Heat Transfer 
Chapter 27, John Wiley & Sons, 1974. 

Some r a d i a t i o n  d a t a  . f rom pool f lames  i s  .summarized and o u r  unders tand-  
i n g  o f  the problem i s  r e v i e w e d .  S p e c t r a l  d a t a  y i e l d  a 1500% K tem- 
p e r a t u r e  f o r  hydrocarbon pool fires, which  i s  consistent w i t h  the 
40 p e r c e n t  maximum i n  the f r a c t i o n  o f  combust ion e n e r g y  r a d i a t e d ,  and 
w i t h  l i m i t e d  f lame t empera tures  for the m i x i n g  l i m i t e d  s y s t e m s .  A 
r e v i s e d  c o r r e l a t i o n  o f  mass b u r n i n g  r a t e  w i t h  AHc/AHv i s  p r e s e n t e d ,  
and d e r i v e d  fundamenta l l y .  

Burgess, D. S., Murphy, J. N. and Zabetakis, M. G., Hazards Associated w i t h  
the Sp i l l age  o f  L ique f ied  Natural  Gas on Water. Report R I  7448, U.S. Depart- 
ment o f  the Inter ior , .Bureau o f  Mines, November 1970. 

The hazard o f  s p i l l i n g  LNG onto w a t e r  i s  d i s c u s s e d .  A f t e r  s p i l l a g e ,  
the i n i t i a l  v a p o r i z a t i o n  r a t e  o f  LNG was de termined  t o  be 0.037 lb/ 

2 f t  sec. I f  the LNG was c o n f i n e d ,  this r a t e  was m o d i f i e d  b y  the 
format ion  o f  i c e  on the "a.te,r s u r f a c e .  U s i n g  a 2000-gallon LNG 
s a m p l e ,  the maximum d i a m k t e r  ( i n  feet) of the s p r e a d i n g  pool was c a l c u -  
l a t e d  a t  6.3 wO1/3 where wo i s  the w e i g h t  o f  LNG i n  pounds. 



Burgess, D. S., Murphy, J. N. and Zabetakis; M. G., Hazards o f  LNG Sp i l l aqe  
i n  Marine Transportat ion F ina l  Report. NTIS No. A0/70578, f o r  USCG, O f f i ce  
o f  Research Development, February 1970. 

T h e  hazard  o f  s p i l l i n g  LNG onto w a t e r  i s  d i s c u s s e d .  A f t e r - s p i l l a g e  
onto w a t e r ,  the i n i t i a l  v a p o r i z a t i o n  r a t e  o f  LNG was de termined  to  
be 0.037 l b / f t 2  sec. I f  the LNG was c o n f i n e d ,  this r a t e  was modi- 
f i e d  b y  the format ion  o f  ice on the w a t e r  s u r f a c e .  Us ing  a  2000-gal 
LNG sample ,  the maximum d i a m e t e r  ( i n  feet)  o f  the s p r e a d i n g  pool 
w a s c a l c u l a t e d  a t  6.3 wO1l3 where W i  i sa the  w e i g h t  o f  LNG i n  pounds. .'' 

t .  

Burgess, D. S., Murphy, J. N., Zabetakis, M. G. and Perlee, H. E., "Volume o f  
Flammable Mix ture  Resul t i n s  from the Atmospheric Dispersion o f  a Leak o r  S p i l l . "  
Appl i c a t i  on o f  Cryogenic ~ e c h n o l  ow, .  Vol . 8. combustion I n s t i t u t e  15th ~ y h -  
posium on Combustion, 1976. 

1 

. , T h e : p a p e r  d i s c u s s e s  a tmospher ic  d i s p e r s i o n  o f  flammable v a p o r s ,  the' . -  .' ) 

s t r u t u r e  o f  gas  c l o u d s  a n d , t h e  e x p l o s i o n  p o t e n t i a l  of flammable . * .:< 

m i x t u r e s .  

Burgess, D. S., Strasser, A. and Gumer, J., "D i f fus ive  Burning of L i qu i d  
Fuels i n  Open Trays." F i r e  Research Abstracts and Reviews. a(3)  :177-192, 
1961 . 

T h e  paper d e s c r i b e s  the ef fects  of  f u e l  t empera ture  and wind on . 
b u r n i n g  r a t e ,  d i s c u s s e s  the problem o f  c r y o g e n i c  f u e l s ,  and s u g g e s t s  
t h a t  b u r n i n g  r a t e  may be p r e d i c t e d  from h e a t s  of  v a p o r i z a t i o n  and 
combust ion o f  the f u e l .  Data on m e t h a n o l ,  LNG, l i q u i d  hydrogen ,  
amine f u e l s ,  and t y p i c a l  hydrocarbons  a r e  i n c l u d e d .  

Burgess, D. S. and Zabetakis, M. G., Detonation o f  a Flammable Cloud Follow- 
i ng Propane P i  pel  i ne Break: . The December. 9, 1970 Exp1,osion. , i n  Por t  .Hudson, 
Missouri .  Report R I  7752, U.S. Department o f . t h e  I n t e r i o r ,  Bureau o f  Mines, 
1973. . . .  

T h i s  r e p o r t  summarizes the i n c i d e n t s  t h a t  preceded the December 9," 1970 ,  
propane-air e x p l o s i o n  i n  P o r t  Hudson, MO. B o t h  near -  and f a r - f i e l d  
damage i n d i c a t e d  t h a t  this e x p l o s i o n  may be a t t r i b u t e d  t o  the detona-  
t i o n  o f  propane i n  a i r  w i t h  a n  e n e r g y  r e l e a s e  e q u i v a l e n t  t o  t h a t  from 

' about  50 tons of  d e t o n a t i n g  TNT. - 
~ u r ~ e s s ,  D. and Zabetaki s, M. G., F i r e  and :Explosion Hazards. Associated ~i t k '  
L iquef ied Natural Gas. Report R I  6099, U.S. Department o f  the I n t e r i o r ,  

. . Bureau o f  Mines, 1962. 
I 

F a c t o r s  t h a t  shou ld  be c o n s i d e r e d  i n  e v a l u a t i n g  the. f ire  and e x p l o -  
sion h a z a r d s  r e l a t i n g  to  any f u e l  a r e  d i s c u s s e d .  T h e s e  f a c t o r s  a r e  
. u t i l i z e d  i n  the d e s i g n  o f  e x p e r i m e n t s  to  e v a l u a t e  the h a z a r d s  a s s o -  
c i a t e d  w i t h  LNG a s  compared to  those h a z a r d s  a s s o c i a t e d  w i t h  other 
f u e l s  . 



Buschmann, C. H., "Exper 
ment o f  Ch lor ine  Clouds. 
on Transport  o f  Hazardou 
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4ments on the  D ispers ion  of Heavy Gases and Abate- " Proceedings o f  t he  Fourth I n t e r n a t i o n a l  Symposium 
s Cargoes by Sea and In land  Waterway, Jacksonvi l  l e y  

Report No. AD/A023505, pp . 475-488, October 1975. 

The  e x p e r i m e n t s  comprised f o u r  d i f f e r e n t  p a r t s  : d i s p e r s i o n  of heavy  
g a s e s  o f f e r  a n  i n s t a n t a n e o u s  r e l e a s e ;  p e n e t r a t i o n  o f  heavy  g a s e s  i n  
b u i l d i n g s  d u r i n g  the passage of a . g a s - c l o u d ;  i n f l u e n c e  o f  a chlorine- 
c l o u d  on  m o t o r i z e d  t r a f f i c ,  and s u p p r e s s i o n  and abatement  of  c h l o r i n e -  
c l o u d s .  

Bush, S. H. , "Pressure Vessel Re1 i abi  1 i ty . " Journal o f  Pressure Vessel 
Technology. - 97(J) : 54-70, February 1975. 

An i n f o r m a t i v e  r e v i e w  p e r t a i n i n g  t o  U n i t e d  S t a t e s  p r e s s u r e  vessels 
i s . m a d e  and compared t o  d a t a  a v a i l a b l e  from Germany. An a t t e m p t  
t o  unders tand  the apparen t  d i f f e r e n c e s  i n  r e l i a b i l i t y  o f  these 
two  c o u n t r i e s  on the b a s e s  o f  the ASME c o d e s  c o v e r i n g  m a t e r i a l s ,  
d e s i g n ,  and c o n s t r u c t i o n ,  on o p e r a t i n g  procedures ,  and on d i f f e r -  
ences i n  r e p o r t i n g  t e c h n i q u e s .  Some a t t e n t i o n  i s  g i v e n  t o  f a i l u r e  
modes t o  p o s s i b l y  unders tand  the l o w  i n c i d e n c e  o f  o p e r a t i o n a l  
f a i l u r e s  i n  the U n i t e d  S t a t e s .  

Byram; G. M. , "Scal ing Laws f o r  Modeling Mass F i res .  " Pyrodynarnics . 
4:271-284, 1966. - - 

The  paper i s  concerned w i t h  the development  o f  s c a l i n g  laws n e c e s -  
s a r y  for mode l ing  and i s  r e s t r i c t e d  t o  the s t a t i o n a r y  mass f i re .  

Byram, G. M. and Nelson, R. M., Jr., "Buoyancy Charac te r i s t i cs  o f  a F i r e  Heat 
Source. " ~i i.*e Techno1 ogy. .I - O(1) : 68-79, 1974. 

Buoyancy p r o d u c t i o n  r a t e s  for a pure  h e a t  s o u r c e  a n d ' f o r  a f i r e  h e a t  
s o u r c e  o f  b u r n i n g  woody f u e l s  show t h a t  f i re  may be regarded a s  a 
pure  s o u r c e  y i e l d i n g  h e a t e d  a i r  r a t h e r  t h a n  h e a t e d  combust ion produc t s .  

Byram, G. M. and Nelson, R.M., Jr . ,  "The Modeling of Pu lsa t ing  F i res . "  F i r e  
Technology. - 6(2) :102-110, 1970. 

The a u t h o r s  p r e s e n t  s c a l i n g  r e l a t i o n s h i p s  for mode l ing  p u l s a t i n g  
fires. Data ga thered  from v a r i o u s  s i z e s  o f  p u l s a t i n g  fires com- 
pared f a v o r a b l y  w i t h  the p r e d i c t e d  r e l a t i o n s h i p s  be tween  f ire  
d i a m e t e r  and p u l s a t i o n  f requency .  



Cahn, R. P., Johnston, P. H. and Plumstead, J. A., "Transportat ion o f  
Natural Gas Hydrate." U.S. Patent 3,514,274 ( t o  Esso Research and Engineering 
Co.), 1970. 

Natura l  gas  was combined a t  25 t o  4 0 ' ~  and >80 p s i a  w i t h  a s l u r r y  
o f  propane h y d r a t e  i n  propane. T h i s  m i x t u r e  was coo led  t o  - 4 0 ' ~  
t o  g i v e  methane h y d r a t e  s l u r r y  i n  propane. T r e a t i n g  this product  
w i t h  propane gas  a t  25-40 '~  and <80 p s i a  r e g e n e r a t e d  methane and 
propane h y d r a t e .  

Carne, M., Thomas, J .  R. and Hutchinson, E. A., Buxton Bund-Fire Tests. The 
Gas Counci 1 , December, 1971 . 

I g n i t i o n  and burnou t  tests were ' conduc ted  on LNG con ta ined  w i t h i n  
w a l l s  o f  c l a y  or p u l v e r i z e d  f u e l  ash .  T h e , t e s t  o b j e c t i v e  was t o  
e s t a b l i s h  whether  w a l l s  o f  this c o n s t r u c t i o n  would be damaged b y  
a combina t ion  o f  c o l d  LNG and f lame r a d i a t i o n .  R e s u l t s  showed n o  
damage t o  the w a l l s  a p a r t  from a s u p e r f i c i a l  c a l c i n i n g  o f  the t u r f  
and s l i g h t  s p a l l i n g  o f  t h e  c o n c r e t e  c o v e r i n g .  Flame r a d i a t i o n  
agreed r e a s o n a b l y  w e l l  w i t h  p r e d i c t e d  v a l u e s .  

Cermak, J. E., "Appl icat ions o f  F l u i d  Mechanics t o  Wind Engineering - A Free- 
man Scholar Lecture." Journal o f  F lu ids  Engineering. x :9-38,  March 1975. 

T h e  o b j e c t i v e s  o f  this r e v i e w  a r e  t o  e s t a b l i s h  a n  i n i t i a l  s u b j e c t -  
m a t t e r  b a s e  f o r  wind e n g i n e e r i n g ,  t o  demons t ra te  c u r r e n t . c a p a b i l i t i e s  
and d e f i c i e n c i e s  o f  this b a s e  f o r  an e n g i n e e r i n g  t r e a t m e n t  o f  wind- 
e f fec t  problems,  and t o  i n d i c a t e  a r e a s  o f  r e s e a r c h  needed t o  broaden 
and s t r e n g t h e n  the s u b j e c t - m a t t e r  b a s e .  

Chan, S. T. and Gresho, P. M., A Comparison o f  Hydrostat ic  and Nonhydrostat i .~ 
Models as Appl ied t o  the Pred ic t ion  o f  LNG Vapor Spread and Dispersion. 
UCID-18097, Lawrence Livermore Laboratory, March 1979. 

Two mathemat ical  models  a r e  d e s c r i b e d  and a f t e r  numer ica l  imple -  
m e n t a t i o n ,  r e s u l t s  o f  a series o f  computa t ions  f o r  LNG vapor 
dispersion a r e  compared. C o n c l u s i o n s  a r e  drawn on how t o  f u r t h e r  
d e v e l o p  the 1 ess e l a b o r a t e  model i n to  a more c o s t - e f f e c t i v e  c o d e .  

Two f i n i t e  e l e m e n t  models  a r e  d e s c r i b e d :  one based on s o l v i n g  the 
t ime-dependen t ,  two-dimensional c o n s e r v a t i o n  e q u a t i o n s  o f  mass ,  
momentum, and e n e r g y ,  w i t h  buoyancy e f f e c t s  i n c l u d e d  v i a  the 
B o u s s i n e s q  approx imat ion;  the.other based on s o l v i n g  the o t h e r w i s e  
i d e n t i c a l  set o f  e q u a t i o n s  e x c e p t  u s i n g  the h y d r o s t a t i c  a s s u m p t i o n ,  
and a p p l i e d  these mode l s  to  p r e d i c t  some a s p e c t s  o f  the vapor  
d i s p e r s i o n  phenomena a s s o c i a t e d  w i t h  LNG s p i l l s .  



Chatterjee, N., Gaumer, L. S. and Geist,  J. M., "Operational F l e x i b i l i t y  o f  
LNG Plants Using the Propane Precooled Mu1 ti component Refr igerant MCR Process. " 
LNGS - In te rna t iona l  Conference on LNG, Duesseldorf, Germany, August 29- 
September 1 , 1 977. 

T h i s  paper d i s c u s s e s  the o p e r a t i o n  of  the MCR l i q u e f a c t i o n  p r o c e s s  
over a wide  range  o f  c o n d i t i o n s .  A computer program which models  
the p o r c e s s  i s  d e s c r i b e d .  
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Chatterjee, N. and Geist,  J. M., Spontaneous S t r a t i f i c a t i o n  i n  LNG Tanks 
Containing Nitrogen. ASME Pub1 i c a t i o n  76-WA/PID-6, December 5, 1976. 

LNG c o n t a i n i n g  s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  n i t r o g e n  c a n  s t r a t i f y  
s p o n t a n e o u s l y  d u r i n g  wea ther ing  i n  s t o r a g e  t a n k s .  Mixing o f  s t r a t i -  
f i e d  l a y e r s  l e a d s  t o  a n  i n c r e a s e  i n  b o i l - o f f  r a t e s ,  commonly refer- 
r e d  t o  a s  "rolloverrr. LNG s t o r a g e  t a n k s  c a n  be des igned  and opera ted  
s a f e l y  i f  s t r a t i f i c a t i o n  and a s s o c i a t e d  problems a r e  t a k e n  in to  ' 

a c c o u n t .  

Chatterjee, N. and Geist, J. M., "The E f f ec t s  o f  S t r a t i f i c a t i o n  on B o i l - o f f  
Rates i n  LNG Tanks." Paper presented a t  the A.G.A. D i s t r i b u t i o n  Conference, 
At lanta,  GAY May 8-10, 1972. 

T h e  a d d i t i o n  o f  LNG t o  a p a r t i a l l y  f i l l e d  t a n k  c o n t a i n i n g  l i q u i d  o f  
a d i f f e r e n t  d e n s i t y  may l e a d  t o  the temporary format ion  o f  s t r a t i f i e d  
l a y e r s .  The p h y s i c a l  phenomena a s s o c i a t e d  w i t h  the m i x i n g  o f  s t r a t i -  
f i e d  l a y e r s  o f  LNG h a v e  been s imula ted  on the computer .  One  method 
for m i t i g a t i n g  p o t e n t i a l  h a z a r d s  a s s o c i a t e d  w i t h  s t r a t i f i c a t i o n  i s  b y  
l i m i t i n g  the d e n s i t y  and the tempera ture  d i f f e r e n c e  be tween  fresh 
l i q u i d  and LNG i n  the t a n k s .  

Chippet, S. and Gray, W .  A., "The Size and Opt ica l  Property o f  Soot Par t i c les . "  
Combustion and Flame. - 31 - :149-159, 1978. 

T h i s  paper p r e s e n t s  the r e s u l t s  o f  a n  e x p e r i m e n t a l  i n v e n t i g a t i o n  
t o  d e t e r m i n e  the s p e c t r a l  t r a n s m i s s i v i t y  and s i z e  d i s t r i b u t i o n  of  
soot a g g r e g a t e s .  Measured a t t e n u a t i o n  and l i g h t  s c a t t e r i n g  were 
found t o  be i n  best agreement w i t h  t h e o r e t i c a l  r e s u l t s  when the 
complex  r e f r a c t i v e  i n d e x ,  ti, was t a k e n  t o  be 1.9-0.35i. 

Chiu, Chen-Hwa, "Evaluate Separation f o r  LNG Plants." Hydrocarbon Processing. 
pp . 266-272, September 1 978. 

Energy l o s s e s  from v a r i o u s  p r o c e s s e s  i n v o l v e d  i n  s e p a r a t i o n  o f  LNG 
components d u r i n g  l i q u e f a c t i o n  a r e  d i s c u s s e d .  Losses  d u e  t o  compres- 
sion and l i q u e f i c a t i o n  were c i t e d  t o  show a r e a s  for improvement i n  
e n e r g y  u s e .  



~l app, M .  B. and L i  t z i  ner , L .  F . ,  "Marine Terminals f o r  L N G ,  Ethylene, and 
LPG." A paper presented a t  the 68th National AICHE Meeting, Houston, Texas, 
February 28 - March 4, 1971 . 

T h e  d e s i g n  and economics  o f  mar ine  t e r m i n a l s  for LNG, E t h y l e n e ,  and 
LPG a r e  d i s c u s s e d ;  Some d i s c u s s i o n  of  s a f e t y  f e a t u r e s  i s  i n c l u d e d .  

Closner, J .  J .  and Parker, R .O . ,  "A Careful Accident Assessment Key t o  LNG 
Storage Safety.'" Oil and Gas Journal. pp. 47-51, February 6 ,  1978. 

T h i s  a r t i c l e  d i s c u s s e s  p o t e n t i a l  a c c i d e n t s  and r e l a t e d  h a z a r d s  a s s o -  
c i a t e d  w i t h  LNG s t o r a g e  f a c i l i t i e s .  A l i s t  o f  m i t i g a t i n g  measures  
wh ich  would p r e v e n t  a n  a c c i d e n t  or r e d u c e  i t s  consequences  i s  i n c l u d e d .  

Closner, J .  J .  and Parker, R.  O . ,  "Safety of Storage Designs Compared." - Oil . 

and Gas Journal. pp. 121 -1 25, February 13, 1978. 

E i g h t  d i f f e r e n t  t y p e s  o f  LNG s t o r a g e  d e s i g n s  a r e  compared w i t h  r e s p e c t  
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The  d e s i g n  and o p e r a t i o n  of  a n  open r a c k  v a p o r i z e r  and a n  i n d i r e c t  
f i r e d  v a p o r i z e r  a r e  d i s c u s s e d .  

Haines, G. H. and Thompson, J., "Offshore Gas L ique fac t i on  w i thout  Of fshore LNG 
Plants.  O i l  .& Gas J. E :87 -91  February 18, 1980. 

I t  i s  proposed t o  l i q u e f y  n a t u r a l  gas  w i t h  l i q u i d  nitrogen' s t o r e d  aboard 
a  t a n k e r  moored t o  an offshore d r i l l i n g  p l a t f o r m .  A t  the shore-based 
t e r m i n a l ,  the l i q u i d  n i t r o g e n  i n  t u ' m  i s  produced w i t h  some of  the " c o l d "  
d e r i v e d  from v a p o r i z i n g  the LNG. I t  i s  claimed t h a t  such  a n  o p e r a t i o n  i s  
w e l l  w i t h i n  e x i s t i n g  t e c h n o l o g y  and i s  a l s o  economica l .  

Hale, D. , "LNG Pro jec ts  Develop Overseas, Only Regulat ions Develop i n  U.S.'' 
P i  pe l  i ne and Gas Journal.  pp. 17-21 , June 1979. 

.. . 
The  a r t i c l e  p r o v i d e s  a n  i n d u s t r y  sununary o f  LNG a c t i v i t i e s  i n  1978 ' 

and i n c l u d e s  a  l i s t  o f  f o r e i g n  and U . S .  LNG f a c i l i t i e s .  

Ha.le, D. , "Peakshaving C a p a b i l i t i e s  Ready f o r  1979 - 1980 Wi.nter Season.." 
P i p e l i n e  and Gas J. . m ( 1 3 )  : 22-25, 1979. 

U.S .  peakshaving c a p a b i l i t i e s  w i l l  be a t  a  record  h i g h  for the 1979-1980 
w i n t e r  s e a s o n s  a s  underground g a s  s t o r a g e  c a p a c i t y  and wi thdrawal / send-  
o u t  c a p a c i t y  r e a c h  new peaks  and LNG peakshaving c a p a c i t y  r e a c h e s  an. 
a l l - t i m e  h i g h ;  new peakshaving c a p a c i t y  i s  abou t  70 bi l l ion f t 3 / d a y :  



Hal 1, A. R.., "Pool Burning." Oxidation and Combustion Reviews. - 6:169-22.5,. 
E l  sev ier  ,Sc ien ' t i f i c  . , Pub1 i sh ing  Company,, 1973. 

. . 

T h i s  r e v i e w  o f  l i t e r a t u r e  i n c l u d e s :  i n f l u e n c e  on the b u r n i n g  
c h a r a c t e r i s t i c s ;  t empera ture  d i s t r i b u t i o n  i n  the l i q u i d  and the 
phenomena o f  hot zone format ion  and boilover; p r e v a i l i n g  c o n c e p t s  
o f  h e a t  t r a n s f e r  from the f lame  t o  the l i q u i d ;  e f f ec t  o f  water  a s  
a . d i s p e r s e d  phase ,  and a s  a  s u b s t r a t e ,  on b u r n i n g .  

Hal 1 , D. J., Ba r re t t  
Escape o f  Heavy Gas. 
Industry,  Hertfordsh 

, C. F. and Ralph, M. O., Experiments on a Model o f  an 
LR 21 7 (AP) , Warren Spring Laboratory. Deparment o f  

i r e ,  United Kingdom, 1976. 

The r e p o r t  d e s c r i b e s  model e x p e r i m e n t s  on a  r e l e a s e  o f  a  heavy  
e x p l o s i v e  g a s ,  propane or b u t a n e ,  i n to  the atmosphere  a t  ground 
level'. B o t h  l o n g  and short t e r m  r e l e a s e d  a r e  c o n s i d e r e d  and the 
v a l i d i t y  o f  the model i s  d i s c u s s e d .  A  method o f  e x t r a p o l a t i n g  . , . ,  

the ' exper imen ta l  r e s u l t s  t o  f u l l  s c a l e  is '  prov ided .  
. 

Ha l l ,  R. J., "CARS Spectra o f  Combustion Gases." Combustion and Flame. 
35(1) :47-60, May 1979. - . . 

The a u t h o r  p r e s e n t s  a  t h e o r e t i c a l  b a s i s  for o b t a i n i n g  s p e c i e s  
c o n c e n t r a t i o n  and . t empera tures  i n  t u r b u l e n t ,  sooty f lames  u s i n g  
Coheren t -An t i -S tokes  Ramen S p e c t r o s c o p y  (CARS). Comparisons o f  
t h e o r y  and e x p e r i m e n t  a r e  p r e s e n t e d .  

Hal 1, S. F., A Simple Homogeneous Equil  i brium C r i t i c a l  Discharge Model Applied 
t o  Multi-Component, Two Phase Systems. Safety and R e l i a b i l i t y  D i rec tora te  
(U.K.), Report SRO R 127, May 4, 1978. 

Two mode1.s'of two  phase c r i t i c a l  d i s c h a r g e  from reservoirs a r e  
p r e s e n t e d  which a r e  a p p l i c a b l e  for s p i l l  c a l c u l a t i o n s  from breaches  
i n  s t o r a g e  t a n k s  or p i p i n g .  

Hal verson, G. , "Automatic Continuous LNG Level -Gauging and Temperature Measur- 
i n g  System." Proceedings of the 1 s t  Biennial  Symposium on Cryogenic Ins t ru -  
mentation, Vol. 1, 1976. 

T h i s  paper d e s c r i b e s  a  s y s t e m  which i s  b e i n g  used to  make a c c u r a t e  
measurements o f  the l i q u i d  level and t empera ture  p r o f i l e  i n  LNG 
s t o r a g e  t a n k s .  

Handman, S. E., "Pros and Cons o f  LNG Safety." P ipe l ine Industry.  pp. 39-42, 
September, 1979. 

T h i s  paper r e v i e w s  t y p e s  o f  e x i s t i n g  LNG f a c i l i t i e s ,  a g e n c i e s  which h a v e  
j u r i s d i c t i o n  over the f a c i l i t i e s ,  and risks a s s o c i a t e d  w i t h  LNG f a c i l i t i e s  
v e r s u s  risks a s s o c i a t e d  w i t h  other human a c t i v i t i e s .  



Hankel , C. C. , LaFarc,. I .' V .  and L i  t z i  nger, L. F, , :'Purging LNG Tanks I n t o  and 
Out o f  Serv ice Considerat ions and Experience." Paper presented t o  the  AGA 
Transmission Conference, Minneapolis, Minnesota, May 6-8, 1974.: 

T h i s  paper d i s c u s s e s  d e t a i l e d  procedures  used b y  Chicago Br idge  
& Irori for purg ing  LNG t a n k s  i n t o  and o u t  o f  service. 

Hankinson, R. W .  and Thomson, G. W . ,  "Calculate L i q u i d  Dens i t ies  Accurately." 
Hydrocarbon Processing . pp. 277-282, September, 1979. 

Liqu id  d e n s i t y  c a l c u l a t i o n  methods  a r e  compared on 3000 compounds; r e s u l t s  
on 190 o f  these a r e  p r e s e n t e d .  T h e  C o s t a l d  - Corresponding S t a t e s  L iqu id  
D e n s i t y  method was found t o  be more a c c u r a t e  t h a n  the Yen-Wopds or modi- 
f i e d  ~ a c k e t t   quat ti on (SDR) methods,. 

. .:.. . 

LNG f i r e b a l l s  c a n  pose  s e r i o u s  b u r n  h a z a r d s  i n  their v i c i n i t y .  T h i r d  
d e g r e e  b u r n s  from a v e r y  l a r g e  LNG f i r e b a l l  ( s e v e r a l  lo7 k g )  c o u l d  
o c c u r  o u t  t o  s e v e r a l  k i l o m e t e r s  from i t s  center. 

Hars ha, P . T . , LNG Safety Program Topical  Report: Dispers ion Model i ng . 
Report RDA-TR-1100-003, by R&D Associates f o r  t he  American Gas 
~ s s o c i a t i o n ,  J u l y  1976. - 

A v a r i e t y  o f  t e c h n i q u e s  e x i s t  for n e a r - f i e l d  LNG d i s p e r s i o n  phenomena; 
Gauss ian  plume models  a r e  i n a p p r o p r i a t e ;  h y d r o s t a t i c  models  a r e  . 
a p p r o p r i a t e ;  three -d imens iona l  numer ica l  models  h a v e  been demons t ra ted;  
a genera l  LNG vapor  d i s p e r s i o n  model shou ld  i n c o r p o r a t e  s o p h i s t i c a t e d  
s t a t e - o f - t h e - a r t  t u r b u l e n c e  mode l s .  

Haselden, G. G., "Developments i n  Gas L ique fac t i on  and Separation. " I n t .  J. 
R e f r i  g . 2(6)  : 207-21 0, November, 1978. 

Some o f  the mos t  i n t e r e s t i n g  papers  presen ted  t o  the Gas L i q u e f a c t i o n  and 
S e p a r a t i o n  Commission o f  the I I R  a r e  r e v i e w e d .  A novel LNG peak-load 
s t o r a g e  p l a n t  was d e s c r i b e d  i n  which the e x c e s s  c o o l i n g  c a p a c i t y  a v a i l a b l e  
d u r i n g  mos t  o f  the year  i s  used t o  produce l o w  cost l i q u i d  oxygen and 
n i t r o g e n .  On  a l a r g e r  s c a l e ,  d e s i g n  s t u d i e s  were r e p o r t e d  showing the 
advan tages  t o  be gained b y  c o o l i n g  n a t u r a l  gas before a d m i t t i n g  it to  

9 3 v e r y  l o n g  t r a n s m i s s i o n  p i p e l i n e s .  F o r  d u t i e s  above 100 x 10  m / y e a r ,  
p i p i n g  LNG i s  recommended. 

' . h as el den, G. G., "The Achievements and Po ten t ia l  o f  LNG f o r  Energy Storage 
and Transport,." I n s t .  Chem. Eng. Sym.. - 44:7-13, 1976. 

The paper p r e s e n t s  a brief genera l  o v e r v i e w  on p r e s e n t  LNG 
t e c h n o l o g y ,  h i g h l i g h t i n g  those f e a t u r e s  t h a t  make LNG t r a n s p o r t  
e c o n o m i c a l l y  a t t r a c t i v e .  



Hashemi, H. T., Lo t t ,  J. L., Wesson, W.,D. and Wesson, H. R., "E f f ec t  o f  
Barometric Pressure Changes on Rate o f  B o i l o f f  i n  a Storage Tank of Saturated 
Liquids."  1978 Operating Section Proceedings, American Gas Association, 
Montreal, Quebec, May 1978. 

An a n a l y t i c a l  model for p r e d i c t i o n  o f  bo i lo f f  v a r i a t i o n s  d u e  to  
a t m o s p h e r i c  p r e s s u r e  changes  i n  a t m o s p h e r i c  s t o r a g e  t a n k s  i s  
p r e s e n t e d .  LNG examples  a r e  shown a l t h o u g h  the model c a n  be' 
a p p l i e d  t o  v a r i o u s  other c r y o g e n i c  gases .  

Hashemi, H. T. and Wesson, H. R., "Cut LNG Storage Costs." Hydrocarbon 
Processing. pp. 117-120, August 1971. 

Better, more p r e c i s e  d e s i g n s  c a n  be .made  u s i n g  a new mathemat ical  
model which more closely p r e d i c t s  a c t u a l . b o i 1 - o f f  r a t e s .  LNG losses 
and s t o r a g e  costs a r e  reduced .  

Havens, J. A., A Descr ip t ion and Assessment o f  the SIGMET LNG Vapor Dispersion 
Model, U.S. Coast Guard Report, CG-M-3-79, 1979. 

The mathemat ical  model SIGMET, which h a s  been developed t o  p r e d i c t  d i s -  
p e r s i o n  o f  LNG vapor  c l o u d s  from l a r g e  s p i l l s  on w a t e r ,  i s  d e s c r i b e d  i n  
g r e a t  d e t a i l .  The p a r t i c u l a r  f e a t u r e s  of the model a r e  d i s c u s s e d  and 
e v a l u a t e d .  C o n c l u s i o n s  and recommendations for f u r t h e r  improvement of  
the model a r e  g i v e n .  

Havens, J . A., Predictabi  1 i ty o f  LNG Vapor Dispersion From Catastrophic 
Spi 11 s Onto Water: An Assessment. Report prepared by the Un ive rs i t y  o f  
Arkansas f o r  the  Cargo and Hazardous Mater ia ls  D iv is ion,  O f f i ce  o f  Merchant 
Marine Safety, U.S. Coast Guard, A p r i l  1977. 

The .  a u t h o r  h a s  rev iewed  v a r i o u s  mathemat ical  mode l s  and the 
methodology d e s c r i b e d  b y  SAI  a n d , b e l i e v e s  t h a t  s u c h  t e c h n i q u e s  
h o l d  the mos t  promise  for a c c u r a t e  p r e d i c t i o n  o f  vapor  d i s p e r s i o n  
from c a t a s t r o p h i c  s p i l l s  on w a t e r .  A program des igned  t o  e v a l u a t e  
the accuracy  o f  the SAI model or other mode l s  shou ld  now be con- 
s i d e r e d  h i g h  p r i o r i  t y  . 

Heat Transfer a t  the  Air-Ground I n te r f ace  With Special Reference t o  A i r f i e l d  
Pavements. Report Prepared by the Massachusetts I n s t i t u t e  o f  Technology, Depart- 
ment o f  C i v i l  and Sani tary Engineering, Soi 1 Engineering Div is ion,  Technical 
Report No. 63, January 1961 . ' -  

- - - 

The v a r i a b l e s  which  a f f e c t  the t r a n s f e r  o f  h e a t  a t  the a i r - e a r t h  
i n t e r f a c e  were s t u d i e d  a s  a p a r t  o f  an i n v e s t i g a t i o n  t o  improve 
t e c h n i q u e s  for p r e d i c t i n g  s u b s u r f a c e  t e m p e r a t u r e s .  T h e  investi- 
g a t i o n  d e m o n s t r a t e s  t h a t  c e r t a i n  r e a d i l y  o b t a i n a b l e  measurements 
may be u t i l i z e d  t o  p r e d i c t  the amounts of  h e a t  f l o w  a t  the ground 
s u r f a c e  d u e  t o  v a r i o u s  a t m o s p h e r i c  phenomena. 
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: ~ e n r y  , R;  E. , ~ a b o r  , J . D., Winsch, I. 0. arid Spleha, E. A. e t  a1 . , "Large. 
Scal e..Vapor Explosions. ". Argonne National Laboratory, Argonne, IL .  Paper ..:. 
presented a t  the Fast Reactor Safety Meeting, Beverly H i l l s ,  CA, A p r i l  2-4,. 
1974. 
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~ x ~ e r i m e n t a l  r e s u l t s  w i t h  Freon-22 and w a t e r .  show. t h a t  the i n t e r f a c e  
t empera ture  homogeneous n u c l e a t i o n  model a c c u r a t e l y  p r e d i c t s .  the 
n e c e s s a r y  t empera ture  c o n d i t i o n s  for. the onset o f  l a r g e  s c a l e  vapor 
e x p l o s i o n s .  T e s t  r e s u l t s  for many d i f f e r e n t  c o n t a c t  modes r e v e a l e d  
t h a t  t h e , m a g n i t u d e s  o f  e x p l o s i o n s  were h i g h l y  dependen t  upon c o n t a c t  
mode. 

Hertzberg, M.,."The Theory o f  Free Ambient F i re .  The Convectively.Mixed. 
Combusti,on o f  Fuel Reservoirs . " Combus t i o n  and Flame. - 21 : 195-209, ,1973. 

. . 

T h e  t h e o r y  o f  f u e l - r e s e r v o i r  fires i s  e x t e n d e d  and a m p l i f i e d  into 
a  q u a n t i t a t i v e  f o r m u l a t i o n  t h a t  i n c l u d e s  a l l  the s i g n i f i c a n t  p h y s i c a l  
p r o c e s s e s  : mass d i f f u s i o n ,  h e a t '  c o n d u c t i o n  ; convective m i x i n g ,  ... .. 

convective h e a t  t r a n s p o r t ,  and r a d i a t i v e  h e a t  t r a n s p o r t .  The pre- 
d i c t i o n s  a r e  compared w i t h  the d a t a  for 3 f u e l s  ( g a s o l i n e ,  l i q u i d  
hydrogen ,  and m e t h a n o l ) ,  and the comparison g i v e s  r e a s o n a b l e  
agreement .  

Hertzberg, M., Cashdollar, K., L i t t on ,  C. and Kansa, E., "The D i f f us i on  Flame 
i n  Free Convection. Buoyancy-Induced Flows, Osci 11 at ions , Radiat ive Balance 
and Large-Scal e L im i t i ng  Rates. " Paper presented a t  the Central States Section, 
Combustion I n s t i t u t e  Meeting on F l u i d  Mechanics o f  Combustion Processes., 
C l  eve1 and, OH, March 29-30, 1977. 

E a r l y  s t u d i e s  o f  f lame o s c i l l a t i o n s  a r e  rev iewed  and new d a t a  a r e  
presen ted  for t h e  fundamental  i n f r a r e d  f l i c k e r  f r e q u e n c i e s  of  metha- 
n o l  pool f lames  and other d i f f u s i o n  f lames .  Measured f r e q u e n c i e s  
d e c r e a s e  m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  s i z e ,  i n  good agreement  
w i t h  independen t  d a t a  o b t a i n e d  p h o t o g r a p h i c a l l y  and a c o u s t i c a l l y .  

Heskestad, G., Kung, H. C. and Todtenkopf, N. F., " A i r  Entrainment i n t o  Water 
Sprays and Spray Curtains." ASME Winter Annual Meeting, New York, New York, 
1976. 

T h e o r e t i c a l l y  d e r i v e d  volumes o f  e n t r a i n e d  a i r  were found t o  a g r e e  
w i t h  e x p e r i m e n t a l  v a l u e s  t o  w i t h i n  17%. W h i l e  no e x p l i c i t  reference 
i s  made t o  LNG, the r e s u l t s  a r e  s u f f i c i e n t l y  genera l  to  a p p l y  to  the 
vapor  s t a g e  o f  an LNG s p i l l .  



Hindle, W., A r t i c  Is lands LNG. Presented t o  the American Gas Associat ion 
Transmission Conference, Montreal , Quebec, May 8-1 0, 1978. 

T r a n s  Canada h a s  begun the s t u d y  and d e s i g n  o f  a n  LNG p r o j e c t  which 
would t r a n s p o r t  LNG from the h i g h  A r c t i c  I s l a n d s  t o  Quebec.  The  
t y p e  o f  s h i p  t h a t  would be u s e d ,  a n  i c e b r e a k i n g  LNG c a r i e r ,  i s  
d e s c r i b e d .  

Hoehne, V .  .O. and Luce, R. G., "The E f f e c t  o f  Veloci ty ,  Temperature, and 
Molecular Weight on Flammabil i ty L im i t s  i n  Wind-Blown Jets o f  Hydrocarbon 
Gases ." Proceedings, D i v i s i on  o f  Ref in ing . API , - 50:1057-1081, 1970. 

V a r i o u s  d i a m e t e r  j e t s  o f  me thane ,  e t h a n e ,  b u t a n e ,  and h e p t a n e  gas  
w e r e  d i r e c t e d  p e r p e n d i c u l a r  t o  the wind s t r e a m  i n  a  wind t u n n e l .  
Measurements were made t o  d e f i n e  t h e  f lammable zone  caused b y  the 
je t -wind i n t e r a c t i o n .  T h e  a p p l i c a t i o n  o f  the test  r e s u l t s  t o  
p r a c t i c a l  p r o c e s s  p l a n t  vent s p a c i n g  t o  m i n i m i z e  h a z a r d s  d u r i n g  
windy a t m o s p h e r i c  c o n d i t i o n s  i s  i l l u s t r a t e d .  

Holman, 0. B., "LNG Peakshaving P lan t  Design Features and Operating Experi- 
ences." Paper presented t o  Seminar and Study Tour on LNG Peakshaving, 
Washington DC, March 5-9, 1979. 

T h i s  paper r e v i e w s  the d e s i g n  f e a t u r e s  and o p e r a t i n g  e x p e r i e n c e s  
o f  the P h i l a d e l p h i a  Gas Works Richmond Peakshav ing  P l a n t .  The  
p l a n t  u s e s  a  cascade  l i q u e f a c t i o n  p r o c e s s ,  a  p r e s t r e s s e d  concrete 
t y p e  d e s i g n  for s t o r a g e  and r u n n i n g  f i l m  v a p o r i z e r s .  

Hot te l ,  H. C.  and Sarofim, A .  F., Radiat ive Transfer. Chapter 6, McGraw-Hill 
Book Company, 1967. 

Chapter  6 d e a l s  w i t h  gas  e m i s s i v i  t ies and a b s o r p t i v i  t ies .  

Houl t, D. P. , "The F i r e  Hazard o f  LNG Spi 11 ed on Waters. " Proceedings on LNG 
Impor ta t ion and Terminal Safety. NTIS No. ADj754326, Boston, MA, June 13-14, 
1972. 

T h e  paper c o n s i d e r s  the r a t e  of  e v a p o r a t i o n  o f  LNG s p i l l e d  on w a t e r ,  
the n e g a t i v e i y  b u o y a n t  p lume,  h e a t  t r a n s f e r  t o  the plume,  the 
b u o y a n t  p u f f ,  and c o n c l u d e s  t h a t  there i s  n o  s i n g l e  r u l e  whereby 
the f i r e  hazard  o f  a n  LNG s p i l l  may be e s t i m a t e d .  

Howard, J. L., and Andersen, P. G., "Barge-Mounted.Gas L iquefact ion and Storage 
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i m p o r t a n t  i n  c o r r e l a t i n g  e x p e r i m e n t s  w i t h  theory. 

Levy, M.M., "The Cove Po in t  LNG Terminal : I t s  F i r s t  Year o f  Operation." 
Paper presented t o  Seminar and Study Tour on LNG Peakshaving, Washington DC, 
March 5-9, 1979. 
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The  d e s i g n  and o p e r a t i n g  e x p e r i e n c e  o f  the Cove Point LNG t e r m i n a l  
i s  r e v i e w e d .  

Lewis, D. H., The Dispersion and I g n i t a b i l i t y  of LNG Vapor Clouds. M.S. Thesis, 
Massachusetts I n s t i t u t e  of Technology, Cambridge, Massachusetts, June 1974. 

. '  1 

The  f l a m m a b i l i t y  of  vapor  c l o u d s  r e s u l t i n g  from i n s t a n t a n e o u s  
s p i l l s  o f  LNG i s  de termined  q u a n t i t a t i v e 1  y u s i n g  s t a t i s t i c a l  

- m e t h o d s .  A new p h y s i c a l  t h e o r y  on  the vapor  d i s p e r s i o n  p r o c e s s  
., i s  p r e s e n t e d  and compared t o  a v a i l a b l e  e x p e r i m e n t a l  d a t a .  
. . Numerical p r e d i c t i o n s  o f  d i s t a n c e  t o  v a r i o u s  f l a m m a b i l i t y  l i m i t s  

. a r e  presen ted  g r a p h i c a l l y .  ' 



Lind, C, D . ,  Explosion Hazards Associated Wi th  S p i l l s  of Large Quant i t i es -of  
Hazardous Materials - Phase I .  U.S. Coast Guard Report CG-D-30-75. . 
NTIS No. AD/A001242. October 1 974. 

T h i s  r e p o r t  documents the r e s u l t s  o f  a program t o  q u a n t i f y  the - 
e x p l o s i o n  h a z a r d s  a s s o c i a t e d  w i t h  s p i l l s  o f  m a t e r i a l  s u c h  a s  LNG, 
LPG, or e t h y l e n e .  The r e s u l t s  a r e :  a phenomenological  d e s c r i p t i o n  
o f  a s p i l l ;  a n  e x a m i n a t i o n  o f  the d e t o n a t i o n  p r o p e r t i e s  of  methane; 
a q u a l i t a t i v e  t h e o r y  o f  non- idea l  e x p l o s i o n s ;  a p l a n  for Phase 11 - . 
o f  the s t u d y .  

Lind, C .  D .  and Whitson, J .  C . ,  ~ x ~ l o s i v e  Hazards Associated w i t h  Spi:lls of 
Large Quan'ti t i e s  of Hazardous Materials. Phase 11. U .S. Coast Guard Report 
CG-D-85-77. NTIS NO.  AD/A047585,, 1977. 

. . 
Tests h a v e  been conducted t o  i n v e s t i g a t e  the b u r n i n g  b e h a v i o r  o f  
LNG t y p e  m a t e r i a l s .  N o  d e t o n a t i o n s  h a v e  been  observed  i n  any o f  
these tests. 

~ i n h ,  C .  D.  and Strehlow, R .  A . ,  "Unconfined Vapor Cloud Explosion Study."' 
NTIS No. AD/A023505, presented a t  the  Fourth International  Symposium on 
Transport of Hazardous Cargoes by Sea and Inland Waterways, Jacksonvil le,  FL, 
October 26-30, 1975. 

Five-meter  r a d i u s  h e m i s p h e r i c a l  bag  tests of  i g n i  tion o f  10% methane/ 
propane-air  m i x t u r e  were conduc ted .  R e s u l t s  i n d i c a t e d  t h a t  i g n i t i o n  
o f  f u e l s  i n  this amount d o e s  not produce a d e t o n a t i o n  or damaging 
p r e s s u r e  waves.  

Lind, C .  D .  and Whitson, J.  D . ,  "China Lake Sp i l l  Tests ."  Report L ,  Liquefied 
Gaseous Fuels Safety and Environmental Control Assessment Program: A Status 
Report. DOE/EV-0036, Department of Energy, Washington, DC, 1979. 

T h e  1978. LNG s p i l l  tes ts  a t  China Lake a r e  b r i e f l y  d e s c r i b e d .  N o  
d a t a  a n a l y s i s  i s  i n c l u d e d .  - - .  

Liquid Natural Gas, dharac te r i s t i cs  and Burning Behavior. Conch Methane ' 
Services, Ltd., Vi l l e r s  House, Strand/London, W.C. 2, England.. 

A s y n o p s i s  .of a comprehensive  e n g i n e e r i n g  r e p o r t  prepared for Conch 
Methane services L t d . ,  based on  l a r g e - s c a l e  . f i e l d  tests conducted n e a r  
Lake C h a r l e s ,  L o u i s i a n a ,  p l u s  l a b o r a t o r y  d a t a  from the Bureau o f  Mines 
and' a v a i l a b l e  i n f o r m a t i o n  i n  the li t e r a  t u r e .  F i e l d  tests measured the 
levels o f  r a d i a t i o n  b y  u s e  o f  t h e r m o p i l e s ;  and e x t i n g u i s h m e n t  t r i a l s ,  
u s i n g  v a r i o u s  e x t i n g u i s h m e n t  med ia ,  were conducted i n  c o n j u n c t i o n  
w i t h  b u r n i n g  tests.  



LNG Safe ty  Program - I n t e r i m  F ina l  Report. ( D r a f t )  R&D ~ s s o c i a t e ?  Report 
RDA-TR-1100-006 t o  t h e  American Gas Associat ion, September 30, 1976. 

T h i s  program r e p r e s e n t s  a  comprehens ive  LNG s a f e t y  s t u d y  and i n c l u d e s  
the f o l l o w i n g  t a s k s :  LNG spread  and b o i l o f f  r a t e s ,  s u b s c a l e  l a n d  
e x p e r i m e n t s  performed i n  a  wind t u n n e l ,  d i s p e r s i o n  m o d e l i n g ,  r a d i -  
a t i o n  and d e t o n a t i o n  s t u d i e s ,  and a  f i e l d  test program d e f i n i t i o n  
wh ich  r e p r e s e n t s  a  major  f o c a l  p o i n t  o f  a l l  other t a s k s .  Emphasis 
i s  placed on s c a l i n g ,  i n s t r u m e n t a t i o n ,  and d a t a  a n a l y s i s  m e t h o d o l o g i e s .  

LNG Safety Program - I n t e r i m  Report on Phase I 1  Work. A.G.A. P r o j e c t  IS-3-1, 
Report t o  the  American Gas Associat ion bv B a t t e l l  e  Columbus Laborator ies.  

Models f o r  d i s p e r s i o n  and r a d i a t i o n  were d e v e l o p e d ,  which f i t  d a t a  
f o r  8 0 - f t  s p i l l s  and w i l l  p r e d i c t  the hazard for s p i l l s  i n t o  d i k e s  
u p  t o  400 t o  500 f t  d i a .  Exper imen t s  v e r i f i e d  r e d u c t i o n  o f  d i s p e r s i o n  
h a z a r d s  b y  i n s u l a t e d  d i k e  floors and h i g h  d i ' k e s .  P r e d i c t i o n s  a r e  
g i v e n  o f  downwind d i s t a n c e s  o f  t r a v e l  of  flammable ' v a p o r s  and r a d i -  
a t i o n  i n t e n s i t i e s  o n  t a r g e t s  n e a r  fires on so i l ,  and i n  l o w  d i k e s  u p  
t o  500 f t  i n  d i a .  

LNG Terminal Risk Assessment Study fo r  Los Angeles. Report by Science App l i -  
ca t ions ,  Inc.,  f o r  Western LNG Terminal Company, December 22, 1975. 

S c i e n c e  A p p l i c a t i o n s ,  I n c . ,  c o n c l u d e s  o n  the b a s i s  o f  th is  s t u d y  
t h a t  LNG risks t o  populated  a r e a s  n e a r  the Los  Ange les  Harbor s i te  
a r e  e x t r e m e l y  l o w .  T h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  WTG, the d e s i g n  
o f  the f a c i l i t y  and t a n k s h i p  and the planned o p e r a t i n g  r u l e s  a c c o u n t  
f o r  the l o w  risk v a l u e s .  

LNG Wind Tunnel S imula t ion  and Ins t rumenta t ion  Assessments. Report RDA-TR- 
105700-003, D r a f t  bay R&D Associates f o r  t h e  U.S. Enerqv Research and -- 
~ e v e l o ~ m e n t  ~ d m i  n i  s t r a t i o n ,  Apr i  1  1977. 

I n f o r m a t i o n  i s  p r e s e n t e d  on LNG f lame  r a d i a t i o n ,  test  s i te  c r i t e r i a ,  
wind t u n n e l  m o d e l i n g ,  and test  i n s t r u m e n t a t i o n . .  

Love, T. J . ,  Hood, J. D . 9  Shahrokhi, F. and Tsai,  Y .  W., "A Method f o r  the  
P r e d i c t i o n  o f  Rad ia t ive  Heat Transfer  From Flames." ASME P u b l i c a t i o n  67-HT-47 
presented a t  t h e  ASME-AIChE Heat Transfer  Conference and Exh ib i t ,  Seat t le ,  WAY 
August 6-9, 1967. 

T h i s  paper p r e s e n t s  a  me thod ,  based o n  the t r a n s p o r t  e q u a t i o n ,  t o  
p r e d i c t  the r a d i a t i v e  h e a t  f l u x  from methanol  and a c e t o n e  f lames  
o f  a r b i t r a r y  s i z e  and geometry .  P r e d i c t e d  and measured v a l u e s  o f  
the r a d i a t i v e  f l u x  were compared for s e v e r a l  l a r g e r  f lames  and 
found t o  be i n  good agreement  for f r e e - b u r n i n g  f lames  o f  a c e t o n e  
and m e t h a n o l .  



Mackay, D.  and Matsugu, R .  S.,  "Evaporation Rates of Liquid Hydrocarbon 
. S p i l l s  on Land and Water." The Canadtan Journal of Chemical Engineerinq. 

51 :434-439, August 1973. - 

Exper imen ts  on the e v a p o r a t i o n  of  cumene, .water and g a s o l i n e  ' a r e  
d e s c r i b e d  and the e v a p o r a t i o n  mass t r a n s f e r  coeff icient  c o r r e l a t e d  
w i t h  the windspeed ,  l i q u i d  pool s i z e  and the vapor  phase Schmidt  
Number. Comparison o f  the c o r r e l a t i o n  w i t h  f l a t  p l a t e  mass t r a n s f e r  
c o r r e l a t i o n s  shows s a t i s f a c t o r y  agreement and s u g g e s t s  t h a t  t u r b u l e n t  
t r a n s f e r  o c c u r s ,  the r a t e  b e i n g  enhanced b y  l i q u i d  s u r f a c e  roughness .  

Maezawa, M. , Experiments on Fire Hazards of Liquefied F l  ammabl e Gases. 
Osaka Gas Company, Ltd. ,  May 1973. 

P a r t  I d i s c u s s e s  the f ire  p r o p e r t i e s  o f  l i q u e f i e d  flammable g a s e s .  
P a r t  11 p r e s e n t s  the r e s u l t s  o f  an exper imen t  i n  f ire  e x t i n g u i s h i n g .  
P a r t  111 i s  concerned w i t h  a  d i s p e r s i o n  e x p e r i m e n t .  B r i e f l y ,  the 
f lame  t empera ture  of  each  l i q u e f i e d  gas i s  700 t o  8 0 0 ' ~  compared to  
g a s o l i n e  a t  1 1 0 0 ~ ~ .  LNG b u r n i n g  r a t e s  a r e  much l a r g e r .  t h a n  gaso- 
, l i n e .  R a d i a t i o n  e n e r g y  is a l s o  l a r g e r  t h a n  g a s o l i n e .  

Magnussen, €3. F. and Huertager, "Mathematical Modeling of Turbulent Com- 
bustion with Special Emphasis on Soot Formation and Combustion." Presented 
a t  the  16th In ternat ional  Symposium on Combustion, pp. 719-729, 1976. 

T h i s  paper p r e s e n t s  a  mathemat ical  model of  t u r b u l e n t  d i f f u s i o n  
and /or  premixed f lames .  . Methods for thermal  r a d i a t i o n  and soot 
f o r m a t i o n  p r e d i c t i o n s  a r e  a l s o  p r e s e n t e d .  S o o t  format ion  i s  , . 

analyzed  a s  a  two-s tep  p r o c e s s  ( n u c l e a t i o n  site format ion  and 
soot p a r t i c l e  f o r m a t i o n ) .  ~ h e r m a l  r a d i a t i o n  i s  e v a l u a t e d  u s i n g  
a  t w o - f l u x  e q u a t i o n .  . . 

Maher, J .  B .  and Van m elder, L .  R .  "Rollover and Thermal Overf i l l  i n  F l a t  
Bottom LNG Tanks. 'I P i  pel i ne and Gas Journal . m : 4 6 - 4 8 ,  September 1972. 

C o n c l u s i o n s  a r e  t h a t  h i g h  v e n t i n g  i n c i d e n t s  involve thermal  o v e r f i l l ;  
s u r f a c e  l a y e r  phenomena o c c u r s  i n  f l a t  b o t t o m  LNG t a n k s  f i l l e d  
through  b o t t o m  w i t h  a  l i q u i d  o f  s a t u r a t i o n  p r e s s u r e  g r e a t e r  t h a n  
p r e s s u r e  c a p a b i l i t y  o f  the t a n k ;  b o t t o m ' f i l l e d  t a n k s  shou ld  p r o v i d e  
v e n t i n g  over entire fill t i m e  consistent w i t h ' d e g r e e  of  thermal  
over f i l l ;  i f  t o p  l a y e r  i s  c o n t i n u a l l y  a g i t a t e d  d u r i n g  f i l l i n g ,  
thermal  overfi l l  w i l l  n o t  o c c u r .  



Markstein, G.. H., "Scal i n g  o f  Rad ia t ive  Charac te r i s t i cs  o f  Turbulent  Di f fus ion 
Flames. " Paper presented a t  t h e  16th I n t e r n a t i o n a l  Symposium on Combustion, 
1977. 

I t  i s  shown t h a t  r a d i a t i v e  p r o p e r t i e s  o f  gaseous - fue l  t u r b u l e n t  
d i f f u s i o n  f lames  c a n  be s c a l e d  s u c c e s s f u l l y  over a  f a i r l y  w ide  
range  o f  f u e l  f l o w  r a t e s .  In a d d i t i o n ,  r a d i o m e t r i c  s c a n s  were 
found t o  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  o n  f lame l e n g t h  and 
d i a m e t e r s  and their s c a l i n g  p r o p e r t i e s .  T h e  work was p a r t  o f  a  
program t o  d e v e l o p  a  g e n e r a l l y  a p p l i c a b l e  model o f  f i re  r a d i a t i o n .  

Mart insen, W.  E., S .  P. Muhlenkamp, J. Olson, "Disperse LNG Vapors With Water." 
Hydrocarbon Processing. -- 56(7) :261-266, J u l y  1977. 

T h i s  paper d i s c u s s e s  the p o t e n t i a l  for enhancing LNG vapor  c loud  
d i s p e r s i o n  b y  w a t e r  s p r a y s  i n t o  the c l o u d .  Exper imen ts  showed 
i n c r e a s e d  m i x i n g  d u e  m a i n l y  t o  mechanical  t u r b u l e n c e  induced  b y  
the watery  s p r a y s  and a r e s u l t a n t  d e c r e a s e  i n  the d i s t a n c e  a  
vapor  clo1:l s p r e a d s  before r e a c h i n g  the l o w e r  f l a m m a b i l i t y  l i m i t  . 

Masliyah, J. H. and Steward, F. R., "Radiat ive Heat Transfer  From a Turbulent  - - 

D i f f u s i o n  Buoyant Flame ~i t h  ~ i x i n g  Cont ro l led  Combustion." Combustion and 
Flame. 13:613-625, 1969. - - 

A mathemat ica l  model o f  a  t u r b u l e n t  buoyant  d i f f u s i o n  f lame i s  
p o s t u l a t e d .  T h e  r a d i a t i v e  i n t e r c h a n g e  be tween  the f lame and a . 
p l a n e  surround ing  i t s  b a s e  i s  de termined .  From this r a d i a t i v e  
d i s t r i b u t i o n ,  it i s  p o s s i b l e  t o  d e t e r m i n e  the r a d i a t i v e  h e a t  
f l u x  t o  the l i q u i d  f u e l  which i s  v a p o r i z i n g  t o  feed the flaine. 
A g r a p h i c a l  s o l u t i o n  i s  p r e s e n t e d  which y i e l d s  the r a t e  o f  . 

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

Mathiesen, T. C., F la t se th ,  H. H., Solberg, D. M. and Tue i t ,  0. J., "Risk 
Management i n  Marine Transpor ta t ion  o f  LNG, " 1979. 

Measures a r e  b e i n g  d e s c r i b e d  for d e a l i n g  s y s t e m a t i c a l l y  w i t h  LNG 
h a z a r d s  a s  t h e y  m i g h t  o c c u r  i n  mar ine  t r a n s p o r t a t i o n .  The measures 
a r e  l a r g e l y  based  on r e l i a b i l i t y  e n g i n e e r i n g  r e s u l t s .  

May, W .  G. and McQueen, W., "Radiat ion From Large LNG F i res . "  Combustion 
Science and Technolo=. - 7(2) :51-56., 1973. 

R a d i a t i o n  from f lames  of b u r n i n g  LNG were  measured i n  a  b u r n i n g  
pool c o n t a i n e d  i n  a  trench. Burning r a t e s  over the range o f  13,500 
t o  40,000 BBL/D o f  LNG were s t u d i e d .  Measured f l u x  v a r i e d  from 60 t o  
480 ~ t u / h r / f t l  a t  ground level and 300 t o  600 feet from the f lame 
center and from e l e v a t e d  p o i n t s .  An inverse square  l a w  of  r a d i a t i o n  
v e r s u s  d i s t a n c e  h e l d  f a i r l y  w e l l .  



May, W. G., McQueen, W ,  and Whipp, R. H., "Dispersion of.LNG S i~S l l s . "  Hydro-' 
carbon Processi ng. - 52 : 105-1 09, May 1973. 

The paper d i s c u s s e s  d a t a  a n a l y s i s  o f  plume shape and plume 
d i s p e r s i o n  c h a r a c t e r i s t i c s .  c o r r e l a t i o n s  show t h a t  d i s p e r s i o n  
o f  LNG v a p o r s  can  be p r e d i c t e d  from observed  f a c t s  a n d ' c o n t r o l l e d  
c o n d i  tions . 

May, W .  G., McQueen, W.  and Whipp, R. H., "Spi 11 s o f  LNG on Water. " Paper 
presented a t  the American Gas Associat ion D i s t r i b u t i o n  Conference, Washington, 
DC, May 14, 1973. 

T h e  c o n c l u s i o n s  reached cover:. e f f ec t  o f  v a r i a b l e s  on f l o w  r a t e ;  * 

i n e q u a l i t y  of  downwind f l o w  r a t e  and e v a p o r a t i o n  r a t e ;  e f f ec t  o f  
d e n s i t y  o n  .plume shape;  dependence o f  plume dens i . t y  on a i r  h u m i d i t y ;  
ef fec.t .  o f  plume h e a t i n g ;  wed ther e f f e c t s ;  p r e d i c t i o n s  of d o w ~ ~ w i n d  
plume t r a v e l .  , 

May, W.  G., McQueen, W. and Whipp, R.. H., "Spi 11s of LNG on Water. " Proc. Div. 
o f  Ref in ing,  API, pp. 626-653, 1973. 

T h e  vapor  d i s p e r s i o n  from l a r g e  LNG s p i l l s  on  water  was , exper i -  
m e n t a l l y  de termined .  T h e  tes ts ,  c a r r i e d  o u t  b y  Exxon,  were 
i n t e n d e d  t o  veri fy  and e x t e n d  r e s u l t s  o b t a i n e d  e a r l i e r  i n  the 
BuTeau o f  Mines and Gaz d e  France tests. 

May, W.  G., and Perumal , P. V. K., The Spreading and Evaporation. o f  LNG on 
Water. ASME paper 74 - WA/PID-15, 1974. 

The paper proposes  a semi -empir ica l  r e l a t i o n s h i p  for e s t i m a t i n g  the 
t o t a l  e v a p o r a t i o n  from a LNG s p i l l  on w a t e r .  . C o r r e l a t i o n s  a r e  based 
on LNG spread r a t e ,  maximuni pool d i a m e t e r  and e v a p o r a t i o n  r a t e  per  
u n i t  area  . 

McCarrthy , D., A Comparison 'of  Mathematical' Models f o r  the..Prediction o f  LNG 
Densi t ies.  NBSIR 77-867, National Bureau o f  Standards, October 1977. 

Four mathemat ical  models  o f  the e q u a t i o n  o f  s t a t e  for LNG l i ke  
m i x t u r e s  a r e  compared u s i n g  e x p e r i m e n t a l  d a t a  o p t i m i z e d  for each  
model .  T h e  o b j e c t i v e  o f  p r e d i c t i n g  LNG d e n s i t i e s  t o  w i t h i n  
+0.1% c o u l d ' n o t  be a s s e s s e d  due t o  d i s c r e p a c i e s  i n  the i n p u t  
d a t a .  Model l i s t i n g s  a r e  i n c l u d e d .  
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and concrete a t  c r y o g e n i c  t e m p e r a t u r e s  a r e  r e v i e w e d .  

Meinen, E., "LNG Enclosure Design - 2." O i l  and Gas Journal'. May 21, 1979. 
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A n a l y t i c a l  procedures  and test r e s u l t s  a r e  d e s c r i b e d .  

Mel lor ,  G.  L. and Yamada, T., "A Hierarchy o f  Turbulence Closure Models f o r  
~l anetary Boundary ~ a ~ e r s .  " - ~ o u r n a l  o f  the Atmospheric Sciences. 
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. . 4  

The  format ion  o f  methane and LNG h y d r a t e s  was r e v i e w e d .  Data 
concern ing  h y d r a t e  s t o r a g e ,  p r o p e r t i e s  snd decompos i t ion  p r e s s u r e s .  
were  d i s c u s s e d .  R e f r i g e r a t i o n  and h e a t  r e q u i r e m e n t s  for h y d r a t e  
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r a d i a t i v e  h e a t  t r a n s f e r  o n  turb 'u len t  n a t u r a l  convection above fires 
i n  a n  atmosphere  o f  c o n s t a n t  p o t e n t i a l  t e m p e r a t u r e ,  under  both the 
'opaque'  and ' t r a n s p a r e n t  ' approx imat ions  . I t  t u r n s  o u t  t h a t  on the 
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The t u r b u l e n t .  n a t u r a l  c o n v e c t i o n  above fires i n  a  d r y  calm atmosphere  
w i t h  a  constant l a p s e  r a t e  h a s  b e e n  the s u b j e c t  o f  s e v e r a l  recent 
i n v e s t i g a t i o n s .  T h e  p r e s e n t  paper p r e s e n t s  s o l u t i o n  c u r v e s  from 
which  the. n a t u r a l  c o n v e c t i o n ' m a y  be computed over a  f i re  of a r b i t r a r y  
s i z e  i n  a n  atmosphere  w i t h  a r b i t r a r y  l a p s e - r a t e  v a r i a t i o n .  
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on p h y s i c a l  e x p l o s i o n s ,  d e s c r i b e s  a  new e x p l o s i o n  mechanism, and , 

s u g g e s t s  c u r r e n t  and f u t u r e  a p p l i c a t i o n s  o f  the new t h e o r y ' t o  p r e v e n t  
. I  

smel t -water  e x p l o s i o n s  i n  k r a f t  chemical  recovery f u r n a c e s ;  

Newel 1 , R. G., "S ta t i on  Coordinat ion C r i t i c a l  i n  LNG P i p e l i n e  E f f i c i ency . "  
O i l  and Gas J. - 77(18):239-244, 1979. 

Pumping and c o o l i n g  s t a t i o n s  a l o n g  an LNG p i p e l i n e  mus t  be des igned  f o r  
una t t ended  o p e r a t i o n  and mus t  u s e  o n l y  LNG a s  the s o u r c e  o f  e n e r g y .  Tech- 
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Un i ts  Nos. 1 and 2." Docket Nos. 50-31 7 and 50-318, March 13, 1978. 

An a n a l y s i s  i s  d e s c r i b e d  which shows the e f fec t s  o f  v a r i o u s  
h y p o t h e t i c a l  LNG a c c i d e n t s  a t  Cove P o i n t  on the C a l v e r t  C l i f f s  
Power P l a n t .  R e s u l t s  i n d i c a t e d  t h a t  n o  new o p e r a t i n g  r e s t r i c t i o n s  
or other l i m i t a t i o n s  needed t o  be placed on  the wlan t  t o  a s s u r e  
normal o p e r a t i o n a .  

Off ice  o f  Technology Assessment, Transportat ion o f  L iquef ied Natural Gas. 
Congress c f  Uni ted States, .Washi ngton, DC. 

A r e v i e w  o f .  LNG t r a n s p o r t a t i o n  technology ~ r o v i d e d  a s  s u p p o r t  for . . 
Congress  on  Fu ture  Energy L e g i s l a t i o n .  The LNG i m p o r t  s y s t e m  i s  
c r i t i c i z e d ;  p u b l i c  concerns a r e  summarized; and l a w s ,  p e r m i t  r e q u i r e -  
m e n t s  and pending l e g i s l a t i o n  a r e  examined.  

"Offshore LNG Termi na l  Deemed Feasible. " Mari ne Equipment News. pp . 6-7, 
Spring 1977. 

T h i s  a r t i c l e  ddscusoes  the p o t e n t i a l  o f  offshore r e c e i v i n g  t e r m i n a l s  
and describes s e v e r a l  g e n e r i c  t y p e s  t h a t  cou ld  be u s e d .  There  a r e  
c u r r e n t l y  no offshore t e r m i n a l s  i n  o p e r a t i o n  or c o n s t r u c t i o n ,  however ,  
d u e  t o  onshore s i t i n g  d i f f i c u l t i e s  t h e y  a r e  b e i n g  g i v e n  s e r i o u s  
a t t e n t i o n .  

Ohsaka, K. e t  a1 . , Membrane St ruc ture  i n  a L iquef ied Gas Storage. Tank. U.S. 
Patent 4,149,652, 1979. 

An improved s t r u c t u r a l  d e s i g n  f o r  LNG"storage t a n k s  i s  d e s c r i b e d .  I t  
m i n i m i z e s  thermal  s t r a i n s  and p r a c t i c a l l y  e l i m i n a t e s  p o t e n t i a l  s o u r c e s  
o f  l e a k s  t h a t  were p r e s e n t  i n  e a r l i e r  d e s i g n s .  Required l a b o r  for 
i n s t a l l i n g  the new t a n k s  i s  a l s o  g r e a t l y  reduced .  



Opschoor, G., " Invest igat ions i n t o  the spreading and Evaporation o f  LNG Spi-l l e d  
on Water." Cryogenics. l7-:629-633, 1977. 

A n a l y t i c a l  e x p r e s s i o n s  for the s p r e a d i n g  o f  LNG s p i l l s  on open and 
c o n f i n e d  a r e a s  o f  w a t e r  h a v e  b e e n  d e r i v e d .  They a g r e e  w i t h  known 
a v a i l a b l e  e x p e r i m e n t a l  d a t a .  

Ordin, Paul M., Bib1 iography on L iquef ied Natural Gas (LNG) Safety. NASA 
Technical Memorandum, NASA TM X-73408, Apr i  1 1976. 

T h i s  b i b l i o g r a p h y  c o n t a i n s  c i t a t i o n s  concerned wi t h  the s a f e t y  of  
LNG and l i q u i d  methane.  T h e  raw d a t a  for this r e p o r t  was a computer 
p r i n t o u t  based on a keyword s e a r c h  s t r a t e g y  o f  d e s c r i p t i o n s  i n  the 
c r y o g e n i c  s a f e t y  d a t a  bank d e a l i n g  w i t h  LNG. 

O'Rourke, P.J. and F. Bracco, "Two Scal inq Transformations f o r  the Numerical 
computation o f  ~ u l  t idimensional unsteady Laminar Flames. " Journal o f  Compu- 
t a t i o n a l  Physics. - 3(2), November 1979. 

T h e  a u t h o r s  o f  t h i s  paper a d d r e s s  the problem o f  f lame propaga t ion  i n  a 
m u l t i - d i m e n s i o n a l  s y s t e m .  Problems i n v o l v i n g  s o n i c  propaga t ion  and s m a l l  
f l ame  thickness a r e  s o l v e d  b y  means o f  a t r a n s f o r m a t i o n .  An a c t u a l  simu- 
l a t i o n  o f  combus t ion  o f  methane i n  a chemica l  bomb a r e  p r e s e n t e d .  

Otterman, B., "Analysis o f  Large LNG Sp.i.11~ on Water - Par t  1: L i qu i d  Spread 
and Evaporation. " Cryogenics . - 15(8) : 445-460, August 1975. 

The  f i r s t  p a r t  o f  this  two-part  r e v i e w  c o n s i d e r s  the t h e o r e t i c a l  and 
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  on l i q u i d  spread and e v a p o r a t i o n  of  
l a r g e  LNG s p i l l s  on w a t e r .  B o t h  i n s t a n t a n e o u s  s p i l l s ,  i n  which the 
s p i l l  t i m e  i s  much s m a l l e r  t h a n  the t i m e  for c o m p l e t e  v a p o r i z a t i o n ,  
and c o n t i n u o u s  s p i l l s  a r e  c o n s i d e r e d .  A l s o ,  a p p l i c a t i o n s  of  the 
c o r r e l a t i o n s  a r e  d i s c u s s e d .  

Overly, J. R. and Overholsen, K. A., "CalcuPation o f  Minimgm I g n i t i o n  Energy. 
and Time Dependent Luminar Flame Prof i les .  " Combustion and Flame. - 31 :60-83, 
1 978. 

T h e  a u t h o r s  s i m p l i f y  the c a l c u l a t i o n a l  method o f  S p a l d i n g  b y  u s e  
o f  a t r a n s f o r m a t i o n  o f  v a r i a b l e .  The  a u t h o r s  employ this  tech- 
n i q u e  t o  c a l c u l a t e  i g n i t i o n  e n e r g y  and f lame  propaga t ion .  

Panofsky, H. A. , "The Atmospheri c Boundary Layer Below 150 Meters. " Annual 
Review o f  F l u i d  Mechanics. - 6:147-177, 1974. 

T h e  a r t i c l e  c o n s i d e r s  p r o f i l e s  and f l u x e s  over homogeneous t e r r a i n  
( s u r f a c e  l a y e r s ,  e x t e n s i o n  to  ,the tower  l a y e r )  and- p r o f i l e s  over 
chang ing  t e r r a i n  (wind p r o f i l e s ,  t e m p e r a t u r e  c h a r a c t e r i s t i c s ,  e n e r g y  
b u d g e t s ,  h o r i z o n t a l  v e l o c i t y  components ,  t e m p e r a t u r e  and h u m i d i t y  
s p e c t r a ,  c o s p e c t r a ,  and boundary l a y e r  m o d e l s ) .  



Parent, J. D., "The Storage of Natura l  Gas as Hydrabe." I n s t i t u t e  o f  Gas 
Technology B u l l e t i n  No. 1. 1948. 

. . 

A v e r y  thorough r e v i e w  o f  the t e c h n i c a l  l i t e r a t u r e  was p r e s e n t e d .  
T h i s  i n c l u d e d  phase d iagrams ,  h e a t s  o f  r e a c t i o n ,  e q u i l i b r i u m  r a t i o s ,  
c o o l i n g  r e q u i r e m e n t s ,  and o p e r a t i n g  p r e s s u r e s .  

Parker, R.  O., "Ca lcu la t ing  Thermal Rad ia t ion  ~ a z a r d s  i n  Large F i res . "  F i r e  
Technology. - 10(2):147-152, 1974. 

The a u t h o r  h a s  d e v e l o p e d ,  and d i s c u s s e s  here, a method for a s s e s s i n g  
the thermal  r a d i a t i o n  h a z a r d s .  t o  o b j e c t s  from fires. A comparison o f  
the c a l c u l a t i o n s  t o  a n  a c t u a l  f ire e x p e r i e n c e  seems t o  i n d i c a t e  t h a t  
the method i s  r e a s o n a b l y  a c c u r a t e ,  though somewhat c o n s e r v a t i v e .  

. . 

Parker, R. O., "Study o f  Downwind Vapor Travel From LNG S p i l l s . "  Paper 
presented a t  t he  American .G,as Assoc ia t ion  D i s t r i b u t i o n  Conference, ,May 1970. 
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T h e  problem c a n  be t r e a t e d  a s  a  h e a t  t r a n s f e r  c a l c u l a t i o n  a t  the 
e a r t h - l i q u i d  i n t e r f a c e  y i e l d i n g  the i n p u t ;  a  second h e a t  t r a n s f e r  
problem i f  there i s  no wind ,  or i f  there i s  w i n d , . a n  a tmospher ic  
d i s p e r s i o n  problem. T h e  c o n c l u s i o n  i s  t h a t  i t  i s  v e r y  u n l i k e l y  
t h a t  vapor  c o n c e n t r a t i o n s  o f  more t h a n  1 / 2 '  the l o w e r  flammable l i m i t  
w i l l  e x i s t  600 or more feet dowhwind o f  ehe lee d i k e .  

Parker, R. 0. and Spata, J . K., " ~ o & i n d  Travel o f  Vapor From Large Pools 
o f  Cryogenic L iqu ids . "  Paper presented a t  LNG-1 Conference, Chicago, IL ,  
1 968. 

A method i s  deve loped  for c a l c u l a t i n g  vapor  c o n c e n t r a t z o n s  downwind 
o f  l a r g e  p o o l s  o f  c r y o g e n i c  l i q u i d s .  Vapor c o n c e n t r a t i o n s  a t  any  
downwind p o s i t i o n  i s  found a s  a  f u n c t i o n  of t i m e ,  wind s p e e d ,  and 
wind s t r u c t u r e .  L a t e r a l  and v e r t i c a l  d i s p e r s i o n  c o e f f i c i e n t s  a r e  
determined u s i n g  m e t e o r o l o g i c a l  o b s e r v a t i o n s .  P r a c t i c a l  a p p l i -  
c a t i o n s  i n c l u d e  hazard s t u d i e s  and a i r  p o l l u t i o n  e s t i m a t e s .  

Parr ish,  W .  R., Arvidson, J. M; and LaBrecque, J. F., "Evaluat ion o f  LNG 
Sampling Measurement Systems f o r  Custody Transfer . "  1978 Operating Sect ion 
Proceedings, American Gas Associat ion,  Montreal, Quebec, May 1978. 

A method for sampl ing  moving LNG- s t r e a m s  for c o m p o s i t i o n  and 
h e a t i n g  v a l u e  i s  d e s c r i b e d .  T h e  main"'component o f  the t e c h n i q u e  
and the main s o u r c e  o f  error i s  a  gas chromatograph. 

Parr ish ,  W .  R., Arvidson, J. M. and LaBrecque, J. F.,'"System i s  Accurate, 
Precise f o r  LNG Sampl i ng . " Hydrocarbon Processi ng . Apr i  1 1978. 

A three component s y s t e m  i n c l u d i n g  a  - sampl ing  probe ,  v a p o r i z e r ,  
and gas  a n a l y z e r  i s  d e s c r i b e d  which c a n  be used t o  m o n i t o r  h e a t i n g  
v a l u e  from moving s t r e a m s  o f  L N G i " ' ~ e t e c t i o n  error i s  d e r i v e d  m a i n l y  
from error i n  the gas  a n a l y z e r ;  . 



Parr ish,  W. R., Brennen, J. A. and Siegwarth, J. D., "LNG custody Transfer 
Research a t  the National Bureau of Standards." 1978 Operating Section Pro- 
ceedings, American Gas Associat ion, Montreal, Quebec, May 1978. 

T h i s  paper p r e s e n t s  a  summary o f  r e s e a r c h  on d e t e r m i n i n g  the thermo- 
p h y s i c a l  p r o p e r t i e s  o f  LNG components ,  on f l o w m e t e r s ,  and on LNG 
sampl ing  and c o m p o s i t i o n  measurements .  

Patankar, S.  V. and Spalding, D. B., Heat and Mass Transfer  i n  Boundary Layers. 
In te rna t iona l  Textbook Company, Ltd., 2nd ed i t i on ,  London, U . K . ,  ,1970. 

T h e  a u t h o r s  o f  this t e x t  d e s c r i b e  a  computa t iona l  t e c h n i q u e  for 
s o l v i n g  the t i m e  dependen t  c o n s e r v a t i o n  e q u a t i o n s .  (mass ,  momentum, 
e n e r g y  and s p e c i e s )  needed t o  d e s c r i b e  f lame  propaga t ion  i n  one- 
d imens iona l  p l a n a r ,  c y l i n d r i c a l  or s p h e r i c a l  geometry .  

Pergament, H. S. and Fishburne, E. S., " Inf luence of Buoyancy on Turbulent 
Hydrogen/Ai r D i f f us i on  Flames . " Paper presented a t  the  Central States Section 
Combustion I n s t i t u t e  Meeting on F l u i d  Mechanics of Combustion Processes, 
Cleveland, OH, March 29-30, 1977. 

T h e  r e s u l  t s  show t h a t  : f l ame  p r o p e r t i e s  s c a l e  w i t h  nondimensional  
d i s t a n c e  f o r  Froude numbers ( F r )  g r e a t e r  t h a n  a b o u t  l o6 ;  buoyancy  
a f f e c t s  t e m p e r a t u r e  decay  r a t e s  downstream of  the l o c a t i o n  o f  maxi-  
mum t e m p e r a t u r e  ( a f t e r  a l l  the H 2  h a s  b u r n e d ) ;  the p r e d i c t e d  i n f l u -  
ence o f  F r  on buoyan t  f lame  l e n g t h s  i s  c o n s i s t e n t  w i t h  the a v a i l a b l e  
d a t a .  

Petsinger, R. E. and Vance, R. W., LNG Terminals and sa fe ty  Symposium - 
Appl icat ions o f  Cryogenic Technology Volume 9, 1979. 

The  proceed ings  o f  the LNG T e r m i n a l s  and S a f e t y  Symposium h e l d  
October 12-13,  1 9 7 8 ,  i n  S a n  Diego ,  Cd, a r e  p r o v i d e d .  S e s s i o n  
t o p i c s  i n c l u d e :  LNG E x p o r t  T e r m i n a l s ,  LNG Impor t  T e r m i n a l s ,  
and LNG Research  and S a f e t y .  

Petrash, D. A., Barber, J. R., Chambellan, R., and Englund, D. R., "Gelled 
L i qu i d  Methane." NASA Spec. Pub1 . NASA SP-5103, Sel.  Techno1 . Gas Ind. 
pp. 86-88, 1975. 

R e s u l t s . o f  work toward u s e  o f .LNG a s  f u e l . f o r  sup&son ic  a i r c r a f t  
was r e p o r t e d .  T h e  problem o f  " b o i l o f f "  d u e . t o  d e c r e a s e  o f  p r e s s u r e  
w i t h  a l t i t u d e  was e l i m i n a t e d  b y  prepar ing  LNG g e l s  w i t h  w a t e r  or 
me thano l .  LNG-methanol g e l  was recommended d u e  t o  the t o t a l  h e a t  
o f  combus t ion .  s 



Pfoertner ,  H. , " I g n i  t i b n  Behavior of Natura l  -Gas/Air Mixtures i n  Free Clouds. " 
Gas-Wasserfach, Gas/Erdas. 120(1) : 19-24, 1979 ( i n  German). (For t rans1 a t i o n  
see Lawrence Livermore Laboratory UCRL-TRANS-11478. ) 

Based on combust ion a n a l y s i s  it i s  concluded t h a t  o n l y  d e f l a g r a t i o n s  and 
n o  d e t o n a t i o n s  would o c c u r  when a  n a t u r a l - g a s / a i r  c loud  i s  i g n i t e d .  T h i s  
c o n c l u s i o n  i s  backed u p  b y  a  series o f  tests. 

Pipkin,  0. A. and Sl iepcevich,  C. M., " E f f e c t  o f  Wind on Buoyant D i f f u s i o n  
Flames ." I n d u s t r i a l .  a.nd Engineering Chemistry Fundamentals. - 3:147-154, 1964. 

Buoyant d i f f u s i o n  f lames  o f  n a t u r a l  gas were observed i n  wind t u n n e l  
e x p e r i m e n t s  t o  d e t e r m i n e  the e x t e n t  of  bend ing  b y  wind.  A f lame drag  
c o e f f i c i e n t ,  C f ,  i s  i n t r o d u c e d  i n  the f lame momentum b a l a n c e .  A 
s i n g l e  s t r a i g h t - l i n e  c o r r e l a t i o n  o f  I n  C f ( R e )  v e r s u s  I n  Re i s  o b t a i n e d  
a f t e r  e x t r a c t i n g  the i n f l u e n c e  o f  f lame a n g l e  o f  tilt and a p p l y i n g  
a n  e m p i r i c a l  correction t o  accoun t  for i n c r e a s i n g  f lame roughness  

1 a t  l a r g e r  d i a m e t e r s .  

Ploum and Arnold, J. W . ,  "The Brunei L iquef ied  Natura l  Gas Plant . "  LNG 5 - 
I n t e r n a t i o n a l  Conference on L ique f ied  Natura l  Gas, Duessel d o r f  , Germany, 
August 29-September 1 , 1977. 

T h i s  paper r e v i e w s  and h i g h l i g h t s  some o f  the d e s i g n  c o n c e p t s  and 
o p e r a t i n g  e x p e r i e n c e s  gained p a r t i c u l a r l y  from the l i q u e f a c t i o n  
p l a n t  a t  B r u n e i .  . (i 

P o r r i c e l l  i , J.. D., Kei th,  V.  E. and Paramore, B., Recommended Q u a l i f i c a t i o n s  
o f  L ique f ied  Natura l  Gas Cargo Personnel ,-. Volumes I, I I and I I I. NTIS No. 
AD/A026109, AD/A026110, Apr i  1, 1976; . .  - 

The r e p o r t  p r e s e n t s  recoinmendations,. based on  t a s k  a n a l y s i s ,  
c o n c e r n i n g  t r a i n i n g  and other q u a l i f i c a t i o n  r e q u i r e m e n t s  appro- 
p r i a t e  for personne l  o f  l i q u e f i e d  n a t u r a l  gas  (LNG) s h i p s  and 
b a r g e s .  

The  s t u d y  was a  p i l o t  e f f o r t  t o  demons t ra te  a  method o f  d e t e r -  
m i n i n g  q u a l i f i c a t i o n s  for new t e c h n o l o g y  s h i p  o c c u p a t i o n s  when 
there a r e  few or n o  o p e r a t i n g  examples  t o  s t u d y .  

Porteous, W .  M. and Blander, M., " L im i t s  of Superheat and Explos ive B o i l i n g  
of L i g h t  Hydrocarbons, Halocarbons, and Hydrocarbon Mixtures."  AIChE Journal .  
21 : 560-566, May 1975. - 

T h i r t e e n  l i g h t  hydrocarbons  and 4 l i g h t  ha locarbons  were t e s t e d  to  
d e t e r m i n e  their l i m i t s  o f  s u p e r h e a t  a t  one atmosphere  p r e s s u r e  u s i n g  
a  s u p e r h e a t i n g  column . Even w i t h  some v a r i a t i o n  i n '  t empera ture  t o  
which a  compound cou ld  be superhea ted  before b o i l i n g  e x p l o s i v e l y ,  the 
reduced l imits  TL/TC were a lways  close t o  0.88. Super  h e a t  l i m i t s  
o f  b i n a r y  hydrocarbon s y s t e m s  and t e r t i a r y  m i x t u r e s  were close to  
mole  f r a c t i o n  averages  o f  the l i m i t s  o f  the pure  compounds. 



Porteous, W. M. and Reid, R. C., "L ight  Hydrocarbon Vapor Explosions." 
Chemical Engi neer i  ng Progress. - 73 :83-89, May 1976. 

T h i s  a r t i c l e  i n c l u d e s  i n f o r m a t i o n  r e l a t i n g  t o  s p i l l s  on  water  o f  
propane,  p r o p y l e n e ,  i s o b u t a n e ,  b i n a r y  m i x t u r e s  c o n t a i n i n g  e t h a n e ,  
pure  a l k a n e s  and pure  a l k e n e s .  Some e x p l o s i v e  c o m p o s i t i o n s  and 
r a n g e s  for hydrocarbon s p i l l s  a r e  a l s o  g i v e n .  P r e v i o u s  s t u d i e s .  
a r e  c i t e d  and f a c t o r s  a f f e c t i n g  violence o f  e x p l o s i o n s  a r e  d i s c u s s e d .  

Pr i es t l ey ,  C. H. B. and Taylor, R. J., "On the Assessment o f  Surface Heat 
Flux and Evaporation Using Large-Scal e Parameters. " Monthly Weather Review. 

I 100'(2) :81-92, February 1972. - 

Data from d number o f  s a t u r a t e d . . l a n d  sites. and open water  sites i n  
the absence  o f  a d v e c t i o n  s u g g e s t  a wideLy a p p l i c a b l e  formula for 
the r e l a t i o n s h i p  between sensible and l a t e n t  h e a t  f l u x e s .  

Putnam, A. A., "A Model Study o f  Wind-Blown Free-Burning Fires."  Paper 
presented a t  the 10th Symposium' on Combustion, The. Combustion I n s t i t u t e ,  
1965. 

S p e c i f i c a l l y  , the d i m e n s i o n l e s s  f lame h e i g h t  v a r i e d  w i t h  the 
n e g a t i v e  1/4-power o f  the Froude number based on cross-wind 
v e l o c i t y  and u n d i s t u r b e d  f lame  h e i g h t ,  above a Froude number 
o f  0.2.  T h e  h o r i z o n t a l  e x t e n s i o n  o f  the f l a m e ,  on the other 
hand ,  i n c r e a s e d  r a p i d l y  w i t h  i n c r e a s i n g  cross wind a t  f i r s t ,  
and t h e n  less r a p i d l y  w i t h  the 1/6-power o f  the Froude number. 

Putnam; A. A., "Area F i r e  Considered as a Perimeter-Line F i re . "  Combustion 
and F l  ame. 7:306-307, 1963. 

The h y p o t h e s i s  t h a t  l ine  f i r e s  and area  fires a r e  b a s i c a l l y  
r e l a t e d  was t e s t e d  b y  examining a v a i l a b l e  d a t a  on s o u r c e s  i n  
a l ine  and i n  a hexagonal  p a t t e r n .  A mathemat ical  a n a l y s i s  i s  
g i v e n  t o  j u s t i f y  the h y p o t h e s i s .  

Putnam, A. A. and Grinberg, I. M., "Ax ia l  Temperature Var ia t ion  i n  a Turbulent, 
Buoyancy-Control led,  D i f f us i on  Flame. " Combustion and Flame. - 9(4) :419-420, 
1965. , 

An a n a l y t i c a l  e x p r e s s i o n  was f onnu la ted  which c o r r e l a t e d  the 
t e m p e r a t u r e  p r o f i l e  o f  a t u r b u l e n t  d i f f u s i o n ,  buoyancy-con t ro l l ed  
f l a m e  t o  f u e l  p r o p e r t i e s  and f l o w  c o n d i t i o n s .  The e x p q e s s i o n  i s  
v a l i d  i n  the r e g i o n  a f t e r  combust ion i s  c o m p l e t e d ,  and i s  v a l i d  a t  
h i g h e r  t e m p e r a t u r e  levels t h a n  p r e v i o u s l y  used c o r r e l a t i o n s  which 
a r e  accommodated a s  a l i m i t i n g  c a s e .  



Putnam, A .  A. and Speich, C. F., "A Model Study o f  the I n t e rac t i on  o f  Mu l t i -  
p l  e Turbulent Di f fus ion Flames. " Paper presented a t  the 9 th  In te rna t iona l  
Symposium on Combustion, 1963. 

T h i s  r e s e a r c h  program h a s  shown t h a t  a v a l i d  model for s t u d i e s  o f  
mass f ires c a n  be produced u s i n g  m u l t i p l e  j e t s  o f  gaseous  f u e l s .  
The b a s i c  requ i rement  i s  t h a t  the f u e l  j e t s  produce t u r b u l e n t  d i f -  
f u s i o n  f lames  which a r e  buoyancy c o n t r o l l e d .  A s p e c i f i c  o p e r a t i n g  
range  where this r e q u i r e m e n t  i s  met was found for this model .  

Radiat ive Transfer i n  Mu1 t idimensional Systems of Non-Gray Molecular Gases - 
E f fec ts  on.Combustion. Columbia Univers i ty .  A.G.A. Pro jec t  on LNG F i r e  
Study. (See LNG 1976 Annual Report) .' 

An a n a l y t i c a l  t e c h n i q u e  h a s  been deve loped  t o  t r e a t  band r a d i a t i o n  
from non-gray molecular g a s e s .  T h e  t e c h n i q u e  h a s  been s i m p l i f i e d  
so t h a t  the f requency  i n t e g r a t i o n s  c a n  be performed w i t h  s i m p l e  
quadra ture  formulae.  The  s i m p l i f i e d  t e c h n i q u e  i s  b e i n g  a p p l i e d  t o  
m u l t i d i m e n s i o n a l  r a d i a t i v e  t r a n s f e r  problems a s  w e l l  a s  problems 
i n v o l v i n g  combust ion.  

Raj, P. and Ata l lah,  S., "Thermal Radiat ion from LNG S p i l l  F i res."  Advances 
i n  Cryogenic Engineering . ? 

T h e  a u t h o r s  o f  this paper p r e s e n t . r e s u l t s  o f  e x p e r i m e n t a l  measurements 
made i n  LNG f ires which were 6 ,  20 and 80 f t  i n  d i a m e t e r .  Corre la -  
t i o n s  a r e  g i v e n  f o r  the wind induced  p lane  tilt a n g l e  and l e n g t h  t o  
d i a m e t e r  r a t i o  o f  the f lame .  A l s o  measured a r e  the r a d i a t i v e  absorp- 
t i o n  c o e f f i c i e n t ,  r a d i a t i v e  f l u x  a t  a d i s t a n c e  from the plume and 
the f r a c t i o n  o f  e n e r g y  which l e a v e s  the fire a s  thermal  r a d i a t i o n .  

Raj, P. and Emmons, H. W . ,  "Burning o f  a Large Flammable Vapor Cloud." Paper 
presented a t  the Central States Section, Combustion I n s t i t u t e  Meeting, 
San Antonio, Texas, Apri  1 21-22, 1975. 

A t h e o r e t i c a l  a n a l y s i s  i s  presen ted  t o  e s t i m a t e  the ground level 
w i d t h  o f  a two-dimensional t u r b u l e n t  f lame a s  a f u n c t i o n  o f  t i m e  
for the b u r n i n g  of  a l a r g e  c o e u s t i b l e  vapor c loud  i n  the atmosphere  
for a g i v e n  t u r b u l e n t  f lame s p e e d .  The b a s e  w i d t h  o f  the f lame i s  
assumed t o  be c o n t r o l l e d  b y  the r a t e  a t  which the vapor  i s  fed  in to  
the combust ion zone and the a i r  e n t r a i n m e n t  r a t e .  



Raj , P. and Kal e l  kar , A. S., Assessment Models i n  Support o f  the Hazard 
Assessment Handbook. A r e p o r t  by Ar'thur D. L i t t l e ,  Inc., t o  the Department 
o f  T rans~o r t a t i on .  U.S. Coast Guard, ReDort Numbers CG-D-65-74. NTIS 
No. ~ ~ / 7 7 6 6 1 7 ,  ~ a n u a r ~  1974. 

A n a l y t i c a l ' m o d e l s  a r e  d e r i v e d  to  d e s c r i b e  the h a z a r d s  caused b y  the 
a c c i d e n t a l  r e l e a s e  o f  chemica l s  i n to  the atmosphere  o r  s p i l l s  onto 
w a t e r .  T h e  models  encompass a  v a r i e t y  o f  p h y s i c a l  phenomena t h a t  
dan occur  s u c h  a s  d i s p e r s i o n  of  vapor  i n  the a tmosphere ,  d i s p e r s i o n  
o f  l i q u i d  i n  .water ,  s p r e a d i n g  on w a t e r ,  b u r n i n g  o f  a  l i q u i d  p o o l ,  
etc. Analyses  i n c l u d e  ' the model ing o f  the phenomenon and s o l u t i o n  
t o  e q u a t i o n s .  

Ra j , P. and Kal e l  kar, A. S. , "F i r e  Hazard Presented by a Spreading, Burning 
Pool o f  L iquef ied Natural Gas on Water." Paper presented a t  the Western 
States Section, Combustion I n s t i t u t e  Meeting, 1973. 

A t ime-growth r a t e  for an LNG s p i l l  on  water  i s  o b t a i n e d  and the 
f ire  d u r a t i o n ,  de termined  b y  comple te  e v a p o r a t i o n  t i m e ,  : is  e s t a b l i s h e d .  
An e f fect ive  f lame  h e i g h t  i s  e s t a b l i s h e d  and the r a d i a t i o n  f i e l d  
a b o u t  the f lame c a l c u l a t e d .  Based on thermal  r a d i a t i o n  f l u x  and 
f ire d u r a t i o n ,  s a f e  s e p a r a t i o n  d i s t a n c e s  from the LNG pool fire for 
peop le  and c o m b u s t i b l e  m a t e r i a l s  (wood) a r e  d e t e r m i n e d .  

~ a m s d e l l  , J. V., J r .  and Hinds, W. T., "Concentration Fluctuat ions and Peak- 
to-Mean Concentration Ratios i n  Plumes From a Ground-Level Continuous Poin t  
Source." Atmospheric Environment. 5:483-495, 1971. 

D i f f u s i o n  d a t a  were c o l l e c t e d  b y  63 i n c r e m e n t a l  samplers  d u r i n g  f o u r  
short d u r a t i o n ,  c o n t i n u o u s  r e l e a s e s  o f  8 5 ~ r .  Cumulat ive .  f requency  
d i s t r i b u t i o n s  and the i n t e n s i t y  o f  s h o r t - t e r m  c o n c e n t r a t i o n s  a r e  
shown t o  be a  f u n c t i o n  o f  the r e l a t i v e  crosswind p o s i t i o n  w i t h i n  the 
mean plume. Peak-to-mean c o n c e n t r a t i o n  r a t i o s  a r e  shown a s  a  
f u n c t i o n  o f  r e l a t i v e  crosswind p o s i t i o n  w i t h i n  the plume and the 
r a t i o  o f  the d u r a t i o n s  o f  the mean and peak.  

Rasbach, D. J., Rogowski , A. W. and Stark, G. W. V., "Propert ies o f  F i res  o f  
L iqu ids  ." - Fuel. - 35:94-107, 1956. 

A l c o h o l ,  p e t r o l ,  b e n z o l e  and k e r o s e n e  f ires,  b u r n i n g  f r e e l y  i n  a  
vessel o f  30 cm d i a ,  h a v e  b e e n  s t u d i e d .  Measurements were made on 
the t e m p e r a t u r e ,  r a t e  o f  b u r n i n g  and change i n  c o m p o s i t i o n  o f  the 
l i q u i d ,  and on the d i m e n s i o n s ,  upward v e l o c i t y ,  t empera ture  and 
e m i s s i v i t y  o f  the f lames .  I t  was e s t i m a t e d  t h a t  w i t h  hydrocarbon 
l i q u i d  f ires ,  h e a t  t r a n s f e r  to  the s u r f a c e  was m a i n l y  b y  r a d i a t i o n ,  
b u t  for the a l c o h o l  f i r e , m a i n l y  b y  c o n d u c t i o n .  



Rausch, A. A. and Levine, A. D.,."Rapid Phase Transformations Caused by 
Thermodynamic I n s t a b i  1 i ty i n  Cryogens." Cryogenics. -- 13:224-229, Apr i  1 1973. 

Thermodynamic m e t a s t a b i l i  t y  and i n c i p i e n t  s t a b i l i t y  a r e  used to  
e x p l a i n  the c a u s e  of  r a p i d  phase t s a h s f o r m a t i o n s .  When l i q u i d  
cryogen  comes Ynto sudden c o n t a c t  w i t h  a warmer host l i q u i d ,  it 
i s  h e a t e d  and forms a thin l a y e r  o f  m e t a s t a b l e ,  superhea ted  l i q u i d  
a t  the i n t e r f a c e .  A h e a t '  t r a n s f e r  and thermodynamic model i s  
used t o  p r e d i c t  the host l i q u i d  t empera ture  t h a t  w i l l  cause  a 
shockwave for a g i v e n  cryogen .  

Raynor, G .  S., Michael,  P., Brown, R. M. and SethuRaman, S., "A Research 
Program on Atmospheric D i f f u s i o n  from an Oceanic S i te . "  BNL 18924 presented 
a t  the  Syniposium on Atmospheric D i f f u s i o n  and A i r  P o l l u t i o n ,  Santa Barbara, 
CA, September 9-13, 1974. 

~ n a l y s e s  of  m e t e o r o l o g i c a l  d a t a  c o l l e c t e d  i n  this program show 
: t h a t  wind p r o f i l e s  measured on the beach  a r e  r e p r e s e n t a t i v e  o f  
those. over the ocean d u r i n g  onshore f l o w s .  Data o b t a i n e d  from 
t r a c e r  r e l e a s e s :  show. t h a t  d i f f u s i o n  over the s e a  d i f f e r s  a p p r e c i a b l y  
from t h a t  over land  a t  the same t i m e  and i s  l a r g e l y  determined 
b y  the a i r -water '  t empera ture  d i f f e r e n c e .  

Raynor, G. S., Michael, P., Brown, R. M. and SethuRaman, S., Studies o f  Atmos- 
p h e r i c  D i f f u s i o n  From a Near-Shore Oceanic S i t e .  BNL 18997, Braokhaven 
Nat ional  Laboratory, June 1974. 

P r e l i m i n a r y  r e s u l t s  show t h a t  d i f f u s i o n  i s  governed p r i m a r i l y  b y  
w a t e r  and a i r  t e m p e r a t u r e  d i f f e r e n c e s .  W i t h  c o l d e r  w a t e r ,  low- leve l  
air i s  v e r y  s t a b l e  and ' d i f f u s i o n  minimal b u t  w a t e r  warmer t h a n  the 
a i r  i n d u c e s  v i g o r o u s  d i f f u s i o n .  

Reid, R. C., "Possib le Mechanism f o r  Pressur ized-Liquid Tank Explosions o r  BLEVE8s." 
Science. 203: 1263-1 265, 1979. 

The hypothesis i s  made t h a t  r a p i d  d e p r e s s u i - i z a t i o n  o f  hot s a t u r a t e d  l i q u i d s  
may r e s u l t  i n  a n  e x p l o s i o n .  Such a s i t u a t i o n  cou ld  a r i s e ,  e .g. ,  i f  a t a n k  
f i l l e d  w i t h  l i q u e f i e d  propane would be e n g u l f e d  i n  a f ire due t o  some 
a c c i d e n t .  

Reid, R. C., "Superheated L iqu ids .  " 
A p r i l  1976. 

American S c i e n t i s t .  64(2) :146-156, March - - 

The a r t i c l e  cites numerous s t u d i e s  concern ing  superhea ted  l i q u i d s  
and i n d i c a t e s  t h a t  s i g n i f i c a n t  e v i d e n c e  s u g g e s t s  t h a t  superhea ted  
l i q u i d s  a r e  a t r i g g e r  l e a d i n g  t o  the e x t e n s i v e  arrangementa t ion  t h a t  
may w e l l  set o f f  l a r g e  vapor  e x p l o s i o n s .  



Reid, R. C. e t  a l . ,  Flameless Vapor Explosions. American Gas ~ s s o c i a t i o n ,  
Catalog No. M20177, 1977. ( 

t 

Flameless  vapor  e x p l o s i o n s  a r e  d i s c u s s e d  for a wide  v a r i e t y  o f  
s u b s t a n c e s ,  i n c l u d i n g  LNG. T h e o r e t i c a l  e x p l a n a t i o n s  a r e  based 
on the s u p e r h e a t  1 i m i  t tempera ture .  . .  

Reid, R. C. and Smith, K. A. , "Behavior o f  LPG on Water. " Hydrocarbon 'pro-  
cessing. pp. 117-121, A p r i l  1978. . . .  . . . . 

B o i l i n g  o f  LPG i s  d e s c r i b e d  a s  i n i t i a l l y  b u t  v e r y  b r i e f l y  v iolent .  
fo l lowed  b y  q u i l t  e v a p o r a t i o n .   oiling r a t e s  a r e  not sensitive I -  . 
t o  changes  i n  c o m p o s i t i o n .  

Reid, R. C. and Smith, K. A., B o i l - O f f  date o f  L i q u i d  N i t rogen .and L i q u i d  
Methane on Insu la ted  concrete. I n t e r i m  Report from MIT LNG Research ..Center 
t o  A.G.A., December 1975. 

~ x ~ e r i m e n , t s  were conducted t o  measure .the bo,il-off r a t e  of  .both , 
l i q u i d  n i t r o g e n  and l i q u i d  methane on  i n s u l a t i o n  concrete. Resul ts :  
a r e  f ragmentary  b u t  d o  a l l o w  approx imat ions  of  the r a t e  o f  vapor. 
g e n e r a t i o n  t h a t  c o u l d  r e s u l t  from s p i l l s  o f  cryogens  on t y p i c a l  
i n s u l a t i n g  c o n c r e t e s .  

Reid, R. C. and Wang, R., "The B o i l i n g  Rates o f  LNG on Typical  Dike F loo r  
Ma te r ia l s .  Cryogenics. - 18(3) :401-404, 1978. 

T h e  i n s u l a t i n g  q u a l i t i e s  for v a r i o u s  t y p e s  o f  floor m a t e r i a l s  for 
LNG d i k e  s t o r a g e  compounds h a v e  been determined i n  LNG b o i l i n g  tests. 
T h e i r  numer ica l  v a l u e s  a r e  t a b u l a t e d .  

Re is le r ,  R. E., Ethr idge,  N. H., LeFevre, D. P. and Gig l io -TosSrL. ,  - A i r  
B l a s t  Measurements From the Detonation of an Explos ive Gas Contained i n  a 
Hemispherical Ba l loon (Operation D i s t a n t  P la in ,  Event 2a). B a l l i s t i c  Research 
Labora tor ies  , BRL MR 21 08, AD17321 6, U . S . Army Aberdeen Research and Develop- 
ment Center, Aberdeen Proving Ground, Maryland, J u l y  1971. 

A i r  b l a s t  was measured from the d e t o n a t i o n  o f  a  m i x t u r e  o f  oxygen , 

and propane e q u i v a l e n t  t o  20 tons o f  TNT i n  a  h e m i s p h e r i c a l  b a l l o o n  
anchored t o  the ground s u r f a c e .  Comparisons made o f  o v e r p r e s s u r e  
waveshape and i m p u l s e  a s  a  f u n c t i o n  of  shock o v e r p r e s s u r e  show an' 
e q u i v a l e n t  y i e l d  o f  20 t o n s  or l a r g e r  and a  dynamic p r e s s u r e  i m p u l s e  . 

a b o u t  60 p e r c e n t  l a r g e r  t h a n  for a  correspond ing  20 ton TNT charge .  



Rhoads, R. E. and Johnson, 'J. F., "Risk i n  Transport ing Ma te r ia l s  f o r  Variqus 
Energy Indust r ies . "  Nuclear Safety. _19(2) :135-149, March-Apri l  1978. 

A risk a s s e s s m e n t  model i s  p r e s e n t e d  t o  a s s e s s  the compara t i ve  
s a f e t y  of  v a r i o u s  e n e r g y  s y s t e m s  i n  r e l a t i o n  t o  other n a t u r a l  or 
man-related risks. Examples from a s s e s s m e n t s  u s i n g  the a n a l y s i s  
t e c h n i q u e  a r e  a l s o  p r e s e n t e d  a long  w i t h  f u t u r e  a s s e s s m e n t  p l a n s .  . . 
T h i s  paper encourages  risk s e n s i t i v i t y  s t u d i e s  and risk compari- 
sons to  p r o v i d e  a b a s i s  for d e c i s i o n s .  

Ricou, F. P. and Spalding, D. B., "Measurements o f  Entrainment by Axisymmetrical 
Turbu lent  Jets." Journal o f  F l u i d  Mechanics. u :21-32,  1961. 

Measurements h a v e  a l l o w e d . t h e  d e d u c t i o n  o f  a n  e n t r a i n m e n t  l a w  
r e l a t i n g  mass f l o w  r a t e , , j e t  momentum, a x i a l  d i s t a n c e ,  and a i r  . . 

d e n s i t y .  When the i n j e c t e d  gas  b u r n s  i n  the j e t  the e n t r a i n m e n t  
r a t e  i s  u p  t o  30% lower  t h a n  when it d o e s  n o t .  

Ried l  , R. G., "Consumer's' Gas LNG Sate1 li t e  Firms 'Ottawa Val l e y  Gas Supply." 
P i p e l i n e  & Gas J. =(13):30-36, 1979. 

New LNG peakshaving s a t e l l i t e  p l a n t ,  s u p p l i e d  from ~ o n t r e a l  LNG peakshaving/  
l i q u e f a c t i o n  p l a n t ,  i s  i d e a l l y  l o c a t e d  i n  m i d d l e  o f  service area  and h a s  
proven i t s e l f  i n  both emergen ices  and for peakshaving service. 

. . 

Rigard, J. and Vadot, L., "Evaluate LNG's Storage Hazards." Hydrocarb. 
Process. pp. 267-268, J u l y  1979. 

I t  i s  shown t h a t  e x p e r i m e n t a l  w a t e r  m o d e l i n g ,  based on N e y r t r e c ' s  
w a t e r  ana log  t e c h n i q u e ,  c a n  be a u s e f u l  a i d  t o  p lann ing  p r o t e c t i o n  
of LNG tankage .  

Rivard, W. C., Farmer, 0. A. and Bu t le r ,  T. D., R I C E :  A Computer Program f o r  
Multicomponent Chemically React ive Flows a t  A l l  Speeds. LA-5812, March 1975. 

A computer code  capab le  o f  s o l v i n g  the thermal-hydrodynamics o f  
c h e m i c a l l y  r e a c t i v e  f l o w s  i s  p r e s e n t e d .  A ' s t r o n g  p o i n t  o f  the code  
i s  t h a t  it i s  n o t ' l i m i t e d  b y  sonic propagat ion  c o n s t r a i n t s .  

Rosenberg, S. D. and Vander Wall, E. M., "Gel led cryogenic L iqu ids  and 
Method o f  Making Same." U.S. Patent 4,011,730 ( t o  Aerojet-General Corp.), 
1977,. 

LNG or methane h y d r a t e s  were prepared b y  i n t r o d u c i n g  f i n e l y  
d i v i d e d  s o l i d  w a t e r  or methanol  in to  the c r y o g e n i c  l i q u i d .  Less  
t h a n  2 . w e i g h t  p e r c e n t  decreased  the s o l u b i l i t y  o f  n i t r o g e n  i n  LNG 
t o  n e a r l y  z e r o  a t  - 2 8 0 ~ ~ .  



Russ, R. M., Detect ion o f  Atmospheric Methane Using a 2-Wavelength H,N, Laser 
System. Masters Thesis, Mass. I n s t i t u t e  o f  Tech., June 1978. L L. 

. . . 1.j. 

The  r e p o r t  d e s c r i b e s  the d e s i g n  of  a s y s t e m  t o  r e l i a b l y  measure 
c o n c e n t r a t i o n s  of  methane i n  a i r  o f  0.1 t o  100% which may a r i s e  
i n  LNG s p i l l  tests. D i s c u s s i o n s  o f  desi.gn r e q u i r e m e n t s ,  a l t e r n a -  
tives, and model and l a b o r a t o r y  test r e s u l t s  a r e  p r e s e n t e d .  

Santman, L. D., "The Depqrtment of Transportat ion 's Role i n  LNG Safety Regula- 
t ions. "  1978 Operating Section Proceedings, American Gas Associat ion, 
Montreal, Quebec, May 1978. 

DOT a u t h o r i t y  over LNG s a f e t y  i s  d e r i v e d  from the p o r t s  a n d .  
waterways s a f e t y  A c t  o f  1972 and the n a t u r a l  gas  p i p e l i n e  s a f e t y  
A c t  o f  1968.  Proposed r e g u l a t o r y  a c t i o n  on HR. 11622 i s  d i s c u s s e d .  

Sarkes, L. A..,' I r i b e ,  P. C. and Smith, R. B., "LNG: Current. Status Confirms 
I t s  Technical Matur i ty ' .  " Pipe1 i n e  and Gas Journal.  November ,1978. . 

The h i s t o r y  and c u r r e n t  deve lopments  i n  the LNG i n d u s t r y  a r e  
summarized.  Some of  the s a f e t y  concerns and s a f e t y  r e l a t e d  
r e s e a r c h  a r e  d i s c u s s e d .  

Sarsten, J. A., "LNG S t r a t i f i c a t i o n  and Rol lover."  Paper presented a t  the 
API D i v i s i o n  o f  Ref in ing,  Phi ladelphia, PA, May 17, 1973. 

. . 

T h i s  r e p o r t  covers a n  i n c i d e n t  where LNG was s t r a t i f i e d  i n  an LNG 
s t o r a g e  t a n k  d u r i n g  f i l l i n g  and how t h a t  s t r a t i f i c a t i o n  s u b s e q u e n t l y  
r e s u l t e d  i n  a rollover of the t a n k  c o n t e n t s  and the r e L e a s e  o f  a 
l a r g e  q u a n t i t y  of gas .  A r e p e t i t i o n  w i l l  be p o s i t i v e l y  preven ted  b y  
the i n s t a l l a t i o n  of  a j e t  m i x i n g  n o z z l e  t h a t  w i l l  t h o r o u g h l y  m i x  o f f -  
loaded  c a r g o  w i t h  d i f f e r e n t  c o m p o s i t i o n  i n i t i a l  t a n k  heels. 

Schneider, A. L. , " L i q u i f i e d  Natural Gas Safety Research." American Gas Asso- 
c i a t i o n  - Cryogenic Society o f  America, LNG Terminal and Safety Symposium, 
San Diego, 1978. 

T h e  paper summarizes e x p e r i m e n t a l  r e s e a r c h  programs for s a f e t y ,  
i s s u e s  r e l a t e d  t o  LNG t r a n s p o r t a t i o n  and s t o r a g e .  

Schneider, A. L., "LNG Research Overview." Proceedings o f  the Marine Safety 
Council, 36(3) :52-54, 1979. 

A condensed o v e r v i e w  i s  g i v e n  on U.S. C o a s t  Guard sponsored s a f e t y  pro- 
j e c t s  connec ted  w i t h  the mar ine  t r a n s p o r t a t i o n  o f  LNG. ~ h e ' p r o j e c t s  and 
their main r e s u l t s  a r e  l i s t e d  b r i e f l y .  



. . 
Schu l le r ,  M. R., Murphy, J. C.  and Glasser, K. F., "LNG Storage Tanks f o r  Metro- 
po l  i t a n  Areas. " Paper presented a t  the  4 th  I n t e r n a t i o n a l  LNG Conference,. A lg ie rs ,  
Al 'geria, June 24-27, 1974. 

. . 

T h i s  a r t i c l e  d e s c r i b e s . i n  some d e t a i l  the s p e c i a l  d e s i g n  f e a t u r e s  
. of  the 290,000 B B L , s t o r a g e  t a n k  b u i l t  for Conso l ida ted  Edison o f  

New ~ o r k  b y  the P i t  t s b u r g  D e s  Moines S t e e l  Company . The s p e c i a l  
d e s i g n  ' f e a t u r e s ,  i n c l u d i n g  a  9% N i  ' o u t e r  t ank  shell and a  concrete 
berm w a l l  around the o u t s 5 d e  of  the t a n k ,  were used because  of  . .  , 

the h e a v i l y  populated surround ing  area  and the p r o x i m i t y  o f  the . 
f a c i l i t y  t o  LaGuardia A i r p o r t .  

Science App l ica t ions ,  Inc., LNG Terminal Risk Assessment Study f o r  Los Angeles, 
C a l i f o r n i a .  SAI-75-614-LJ, f o r  Western LNG Terminal Company, Los Angeles, CA, 
1975. 

SAI a n a l y z e d  the p o t e n t i a l  risk of  a  proposed LNG i m p o r t  t e r m i n a l  
f n ' L o s  Ange les  Harbor. 

. . 

Sergeant, R. J. and Robinet t ,  F. E., An Experimental I n v e s t i g a t i o n  o f  the 
Atmospheric D i f f u s i o n  and I g n i t i o n  o f  B o i l  O f f  Vapors Associated With a 
S ~ i l l a a e  o f  L i a u e f i e d  Natura l  Gas. TRW Svstems G r o u ~  ReDort No. 08072-7, 
t o  A ' . G . . R . ~  A.G.'A. Catalog 

. , 

No. M19715, ~o&mber 14, 1968. 

~ e s u l t s  o f  e x p e r i m e n t a l  s p i l l s  of  LNG i n t o  s c a l e d  e a r t h e n  d i k e s  
, a r e  d e s c r i b e d .  Emphasis o f  this p h a s e . o f  t h e p r o g r a m  was d i r e c t e d  
toward q u a l i t a t i v e 1  y  d e t e r m i n i n g  the pa th  o f  the boil-off v a p o r s ,  
q u a n t i t a t i v e l y  measuring the g a s / a i r  m i x t u r e  i n  the surround ing  
e n v i r o n m e n t ,  and demons t ra t ing  the e x t e n t  of  the f l a m m a b i l i t y  w i t h  
a n  i g n i t i o n  s o u r c e .  C o r r e l a t i o n  o f  the e x p e r i m e n t a l  d a t a  i n t o  
e m p i r i c a l  f o r m . i s  p r e s e n t e d ;  r a d i a t i o n  d a t a  were a l s o  o b t a i n e d . ,  

Seroka,. S. and Bolan, R. J., "Safety Considerat ions i n  the  I n s t a l l a t i o n  o f  
an LNG Tank." Cryogenics and I n d u s t r i a l  Gases. pp 22-27, September/October, 
1970. 

Design c o d e s  and s t a n d a r d s  for LNG s t o r a g e  t a n k s  a r e  d e t a i l e d .  
Diagrams ' showing i n s t r u m e n t a t i o n  for a  t y p i c a l  t a n k  a r e  i n c l u d e d .  

Shaheen, E. I. and Vora, M. K. , "Worldwide LNG Survey C i tes  Ex is t i ng ,  Planned 
Pro jec ts . "  O i l  and Gas Journal.  pp 59-71, June 20, 1977. 

T h i s  a r t i c l e  d i s c u s s e s  the v a r i o u s  t y p e s  o f  LNG f a c i l i t i e s  and b r i e f l y  
d e s c r i b e s  s e v e r a l  e x i s t i n g  f a c i l i t i e s .  A l i s t  of  a l l  the LNG 
f a c i l i t i e s  worldwide i s  i n c l u d e d .  



Shaw, P. and Briscoe, F., Evaporat ion. from Spi 11s o f  Hazardous L iqutds on Land 
and Water. SRD,R-100, 1978. . .. . * 

Mathemat ical  models  for. a n  a n a l y t i c a l  d e s c r i p t i o n  o f  c r y o g e n i c  
l i q u i d  sp i l l s  both on water  and' on. l a n d  a r e  b e i n g  deve loped  and 
e v a l u a t e d .  Numerical  r e s u l t s  a r e  g i v e n .  

She1 1 I n t e r n a t i o n a l  Research, "Transportat ion .of L iquef ied Natura l  Gas. " 
Chem. Abstr. '  66:97298b, Neth. Appl. 6,506,843, 1966. - - -  

An aqueous i s o p e n t a n e  e m u l s i o n  was used a s  a r e c y c l a b l e  thermal  
c a r r i e r .  for h e a t i n g  or c o o l i n g  LNG. A s o l i d  phase ,  s u c h  a s  s i l i c a -  
g e l ,  was a l s o  s u g g e s t e d .  

Shul tz ,  F. D., "sa fe ty  a t  an LNG Peakshaving F a c i l i t y . "  Presented a t  t h e  
ASME Winter Meeting; New York, NY, November 17-22, 1974. 

Design and o p e r a t i o n  o f  the many- s a f e t y  r e l a t e d  a s p e c t s  of  Long 
I s l a n d  L i g h t i n g  Company's Holbrook LNG p l a n t  i s  d e s c r i b e d .  Such 
f e a t u r e s  i n c l u d e  gas  d e t e c t o r s ,  f ire p r o t e c t i o n  and vapor  d i s p e r s i o n  
s y s t e m s ,  and t h e , e m e r g e n c y  shutdown s y s t e m s .  

Sidjak,  W., A r c t i c  P i l o t  Pro jec t .  Presented t o  the  American Gas ~ s s o c i a t i o n  
Transmission Conference, Montreal,  Quebec, May 8-10, 1978. 

T h i s  paper d e s c r i b e s  a p i l o t  s t u d y  i n v o l v i n g  a barge-mounted 
l i q u e f a c t i o n  and s t o r a g e  f a c i l i t y  i n  the Arctic. T h e  p i l o t  
s t u d y  i s ' i n  s u p p o r t  o f  the Arctic I s l a n d s  LNG p r o j e c t  (see 
a b o v e ) .  

Siegwarth, J. D., Radio Frequency L i q u i d  Level Gauging I n  Propane Tank Car 
Safety Tests - A F e a s i b i l i t y  Study. NBSIR 79-1660, Nat ional  Bureau o f  Stand- 
ards, 1979. 

The r e p o r t  p r e s e n t s  d e t a i l s  of e x p e r i m e n t s  t o  gauge l i q u i d  levels 
i n  t a n k  c a r s  u s i n g  the change i n  r e s o n a n t  r a d i o  f r e q u e n c i e s .  
Precision was t e s t e d  and the method was recommended for r o u t i n e  
. t a n k  c a r  gauging.  

Simanek, J': and Pick, P., "Hydrates o f  Natura l  Gas." Plyn. %:167-9, 
June 1973. 

C r y s t a l  l o g r a p h i c  d a t a  was p r e s e n t e d  concern ing  the u n i t  cell and 
c r y s t a l  d i m e n s i o n s .  In n a t u r a l  g a s ,  up t o  seven components c a n  
p a r t i c i p a t e  i n  mixed h y d r a t e  format ion .  Phase diagrams for s e v e r a l  
o f  the m i x t u r e s  were  shown. 



Simmons ,' ~ o h n '  A. , Risk Assessment o f  Storage and Transport o f  L iquef ied 
Natural Gas and LP-Gas. Science Appl icat ions,  Inc., November 25, 1974. 

A method for a s s e s s i n g  the s o c i e t a l  risk o f  t r a n s p o r t i n g  LPG and 
LNG i s  d e s c r i b e d .  From a n  e s t i m a t e d  52  s i g n i f i c a n t  a c c i d e n t s  p e r  
year  w i t h  LPG t a n k  t r u c k s  a t  the p r e s e n t  t r u c k - a s s o c i a t e d  t r a n s -  
p o r t a t i o n  r a t e  o f  20 b i l l ion  g a l l o n s  of  LPG per  y e a r ,  a f a t a l i t y  
r a t e  o f  1 .2  p e r  year  i s  c a l c u l a t e d . .  F o r  the p r o j e c t e d  1980 impor ta -  
t ion  o f  33 b i l l ion  g a l l o n s  b y  t a n k e r  s h i p ,  a f a t a l i t y  r a t e  of  . . 

a .  

0.4 per  year  i s  c a l c u l a t e d .  

Simpl i ' f ied  Methods f o r  Est imating Vapor Concentration and Dispersion Distances 
f o r  Continuous LNG S p i l l s  i n t o  Dikes w i t h  F l a t  o r  Sloping Floors. '  A. D,. L i t t l . e ,  
Inc.  f o r  American Gas Association, AGA No. X50978, A p r i l  1978. 

T h e  r e p o r t  d e s c r i b e s  a s-et o f  tec+iques  which a l l o w  c a l c u l a t i o n  o f  
d i s p e r s i o n  o f  LNG s p i l l e d  on a f l a t  or s l o p e d  d i k e  flo'or. Calcu- 
l a t i o n s  i n c l u d e  l e a k a g e  f l o w  r a t e ,  LNG f l a s h  v a p o r i , z a t i o n ,  LNG 

' 

b o i l i n g  and vapor  o v e r f l o w ,  and vapor  d i s p e r s i o n .  

Sindt ,  C. F. and Ludtke, P. R., 'Character is t ics of Slush and ~ o i l i n ~ . ~ e t h a n e  
and Methane Mixtures." Proceedings of 13th I n t .  Congr. o f  the I n t .  I n s t i t u t e  o f  
Ref r igera t ion.  pp. 315-320, 1971. 

Exper imen ts  were performed t o  d e t e r m i n e  the b o i l i n g  b e h a v i o r  o f  
methane and methane m i x t u r e s  and a l s o  o f  the s l u s h  which i s  formed 
when vacuum pumping the u l l a g e  over the m i x t u r e .  

Singer, I. A., "The Relat ionship Between Peak and Mean.Concentrations." 
Journal o f  the A i r  Pol l u t i o n  Control Associat ion. u:336-341, Ju ly  1961. 

A method o f  p r e d i c t i n g  average  c o n c e n t r a t i o n s  h a s  been p r e s e n t e d ;  
I t  h a s  been shown t h a t  the s i m p l i f i e d  normal b i v a r i a t e  d i s t r i b u t i o n  
d e s c r i b i n g  the average  c o n c e n t r a t i o n  pa t  tern i s  composed of va.rious 
s h o r t - t e r m  p e r i o d i c  d i s t r i b u t i o n s  which may d i f f e r  from it s i g n i f i -  
c a n t 1  y . A d e s c r i p t i v e ,  e m p i r i c a l  method h a s  been d e s c r i b e d .  ' 

Singer, I. A. and Smith, M. E., "Atmospheric Dispersion o f  Brookhaven National 
Laboratory." Air and Water P o l l u t i o n  - An In te rna t iona l  Journal. 10: 125-135. 
1966. 

A v a r i e t y  o f  d a t a  r e l a t i n g  t o  a t m o s p h e r i c  d i s p e r s i o n  h a s  been 
o b t a i n e d  a t  the Brookhaven Laboratory  si te and i t s  environs. 
C o n c e n t r a t i o n  measurements were made a t  d i s t a n c e s  r a n g i n g  from 
10  m t o  60 Jan. D i s p e r s i o n  p a t t e r n s  deve loped  a r e  d i s c u s s e d  i n  
d e t a i l  and v a l u e s  o f  the parameters  a p p r o p r i a t e  f o r . v a r i o u s  . 
t h e o r e t i c a l  t r e a t m e n t s  a r e  summarized. 



Slade, D. H a ,  "Atmospheric Dispers ion Over Chesapeake Bay." Monthly Weather 
Review. pp 217-224, June 1962. 

I t  was found t h a t ,  a f t e r . t h e  a i r  had t r a v e l e d  for abou t  7 m i l e s  
over the w a t e r ,  i t s  d i r e c t i o n  f l u c t u a t i o n s  were always  less t h a n  
t h e y  had b e e n  before r e a c h i n g  the w a t e r .  The wind speed u s u a l l y  
i n c r e a s e d  a s  the a i r  c r o s s e d  the w a t e r .  T h e  r a t i o  o f  over land  t o  
overwater  d i s p e r s i v e  c a p a c i t y  v a r i e d  from less than 5 : 1 ,  for h e a t i n g  
from b e l o w ,  t o  g r e a t e r  t h a n  3 5 : l  for  c o o l i n g  from below.  

Slawson, P. R. and Csanady, G. T.9 "The E f f e c t  o f  Atmospheric Condi t ion on 
Plume Rise." Journal o f  F l u i d  Mechanics. - 47:33-49, 1971 ; 

T h e  buoyan t  rise o f  chimney plumes i s  d i s c u s s e d  for r e l a t i v e l y  
l a r g e  d i s t a n c e s  from the s o u r c e ,  where a tmospher ic  t u r b u l e n c e  i s  
the dominant cause  of  m i x i n g  ( r a t h e r  t h a n  t u r b u l e n c e  due  t o  the 
plume's  own upward m o t i o n ) .  A s i m p l e  t h e o r y  i s  deve loped  which 
shows a  number o f  d i f f e r e n t  shapes  plumes c a n  have  under  d i f f e r e n t  
a t m o s p h e r i c  c o n d i t i o n s  ( p a r t i c u l a r l y  i n  a n  u n s t a b l e  e n v i r o n m e n t ) .  

Sloan, E., Dendy, Khoury, F. M., and Kobayashi , R., "Water Content o f  Methane 
Gas i n  Equ i l i b r i um w i t h  Hydrates." Ind. Eng. Chem. Fundam. - 15:318-23, 
A p r i l  1976. 

Exper imen ta l  measurements o f  water  c o n t e n t  o f  methane gas  i n  
e q u i l i b r i u m  w i t h  h y d r a t e  were presen ted  a t  1000 and 1500 p s i a  
for t e m p e r a t u r e s  g r e a t e r  t h a n  - 1 0 ' ~ .  T h e  d i f f e r e n c e s  be tween  
methane and n a t u r a l  gas  h y d r a t e s  were s t r e s s e d .  

Smith, J. M. S., Mathew, R. C. and Cool, J. A. F., "The Safety o f  Gas Car r i e rs  
w i t h  P a r t i c u l a r  Reference t o  the  I C S  Tanker Safety Guidel ine (L ique f ied  Gas)." 
Presented a t  Gastech 75, Par is ,  September 30-October 3, 1975. 

T h i s  paper p r o v i d e s  a n  o v e r v i e w  o f  the hazards  o f  o p e r a t i n g  a n  
LNG c a r r i e r  w i t h  p a r t i c u l a r  emphasis  on personne l  t r a i n i n g .  

Smith., K. A., Lewis, J. P., Randall, G. A. and Meldon, J. H., "Mixing and 
Ro l l ove r  i n  LNG Tanks." Paper. presented a t  t he  Cryogenic Engineering Con- 
ference, A t lan ta ,  GA, August 8, 1973. 

C r i t e r i a  and d a t a  a r e  presen ted  for d e c i d i n g  whe ther  a  s p e c i f i c  LNG 
i n s t a l l a t i o n  need h a v e  both t o p  and b o t t o m  fill c a p a c i t y .  In g e n e r a l ,  
a  l a r g e  f a c i l i t y  w i l l  benefit  from s u c h  c a p a b i l i t y  i f  i t  i s  t o  receive 
a v a r i e t y  o f  LNG c o m p o s i t i o n s  from a v a r i e t y  o f  s h i p s .  I t  i s  f u r t h e r  
shown t h a t  the t o p  fill d e v i c e  r e q u i r e s  s u r p r i s i n g l y  c a r e f u l  d e s i g n  
i n  o r d e r  t o  a s s u r e  good m i x i n g  a t  t h e  free s u r f a c e .  



Smith, K. A. and Reid, R. C.,'The Ef fect  of Composit ion on the  B o i l i n g  o f  
LNG on Water. M.1 .T. LNG Research Center, 1976 Annual Report, Task I V ,  t o  
t h e  American Gas Assoc ia t i on  BR 87-6, January 1977. 

T h e  r e s u l t s  o b t a i n e d  t h u s  f a r  w i t h  b i n a r y  and t e r n a r y  m i x t u r e s  
i n d i c a t e  t h a t  a p r e f e r e n t i a l  e v a p o r a t i o n  o f  methane  d o e s  i n d e e d  
t a k e  p l a c e ,  f o l l o w e d  b y  the p r e f e r e n t i a l  e v a p o r a t i o n  o f  the n e x t  
more v o l a t i l e  component  e t h a n e .  Propane i s  the l a s t  component  t o  
e v a p o r a t e .  A l t h o u g h  a p r e f e r e n t i a l  e v a p o r a t i o n  t a k e s  p l a c e ,  the . 
v a p o r s  a r e  a m i x t u r e  v e r y  rich i n  the v o l a t i l e  component  b u t  a 
m i x t u r e  a f t e r  a l l .  

Smith, K. A. and Reid, R. C., E l e c t r o s t a t i c s  and i t s  Hazards i n  Petroleum 
I n d u s t r y  and LNG Systems. M.I.T. LNG Research Center, 1976 Annual Report, 
Task V,  t o  the  American Gas Assoc ia t ion  BR 87-6, January 1977. 

The paper  d i s c u s s e s  s t r e a m i n g  p o t e n t i a l s  and s e d i m e n t a t i o n  p o t e n t i a l s  
i n  r e l a t i o n  t o  s t a t i c  c h a r g e  g e n e r a t i o n  a s  a c o n s e q u e n c e  o f  hydro -  
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T h e  r a t e  o f  v a p o r i z a t i o n  o f  LNG s p i l l e d  on a number o f  s u b s t r a t e s  
was measured e x p e r i m e n t a l l y .  I n c l u d e d  i n  the m a t e r i a l s  t e s t e d :  
i n s u l a t e d  concrete o f  t w o  d e n s i t i e s ,  s o i l ,  s a n d ,  p e b b l e s ,  w e t  and 
d r y  p o l y u r e t h a n e .  In a l l  c a s e s ,  the e a r l y  r a t e  o f  v a p o r i z a t i o n  
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m e t h o d s ,  and g i v e s  c a l c u l a t i o n  me thods  and e x a m p l e s .  

Smith,.R. V., "The I n f l u e n c e  o f  Surface C h a r a c t e r i s t i c s  o n ' t h e  B o i l i n g  o f  
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r e v i e w  a r t i c l e  and c o n t a i n s  e s s e n t i a l 1  y no new i n  forma t ion.  

S n e l l i n k ,  I. G., "Hazard Assessment,of LNG Supply and Storage." Communication 
o f  t he  Netherlands Delegat ion, January 1978. 
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f a c i l i t y  i s  d e s c r i b e d .  Seepage o f  LNG from a h i g h  p r e s s u r e  pump r e s u l t e d  
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adsorbed on a c t i v a t e d  carbon or s i l i c a  g e l .  R e l e a s e  o f  adsorbed . 
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T h e  e f f ec t  o f  f l o a t i n g  i n s u l a t i o n  m a t e r i a l s  on the e v a p o r a t i o n  
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m a l f u n c t i o n s  which  o c c u r r e d ~ ' ~ d u r i n g .  s t a r t u p  and the first .sfx months C 
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o f  thermal  r a d i a t i o n ,  emanat ing from a LNG f i r e b a l l .  Q u a n t i t a t i v e  r e s u l t s  
a r e  g i v e n  i n  a series o f  diagrams.  

3 Stein, W., Vapor Generation from a 40 m Instantaneous LNG S p i l l  i n t o  a 100 m 2 
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A s i m p l e  h e a t  t r a n s f e r  model i s  presen ted  i n  the e v a p o r a t i o n  o f . U V G  s p i l l e d  
i n t o  a d i k e d  a r e a .  Some numerical  r e s u l t s  a r e  g i v e n .  
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A computer program i s  d e s c r i b e d  which c a l c u l a t e s  :pool s i z e  , 
d i f f e r e n t i a l  boil-of f  and s p r e a d i n g  r a t e  for LNG.spiLls  on 
w a t e r .  R e s u l  ts compare favo.rah.1, y wi t h  e x p e r i m e n t a l  d a t a .  
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Natura l  gas  i s  o f ten  s t o r e d  i n  l a r g e  i s o l a t e d  m e t a l  c o n t a i n e r s .  Heat f l o w  
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through  the b o t t o m ,  the s i d e  w a l l  ,and the cover t o  the s t o r e d  l i q u i d  a r e  
p r a c t i c a l l y  i n d e p e n d e n t  from each  other due  t o  the, l a r g e  d imens ions  o f  
s u c h  c o n t a i n e r s .  Based on this s i m p l i f i c a t i o n  the e v a p o r a t i o n  r a t e  o f  
the l i q u i d  i s  c a l c u l a t e d  b y  means of  the Laplace  Trans format ion  and a 
s p e c i f i c  d i f f e r e n c e  e q u a t i o n .  W i t h  the r e s u l t s  it i s  p o s s i b l e  to d e t e r -  
m i n e  the t i m e  a f t e r  wh ich  f r e e z i n g  i n  the   surrounding soil commences. The 
r a t e  o f  h e a t  f l o w  t o  the condensed gas  ,proved , to  be p r a c t i c a l l y  u n a f f e c t e d  
b y  the i c e - f o r m a t i o n  i n  ' the so i l .  ( i n  German) 

i 
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The  f lame h e i g h t s  of  l i n e a r  d i f f u s i o n  flanies for s e v e r a l  d i f f e r e n t  
f u e l s  h a v e  been c o r r e l a t e d  w i t h  a s inglea parameter.  d e r i v e d  from a 
model assuming m i x i n g  c o n t r o l l e d  combust ion.  T h e  assumpt ions  
i n v o l v e d  a r e  s t a t e d  c l e a r 1  y . 

. . 
i i ..L. 

Steward, F. .R., "Pred ic t ion o f  the Height o f  ~ u r b u l e n t  D i f f us i on  Buoyant 
Flames." Combustion Science and Technology. - 2:203-212, 1970. 

A mathemati.ca1 model o f  a t u r b u l e n t  d i f f u s i o n  buoyant  f lame  based on 
a number o f  s , i m p l i f y i n g  assumpt ions  i s  p r e s e n t e d .  I t  was found t h a t  .. . , 

the h e i g h t  a t  which 400% e x c e s s  a i r  h a s  been e n t r a i n e d  corresponds  t o  . . 

the visible f lame h e i g h t  accord ing  to  d a t a  t a k e n  i n  o u r  l a b o r a t o r y  a s  
w e l l  a s  t h a t  p r e s e n t e d  b y  a number o f  other workers .  
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.t the  14th Symposium on Combustion, The Combustion I n s t i t u t e ,  

PA, '1973. 
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The  a u t h o r  summarizes the h i s t o r y  o f  a c c i d e n t a l  vapor  c loud  
e x p l o s i o n s ,  r e v i e w s  the  work t h a t  h a s  b e e n  done t o  unders tand 
the d i s p e r s i o n , '  i g n i t i o n ,  propagat ion and b l a s t  e f fec ts  produced,  
then p o i n t s  o u t  a r e a s  for f u t u r e  i n v e s t i g a t i o n .  

Strehlow, R. A. e t  a l . ,  "On the Measurement o f  Energy Release Rates i n  Vapor 
Cloud Explosions." Combustion Science and Technology. - 6:307-312, 1973. 

The method i s  based  on the f i n i t e  a m p l i t u d e  i s e n t r o p i c  a c o u s t i c s  
o f  a c e n t e r e d  s p h e r i c a l  wave and i n v o l v e s  the r e d u c t i o n  o f  d a t a  
from 3 p r e s s u r e  gauges which a r e  measuring the e x p l o s i o n .  The 
method o f  c h a r a c t e r i s t i c s  i s  used to  back  c a l c u l a t e  t o  a n  e f fect ive  
s p h e r i c a l  p i s t o n  which r e p l a c e s  the e x p l o s i o n  so e n e r g y  r e l e a s e  
r a t e s  o f  the e x p l o s i o n  can  be c a l c u l a t e d .  

Strehlow, R. A. and Baker, W. E., "The Charac ter iza i ton  o f  Accidenta l  Explo- 
sions." Prog. Energy Combustion Science. Pergammon Press, 1976. 

The  a u t h o r s  r e v i e w  a c t u a l  e x p l o s i o n  i n c i d e n t s  and c l a s s i f y  them in to  
s e v e r a l  c a t e g o r i e s . ' .  B a s i c  t h e o r y  i n  b l a s t  wave damage i s  a l s o  d i s c u s -  
s e d  a l o n g  w i t h  the e f f ec t s  o f  "non- ideal"  b l a s t  waves.  Fu ture  a r e a s  
o f  r e s e a r c h  are' recommended. 

Strehlow, R. A., Luckiatz,  R. T., Adamczyk, A. A. and Shimpi, S. A., "The - - 

B l a s t  wave ~ e n e r a t e d  by spher ica l  Flame. " Combustion and  lame. g ( 3 )  :297-310, 
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T h e  a u t h o r s  r e p o r t  on  their work for d e t e r m i n i n g  the o v e r p r e s s u r e s  
and i m p u l s e s  r e s u l t i n g  from : r e a c t i v e  fronts. Some r e s u l t s  a r e  pre- 
s e n t e d  for hydrocarbon'  m i x t u r e s .  T h i s  paper ma y have  a p p l i c a t i o n  
t o  b l a s t  wave e f fec ts  e s t i m a t i o n .  
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"Strong G l  obgl L N G  ~ r a d e - ' ~ k o w t h  seen. O i  1 and Gas J .  77 : 36-37, December 1979. 

I t  i s  e x p e c t e d  t h a t  ,world  LNG t r a d e  w i l l  doub le  i n  the n e x t  5. y e a r s ,  
r e a c h i n g  a b o u t  3 t r ? l l i o q  c&- f t / y r  b y  1985.  However, U . S .  i m p o r t  p o l i c y  . 

w i l l  remain u n c e r t a i n  b e c h u s e  o f  s a f e t y  , s i t i n g ,  l i a b i l i t y ,  and i n s u r a n c e  
i s s u e s .  

Stuck ly ,  J .  M. and Walker, G., "Hydraul ics. a Key t o  opt imiz ing  LNG Pipe l ines . "  
O i l  and Gas 3 .  77(17):68-70, 197'9. 

By c a r r y i n g  o u t  d e t a i l e d  numerical  c a l c u l a t i o n s  for the c o n s i d e r e d  LNG 
p i p e l i n e ,  i t  i s  s h o ~ " ' a a t  under  o p t i m i z e d  c o n d i t i o n s  a l i q u i d  c a r r y i n g  
p i p e l i n e  o f fers  improved f u e l  e f f i c i e n c y  when compared w i t h  a c o n v e n t i o n a l  . . 
vapor-phase l ine .  



Stuckly,  J. M. and Walker, G., "LNG   on^-~istance ~ i ~ e l i n ; s - - ~  Technology 
Assessment." O i l  and Gas J. 77(16):59-63, 1979. 

An o u t l i n e  d e s i g n  s t u d y  for a 1,430-mile LNG p i p e l i n e  i n  North.ern Canada 
i s  d e s c r i b e d .  T h e  t r a d e o f f s  be tween  o p e r a t i n g  t e m p e r a t u r e s ,  p r e s s u r e s ,  
p i p e  d i a m e t e r ,  i n s u l a t i o n ,  and m a t e r i a l  r e q u i r e m e n t s  a r e  d i s c u s s e d  i n  some 
d e t a i l .  S o  f a r  no l a r g e - d i a m e t e r ,  l o n g - d i s t a n c e  W G  p i p e l i n e s  h a v e  
a c t u a l l y  been b u i l t ,  b u t  t h e y  have  r e c e i v e d  a lo t  o f  a t t e n t i o n  r e c e n t l y .  

Study o f  LNG Safety - Parts I and 11. Tokyo Gas Company Ltd., Central  Lab- 
ora tory ,  February 1971 . 

T h i s  two-part  s t u d y  p r e s e n t s  e x p e r i m e n t a l  r e s u l t s  on LNG e v a p o r a t i o n ,  
combust ion and d i s p e r s i o n  c h a r a c t e r i s t i c s  i n  a d i k e ,  and on LdVG 
e v a p o r a t i o n ,  ice f o r m a t i o n ,  and LNG d i s p e r s i o n  'on w a t e r .  

Sunvala, P. D., "Dynamics of the  Buoyant D i f f u s i o n  Flame:." ' Journal o f  the  
I n s t i t u t e  o f  Fuel. g:492-497, 1967. 

A new t h e o r e t i c a l  t r e a t m e n t  o f  the a x i a l  v e l o c i t y  growth and mass 
c o n c e n t r a t i o n  decay i n  a buoyan t  d i f f u s i o n  f l q e  i s ,  p r e s e n t e d .  I t  
h a s  been found t h a t  for the f lame l e n g t h s  o f  burning of  v a r i o u s  
f u e l  g a s e s ,  o r g a n i c  l i q u i d s  a s  w e l l  a s  f u e l  oils-, the one-f i f th 
power i n d e x  for the Froude Number h o l d s  'good.    ow ever, for the 
f lame  l e n g t h s  o f  b u r n i n g  f irewood i n  cribs, the ' t w o - f i f t h s  power 
i n d e x  for the Froude Number i s  s u g g e s t e d .  . ! .. 

Sutherland, V .  and J. E. Hughes, "Subterranean LNG Storage." Energy Di.gest. 
3:15-17, October 1978. - 

The c o n s t r u c t i o n  o f  s i x  s t o r a g e  c a v i t i e s  i n  under  round s a l t  f o r m a t i o n s  
. % i s  d e s c r i b e d .  Each c a v i t y  dan h o l d  abou t  60 x 10  m3 LNG a t  p r e s s u r e s  

be tween  120 and 270 b a r .  

Sutton, S. B. , Overpressure Pred ic t ion .  UCID-18189, ..Lawrence Livermore 
Laboratory, 1977. 

A s i m p l e  c a l c u l a t i o n  i s  performed t o  d e t e r m i n e  the e n e r g y  w i t h i n  a b u r n i n g  
c l o u d  o f  LNG. T h i s  e n e r g y  i s  assumed to"have  th& same p r e s s u r e  e f f ec t  a s  . . . . a n  e n e r g y - e q u i v a l e n t  q u a n t i t y  o f  TNT. 

Taki,  S .  and Fuj iwara, T., "Numerical Analys is  o f  Two-Dimensional Nonsteady 
Detonators." AINA Journal.  16, January 1978. 

T h i s  paper i s  a r e p o r t  abou t  the numerical  c a l c u l a t i o n  o f  two-, 
d imens iona l  d e t o n a t i o n  propaga t ion  i n  a c o n f i n e d  channe l .  A 
s i m p l i f i e d  chemical  k i n e t i c s  was employed.  'The method may 
h a v e -  a p p l i c a t i o n  to  the s t u d y  o f  d e t o n a t i o n  p r o b a b i l i t i e s  for 
methane-a i r  m i x t u r e s .  



Tanker S t r u c t u r a l  Analys is  f o r  Minor C o l l i s i o n s .  U.S. Coast Guard Report 
CG-D-72-76. NTIS No. AD/A031031, December 1975. 

T h i s  report d e s c r i b e s  the work accomplished d u r i n g  the c o u r s e  of  
the p r o j e c t  o f  the E v a l u a t i o n  o f  Tanker  S t r u c t u r e  i n  C d l i s i o n .  
The  i n t e n t '  o f  the r e p o r t  i s  t o  p r e s e n t  the i n v e s t i g a t i o n s  performed 
i n  e v a l u a t i n g  the phenomena t h a t  c o n t r i b u t e  t o  the a b i l i t y  o f  a 
l o n g i t u d i n a l l y  framed s h i p ,  ' p a r t i c u l a r 1  y a t a n k e r ,  to  w i t h s t a n d  a% 
minor  collision. A minor  collision i s  one i n  which the c a r g o  t a n k s  

. . remain i n t a c t .  T h e  a b i l i t y  t o  w i t h s t a n d  a minor  collision i s  
quan t zzed  b y  the t o t a l  e n e r g y  t h a t  can  be absorbed d u r i n g  the 
c o l l i s i o n .  

T a r i f a ,  C .  S., Del Notar io,  P. P. and Valdes, C. F., Open F i res .  ~ i n a l  
Report, U.S. Department of Ag r i cu l tu re ,  Fores t  Service, Grant FG-SP-114 
and 146, May 1967. 

An e x p e r i m e n t a l  s t u d y  was made of some  b a s i c  laws  of open fires b y  
u t i l i z i n g  the pool f ire t e c h n i q u e s .  Data were o b t a i n e d  for b u r n i n g  
r a t e s ,  energy  b a l a n c e s  and f lame  c h a r a c t e r i s t i c s ,  i n c l u d i n g  the 
i n f  1 uence o f  f u e l  t y p e ,  vessel s i z e  and vessel c o n f i g u r a t i o n  . 

Taylor ,  P. B. and Foster,  P. J., "Some Gray Gas Weighting C o e f f i c i e n t s  f o r  
CO -H20 Soot Mix tures . "  I n t e r n a t i o n a l  Journal o f  Heat Mass Transfer.  E:1331- 
1352, 1975. 

Two t a b l e s  a r e  provided which g i v e  1)  the v a l u e s  o f  c o n s t a n t s  which 
s p e c i f y  w e i g h t i n g  f a c t o r s  for v a r i o u s  soot c o n c e n t r a t i o n s  a p p l i c a b l e  
i n  the tempera ture  range  1400 to  2 4 0 0 ~ ~  and 2 )  v a l u e s ' o f  c o n s t a n t s  
wh ich  s p e c i f y  the gray gas a b s o r p t i o n  c o e f f i c i e n t  a p p l i c a b l e  i n  the 
1200 t o  2 4 0 0 ~ ~  t e m p e r a t u r e  range.  

Terry,  M. C., "F loa t i ng  LNG F a c i l i t i e s  May Solve Many Problems." P i p e l i n e  
and Gas Journal.  pp. 25-28, June' 1977. 

' T h i s  a r t i c l e  d i s c u s s e s  the his tory o f  development  o f  offshore 
l i q u e f a c t i o n  f a c i l i t i e s .  V a r i o u s  g e n e r i c  t y p e s  o f  f l o a t i n g  
f a c i l i t i e s  a r e  d i s c u s s e d  and their p o t e n t i a l  e v a l u a t e d .  

Thermal Rad ia t ion  and Overpressure from Instantaneous LNG Release i n t o  t h e  
Atmosphere. TRW Systems Group Report No. 08072-4, t o  A.G.A., A p r i l  26, 1968. 

The  r e p o r t  c o n c l u s i o n s  e x p r e s s  belief  t h a t  1)  a s t o i c h i o m e t r i c  .. 

m i x t u r e  o f  n a t u r a l  gas  and a h  a t  a t m o s p h e r i c  p r e s s u r e  w i l l  not 
' d e t o n a t e  wi ' th  a charge  o f  h i g h  e n e r g y  e x p l o s i v e  e q u i v a l e n t  t o  
625 grams o f  TNT; 2 )  the parameters  o f  charge  e n e r g y ,  m i x t u r e  
c o m p o s i t i o n  and c o n f i n i n g  w a l l  geometry s h o u l d  be f u r t h e r  i n v e s t i g a t e d .  



Thomas, P. H.. , "The S ize  o f  Flames From Natura l  F i res . "  Paper presented a t ,  
t h e  9 t h  I n t e r n a t i o n a l  Symposium 'on Combustion, 1963. 

U n c o n t r o l l e d  fires produce f lames  where the i n i t i a l  momentum of  .. 
. the f u e l  i s  l o w  compared w i t h  the momentum b y  buoyancy.  The h e i g h t s  

o f  s u c h  f lames  w i t h  wood a s  the f u e l  a r e  examined and d i s c u s s e d  i n  
t e r m s  o f  both a  d imens iona l  a n a l y s i s  and the e n t r a i n m e n t  o f  a i r  
i n to  the t u r b u l e n t  f lame .  Some recent e x p e r i m e n t s  on  the e f fec ts  
o f  wind on such  f lames  a r e  a l s o  r e p o r t e d .  

a .  

Thomas, P. H., Baldwin, R. and Heselden, A. J. M., "Buoyant D i f f u s i o n  Flames: 
Some Measurements o f  A i r  Entrainment, Heat Transfer ,  and Flame Merging." 
Paper presented a t  t h e  10th I n t e r n a t i o n a l  Symposium on Combustion, the  
Combustion I n s t i t u t e ,  1965. 

T h i s t l e d o w n  h a s  b e e n  used a s  a  t r a c e r  to  measure the f l o w  o f  a i r  
toward e t h y l  a l c o h o l  and wood fires 91 cm i n  d i a m e t e r ,  and a  s m a l l e r  
t o m  gas  f i re .  The measured mean a x i a l  t empera ture  rise a t  the 
mean f lame  h e i g h t  was abou t  300' t o  3 5 0 ' ~  for wood and a l c o h o l  
and 5 0 0 ~ ~  for town gas .  

Timmerhaus, K. D. and Flynn, T. M., "Safety w i t h  Cryogenic Systems." Advances 
i n  Cryog. Eng. 23-:721-729, 1978. 

S a f e t y  a s p e c t s  of- c r y o g e n i c  f l u i d s  a r e  d i s c u s s e d  from a  p r a c t i c a l  p o i n t  
of  v i e w .  R u l e s  and s u g g e s t i o n s  for the s a f e  h a n d l i n g  o f  s u c h  f l u i d s  
a r e  g i v e n .  

Tomkins, 0 .  G., "LNG P l a n t  Computer System: A Conceptual Philosophy." O i l ' a n d  
Gas J. 77(48) :56-60, 1979. 

A computer  i n  a n  LNG p1,ant mus t  be des igned  around the p l a n t  o p e r a t i n g  
p l a n .  C o n s i d e r a t i o n  must  a l s o  be g i v e n  t o  main tenance  and s a f e t y  p l a n t s .  

' ~ u ~ g e s t i o n s  for u s e f u l  hard and s o f t w a r e  selections a r e  prov ided .  . . 

Tonnessen, A., I n s u l a t e d  Tanks f o r  L i q u e f i e d  Gas. U.S. Patent  4,141,465, 1979'. 

T o  r e d u c e  boil-off  i n  s p h e r i c a l  LNG tan&, the t a n k  'skirt i s  s u p p l i e d  
w i t h  a  s p e c i a l  l o w  c o n d u c t i v i t y  r i n g  insert ,  made o f  18-8 S S .  s u c h  a  
h e a t  f l o w  r e s i s t a n c e  c a n  r e d u c e  the h e a t  l e a k  through  the skirt b y  a b o u t  
50 p e r c e n t .  

The e q u a t i o n s  o f  r a d i a t i v e  t r a n s f e r  ( s p e c t r a l )  a r e  c a s t  i n t o  
band absorp tance  from the m u l t i d i m e n s i o n a l  g e o m e t r i e s .  O p t i -  
c a l l y  thick and thin l i m i t i n g  e x p r e s s i o n s  a r e  t h u s  deduced and 
d i s c u s s e d .  



Tsatsaroni  s , G . , "Predi c t i  on of Propagating Lami nar  Flames i n Methane, .Oxygen, 
N i t rogen Mixtures." Combustion and Flame. %:217-239, 1978. . . 

A fundamental  a n a l y s i s  of  one d imens iona l  f lame propaga t ion  
( i n c l u d i n g  chemica l  kinetics and t r a n s p o r t  [ p r o c e s s e s ]  o f  
methane f l a m e s )  i s  per formed.  Flame s p e e d ,  f lame s t r u c t u r e  
and p r e s s u r e  e f fec ts  a r e  enumerated.  

. 

' "Turbine/Compressor .Serves F i r s t  50150 Methane-Ni t rogen Cycle, Gas Syst'em. " 
Di.efe1 and Gas Turbine .Progress. 

. . 

A .unique l i q u e f a c t i o n  p l a n t  a t  a  peakshaving f a c i l i t y  i s  d e s c r i b e d .  
C o n s i d e r a b l e  d e t a i l ,  i n c l u d i n g  s e v e r a l  photographs ,  on the r e f r i g -  
e r a n t  compressor i s  prov ided .  

Turner, .D.. B., Wor.kbook o f  Atmospheric D i  spersd on Estimates. 'Pub1 i c a t i o n  
No. 99-AP-26, P u b 1 . i ~  Heal t h  Service, 1969. 

T h i s  workbook p r e s e n t s  methods  o f  p r a c t i c a l  a p p l i c a t i o n  o f  the 
binormal  c o n t i n u o u s  p l u m e ' d i s p e r s i o n  model t o  e s t i m a t e  concen- 
t r a t i o n s  o f  a i r  p o l l u t a n t s .  E s t i m a t e s  o f  d i s p e r s i o n  a r e  those 
o f  P a s q u i l l  a s  r e s t a t e d  b y  G i f f o r d .  Emphasis i s  on the e s t i m a t i o n  
o f  c o n c e n t r a t i o n s  from c o n t i n u o u s  s o u r c e s  for sampl ing  t i m e s  u p  
t o  1 h o u r .  

Tutko, T. J., "How t o  Design an In teg ra ted  Secur i t y  System f o r  an 'LNG 
F a c i l i t y . "  P i p e l i n e  and Gas Journal .  - 121:50-62, J u l y  1979. 

The need for a  i n t e g r a t e d  s e c u r i t y  s y s t e m  a t  a l l  major  LNG f a c i l i t i e s  
i s  demons t ra ted .  V a r i o u s  s u g g e s t i o n s  a r e  g i v e n  a s  how t o  best imple -  

. . 
ment  such  a  s y s t e m .  

. . 

Uhl,  A. E., Amoroso, L. A. and S e i t i r ,  R. H a ,  "Safety and R e l i a b i l i t y  o f  
LNG Faci 1 i t ies . "  Presented a t  t he  ASME Petroleum, Mechanical Engineering and 
.P.ressure Vessels and P i  p ing  Conference, New Or1 eans , LA, September 1'7-21 , 1972. 

T h e . p r i m e  f a c t o r s  b e h i n d  the fine o p e r a t i o n a l  s a f e t y  and r e l i a b i l i t y  
r e c o r d  o f  LNG f a c i l i t i e s  .are the e a r l y  d e f i n i t i o n  and unders tand ing  
o f  the n a t u r e  o f  LNG, the e s t a b l i s h m e n t  and u t i l i z a t i o n  o f  r e l e v a n t  
c o d e s ,  the c a s t i n g  and o b s e r v a t i o n  o f  p e r t i n e n t  q u a l i t y  a s s u r a n c e .  
programs, and thorough t r a i n i n g  o f  p l a n t  o p e r a t o r s .  T h i s  paper d i s -  
c u s s e s  each  o f  these f a c t o r s  i n  d e t a i l .  

Uldenvan, A. P. , "The Unsteady G r a v i t y  Spread o f  a Dense Cloud i n  a Calm 
Environment ," paper presented a t ,  t he  I n t e r n a t i o n a l  Technical meeting on A i r  
Pol 1 u t i o n  Model i ng and i t s  Appl i cat ion ,  NATO-CCMS, Rome, .October 26, 1979. 

S i m p l i f i e d  b u l k  momentum e q u a t i o n s  for one d imens iona l  and a x i s y n m e t r i c  
g r a v i t y  s p r e a d i n g  o f  d e n s e  c l o u d s  a r e  p r e s e n t e d .  A n a l y t i c a l  s o l u t i o n s  
i n d i c a t e  t h a t  a  s t e a d y  s t a t e  i s  not reached d u r i n g  c l o u d  . spread ing .  



U.S. Comptroller General, Need t o  Improve Regulatory Review Process f o r  
Natural Gas Imports. ID-78-17, General Accounting Office,  July 14, 1978. 

The a r t i c l e  h i g h l i g h t s  d i f f i c u l t i e s  i n  t h e  r e v i e w  process  for 
LNG i m p o r t a t i o n  f a c i l i t i e s  and makes recommendations t o  Congress  
and f e d e r a l  a g e n c i e s  t o  mi  t i g a t e  the i m p a c t s .  

U.S.  General Accounting Office,  Information on the U.S. Importation of Liquefied 
Natural Gas. EMD-79-48, March 22, 1979. 

The r e p o r t  d e a l s  w i t h  q u e s t i o n s  o n  LNG consumpt ion i n  the U . S . ,  the s o u r c e s  
and p r i c e s  for the impor ted  LNG and w i t h  i t s  end u s e  b y  the u t i l i t y  compa- 
nies. I t  a l s o  a d d r e s s e s  s i z e  and ownersh ip  o f  the LNG t a n k e r  f l ee t .  

Yalencia-Chavez, J .  A.  and Reid, R .  C . ,  "The Effect  of Composition on the 
Boilimg Rates of Liquef,ied Natural Gas f o r  Confined S p i l l s  on Water." 
I n t .  J .  Heat Mass Transfer. z:831-838, 1979. 

B o i l i n g  r a t e s  for s p i l l s  of LNG on a c o n f i n e d  a r e a  o f  water  ( c a l o -  
r i m e t e r )  were  measured for v a r i o u s  LNG c o m p o s i t i o n s .  A s i m p l i f i e d  
model was deve loped  which compared w e l l  w i t h  e x p e r i m e n t a l  r e s u l t s  . 

Vanderwall, E .  M . ,  "Investigation of the Su i t ab i l i t y  of Gelled Methane 
f o r  Use i n  a J e t  Engi.ne." NAS 3-14305, NASA CR-72876, 1971. 

Methanol g e l l e d  c r y o g e n i c  methane was s t o r a b l e  a t  - 2 6 3 ' ~  for p e r i o d s  
e x c e e d i n g  100 h,ours w i t h  no s i g n i f i c a n t  g e l  s t r u c t u r e  d e g r a d a t i o n .  
The g e l  cou.ld be t r a n s f e r r e d  through  p r o p e r l y  des igned  h e a t  exchangers  
a t  compara t i ve1  y h i g h  f l o w  r a t e s  (1 0 lb/hr) w i t h o u t  c l o g g i n g .  Fuel  
consumpt ion b y  j e t  engines was riot e x c e s s i v e  due t o  the g e l a n t .  

Van. Horn, A .  J. and Wilson, R . ,  Liquefied -Natural Gas: Safety Issues,  
Public Concerns, and Decision Making. BNL 22284, Energy and Environmental 
Pol i cy  Center, Jefferson Physical Laboratory, Harvard Universi ty  , November 1976. 

. . 

The r e p o r t  p r o v i d e s  background i n f o r m a t i o n  on LNG and d i s c u s s e s  
s a f e t y  i s s u e s ,  LNG f a c i l i  t ies s i t i n g  d i s p u t e s ,  ' p u b l i c  concern  for 
LNG f a c i l i t i e s  s i t i n g ,  LNG d e c i s i o n  mak ing ,  and g i v e s  recommenda- 
tions- concern ing  LNG t e r m i n a l  s i t i n g  f a c i l i t i e s .  

Vanta, E .  €3. e t  a l . ,  Detonability of Some Natural Gas-Air Mixtures. Technical 
Report AFATL-TR-74-80, Air Force Armament Laboratory, El gin Air Force Base, 

A bag  test method t o  screen n a t u r a l  g a s - a i r  m i x t u r e s  (5 .2  t o  12.5% 
b y  vol. n a t u r a l  gas )  t o  determine '  d e t o n a b i l i t y .  A t  the 8.6 t o  8.8% 
c o n c e n t r a t i o n  level ,  e r r a t i c ,  uneven d e t o n a t i o n s  were i n i  t i a  t e d  and 
e x p l o s i v e  charges  ranged from 1001 t o  1020 grams. D e f l a g r a t i o n  
occurred  a t  a l l  other f u e l  c o n c e n t r a t i o n s .  The d e t o n a t i o n s  propagated 
the l e n g t h  o f  the b a g ,  b u t  a s t e a d y  Chapman-Jouguet t y p e  wave front 
was not o b s e r v e d .  



Van U l  den, A. P., "On the Spreading o f  a Heavy Gas Re1 eased Near the Ground. " 
Loss Prevention and Safety Promotion i n  the process Indust r ies .  Bushman, C. H., 
ed. Proceedings o f  the F i r s t  In te rna t iona l  Loss Prevention Symposi urn. The Hague/ 
D e l f t ,  The Netherlands, May 28-30, 1974, E lsev ier  Sc ien t i f i c  Publ ishing Company, 
1974. 

I t  i s  shown t h a t  the s p r e a d i n g  of  a  heavy  gas  d i f f e r s  e s s e n t i a l l y  
f rom the s p r e a d i n g  o f  a  n e u t r a l  gas .  H o r i z o n t a l  spread i s  i n c r e a s e d  
c o n s i d e r a b l y  b y  g r a v i t y  e f f e c t s ,  whereas v e r t i c a l  spread i s  l i m i t e d .  
C a l c u l a t i o n s  a r e  compared w i t h  e x p e r i m e n t a l  r e s u l t s .  

. . 

Varma, R. K., Murgai, M. P. and Ghildyal,  C .  D.; "Radiat ive Transfer Ef fec ts  
i n  Natural Convection Above F i res  - General Case." Proc. Roy. Soc., London, 
A314, 1970. 

The  e f fec t  of  r a d i a t i o n ,  on the o v e r a l l  dynamics o f  a  "hot plume 
above  fires, h a s  been c o n s i d e r e d .  An approximate  m u l t i d i m e n s i o n a l  
t r a n s f e r  e q u a t i o n  for h e a t  r a d i a t i o n  i s  d e r i v e d  from the S c h w a r z s c h i l d ' s  
e q u a t i o n .  The plume m a t e r i a l  i s  assumed to  be g r e y  and the o u t s i d e  
atmosphere  i s  c o n s i d e r e d  ca lm and i s ,  o t h e r w i s e ,  i n  a  s t a t e  o f  
a r b i t r a r y  l a p s e  r a t e  v a r i a t i o n .  

Vema, S. B. and Cermak, J. E., "Mass Transfer From ~ e r o d ~ n a m i c a l l ~  Rough 
Surface. " In te rna t iona l  Journal o f  Heat and Mass Transfer. - 17 : 567-579, '1974. 

Mass t r a n s f e r  r a t e s  were  de termined  b y  d i r e c t l y  measuring the a c t u a l  
volume o f  w a t e r  evapora ted  from s a t u r a t e d  wavy ( s i n u s o i d a l )  s u r f a c e s  
i n  m i c r o m e t e o r o l o g i c a l  wind t u n n e l .  S imul taneous  measurements of  
mean v e l o c i t y ,  h u m i d i t y  and t empera ture  d i s t r i b u t i o n s  were  made over 
these s a t u r a t e d  waves.  

Vielvoye, R., "Abu Dhabi A c t i v i t y  Soars, bu t  Government Keeps L i d  on Production." 
O i  1 and Gas Journal .  p. 74, Ju ly  9, 1978. 

I n c l u d e d  i n  this a r t i c l e  i s  a  d i s c u s s i o n  o f  some o f  the problems which 
h a v e  plagued the Das I s l a n d  e x p o r t  t e r m i n a l .  These i n c l u d e  cracked 
c r y o g e n i c  p i p e l i n e s ,  corrosion from h i g h - s u l f u r  g a s ,  and a  l e a k  i n  the 
inner shell of  a s t o r a g e  t a n k  which  e v e n t u a l l y  caused a  c r a c k  i n  the 
o u t e r  shell. 

Vora, M. K., Shaheen, E. I. and Knieves., D. V., "U.S. Energy Future: Higher 
LNG Imports W i  11 be Needed. " World O i  1 . pp. 134-1 48, June 1978. 

The f u t u r e  U.S. e n e r g y  n e e d s  and the p o t e n t i a l  of  LNG i m p o r t s  
a r e  d i s c u s s e d .  I t  i s  p r e d i c t e d  t h a t  LNG c o u l d  s u p p l y  4.7% of  
t o t a l  U.S. e n e r g y  r e q u i r e m e n t s  b y  1985.  T h i s  would r e q u i r e  a n  
i m p o r t  o f  4.86 t c f  i n c l u d i n g  1.17 tc f  from A l a s k a .  



Vreedenburger , H. , "Steel or '  Prefab Concrete f o r  Inshore Plants. " Chemical 
Engi neer i  nq Progress. pp . 82-85, 1 979. 

; I "  

T h e  u s e  o f  steel and concrete i n  the = o n s t r u c t i o n  o f  a f l o a t i n g  LNG 
r e c e i v i n g  t e r m i n a l  i s  d i s c u s s e d .  condrete' c a n  o f f e r  some advan tages  . 

' i n  the s t o r a g e  t a n k  d e s i g n  and c o n s t r u c t i o n .  . . 

Wakeshima, H. and Takata, K., "On 'the L i m i t  o f  Superheat." Journal o f  the 
Physical Society of Japan. l 3 (11 )  : 13-1403, November 1958. " 

A new method was d e v i s e d  i n  which s m a l l  drops  o f  a sample l i q u i d  ' 

a r e  h e a t e d  a s  t h e y  rise u p  i n  the n o n s o l u b l e  h e a t i n g  l i q u i d  w i t h  
'. a s u i t a b l e  t empera ture  g r a d i e n t  upward. .The  l i m i t  o f  s u p e r h e a t  

was determined for s a t u r a t e d  hydrocarbons  and pol  yme thy lenes  . . 

The agreement  be tween  ( D o r i n g ' s )  t h e o r y  and e x p e r i m e n t  was s a t i s f a c t o r y  . 
Welker, J. R., Brown, L. E., Ice, J. N., Martinsen, W. E. and West, H. H., 
F i r e  Safety Aboard LNG Vessels. U.S. Coast Guard Report No. CG-0-94-76. 
NTIC No. AD/A030619, January 1976. 

T h i s  r e p o r t  p r e s e n t s  r e s u l t s  o f  a n  a n a l y t i c a l  e x a m i n a t i o n  o f  c a r g o  
s p i l l  and f ire  hazard p o t e n t i a l  a s s o c i a t e d  w i t h  the mar ine  h a n d l i n g  
o f  l i q u e f i e d  n a t u r a l  gas cargo .  P r i n c i p a l  emphasis  was on c a r g o  
t r a n s f e r  o p e r a t i o n s  a t  r e c e i v i n g  t e r m i n a l s ,  and more s p e c i f i c a l l y  
on the LNG t a n k e r ' s  c a r g o  h a n d l i n g  and hazard  s e n s i n g  and control 
equipment  and opera ti ons . 

Welker, J. R., Wesson, H. R. and Brown, L. E., "Use o f  Foam t o  Disperse LNG 
Vapors?" Hydrocarb. Process. pp. 119-120, 1974. , . 

T e s t s  h a v e  shown t h a t  a b l a n k e t  of  h igh-expans ion  fodm effec- 
t i v e l y  r e d u c e s  ground- level  methane concen t ra t ions 'downwind  of  
a n  LNG s p i l l .  

Welker, J. R. e t  al., "LNG.Spil ls:  To Burn o r  Not t o  Burn." Paper presented 
a t  the A.G.A. Operating Section D i s t r i b u t i o n  Conference, ,1969. 

T h i s  paper c o n c l u d e s  t h a t :  flammable m i x t u r e s  froni l a r g e  s p i l l s  
w i l l  I p e n e t r a t e  a l o n g  d i s t a n c e  downwind; a major  s p i l l  shou ld  be 
i g n i t e d  a s  soon a s  p o s s i b l e ;  a h igh-expans ion  foam s y s t e m  of fers  
the best p r o t e c t i o n  b y  s u p p r e s s i n g  either LNG e v a p o r a t i o n  or the 
b u r n i n g  r a t e  and p r e s e n t  s t a n d a r d s  t h a t  s p e c i f y  s e p a r a t i o n  d i s t a n c e  
i r r e s p e c t i v e  o f  pool s i z e  a r e  mean ing less .  
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, J. R., P ipk in,  0. A. and Sl iepcevich,  C. M.; "The Ef fect  o f  Wind .on ." F i r e  Technology. - 1 (2):122;219, 1965. . . 

A s i m p l i f i e d  and improved coz%elat ion for the drag  coefficient of  
windblown n a t u r a l  gas  f lames  i s  g i v e n .  Experimental  r e s u l t s  l e a d i n g  
t o  the c o r r e l a t i o n  were o b t a i n e d  i n  a low-speed wind t u n n e l  s p e c i f i -  
c a l l y  des igned  for s u c h  s t u d i e s  a t  the U n i v e r s i t y  o f  Oklahoma 
North Campus. 

Welker, J. R. and Sl iepcevich,  C .  M., "Bending o f  Wind-Blown Flames From 
L i q u i d  Pools." F i r e  Technoloqy. - 2, 1966. 
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The  bend ing  of a f lame  b y  wi'nd i n f l u e n c e s  the amount o f  h e a t  t r a n s -  
f e r r e d  b y  r a d i a t i o n  and c o n v e c t i o n ,  the f u e l  b u r n i n g  r a t e l a n d  the 
f lame spread r a t e .  T o  what e x t e n t  w i l l  a f lame  be bent b y  wind? 
T h e  a u t h o r  p r e s e n t s  c o r r e l a t i o n s  of  d a t a  t a k e n  from l i q u i d  pool 
f ires ,  which  e n a b l e  u s  t o  p r e d i c t  f lame  b e n d i n g  and t r a i l i n g  for 
l a r g e  fires. 

Wel.ker, J. R., West, H. H., Mento, M. A. and Ice,  J. N., A Survey of t he  
Ef fec t iveness o f  'Cont ro l  Methods f o r  F i r e s  i n  Some. Hazardous Chemical 
Cargoes. U.S.- Coast Guard Report CG-D-64-76. NTIS No. AD/A026300, March 
1976. 

Assessment  of  f i re  s a f e t y  o f  mar ine  b u l k  chemical  c a r r i e r s  was 
a t t e m p t e d  . I t  i s  recommended t h a t  s tandard  fire control test 
methods be developed t o g e t h e r  w i t h  s t a n d a r d i z e d  test  d a t a  col- 
l e c t i n g  and r e p o r t i n g  methods  and t h a t  l a r g e - s c a l e  f ire tests 
be made on c h e m i c a l s  from d i f f e r e n t  f a m i l i e s  t o  a t t e m p t  t o  d e v e l o p  
methods  o f  c o r r e l a t i o n  w i t h  s m a l l - s c a l e  test r e s u l t s .  I f  a r e l i a b l e  
c o r r e l a t i o n  c a n  be d e v e l o p e d ,  s m a l l - s c a l e  tests cou ld  be used 
i n  the f u t u r e  w i t h  more c o n f i d e n c e  t o  both p r e d i c t  b e h a v i o r  o f  
chemical  c a r g o e s  under  f ire c o n d i t i o n s  and t o  a s s e s s  l a r g e  f i r e  
e x t i n g u i s h i n g  effectiveness : 

Wesson, H. R., L o t t ,  J:L., Feldman, R. and Closner; J. J., "Thermal Per for -  
mance of a F i r e  Res is tant  Coating Appl ied t o  Prestressed Concrete." 1978 
Operat ing Sect ion Proceedings, American Gas Associat ion, Montreal, Quebec, 
May 1978. 

The fire r e s i s t a n c e  o f  c o a t i n g s  d e s i g n e d  t o  pr&ect weakening o f  
p r e s t r e s s i n g  w i r e  i n  cryogen>c' t a n k s  i s  t e s t e d .  Degree o f  pro- 
tection w i t h  c o a t i n g  thickness i s  d i s c u s s e d .  

Wesson, H. R., Welker, J. R. and Brown, L. E., "Control  LNG-Spill F i res . "  
Hydrocarb. Process. - 51:61-64, December 1972. 

Control of  LNG-spill fires i s  o b t a i n e d  b y  a p p l i c a t i o n  o f  h i g h  
expans ion  foam. Follow-up w i t h  d r y  chemical  fire e x t i n g u i s h e r s  
w i l l  q u i c k 1  y e x t i n g u i s h  the f ire.  



West, H. H., Brown, L. E. and Welker, J. R., "Vapor Dispersion, F i r e  Control,  
and F i r e  Extinguishment f o r  LNG Spi 11s i." NTIS No. ADlA023505, pp. 509-518,. 
Proceedings o f  the Fourth In te rna t iona l  Symposium on Transport o f  Hazardous 
Cargoes by Sea and In land  Waterway. Jacksonvi l le ,  FL, October 26-30, 1975. 

Dry chemical  f ire e x t i n g u i s h m e n t  s y s t e m s  can  p r o v i d e  r a p i d  
e x t i n g u i s h m e n t  o f  LNG fires. High e x p a n s i o n  foam c a n  r e d u c e  the 
r a d i a n t  f l u x  from LNG f ires,  prov ide  p r o t e c t i o n  for the surround-  
i n g s  u n t i l  the fire b u r n s  o u t ,  and r e d u c e  the c o n c e n t r a t i o n  o f  
methane i n  the vapor  c l o u d  downwind from a n  LNG f ire .  

West, H. 
and F i r e  
Technical 

H., Brown, L. E. and Welker, J. R., "Vapor Dispersion F i r e  Control 
Extinguishment f o r  LNG Sp i l l s . "  The Combustion I n s t i t u t e ,  1975 Spring 
Meeting. San Antonio, Texas, 1975. 

The paper r e p o r t s  r e s u l t s  on AGA tests of  LNG e v a p o r a t i o n  and pool 
fire r a d i a t i o n  r e d u c t i o n s  b y  foam a p p l i c a t i o n .  T e s t s  a l s o  demonstrated 
f lame e x t i n g u i s h m e n t  b y  d r y  chemica l s  i f  a p p l i e d  a short t i m e  a f t e r  
pool fire i g n i t i o n .  

Westbrook, C.  K., A Generalized I C E  Method f o r  Chemically ~ e a c t i v e  Flows i n  
Combustion Systems. UCRL-78915, Rev.. 1, Lawrence Livermore Lab., August 1977.' 

The I C E  method i s  m o d i f i e d  t o  a l l o w  the p r e s s u r e  c a l c u l a t e d  a t  
a new t i m e  s t e p  to  i n c l u d e  the ef fects  o f  changes  i n  i n t e r n a l  
e n e r g y  and s p e c i e s  over t h a t  t i m e  s t e p .  T h i s  i s  i m p o r t a n t  for ;. 
r e a c t i v e  f l o w s  i n  which  the change i n  tempera ture '  a n d / o r  s p e c i e s  
c o n t r i b u t e s  s i g n i f i c a n t l y  t o  changes  i n  p r e s s u r e .  

Westbrook, C. and Haselman, L., Chemical K ine t i cs  o f  LNG Detonations. UCRL-82293, 
. Lawrence Livermore Laboratory, February 1979. 

The a u t h o r s  o f  this paper t h e o r e t i c a l l y  i n v e s t i g a t e  the e f fec t  o f  e t h a n e  
on the d e t o n a b i l i t y  of methane.  Smal l  amounts o f  e t h a n e  were found to '  
s i g n i f i c a n t l y  i n c r e a s e  the p o s s i b i l i t y  o f  a d e t o n a t i o n  o c c u r r i n g .  T h e  
chemica l  kinetics o f  the r e a c t i o n  mechanism a r e  a l s o  p r e s e n t e d .  

Weston, H. and Brown, L.E. , "Analyze F i r e  Protec t ion system. " Hydrocarbon 
Processing. pp. 89-92, August 1977. 

T h i s  paper o u t l i n e s  a s y s t e m s  approach to  fire s a f e t y  and g i v e s  . 
a n  example a p p l i c a t i o n  t o  LNG F i r e  Control. 



Wilcox, D. C., "Model f o r  F i r e s  With Low l n i  t i a l  Momentum and Nongray Thermal 
Radiat ion." AIAA Journal.  l 3 ( 3 )  :381-386, . . March 1975. 

A new ambien t -a i r  e n t r a i n m e n t  l a w  a c c o u n t s  for. r a p i d  f l u i d  a c c e l e r a -  
t ion  from i n i t i a l l y  l o w  v e l o c i t y  a t  a l i q u i d  p o o l ,  t o  h i g h e r  velocities 
e s t a b l i s h e d  under  buoyan t  rise of  the combust ion p r o d u c t s .  Rad ia l -  
r a d i a t i o n  h e a t .  t r a n s f e r  i s  computed w i t h  the e x a c t  r a d i a t i o n  t r a n s p o r t  
e q u a t i o n . '  Fire-model p r e d i c t i o n s  f a l l  w i t h i n  s c a t t e r  o f  e x p e r i m e n t a l  
f lame-he igh t  and s p e c t r a l - r a d i a t i o n  d a t a  for LNG fires. 

. . . - 
Wilcox, D. C., Non-Gray Thermal Rad ia t ion  From a Flame Above a Pool o f  L i q u i d  
Natura l  Gas. Report by .TRW Systems t o  A.G.A., A.G.A. Catalog No. M19714, 
February 1971. . 

  his r e p o r t  i n d i c a t e s  t h a t  a )  s p e c t r a l  d i s t r i b u t i o n  o f  the r a d i a t i o n  
h e a t  f l u x  v e c t o r . c a n  be c a l c u l a t e d ,  b) minimal  d a t a  a r e  r e q u i r e d  t o  
e x t r a p o l a t e  from s m a l l  t o  l a r g e  fires, c) a n  i m p o r t a n t  s c a l i n g  r e l a -  
t i o n s h i p  may h a v e  been uncovered ,  and d ) ' t h e  f lame model and a s s o c i a -  
t e d  computer program r e p r e s e n t  a s o l i d .  f o u n d a t i o n  f o r l i n v e s t i g a t i o n  
o f  r a d i a t i o n  p r o p e r t i e s  o f  a l a r g e  LNG f i re .  

W i l l  iams, F. A., Combustion Theory - The Fundamental Theory o f  Chemically 
React ing Flow Systems. Addision-Wesley Pub1 i s h i n g  Company, I n c .  , 1965. 

Chapter  2 d i s c u s s e s  Rankine-Hugoniot  r e l a t i o n s ' a n d  pages 25-27 the 
p r o p e r t i e s . o f  the Hugoniot  c u r v e .  . 

Wissmi l le r ,  I. L. and Mattocks, E. O., "How t o  Use LNG Safe ly . "  P i p e l i n e  and 
Gas Journal .  March 1972. 

T h i s  a r t i c l e .  p r o v i d e s  a genera l  d e s c r i p t i o n  o f  LNG .equipment and 
f a c i l i t i e s  and how t h e y  a r e  des igned  and opera ted  for s a f e t y .  

W i  th r ing ton. ,  3. .K. , "Ana ly t i ca l  Methods f o r  Ve r i f y ing  the  S t ruc tu ra l  I n t e g r i t y  
o f  LNG Carr ie rs . "  .LNG 3 . -  I n t e r n a t i o n a l  Conference on L ique f ied  Natura l  Gas, 
Washington DC, September.24-28, 1972. 

T h i s  paper i d e n t i f i e s  some o f  the s t r u c t u r a l  problems t h a t  m i g h t  
o c c u r  w i t h  a v e r y  r a p i d  i n c r e a s e  i n  the s i z e  of LNG c a r r i e r s  and 
a d v o c a t e s  the a d o p t i o n  o f  a d d i t i o n a l  a n a l y t i c a l  methods  t o  be used 
i n  c o n j u n c t i o n  w i t h  the normal procedures  o f  the C l a s s i f i c a t i o n  
S o c i e t i e s .  



Witte, L .  C .  and Cox, J .  E . ,  ~onchemicai Explosive Interact ion of: LNG and 
Water. ASME Preprint  71 -WA/HT-31, 1972. 

When LNG c o n t a c t s  w a t e r ,  a n  e x p l o s i v e  i n c i d e n t  may o c c u r  due  t o  
e x t r e m e l y  r a p i d  p r o d u c t i o n  of  LNG vapor  a s  h e a t  i s  t r a n s f e r r e d  
from the surround ing  water .  Pertinent l i t e r a t u r e  i s  summarized 
on  s i m i l a r  r e p o r t e d  e x p l o s i o n s  when hot m o l t e n  m a t e r i a l s  c o n t a c t  
cool l i q u i d s .  Fragmentat ion o f  the LNG i s  b e l i e v e d  t o  be the 
t r i g g e r i n g  mechanism f o r  e x p l o s i v e  vapor  forma tion. Recen t  r e s u l  t s  
of f r a g m e n t a t i o n  r e s e a r c h  a r e  p r e s e n t e d .  

Wi t t e ,  L .  C . ,  Cox, J .  E .  and Bouvier, J .  E . ,  "The Vapor Explosion." Journal 
of Metals. 22:39-44, February 1970. 

T h e  a r t i c l e  r e v i e w s  the f o u r  theories of  e n t r a p m e n t ,  violent b o i l i n g ,  
shell t h e o r y ,  and Weber Number Ef fec ts .  A common f a c t o r  e x i s t s  i n  
t h a t  when m o l t e n  m a t e r i a l  i s  fragmented p r i o r  t o  l i q u i d  c o n t a c t ,  
e x p l o s i o n  danger  i s  l e s s e n e d .  

Wi t t e ,  L .  C . ,  Vyas, T. J .  and Gelabert, A.  A . ,  "Meat Transfer and Fragmenta- 
t ion  During Mol ten-Metal/Water Interact ions .  " Journal of Heat Transfer. . ' . . 

95 : 521 -527, November 1973. - 

T h i s  s t u d y  i n d i c a t e s  s t r o n g l y  t h a t  f ragmenta t ion  o c c u r s  when a : 

sample i s  m o l t e n  and f r a g m e n t a t i o n  i s  a r e s p o n s e  t o  an e x t e r n a l  
s t i m u l u s .  A l t e r n a t e  c a u s e s  o f  f r a g m e n t a t i o n  a r e  proposed and a r e  
p r e d i c a t e d  upon the i n i t i a l  c o l l a p s e  of  a vapor  f i l m  around the 
m o l t e n  m e t a l .  

Wolf, Sidney M . ,  . "Liquefied Natural Gas ." The ~ u l  l e t i n  of. the  Atomic 
Sc i en t i s t s .  . 25, Chicago, December 1978. 

W o l f  p r e s e n t s  a r e v i e w  o f  LNG i m p o r t  q u e s t i o n s  i n c l u d i n g  s a f e t y ,  
s e c u r i t y ,  and p r i c e a p p l i c a b l e  a t  the. t i m e  o f  p u b l i c a t i o n .  

-.  . 

Wood, B .  D . ,  Blackshear, P .  L . ,  J r ,  and Eckert, E. R .  G . ,  "Mass   ire Model : 
An Experimental Study of: the Heat Transfer-  t o  Liquid Fuel- Burning'  From a 
Sand-filled Pan Burner."' Combustion Science and Technology. - 4:113-129, 
1971. 

Heat f l u x  d a t a  and the r a d i a t i o n  h e a t  f l u x  d a t a  i n d i c a t e  t h a t  
r a d i a t i o n  c o n t r i b u t e s  between 20 and 40 p e r c e n t  of  the thermal  l o a d  
t o  the f u e l  s u r f a c e  for the methanol f lame.  F o r  the a c e t o n e  f lame ,  
approx imate ly .  40 t o  60 p e r c e n t  of  the t o t a l ,  h e a t  f l u x  i s  r a d i a t i o n  
d u r i n g  the two s t e a d y  b u r n i n g  r a t e  p e r i o d s ,  



Woolers, R. G., Marine T ranspo r ta t i on  o f  LNG and Related Products.  Corne l l  Mar i -  
t ime  Press, Cambridge, MD, 1975. 

T h i s  book d e s c r i b e s  a s p e c t s  o f  mar ine  t r a n s p o r t  of .LNG i n c l u d i n g  
s h i p  d e s i g n ,  c o n t a i n e r  d e s i g n ,  c o n t r o l  s y s t e m s ,  and a d e s c r i p t i o n  
o f  h a z a r d s  and LNG i m p o r t a t i o n .  The h a z a r d s  section d e s c r i b e s  
e x p e r i m e n t s  performed b y  the Bureau o f  M i n e s . t o  d e t e r m i n e  the 
e f fec ts  o f  LNG s p i l l a g e  on w a t e r .  

Yamanouchi , N., and Nagasawa, H., "Using LNG Cold f o r  A i r  Separat ion." Chem. Eng. 
Progr  . E ( 7 )  : 78-82, 1979. 

By u s i n g  the c r y o g e n i c  e n e r g y  c o n t a i n e d  i n  LNG, . l iquid  oxygen ,  l i q u i d  
n i t r o g e n  and l i q u i d  argon c a n  be produced a t  a 40% s a v i n g  i n  power con- 
sumpt ion .  I n  the same p r o c e s s  LNG i s  evapora ted .  Three p l a n t s  based on 
this p r i n c i p l e  a r e  ' a l r e a d y  o p e r a t i n g  i n  Japan,  and a f o u r t h  one i s  under  
c o n s t r u c t i o ~ l  . 

Yamazaki, D., Yokoyama, N, and Hino, M., "S to r i ng  and T ranspo r ta t i on  o f  
Hydrocarbon Gases. " Chem. Abstr .  80185488q. Japan Kokai 73-92, 401 ( t o  M i  t su-  
b i s h i  Heavy I n d u s t r i e s ,  L td.  ) , 1973. 

Natura l  gas  was c o n t a c t e d  w i t h  aqueous a l i p h a t i c  amine s o l u t i o n s  t o  
o b t a i n  the h y d r a t e .  The h y d r a t e  produc t  had a vapor  p r e s s u r e  o f  
35 kg/cm2 a t  40'27. 

Yang, K . 9  "Explos ive I n t e r a c t i o n  o f  L i q u e f i e d  Natura l  Gas and Organic L iqu ids . "  
Nature. -:221-222, 1973. 

Smal l  s c a l e  e x p e r i m e n t s  a r e  d e s c r i b e d  i n  which LNG i s  poured 
in to  o r g a n i c  l i q u i d s .  I n  some c a s e s  r e s u l t i n g  r e a c t i o n s  were 
r a t h e r  v i o l e n t ,  i n d i c a t i n g  the p o s s i b i l i t y  o f  vapor  e x p l o s i o n s .  

Yilmaz, B. S., Clarke,  S. F. and Westwater, J. M., Heat Trans fer  From Water 
i n  F i l m  B o i l i n g  t o  an Upper Layer o f  P a r a f f i n i c  Hydrocarbon. ASME paper 
76-HT-24, 1976. 

~ a b o r a t o r ~  e x p e r i m e n t s  h a v e  been  performed to  measure the f l u x  from 
a l a y e r  o f  w a t e r  i n  the s t a t e  o f  f i l m  b o i l i n g  t o  a superimposed l a y e r  
o f  v a r i o u s  t y p e s  o f  hydrocarbons  . 

~ u m o t o ,  T., "Heat Trans fer  From Flame t o  Fuel Surface i n  Large Pool F i r e s . "  
Combus t i o n  and Flame. 17: 108-1 10, 1971 . 

The  s t u d y  was made t o  o b t a i n  e x p e r i m e n t a l l y  the r a t i o  o f  r a d i a t i o n  
and c o n v e c t i o n  t r a n s f e r s  t o  t o t a l  h e a t  t r a n s f e r  from the f lame t o  
the f u e l  s u r f a c e  i n  the range  where the b u r n i n g  r a t e  h a s  a c o n s t a n t  
v a l u e  r e g a r d l e s s  o f  pan d i a m e t e r .  



Zahn, C .  W .  and Clayton, H .  A . ,  Recovery of Natural Gas Liquids by P a r t i a l  
Condensation. U . S . Pa t e n t  4,142,876, 1979. 

A complex c o n t r o l  scheme i s  proposed which sets the minimum tempera ture  
o f  the n a t u r a l  gas  s t ream t o  the s e p a r a t o r ,  a l l o w i n g  f o r  the r e c o v e r y  of 
n a t u r a l  gas  l i q u i d  b y  p a r t i a l  condensa t ion  o f  the i n l e t  feed s t ream.  

Zuber, K., "LNG F a c i l i t i e s  - Engineered F i r e  Protec t ion  Systems." F i r e  Tech- 
nology. E :41-48 ,  1976. 

Dry chemical  f i re  e x t i n g u i s h e r s  used i n  c o n j u n c t i o n  w i t h  h i g h  
expans ion  foam have  been  used s u c c e s s f u l l y  i n  tests t o  e x t i n g u i s h  
LNG s p i l l  f i r e s .  \ .  

Zubiate,  R . ,  Pomonik, G .  and Mostarda, S . ,  "Single Point  Mooring System f o r  
Float ing LNG P lant . "  Ocean Industry-. pp.  75-78, November 1978. 

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



SECTION Ill 

LPG ANNOTATED BIBLIOGRAPHY 
. . 

N.M. Butcher 
' W. E. Martinsen 

. . 

Prepared for the 
Environmental and Safety Engineering 
Division 
U.S. Department of Energy 
under Contract DE-AC-05-78EV06020 

Applied Technology Corporation 
Norman, Oklahoma 73070 



SUMMARY 

Th is  b i  b l  iography was i n i t i a t e d  under U. S. Department o f  

Energy Contract  No. DE-AC05-78-EV06020. The l i t e r a t u r e  survey was 

t o  i d e n t i f y  and analyze pub1 ished 1  i t e r a t u r e  descr ib ing  i n s t a l  1  a t i ons  , 
equipment, processes, t ranspor ta t i on ,  and storage o f  LPG (1  iquef ied  

petroleum gas). The p r i n c i p a l  emphasis was on 1  i t e r a t u r e  p e r t a i n i n g  
49 

d i r e c t l y  t o  f i r e  sa fe ty  o f  LPG dur ina  t ranspor ta t i on  and storage, and 

o the r  l i t e r a t u r e  r e l e v a n t  t o  t h e  assessment o f  the  r i s k s  and hazards 

presented by acc identa l  releases of LPG. 

The references i n c l  ude some proposed and p resen t l y  operable 

regu la t i ons  used by the  LPG indust ry ;  journa l  a r t i c l e s ;  repo r t s  of 

experimental p r o j e c t s  r e l a t e d '  t o  the  LPG and LNG indus t r i es ;  f o r e i g n  

manuals t h a t  i n f l uence  regu la t i ons  f o r  hand1 i ng and t r a n s p o r t i n g  LPG 

i n  the  Un i ted  States; repo r t s  and desc r ip t i ons  o f  accidents and inc iden ts ;  

and discussions o f  f a i l u r e  ra tes ,  modes, and e f f e c t s .  

The volume of U.S. government accident  repo r t s  a v a i l a b l e  fo r  

review i s  la rge.  The l i t e r a t u r e  survey inc ludes on ly  se lec ted repor t s  

d i r e c t l y  r e l a t e d  t o  the  hazard ana lys is .  Numerous a r t i c l e s  found i n  
6 

t rade jou rna ls  such as F i r e  Journal and F i r e  Command were excluded 

because o f  t h e i r  very general d e s c r i p t i v e  contents on accident  i nc iden ts .  

Where possib le,  U.S. government o r  i n d u s t r y  accident  repo r t s  were 

s u b s t i t u t e d  as sources f o r  these a r t i c l e s .  

Several references i n  the  b ib l i og raphy  are  s tud ies  and repor t s  

dea l ing  w i t h  l i q u e f i e d  na tu ra l  gas and o the r  cryogens. These s tud ies  were 

c i t e d  and annotated due t o  t h e i r  a p p l i c a b i l i t y  t o  LPG studies.  

Although e f f o r t  was made t o  i nc lude  a l l  i n fo rma t ion  r e l e v a n t  t o  

analyz ing s p i l l  and f i r e  hazard i n  the  LPG indust ry ,  t h i s  study was 

necessar i l y  1  i m i  t e d  by time. As a  consequence, some mate r ia l s  may 

have been exc l  uded from the  b i  b l  iography . 
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. ABSTRACTS 
. , ', 

Abramson, H . N . ,  e t  a l . ,  " ~ i ~ u i b  Slosh in LNG Carriers",  Symposium 
on Naval Hydrodynamics , 10th Proceedings , Paper & Discussion, 
Cambridge, Mass., June 24-28, 1974, p. 371-388. 

Results of several' .research programs to  investigate sloshing 
in Liquid Natural Gas (LNG) .Carriers .are presented.. The history 
of slosh-related problems i n  LNG car r ie rs  i s  discussed including - . 
a 1 istirig of recorded tank damages from LNG sloshing.' Sloshing 
considerations for  different  tank designs a re  also presented. In 
addition, theoretical and experimental studies fo r  determining, 
1 iqui d response .character is t ics  for  different  tank geometries and 
f i l l  levels are  delineated. The scaling of LNG slosh loads from 
model data to  fu l l  scale i s  also discussed and available fu l l  
scale load measurements are  presented. Areas requiring fur ther  
investigations are a1 so enumerated as we1 1 as design imp1 i cat i  ons 
from the studies to  date. 

Alexander, S. J'. and N .  Taylor, "?he Frequency and Severity of Gaseous 
Explosions", 39th Autumn Research Meeting, T.he Ins t  of Gas Engrs, 
Techn Pap, London, 20th and 21st of November, 1973,. Pub1 by the 
Inst i tut ion of Gas Engineers, Communication 925 (1973). 

Paper describes the findings and conclusions drawn from a survey 
of structural damage caused to  resi  denti a1 and other non-i ndustri a1 
premises by gaseous explosions and other accidental loadings. The 
survey covers two years, from 1 s t  Apri 1 1971 to  31st March 1973, 
for  the whole of Great Britain. 

Alleaume, M . ,  "Marine Transportation of Liquefied Gases", Natural 
Gas-LNG & LPG, 3, (6), 9-17, (1970). 

A very general discussion of the development in the technology of 
vessels capable of carrying LPG. Brief description of the development 
i n  tanks, self-standing tanks, membrane tanks, and spherical 
tanks, i s  presented. 

American Gas Associ a t i  on, ' "Tanker. and Tanker Termi na1 s . A Bi bl i ography 
for  the Natural. Gas industry 1960-197411, Virg., 1975. 

A concise 'bibliography on a l l  aspects of safety,  operation, design, 
construction, e tc . ,  for  tankers and tanker terminals dealing with 
liquefied gases. 

American National Standards 1nsti t u t e ,  " ~ i e r i  can ~ a t i o n a l  Standard Safety 
Requirements f o r  Marine Terminal Operations", ANSI MH9.1-1972, N Y ,  1972. 



Safety requirements f o r  f a c i  1 i t i e s  and equipment used i n  cargo 
t rans fe r  a t  ma'ri ne terminal  s  ( i  n c l  uding LPG. and LNG). 

American Petroleum I n s t i t u t e ,  "Design and Construct ion of LP-Gas 
I n s t a l l a t i o n s  a t  Marine and Pipe1 i n e  Terminals, Natura l  Gas Processing 
Plants, Ref iner ies ,  and Tank Farms", A P I  Standard 2510, T h i r d  Ed i t ion ,  
May 1970. 

API standard f o r  desi,gn and cons t ruc t i on  o f  LP-gas i n s t a l l a t i o n s  
(except f rozen e a r t h  p i t s  and underground storage caverns o r  w e l l s )  
which may be associated w i t h  one o r  more of t he  fo l l ow ing :  r a i l r o a d ,  
t ruck,  o r  marine l oad ing  o r  unloading racks o r  docks. 

The American soc ie ty  o f  ~ e c h a n i c a l  Engineers, "ASME B o i l e r  and Pressure 
Code, S e c t i o n ~ V I I I ,  Pressure Vessels - D i v i s i o n  I", New York, 1977. 

The commonly accepted code f o r  t he  design, const.ruct ion, and 
t e s t i n g  o f  pressure vessels ( i n c l u d i n g  those l a r g e r  than 120 gal  - : capac i ty  used f o r  pressur ized storage o f  LPG). Frequently 
i ncorporated by reference i n . regul  a t o r y  codes and standards . 

--- . "Chemical P l a n t  and Petroleum Ref inery Pip ing",  ANSI B31.3-1936. 
New York, 1977. 

The ANSI standards f o r  m e t a l l i c  and non-meta l l i c  p i p i n g  f o r  use 
i n  chemical p lan ts ,  petroleum r e f i n e r i e s  , and gas . t ransmission 
and d i s t r i b u t i o n  systems. Welded., f langed, and threaded p ipe  
are inc luded as are f l a r e d  and compression tub ing  j o i n t s .  The 
standards cover design, f a b r i c a t i o n ,  e rec t i on ,  inspect ion,  and 
t e s t i n g  of p ipe  systems. 

--- , . "Addenda t o  Chemical P l a n t  and Petroleum Ref inery Pip ing",  
ANSI B31.3a-1978. New York, June 15, 1978. 

- - - . "~ddenda t o  Chemical P lan t  and Petroleum Refinery Piping", 
ANSI B31.3b-1978. New York, September 29, 1978. 

- - - . " L i q u i d  Petroleum Transpor ta t ion  P ip ing  Systems", ANSI 831.4-1974, 
New York, 1974. 

This standard covers t h e  requirements f o r  mater ia ls ,  design, 
f a b r i c a t i o n ,  inspect ion ,  and t e s t i n g  o f  1 i q u i d  petroleum t r a n s p o r t a t i o n  
p i  p ing  sys tems . 



- - - . " ~ e f e r e n c e d  Standards Addendum", ANSI B31.4a-1978, New York, 
1978. 

Anderson, A r thu r  R., "Design and Construct ion of a 375,000 bb l  
Prestressed Concrete F l o a t i n g  LPG Storage Faci 1 i ty  f o r  t h e  Java 
SeaN. Of fshore Techno1 Conf 8 t h  Annu Proc, Houston, Texas, 
May 3-6, 1976. 

\ Discusses design d e t a i l s  o f  a concrete barge f o r  ho ld ing  s t e e l  
1 LPG tanks. 
\ 

Anderson, Charles, e t  a1 . , "Rai l road Tank Car F i r e  Tes.t: Tes t  No. ' 7", 
(Maryland, B a l l  i s t i c  Research Laborator ies;  Sp r ing f i e ld ,  VA: NTIS, 
PB-241 145., 1973). 

The r a t e  and mechanism o f  heat  t r a n s f e r  i n t o  the  l a d i n g  (propane) 
o f  a o n e - f i f t h  scale model pressur ized r a i l r o a d  tank c a r  engul fed 
i n  f i r e  are discussed. The tank ca r  model had a thermal i n s u l a t i o n  
of 4 inches (10.16 cm) o f  polyurethane encased i n  a 0.125 i n c h  
(0.318 cm) s t e e l  jacket .  The heat f l u x  was reduced by a f a c t o r  of 
7.4 compared t o  the  uncoated t e s t  model discussed as Test  No. 6. 

- - - . "The e f f e c t s  o f  a F i r e  Environment on a R a i l  Tank Car 
F i  1 l e d  w i t h  LPG", (Mary1 and: B a l l  i s t i  c Research Laborator ies ; 
Spr ing f i e ld ,  VA: NTIS, PB-241 358, 1974). 

The 127 k i l o 1  i t e r  (33,600 gal  l o n )  r a i l  road tank car  was instrumented 
and placed , in  a l a r g e  JP-4 f u e l  pool f i r e .  A f t e r  24.5 minutes, 
t h e . c a r  f a i l e d  c a t a s t r o p h i c a l l y  v i a  s t ress- rupture .  

. . 

Anderson, Char1 es ; W i  11 i am Townsend, and John Zook, "Rai 1 road Tank 
Car F i r e  Test:  Test  No. 6", (Maryland: B a l l i s t i c  Research Labora- 
t o r i e s ;  Sp r ing f i e ld ,  VA: .NTIS, PB-241 207, 1973). 

The r a t e  and mechanism o f  heat t r a n s f e r  i n t o  the  l a d i n g  (propane) 
' .  o f  a o n e - f i f t h  scale model pressur ized r a i l r o a d  tank ca r  engulfed 

i n  f i r e  are discussed. 

Anderson, Phi 11 i p J . and Edward J . Daniel  s , "LNG Terminal s : E x i s t i n g  
and Proposed Systems Compared", Pipe1 i ne and Gas Journal , 202, (1 1 ) , 
44-66, (1 975).  

Major components o f  a t y p i c a l  LNG te rmina l  i n c l u d i n g  docking, 
1 i q u i d  t rans fe r ,  vapor hand1 ing,  storage, and vapor i za t i on  
f a c i  1 i t i e s  are  d i  scussed. 



Anderson, P h i l l i p  J. and Wi l l i am W .  Bodle, "Safety Considerat ions 
i n  the  Design and Operat ion of LNG Terminals", 4 th  I n t  Gas Union, 
e t  a l . ,  L ique f ied  Nat Gas Conf Proc, Session V, 16 pp:, 1974, 
(Pap No. 4). 

Paper o u t l i n e s  safety considerat ions appl ica,ble t o  the  major 
components of a te rmina l  f a c i l i t y ,  which i nc lude  the  docking 
f a c i  1 i ty  , LNG tanker 1 i qu i  d t rans fe r  and vapor hand1 i ng , storage, 
and sendout vapor iza t ion .  

Andrews, G. E. and D. Bradley, "The Burning V e l o c i t y  of Methane-Air 
Mixtures" ,  Combustion and Flame, 19, '275-288, (1972). . 

The r e s u l t s  from experiments on v a r i a t i o n s  i n  burning v e l o c i t y  
w i t h  changes in 'methane-ai r  r a t i o  are presented. The maximum 
burning v e l o c i t y  was determined t o  a 45 - + 2 m/sec w i t h  a 
mix ture  near s to i ch iomet r i c .  

Anthony, E. J. , ' "Some Aspects of Unconfined Gas and Vapour Cloud 
Explosions", Journal of Hazardous Mater ia ls ,  1, (4)., 289-301., 
(1  977). 

Experimental and t h e o r e t i c a l  works on the  var ious phenomena 
normal ly  considered under the  heading of unconfined explos ions 
are  c r i t i c a l l y  assessed. Special  a t t e n t i o n  was p a i d  t o  exper i -  
mental s tud ies  which may provide t h e o r e t i c a l  models. Conclusion 
o f  the survey i nd i ca tes  the  major need f o r  more experimental 
and t h e o r e t i c a l  work on non-ideal explosions. 

ASL Engineering, Inc.  , "Envi ronmental l y  ~nduced  crack ing of Natura l  
Gas and L i q u i d  P ipe l ines" ,  Volume 1, Technical Report, Volume 2, 
Appendices A and 6 (Cal i f .  : ASL Engineering ; Spr ingf ie ld, ,  YA:: 
NTIS, PB-282 923, 1977). . . 

An in-depth 1 ook a t  envi  ronmental l y  induced cracking i n  natura.1 
gas and l i q u i d  p ipel i -nes.  The mechanical stresses.ant l  e lectrochemical  
reac t ions  t h a t  lead t o  c reat ion ,  growth, and propagation of cracks 
are  expla ined i n  de ta i  1 . Non-destsucti ve t e s t  methods fo r :  de tec t i ng  
such .cracks are a l s o  described. The f a i l u r e  s t a t i s t i c s  inc luded i n  
the  r e p o r t  show t h a t  envi ronmental ly  induced cracks. account f o r  on l y  
a small percentage of pipe1 i n e  f a i l u r e s .  An extensive T i s t  of 
references p e r t a i n i n g  t o  p i p e l i n e  f a i l u r e s ,  non-destruct ive t e s t i n g ,  
corros ion,  and leak  de tec t i on  i s  a l s o  included. 



ASSO& a t i o n  o f  American Rai 1 roads, . "Analys is  o f  1 /5 Scale F i r e  
Tests", RA-11-5-26, Rai 1 road Tank Car Safety Research and .Test , 
P ro jec t ,  Chicago, I 1  1, 1973. 

The r e s u l t s  o f  t e s t s  i n  which seven 115 scale r a i  1 road tank cars 
were exposed t o  a l l -enve lop ing f i r e s  are presented. F ive  of 
the  t e s t s  used commercial propane as lad ing;  two were uninsulated, 
th ree i n s u l  ated. 

- - - , "Analys is  o f  Tank Car Tub Rocketing i n  Accidents", RA-12-2-23, 
Ra i l road Tank Car Safety Research and Test  Pro jec t ,  Chicago, 
Ill, 1972. 

Development o f  a tub  rocke t ing  computer model i s  described. The 
ana lys is  considers var ious tub  launch angles f o r  ' tubs fi'l l e d  w i t h  
amrnoni a, propane, o r  v i n y l  ch lo r ide .  

- - - . "Do l la r  .Loss. Due t o  Exposure o f  Loaded Tank Cars t o  FSre- 
- 1965 Thru 197OU, RA-02-1-10, Rai 1 road Tank Car Safety Research 
and Test  Pro jec t ,  Chicago, 111, 1972. 

A l i s t i n g  o f  228 loaded r a i l r o a d  tank cars t h a t  suffered some f i r e  
' 

damage i s  presented. The inc iden ts  were se lec ted from data on 
3840 tank ,cars damaged i n  2087 acci  dents du r ing  the  pe r jod  1965-1970. 
$The ca r  lading,  cause o f  f i r e ,  and ex ten t  o f  damage are included. 
This i s  a good source of summarized data on r a i  1 road tank cars 
damaged by f i res . 

- i - "E f fec ts  o f  F i r e  on LPG Tank Car", RA-11-1-5, Ra i l road 
~ a n k  Car Safety Research and Test Pro jec t ,  Chicago, I 1  1, 1971. 

The response o f  a DOT 112A340W tank ca r  t o  a f i r e  environment i s  
i nves t i ga ted  t h e o r e t i c a l l y  i n  t h i s  study, g i v i n g  p a r t i c u l a r  
a t t e n t i o n  t o  propane lad ing.  The p o s s i b i l i t y  o f  tank rup tu re  a r i s i n g  
from v a r i a t i o n s  i n  f i  11 i n g  dens i ty ,  tank thickness, s a f e t y - r e l i e f  
va lve s e t t i n g  and discharge m t e  i s  analyzed f o r  f i r e .  cond i t ions  
ranging from a u n i t  heat  input ,  o f  34,500 BTU/HR-FT~ over t h e  e n t i r e  
tank surface t o  approximately one quar te r  o f  t h i s  value. 

- - - . "Eva1 ua t ion  o f  RPI-AAR .and BRL 'Torch F i r e  Tests o f  Tank 
Car Insu la t i ons "  , RA-11-8-36, Rai 1 road Tank Car Safety Research 
and.Test Pro jec t ,  Chicago, 111, 1976. 

Th is  r e p o r t  covers an ana lys is  of t o r c h  f i r e  (approximately 
21 50°F. flame temperature) t e s t s  o f  thermal s h i e l d  systems 



of the insultated-jacketed type fo r  railroad pressure type tank 
cars (class 112A, 114A). The systems tested included one inch of 
ceramic f ibe r  and mineral f iber  insulations of varying densit ies 
covered by an 11 gage s teel  jacket. 

. . .  --- . "Full Scale Fire Tests", RA-11-6-31,  ailr road Tank Car 
Safety Research and Test Project, Chicago, 111, 19.75. 

, , 

This report presents an analysis of the resu l t s  obtained in two 
t e s t s  of propane-1 aden DOT c lass  11 2/114A340 tank cars completely 
immersed in all-enveloping f i r e s  generated using JP-4 fuel .  

- - - . "Report on Accident Review", RA-02-2-18, Rail road Tank car 
Safety Research and Test Project, Chicago, 111, 1972. 

This report presents data on 625 railroad tank cars tha t  l o s t  
lading due to  mechanical damage in accidents during the period 
1965-1970. The data concerning the lading released include source 
and type of damage, cost of l o s t  lading, e tc .  The data are analyzed 
to  determine the e f fec ts  of tank car type, coupler shields,  head 
shields,  e t c . ,  and to  determine which preventive measures are  
economically jus t i f iab le .  This i s  a good source of summarized 
data on railroad tank car accidents. 

--- . '!Sequence of Events Fol Towing Crescent Ci ty Derai lment" , 
RA-01-1-1, Railroad Tank Car Safety Research and Test Project,  
Chicago, I l l ,  1970. 

A summary concerning the behavior of 10 LPG tank cars following 
a derailment in Crescent City, I l l i no i s .  This summary i s  more 
limited in scope than other reports of the accident. 
See: National Transportation Safety Board, "Railroad Accident 
Report - Derailment of Toledo, Peoria, and Western Railroad 
Company's Train No. 20.. .". 

- - - . "Summary of Ruptured Tank Cars Involved in Past Accidents", 
RA-01-2-7, Railroad Tank Car Safety Research and Test Project, 
Chicago, 111, 1972. 

A .  summary of 11 3 railroad tank cars tha t  ruptured, due t o  
mechanical or  thermal causes, during the period 1958-1970 i s  
presented. The car lading, type of f racture,  and area of crack 
in i t i a t ion  are  included. 



Authen, T.K. and E. Skramstad, "Gas Car r i e rs  - The:Effects o f  
, F i r e  on the  Cargo Containment System". Gastech 76, LNGILPG 

. Conference, New York, October 5-8, 1976. 
1 

Two d i f f e r e n t  marine cargo containment systems f o r  LNG are  
considered, f o r  which two major analyses are  presented: 1  ) a  
thermal ana lys is  o f  t he  heat t r a n s f e r  and temperature d i s t r i b u t i o n  
i n  a  h u l l  exposed t o  f i r e ;  2) an ana lys is  o f  the  e f f e c t  o f  h igh  
temperatures on the  cargo contaikment system and the  h u l l .  

Bagge, L.P. and R.H. Shipman, "Research, Devet.opments, and F i e l d '  
App l ica t ions  o f  High I n t e n s i t y  LPG Combustion Systems", J  I n s t i t u t e  

, o f  Fuel,, 5, (357), 391-396, (1972). 
' .  . . , 

Th is  paper discussed the  f a c t o r s  behind the  increas ing research 
and devel.opment a c t i v i t y  cover ing the  u t i  1  i z a t i o n  and appl i c a t i o n  
o f  LPG i n  i n d u s t r y  - p a r t i c u l a r l y  butane. Four examples are 
described o f  successful developments which e x p l o i t  t h e  premium 
p roper t i es  o f  the  fuel .  Not safety re la ted .  

Baldock, P.J., "Accidental Releases o f  Ammonia - An7Analysis o f  
Reported Inc idents" ,  Paper presented a t  Loss Prevention Symposium, 
American I n s t i t u t e  of Chemical Engineers, Houston, Texas, A p r i l  2-5, 
1979, 15 pp. 

An ana lys is  i s  presented o f  121 repor ted  ammonia releases (worldwide) 
i n v o l v i n g  140 f a t a l i t i e s .  P r o b a b i l i t i e s  of ammonia re lease are 
determi'ned from an ana lys is  o f  79 i nc iden ts  i n v o l v i n g  86 f a t a l i t i e s  
repor ted  du r ing  the  12-year pe r iod  1967-1978. Cause of re lease 
and an ana lys is  o f  the  ' r e s u l t i n g  ammonia c loud and i t s  d ispers ion  
are presented f o r  ca tas t roph ic  vessel f a i l u r e s ,  major continuous 
releases, ser ious minor releases, releases from r e f r i g e r a t i o n  
p l a n t s  ( i n c l u d i n g  fi res and explosions)', and mobi l e  t ranspor ta t i on .  

"Barge 'Cherokee' t o  Carry LPG on In land  Waterways", Marine Eng/Log, 
76, 66, (Oct 1971). - 

General dimensions of t he  Cherokee, b u i l t  by Bethlehem Steel  
Corporat i  on fo r  Marren Petroleum Corporat i  on. The barge was 
designed ' t o  t ranspor t  butane. Not safety re la ted .  

Basu, Sami r and Ra id is  Zemdegs, "Method o f  Re1 i abi  1 i ty  Analys is  o f  
Contro l  Systems f o r  Nu1 cear Power P lants" ,  Mic roe lec t ron ics  and 



R e l i a b i l i t y ,  - 17, ( I ) ,  105-116, (1978). 

A  re1 i a b i  1 i ty 'ana lys i s  ' o f  a  nuc lear  power p l a n t  '1  i q u i d  zone 
c o n t r o l  system i s  presented. The r e l i a b i l i t y  techniques used 
inc lude  f a u l t  t rees ,  f a i l u r e  mode and e f f e c t  ana lys is ,  and o ther  
r a t h e r  standard methods. Some f a i l u r e  r a t e  data f o r  instruments 
and c o n t r o l  equipment i n  a  Canadian nuc lear  p l a n t  are included. 

D 

Bear int ,  D.E., e t  a l . ,  "Transpor ta t ion  o f  H igh ly  V o l a t i l e ,  Toxic, o r  
Corrosive L iqu ids  by Pipe1 ine", (Ohio: B a t t e l l e  Columbus Laborator ies;  
S p r i n g f i e l d ,  VA: NTIS, PB-253 218, 1976). 

An in-depth summary i s  presented o f  the'  r e s u l t s  o f  a  1  i t e r a t u r e  
' 'survey and 4uest i  onnai r e  responses from 19 1  i q u i d  p i  pe l  i ne companies 

descr ib ing  25 LPG t r a n s p o r t i n g  systems and 4  anhydrous ammonia 
t ranspor t i ng  systems. The data i s  presented i n  terms of the  hazards 
i nvol ved , the  sys tern design , cons t ruc t i on  and opera t i  on, and the  
maintenance 'p rac t ices  of operators o f  pipe1 i n e  systems t ranspor t i ng  
h i g h l y  v o l a t i l e ,  t o x i c ,  o r  co r ros i ve  1  i qu ids .  

Beckman, Robert B., e t  a l . ,  "System f o r  Evaluat ion of the  Hazards 
o f  Bul k  Water Transpor ta t ion  o f  I n d u s t r i  a1 Chemicals" , (Washington, 
D.C. : Nat ional  Academy o f  Sciences; S p r i n g f i e l d ,  VA: NTIS, 
AD-782 476, 1374). 

Sever i t y  l e v e l  guide1 ines  i n  assessing f i r e  hazards, heal th '  
hazards, water p o l l u t i o n ,  and r e a c t i v i t y  are presented as the  
over-a1 1  p o t e n t i  a1 hazards connected w i t h  bu l  k  water shipment of 
i n d u s t r i  a1 chemi c a l  s  . 

Benedick, W.B., "High-Explosi ve I n i t i a t i o n  o f  Methane-Air Detonations", 
Combustion and Flame, 35, 87-91, (1979). 

The q u a n t i t y  of h igh  exp los ive  requ i red  t o  i n i t i a t e  a s t a b l e  
detonat ion i n  a  s  t o i  c h i  ometr i  c  methane-ai r mix ture  i s  discussed. 
C f .  B u l l ,  D.C., 1976. 

Benedick, W .  B. , J. D'. Kennedy, and B. Morr ison, "Detonati'on L imi  t s  
o f  Unconfined ~ydrocarbon-A i  r Mix tures"  , Combustion and Flame, 
15, 83-84, (1970). - 
The detonat ion 1 i m i  t s  f o r  unconfined hydrocarbon-ai r mixtures 
were i n v e s t i g a t e d  using h igh  expl  osd ves t o  i n i t i a t e  detonat ion 
0.f gas-a i r  m i ~ t u r e s  contained i n  l a r g e  p l a s t i c  bags. The detonat ion 



1 i m i  t s  f o r  commercial propane were determined t o  be approximately 
3 t o  7%. The amount of h igh explosive i n i t i a t o r  required was a 
minimum (150 grams) a t  4.3% propane. It i s  a lso noted t h a t  
detonations o f  propane-air mixtures were obtained on .very'calm 
days wi thout  the use o f  a p l a s t i c  bag: 
C f .  Brown, John A., 1973. 

" ~ i ~  LPG Car r ie r  Del ivered by Hi tach i " ,  Marine EngILog, 78, (13) ,  
(1973). 

General descr ip t ion o f  the '  Esso F u j i  given. The tanke'r. i s :  capable 
o f  loading propane o r  butane. Not safe ty  .related. 

Bland, R., e t  a1 . , "Offshore Vessel T r a f f i c  Management (OVTM) - Study, 
Vol ume I, Executive Summary", (Washington, D.C. : DOT; Spr ingf ie ld ,  
VA: NTIS, ADA-059 655, 1978). 

Groundi ngs , col  1 i s i  ons , and rammi ngs o f  tankers and tank-barges 
over 1,000 gross tons from 1971 t o  1977 are analyzed and evaluated 
f o r  a1 t e r n a t i  ve vessel t r a f f i c  management systems and o i  1 -pol 1 u t i o n  
prevention i n  U. S. waters. 
Cf .  Bovet, David M., 1973. 

Bloebaum, W.D., J r . ,  "Transportat ion o f  LNG f o r  Remote o r  I n t e r r u p t i b l e  
Service", Proceedings o f  the In te rna t iona l  Conference on LNG, 
l s t ,  Chicago, 111, A p r i l  7-12, 1968, 9pp., (Pap No. 40). 

The parameters involved i n  the design o f  an over-the-road LNG 
t ruck are discussed. Cost f i gu res  f o r  t ruck  shipments are 
presented. The use o f  LNG as a f ue l  f o r  mobile equipment i s  a lso 
discussed. A schematic diagram o f  a t ruck mounted LNG tank and 
the associated p ip ing  i s  included. Not safety re la ted.  

Bloomquis.t, Charles E. and R i  ckard..A. Kal.lmeyer, "~evelopment'  o f  
KSC Program f o r  Inves t iga t ing  and Generating F i e l d  Fa i l u re  Rates, 
Vol ume I I : Recommended Format f o r  Re1 i abi 1.i t y  Handbook fo r  Ground 
Support Equipment" , F ina l  Report,, ( C a l i f .  : PRC Systems Sciences 
Co.; Spr ingf ie ld ,  VA: NTIS, N73 20268, 1972). 

F i e l d  f a i l u r e  ra tes and confidence, fac to rs  are presented fo r  88 
i d e n t i f i a b l e  components of the ground support equipment a t  the 
John F. Kennedy Space Center .  For most o f  these, supplementary 
informat ion regarding f a i l u r e  mode and cause i s  tabulated. Complete 
r e l i a b i l i t y  assessments are included f o r  three systems, e i g h t  
subsystems, and nine generic p iece-part  c l  assi f i  c a t i  ons. Procedures 
f o r  updating o r  augmenting the re1 i a b i  1 i t y  resu l t s  are a lso 
i nc l  uded. 



--- . "Development o f  KSC Program f o r  I n v e s t i g a t i n g  and Generating 
F i e l d  Fai  1 u re  Rates. Re1 i abi  1 i t y  Handbook f o r  Ground Support 
Equipment" , F i n a l  Report, (Cal i f .  ': PRC Sys tems Sciences Co. ; 
Spr ing f ie ld ,  VA: NTIS, N72 28513, 1972). 

Continues p rev ious l y  c i t e d  repor t :  Bloomquist, Charles E. and 
Rich,ard A. Kallmeyer, 1972. 

Bodurtha, F.T., P.A. Palmer, and W.H. Walsh,- "Discharge o f  Heavy 
Gases from Re1 i e f  Valves" , i n  7 t h  Symposium on Loss 'Prevention 
i n  the  Chemical Indust ry ,  American I n s t i t u t e  o f  Chemical Engineers, 
New York C i t y ,  Nov 28-30, 1972, pp. 61 -66. 

The behavior o f  u n f l a r e d  discharges and acc identa l  i g n i t i o n  o f  
heavi'er than a i r  gases are  discussed. The authors recommend 
t h a t  vent  stacks be designed such t h a t  t he  e x i t  v e l o c i t y  i s  as 
h igh  as 'possib le t o  a i d  i n  d i l u t i o n  o f  t he  stream before i t  
s inks  t o  ground l e v e l .  

Boe, C., T. Heimley, and T.K. Jenssen, "Risk From LNG-Transport i n  
Tokyo Bay: . A  Case Study", Det norske Ver i tas ,  1975. 

The p r o b a b i l i t y  o f  an LNG re lease due t o  a c o l l i s i o n  i n  Tokyo Bay 
i s  ca l cu la ted  t o  be i n  the  range of 1x10'7 per  voyage. The ana lys is  
considers vessel weight and speed, the  p o i n t  o f  c o l l i s i o n ,  and the  
number' o f  .ship movements. 

Bonekemper, Edward H., I 1  I, "LNG/LPG Marine Terminal Safety1', 56th, 
Proceedings Annual Convention Ga.s Processors Associat ion, Technical 
Paper., Dal las ,  Texas, March 21-23; 197.7. Publ ished by Gas 
Processors Associat ion,  pp. 106-1 10, Tulsa, Okla. ,. (1977). 

Presentat ion centers on sa fe ty  and environmental hazards oi LNG 
and LPG (emphasis i s  mostly. on LNG). Un i ted  States Coast Guard 
regu la t i ons .  f o r  1 i que f ied  gas sh ip  design, const ruc t ion ,  i nspec t ion  
and operat ion,  as w e l 1 . a ~  proposed L iquef ied  Natura l  Gas Transporta- 
t i o n  Ac t  discussed., General procedures f o r  USCG inspec t ion  o f  
.l i q u e f i e d  gas vessels reviewed. 

Boudet, Rene, "Shipping and Terminals" , 56th, Proceedings Annual 
Covention Gas Processors Associat ion, Technical Paper, D a l l  as, 
Texas, March 21 -23, 1977,. Pub1 ished by Gas Processors Associat ion,  
pp. 137-138, Tulsa, Okla., (1977). 

The wor ld  wide f l e e t  o f  LPG/NH3 ca, r r ie rs  i s  reviewed. Estimates 
are  made as t o  the  f l e e t  makeup u n t i l  1980. The supply/demand o f  



LPGlNH3 tankers unt i l  1982 i s  predicted. U.S. LPG import 
terminals a r e  reviewed (both terminals i n  operation and under 
study). The economics of LPG t ranspor t  by large  (70,000 m3) 
tankers i s  presented. The concl uslons reached a re  1 )  most new 
LPG/NH3 tanker capacity wi 11 be i n  the 50-75,000 m3 range, 
2)  over tonnage in  the  LPGINH3 shipping t rade wi l l  e x i s t  un t i l  
1979-82, 3) major addit ions t o  U.S. LPG import terminal capacity 
a r e  needed, and 4 )  the present (1977) market r a t e  f o r  LPG 
t ranspor ta t ion t o  the  U.S. from the Persian G u l f  i s  f a r  below 
the  r a t e  computed f o r  large capacity vessels.  

BourgGoi s , Jean-Pi e r r e  , "The Sea Transportation of LPG", Europe & 
Oil ,  10, (4) ,  40-42, (1971). - -  
The author predic ts  t h a t  LPG production wi l l  increase,  LPG ship  
s i z e  wi l l  increase,  and dedicated routes wi l l  become more important 
than spot de l iver ies  o r  tramping. 

Bourne, A .  J .  , "A Cri ter ion f o r  the  Re1 i ab i l  i t y  Assessment of Protective 
Systems", Control, 11, (Oct. 1967). 

A detai  led method f o r  mathematical l y  predicting the  readiness 
of a protect ive  system i s  presented. Emphasis is placed on 
unrevealed f a i l u r e s  and the  f ract ional  dead time of the  system. 

Bovet, David M . ,  "Prel iminary Analysis of Tanker Coll isions and 
Groundings", (Washington, D.C .  : USCG; Spr ingf ie ld ,  VA: NTIS, 
AD-757 175, 1973). 

Coll ision and grounding damage t o  tankers a re  studied by anal.yzing 
casualty , r epor t s .  Penetration depth i s  used as the  variable t o .  
r e l a t e  t o  various parameters defining the co l l  i s ion.  
Cf. Grimes, C . ,  1972. 

Boyd, R. , "Marine Transportation of Refrigerated LPG and Ammonia", 
Par t  I .  Marine Engineers Review, 37, (42) ,  37-42, (1971). 

The design and operation of a typical  LPG tank ship  i s  preser te  
i n  some d e t a i l .  Topics discussed include cargo tank desidn,, 
insu la t ion ,  i n e r t  spaces, i n e r t  gas generators,  re1 iquefaction 
uni ts  , cargo piping, and instrumentation. Safety aspects of 
these topics a re  considered. A good overview of LPG shipping. ' / ;  

i / 

--- . "Marine Transportation..of. Refrigerated LPG and Ammonia", 
Par t  2. Marine. Engineers Review, 37, (391, 37-39, (1971). 



The design and operat ion o f  a t y p i c a l  LPG tank sh ip  i s  presented 
i n  some d e t a i l .  Topics discussed inc lude i n s t a l l a t i o n  of.  the 
cargo handl i ng system, operat i  on of the cargo handl i ng system 
dur ing 1 oadi ng and unloading , and p a r t i c u l a r  problems associated 
w i t h  LPG cargoes. Safety aspects of these top ics  are considered. 
A good overview o f  LPG shipping. 

Brown, John A,, "A Study o f  the Growing Danger o f  Detonation i n  
Unconfined Gas Cloud Explosions" , Fina l  Technical Report, New 
Jersey, John Brown Associates, Inc., December 1973. 

This paper i s  a "review o f  research work on the p o s s i b i l i t y  o f  
detonation o f  an unconfined f u e l - a i r  cloud., ;The p r o b a b i l i t y  o f  
detonation o f  an unconfined cloud . i s  thought t o  be very small ; 
the propane pipe1 i n e  leak a t  Pore Hudson, Missouri  , being c i t e d  
as the only .known example. 

Brown, L. E. and L.'!. Romine, "L iquef ied Gas F i res :  Which Foam?", 
Hydrocarbon Processing, 58, (9), 321 -332, (1 979). 

The a r t i c l e  presents the r esu l t s  o f  f i r e  con t ro l  t es t s  using low 
expansion and h igh expansion foams on 100 f t 2  LPG, ethylene, and 
butadiene f i r e s .  The authors r epo r t  t h a t  500:l h igh expansion 
foam, app l ied a t  very h igh rates,  ext inguished the LPG f i r e  i n  
three of the four tes ts .  (The desc r ip t ion  o f  the t e s t s  leaves 
some doubt as t o  whether o r  no t  the f i r e s  were ac tua l l y  ext inguished). 
The t e s t  procedure t h a t  was used makes i t  d i f f i c u l t  t o  i n t e r p r e t  
the resu l t s .  

Browning, R.L., "Est imating Loss Probab i l i t i es " ,  Chemical Engineering, 
76, (27), 135-140,. (1969). - 
The Monsanto program fo r ,  est imat ing f inanc ia l  loss.  Contains 
poss ib ly  pe r t i nen t  general ized f a i l u r e  ra tes .  

L - - - . "safety and .Re1 i a b i l  i t y  Decision Making by Loss Rates", 
i n  7 th  Symposi um on .  Loss Prevention . i n  the Chemical Industry,  
American I n s t i t u t e  o f  Chemical 'Engineers, New York Ci ty ,  Nov 28-30, 
1972, pp. 1-6. 

Discussion i s  presented on how t o  p red i c t  loss  ra tes  using the 
basic f a u l t  t r ee  techniques. 

B u l l  , D.C. , e t  a1 . , "A S tudy  o f  Spherical ~ e t o n a t i  i n  ~i xtures of 
Methane and Oxygen ~ i l u t e d  by Nitrogen", J Phys. D: Appl. Phys., 
9,  1991-2000, (1976). - 



,The minimum mass of high explosive needed t o  i n i t i a t e  detonation 
of methane/oxygen/ni trogen mixtures was studied experimentally. 
Detonation ve loc i t i es  were measured and a l l  , , are  close t o  
cal cul ated Chapman-Jouguet ve loc i t i es .  

Bull,  D . C . ,  J.E. Ellsworth, and G .  Hooper, "Concentration Limits 
t o  Unconfined Detonation of Ethane-Air", Combustion and Flame, 
35, ( I ) ,  27-40, (1979). 

The c r i t i c a l  mass of high explosive Tetryl rbquired t o  i n i t i a t e  
spherical  detonation was determined f o r  ethane-air  mixtures a t  
one atmosphere pressure as a function of stoichiometry. These 
a r e  a1 ready known. 

Bull , D.C. and J .A .  Martin, "Explosion .of Unconlfi ned Clouds of Natural 
Bas", Paper t o  be presented a t  the American Gas Association 
Trans,mission Conference, S t .  Louis , May 1977. 

, . 
* .  . 

This paper reviews the work of others and presents the  authors '  
data concerning explosions and detonations in  unconfined natural 
gas clouds. Data' a re  a1 so presented f o r  thg '  detonabi 1 i t y  of o ther  
hydrocarbons, including propane; approximate'ly O;'09 kg of the  high 
explosive Tetryl i s  required t o  i n i t i a t e  detonation i n  a s to ichio-  
metric propane-air mixture. 

Bureau ' of Motor Carr ier  Safety,  "1 968 Acciden.ts of '  Large Motor 
Carr iers  of Property", (Washington, D . C .  : DOT; Springfiel.d, 
VA: NTIS, PB-189 224, 1969). 

The data contained i n  the repor t  represents a major segment of the  
i n t e r c i t y  t ranspor ta t ion of property by 'commerci a1 motor vehicles 
and a re  sa id  t o  be adequate t o  iden t i fy  accident trends and problem 
areas peculiar  t o  i n t e r s t a t e  operati,ons. . a .  ' 

Burgess, D.S., e t  a1 :, "Vol ume of Flammable Mixture Resulting From 
the  Atmospheric Dispersion of a Leak o r  S p i l l " ,  Combustion Proc 
International  Symp, 15th (Tokyo, Jap,an, Aug 25, 1974). Combustion 
I n s t i t u t e ,  Pit tsburgh,  Penn., 289-30'3; ('1975). 

The atmospheric dispersion of propane, heptane, methane, hydrogen, 
and ammonia vapors i s  cal cul ated using .standard Gaussi a'n techniques 
f o r  two d i f f e r en t  s p i l l  types; a continuous leak of 25 m3/sec 
f o r  10 minutes and an instantaneous re lease  of 15,000 m3. A1 though 
the t o t a l  quanti ty of released vapor i s  the  same, the instantaneous 
re lease  r e su l t s  in  a l a rge r  flammable cloud t ha t  e x i s t s  f o r  a shor te r  

, I . !  , . 



per iod  o f  t ime. I n  both cases, on l y  a small f r a c t i o n  o f  t he  
t o t a l  q u a n t i t y  o f  ,.released vapor i s  contained w i t h i n  the  
flammable p o r t i o n  o f  the  plume, thus the  TNT equ iva lent  o f  a 
vapor c loud explos ion i s  genera l l y  l e s s  than 10% of the  
t h e o r e t i c a l  y i e l d .  

--- . I ' ~ ~ a r ~ e ; ~ c a l e '  Studies of Gas Detonations", Report o f  
I nves t iga t i ons  7196, Washington, D.C. , U .S. Department o f  
t h e  I n t e r i o r ,  Bureau , . of Mines, 1968. 

The r e s u l t s  o f  var ious gas -a i r  detonat ion experiments, conducted 
i n  c losed tunnels, are presented.. With 10 grams of PETN h igh 
exp los ive  as the  i n i t i a t o r ,  the  detonable 1 i m i  t s  f o r  propane-air  
mixtures were determined t o  be near l y  equal. t o  the  flammable 
l i m i t s ;  2.2 - 9.2% and, 2.1 - 9.5% respec t i ve l y .  

~ur~es; ,  D. S. , . J ~ i h r d i  , and J. N. Murphy, "Hazards o f  Spi 1 lage o f  
LNG i n t o  wate?"' F ina l  Report, Washington, D.C. , U .S. Department 
of the  I n t e r i o r ,  Bureau of Mines, 1972. 

~l ambl bss vapor explos ions and vapor d ispers ion  o f  LNG s p i  1 l e d  
on and under water were studied.  The experiments showed t h a t  
propane s p i l l e d  onto ho t  water  ( 2 6 8  " C) r e s u l t e d  i n  a f lameless 
vapor expl  o s i  .; , on. . . 

Burgess, D.S., J.N. Murphy, and M.G. Zabetakis, "Hazards o f  LNG 
S p i l l a g e  i n  Marine Transpor ta t ion" ,  Washington, D.C., U.S. 
Department o f  t h e ' I n t e , r i o r ,  Bureau of Mines., Feb 1970. 

. . .  

LNG s p i l l e d  on water, i ce ,  and br ine ;  l i q u i d  n i t rogen  s p i l l e d  on 
water; and d ispers ion  o f  t he  r e s u l t i n g  vapor clouds' were s tud ied  
exper imental ly .  A vapor iz ing  pool of LNG on water was determined 
t o  spread t o  a maximum di,ameter of 6.25 ~ 1 / 3  where W was the  LNG 
weight, i n  pounds. The i n i t i a l  vapor iza t ion  r a t e  was about 
0.037 1 b LNG/ft2 - sec. Peak. LNG concentrat ions i n  the  vapor 
c loud downwi nd o f  a . sp i  1 1, ,were about twenty times the  average 
concentrat ions . Small -scale explosions were observed when LNG 
was' sp i  1 l e d  on water, as was 1 ayer ing  of t he  LNG vapor clouds 
over  water. 

- - - . "Hazards ~ s k o i i a t e d  w i t h  the  S p i l l a g e  o f  L i q u e f i e d  Natura l  
Gas on Water", Washington, D.C., U.S. Department o f  t he  I n t e r i o r ,  
Bureau of, Mines, Nov 1970. 

Condensed vers ion  o f :  Burgess, D. S. , J. N. Murphy, and M.G. 
Zabetaki s  , "Hazards of LNG Spi 11 age i n  Mari ne Transportat ion" ,  
Bureau o f  Mines, Feb 1970. 



Burgess, D.S. and M.G.  Zabetakis, "Detonation of a Flammable cloud- 
Following a Propane Pipeline Break. The December 9 ,  1970 Explosion 
i n  Port  Hudson, Mo.", Report of Investigations 7752, Washington, 
D . C . ,  Bureau of Mines, 1973. 

An analysis  of an unconfined propane-air vapor cloud explosion . 

following a propane pipeline leak i s  presented. The analysis  
includes methods f o r  calcul.ating the exten! of the valjor cloud 
and determining a TNT equivalent f o r  the explosion. 'This has 
become a standard reference i n  the f i e l d  of, vapor cloud expl.osions. 

Buschmann, C . H . ,  "Experiments on the Dispersion of Heavy Gases and 
Abatement of Chlorine Clouds", p repr in t ,  4th International  Symp 
on Transport of Hazardous Cargoes by Sea and Inland Waterways, 
Jacksonvi 1 l e ,  Florida,  26-30 October, 1975. 

The r e su l t s  of a s e r i e s  of experiments on the  dispersion of heavy 
vapors a r e  presented. Both chlorine and Freon 12 were used i n  the  
experiments. The r e su l t s  show tha t  horizontal spreading of a 
heavy vapor cloud i s  much greater  'than predicted bjl a conventional 
Gaussian dispersion formula: ve r t i ca l  spreading is  much lower 
than predicted. 

4 ; '  

Bush, Spencer H . ,  "Pressure Vessel Re l iab i l i ty" ,  Journal 'of Pressure 
Vessel Technology, 97, Series  J ,  54-70, (1975). 

Data on pressure vessel r e l i a b i l i t y ,  taken from a number of 
domestic and foreign sources, a r e  presented.: Most of the  data 
apply t o  boi lers  in  power generating s t a t i ons  . The probabi 1 i t y  
of d isrupt ive  f a i l u r e  f o r  a large c lass  of pressure vessels 
i s  c i  ted as 1 x 10-5 per year per tank. 

1. 

Carl son, Gene P. , "Making Decisions a t  Tank Fi res"  , F i  r e  ~ n g i  neeri ng , 
128, (4 ) ,  26-7, (1975). I . . - I- . 
Guide1 ines f o r  immediate decision making f o r  f i r e  f i g h t i n g  
operations following a major incident :involving hazardous materials .  

Caudle, D . D .  and J.D. Alexander, "Propane Absorption Data fo r  Gas 
Plant Designii . 48th Annual Natural Gas Processors Association 
Convention, Tulsa, Okla., 1969, pp. 105-108. 

' I . ,  . . 
Discusses experimental development of 'dynamic absorption capacity 
f o r  propane. Not d i r ec t l y  per t inent  t o  hazard analysis .  



Cave, L. and.M. Kazarians, " P r o b a b i l i t y  of LNG S p i l l s  i n  Boston 
Harbor: A. Compari son w i  t h  Conventional Tanker. Spi 11 s"  , Paper 
Presented a t  t he  Transmission Conference, American Gas 
Associat ion,  New Orleans, May 21 -23, 1979. 

An ana lys is  of tanker  c o l l i s i o n .  data and the  r e s u l t i n g  es t imat ion  
o f  the probabi 1.i t y  o f  a  1  arge ( > 10,000 tons) ,  r a p i d  s p i l l  o f  
LPG i n  Boston Harbor i s  presented. Cer ta in  adjustments are  ' 
made i n  the  data base t o  account for. t he  spec ia l  precaut ions 
imposed on LNG sh ip  movements i n  the  harbor and the  s t r u c t u r a l  . 

p e c u l i a r i t i e s  of LNG .ships. The est imated s p i l l  p r o b a b i l i t y  , 

( s p i  11 due t o  c o l  1  i s i  ons , ramming , groundings , f i r e s  and expl  o- 
slons, and abnormal environmental cond i t ions)  i s  i n  t h e  range. 
of 2  x  10-6 t o  2  x  10-5 per  year.  

. . 

Chakraborty , Suni 1  K. , Bhol anath N. Mukhopadhyay , and Bimal C. 
Chanda, " E f f e c t  o f  I n h i b i t o r s  on F l  ammabi 1  i t y  Range o f  Flames 
Produced from LPG/Air Mixtures" ,  - -  Fuel, 54, (1  ) , 10-16, (1975). 

A  study o f  inh ' ib i  t i o n .  o f  f l ammab i l i t y  1  i m i  t s  and burning v e l o c i t i e s  
f o r  flames from an LPG/air mixture,  us ing ch lo r ina ted  hydrocarbons 
as i n h i b i t o r s .  I n h i b i t o r s  used were methylene, d i ch lo r ide ,  chloroform, 
and carbon t e t r a c h l o r i d e ,  l i s t e d  i n  ascending order  o f  i n h i b i t i o n  
e f f i c i e n c y .  An increas ing number o f  d i  ssoci  ab le  c h l o r i n e  atoms 
reduced maximum burning v e l o c i t y  . (which i s  associated w i t h  propagation 
t o  detonat ion)  and narrowed f 1  ammabi 1  i ty  1  i m i  t s  , increas ing the  
lower l i m i t  and decreasing the  upper l i m i t .  Th is  study i s  usefu.1 
background f o r  t h e o r e t i c a l  examination of mode o f  opera t ion  of 
f i r e  ex t i ngu ish ing  agents. 

Chay, S.C., W.D. Lo f tus  and M. Mazumdar, "A P r o b a b i l i s t i c  Approa.ch 
t o  Safety System Test ing  and Maintenance", Journal o f  Engineering 
f o r  Power, 96, (3 ) ,  175-80, (1974). 

A  metho$ i s  presented' f o r  .evaluat ing the  avai  l a b i  1  i t y  of any 
redundant standby system which can t o l e r a t e  on - l i ne  t e s t i n g  
and repa i r i ng .  The method was developed f o r  nuclear  r e a c t o r  
p r o t e c t i o n  systems b u t  i s  app l i cab le  t o  o the r  safety systems 
i f  the necessary data are ,avai lable.  System a v a i l a b i l i t y  i s  
t rea ted  as a  f u n c t i o n  o f  component f a i l u r e  rates,  t e s t  i n t e r v a l ,  
t e s t  t ime, and r e p a i r  t ime. 

Clapp, Merwin B. and Leo F. L i t z i n g e r ,  "Design o f  Marine Terminals 
f o r  LNG, LPG, and Ethylene", Pipe1 i n e  & Gas Journal , 198, (7),  
72-82, (1971). 



Differences in handling refrigerated l iquids,  L N G ,  LPG, and 
ethylene, presented with emphasis placed on required individual , 

design for  each. Safety, re1 iabi 1 i ty ,  ease of operation and 
economy in design consideration of cryogenic storage and handling 
discussed.' 

Clarke, R .  K . ,  e t  a1 . , "Severities of Transportation Accidents", 
SLA-74-0001. New Mexico, Sandia Laboratories, 1976. 

Accident rates  and the corresponding accident severity are 
analyzed for  a i r ,  highway, and rai  1 transportation. The accident 
rate  was determined to  be 1 x 10-8 e r  mile f o r  c iv i l  a i r c r a f t  
(U.S. Air Carriers - a l l  operations!, 2.5 x 10-6 per mile fo r  
truck shi ments (Bureau of Motor Carrier Safety records), and 
1.5 x 10-I car accidents per car mile fo r  t ra ins  (Federal Railroad 
Administration data) .  Probabi 1 i t i e s  of accidents of given severity 
are deduced fo r  each mode of transportation. 

, . '  , 

Closner, John J .  and Tadeusz Marcha, "Prestressed Concrete fo r  
Primary Storage of LNG o r  LPG on Ships or Barges and as a . 
Secondary Barrier", Proceedings of the Conference on Concrete 
Ships and Floating Structures,  University of Cal i fornia/ 
Berkeley, Sept 15-19, 1975. . % .  

The application of prestressed concrete to  storage and transportation 
of cryogenic 1 iquids, specif ical ly  LNG,  i s  discussed br ief ly  in 
terms of:hull design and as part  of the hazard protection system. 

> 

Comer, Wi 11 iam J .  , "Fatal Blast Comes With Surplus Tank", Fire 
Engineering,, 131, ( 2 ) ,  22, (1 978). 

Surplus mixing tank, used by a Cleveland demo1 i tion company and 
'sold to  a manufacturer of dyes, exploded in Patterson, New Jersey. 
The detonation occurred due to  residue 'of a mi 1 i tary explosive 
in the tank. Two steel  LPG tanks, 20 f e e t  from,the exploding 
tank, withstood the blast .  

Comley, D.J., "Liquefied Petroleum Gases", Bull Assoc Petrol Acts Adm., 
14, ( 2 ) ,  31-43, (1975). - 
Brit ish '  uti 1 izat ion,  operation of plants,  dis t r ibut ion,  f i r e  
prevention, f i r e  fighting operations, and emergency procedures 
for  LPG are  described.. 



Compressed Gas Associ a t i on ,  Inc.  , "Tenta t ive  Standard: I nsu la ted  
Tank 'Truck S p e c i f i c a t i o n  CGA-341 f o r  Cold .L iquef ied  Gases", 
Pamphlet CGA-341. New York, 1970. 

Spec i f i ca t i ons  f o r  i n s u l a t e d  tank t rucks  c a r r y i n g  c o l d  1 i q u e f i e d  
gases. Design temperature o f  the  tank must be -320°F o r  co lder  
and the  design pressure must be n o t  l e s s  than 25 p s i g  nor  more ; ;  

than 500 psig. Intended p r i m a r i l y  f o r  l i q u e f i e d  gases w i t h  
b o i l i n g  po in ts  below LPG. 

Connell, Kenneth F. and Robert B. Smith, "Ana'lysis o f  Cause and 
Determinat ion o f  Possib le Means - f o r  Prevention o f  External  
Damage t o  P ipe l ines" ,  'New York, American Gas Associat ion, 1968. 

The ana lys is  of f a i l u r e s  o f  156 na tu ra l  gas pipe1 ines  due t o  
d i r t -moving a c t i v i t i e s  by graders, bu l  ldozers,  d i  tchers,  e t c .  , 
concl uded t h a t  i n e f f e c t i v e  p i  pe l  i ne marking and 1 abel i ng , 1 ack 
of communication, t h e  i n a b i l i t y  of company p a t r o l s  t o  de tec t  
shor t - te rm a c t i v i t i e s  , and/or operator  negl i gence o r  carelessness 
were the causes o f  t he  i nc iden ts .  (A1 though spec i f i c  t o  na tu ra l  
gas pipe1 ines, the  f ind ings  are probably app l i cab le  t o  LPG 1 ines  
as w e l l ) .  

Cook, W.B., W.M. P r i n d i b l e ,  and Ing.  Bambang Sumatri, "Design 
Requirements f o r  a Major Of fshore Processing F a c i l i t y " ,  Offshore 
Techno1 Conf 8 t h  Annu Proc, Houston, Texas, May 3-6, 1976. 
Vol ume I, Pap OTC 2483, p. 633-642. 

Discusses design d e t a i  1 s o f  a sea based LPG processing f a c i  1 i ty. 

.Caul t e r ,  John L. , "Refr i .gerated LPG Storage and Loadi ng Faci 1 i t i e s  
i n  .Kuwaitu . 43rd Annual Natura.1 Gas Processors Associat ion 
Convention, Tulsa, Okla., 1964, pp. 40-43. 

Describes propane and butane storage fac i  1 i t i e s  ,of t he  Kuwai.t . 

O i  1 Company. - Propane i s  s to red  a t  -45O F and butane a t  +20° F. 
100,000 and 120,000 b a r r e l  , .doubl e-wal 1 ed c y l  i n d r i  c a l  tanks are  
used f o r  propane storage,  w h i l e  butane i s  s to red  i n  two 65,000 
b a r r e l ,  s ingle-wal  l e d  spher ica l  tanks. In format ion  i s  g iven as 
t o  . r e f r i g e r a t i o n  equipment, r e l i e f  va l v ing  and pump motor s ize .  
Mention i s  made o f  an LPG tank f a i l u r e  due t o  overpressure r e s u l t i n g  
from an acc identa l  blockage' o f  t he  propane f l a r e  (vent )  1 i n e  by 
1 i q u i d  butane (no o the r  .de ta i ' l  s  are g iven) .  

/ /' I' . 
Courtney, W. J. , G. Yie, and D. Kal kbrenner, "Ef fect iveness of Programs 

f o r  Prevention o f  Damage t o  P ipe l i nes  by Outs'ide Forces", ( I l l i n o i s :  



I I T  Research I n s t i t u t e ;  S p r i n g f i e l d ,  VA: NTIS, PB-281 866, 1977). 

This  r e p o r t  summarizes some o f  the  p i p e l i n e  accident  data co1,lected 
by OPSO from 1970 t o  1975 and analyzes the  data t o  determine what 
e f fec t  var ious damage prevent ion  techniques have had on acc ident  
frequency. The damage prevent ion  programs were found t o  be of w ide ly  
va ry ing  e f fec t iveness .  

Crawford, D.B. and C.A. Durr,  "Design o f  LNG Receiv ins Terminals",  
Advances i n  Cryogenic Eng inee r ing  , v. 19, 1974, . fo; Cryog Eng 
Conf, Ga I n s t  o f  Technol, A t l an ta ,  Aug 8-10, 1973, 261-268. 

Basic  components o f  an LNG r e c e i v i n g  te rmina l  and problems 
encountered i n  design are  analyzed, w i t h  emphasis p laced on 
s h i p  unloading and vapor hand l ing  systems. 

Crouch, W.W. and John C. H i l l y e r ,  "What Happens When LNG S p i l l s ? " ,  
Chemical Techno1 oyy , 2, 21 0-21 5, (1972). . . 

The paper reviews the  development o f  LNG technology, c i t e s  a 
number o f  misconceptions regard ing  LNG, and reviews i n fo rma t ion  
on the  behavior  o f  LNG du r ing  and a f t e r  s p i l l s .  

Cubbage. P.A. and M. R. Marshal 1 , "Pressures Generated by Explosions 
o f  Gas-Air Mi.xtures i n  Vented Enclosures", 39th Autumn Research 
Meeting, The I n s t  o f  Gas Engrs, Techn Pap, London, 20th and 21s t  
November, 1973. Pub1 by the  I n s t i t u t i o n  o f  Ga.s Engineers, 
Communication 926, London (1 973). 

Data f rom t e s t s  performed a t  .Pot ters Marston, Leics. ,  on homogeneous 
and nonhomogeneous mixtures'  o f  a i r  and gas exploding i n  enclosed 
areas. Re1 a t i  0 n s h i . p ~  f o r  p red i . c t i  ng the  maximum pressures o b t a i  nab1 e 
f o r  a giv,en gas m ix tu re  i n  a vented enclosure are  d e t a i l e d .  Breaking 
pressures f o r  g lass and b r i c k  enclosures are presented. 

Cude, A.L., "App l i ca t i on  and L i m i t a t i o n s  o f  the  I C I  Vapour B a r r i e r " ,  
Safe ty  Note 74/13A. London; Imper ia l  Chemical I n d u s t r i e s ,  Ltd., 
1974. 

Discussion centers on the  use o f  the I C I  steam c u r t a i n  vapor 
b a r r i e r  designed t o  d isperse,  independently" o f  t he  wind, clouds 
of heavy flammable vapors. 

1 

- - - . "The Generation, Spread and Decay o f  Flammable Vapour Clouds", 
London, I C I ,  Ltd.,  (n.d.) .  



Equations f o r  ca l cu la t j ng  leak ra tes o f  gases, l i qu i ds ,  and 
vapor iz ing 1 i q u i  ds are given. . Equations f o r  ca l  cu l  a t i  ng the 
atmospheric d ispersion .-of ' the. r esu l t an t  vapor cloud are a lso , 

p.resented. . The ef fects o f  densi ty and ve loc i t y  of the escaping 
.vapor are included. Some data (presumably from other sources) 
are presented bu t  are .poor ly documented. 

x 

Daenzer, 'Bernard John, "Fact-Fi.nding Techniques i n  Risk Analysis", 
New York, American Management Association, Inc., 1970. 

A r i s k  analysis questionnaire t o  determine insurance coverage 
i s  presented. Some o f  the po in ts  discussed i n  sect ion one, the 
need f o r  p rac t i ca l  fac t - f ind ing techniques, can be appl ied t o  
faul t - t r e e  analyses. 

Danahy, P h i l i p  J. and Bruce S. Gathy, "Equivalent Safety and 
Hazardous Mater ia ls  Transportat ion", American Society o f  
Mechanical Engineers, Paper 73-ICT-86, f o r  Meet Sept 23-27, 
1973, 11 p. 

A method o f  assessing hazards, safety, and safety requirements 
' . f o r  marine t ranspor ta t ion of hazardous materi  a1 s i s d i  scussed. 

The method grades each mater ia l  and vessel on r e l a t i v e  scales 
o f  hazard and safety,  respect ive ly .  An overa l l  re1 a t i  ve safe ty  
r a t i n g  f o r  a given hazardous.materia1 and ship type i s  obtained 
,by combining the two rat ings.  Propane and butane are included . i n  
the cargo ra t ings .  

Davenport, John A., "A Study o f  Vapor Cloud Incidents" ,  paper presented 
a t  83rd National Meeting, American I n s t i t u t e  o f  Chemical Engineers, 
Houston, Texas, March 1977. 

This paper surveys a large number o f  vapor cloud incidents,  w i t h  
and wi thout  i g n i t i o n .  Informat ion g i  ven f o r  each inc iden t  includes, 
where possible, cause and source of sp i  11 , spi  11 volume, cloud 
size, i g n i t i o n  source, wind condi t ions , TNT equivalent, and explosive 
y i e l d .  (A useful compi 1 a t i on  of vapor cloud inc idents) .  

Decker, D.A., "An Ana ly t i ca l  .Method f o r  Estimating Overpressure from 
Theoret ical  Atmospheric 'Explosions",.paper presented a t  the Annual 
Meeting, National F i r e  Protect ion Association, Seminar No. 2, 
May 23, 1974. 

This repor t  presents methods fo r  est imat ing explosive overpressures 
from atmospheric explosions. The Pasqui l l  atmospheric d ispersion 



model i s  used t o  est imate the ex tent  o f  the explosive cloud. 
A TNT equivalent  i s  then ca lcu la ted based on 10 percent o f  the 
t o t a l  heat o f  combustion. 0verpressures.at  various distances 
are pred ic ted by Sacks' cube r o o t  sca l ing  law. An example i s  
presented using 5300 gal  o f  propane released instantaneously. 
The TNT equivalent  i s  given as 25,000 I b .  A usefu l  summary of 
methods commonly used t o  p red i c t  damage po ten t i  a1 from atmospheri c  
expl os i ons . 

de Frondevi 1  l e ,  Bertrand, "Re1 i a b i  1  i t y  and Safety o f  LNG Shipping: 
Lessons from Experience", Pap., Annual Meeting, The Society of 
Naval Arch i tec ts  and Marine Engineers , New York, November 10-1 2, 
1977, 18 p. 

The LNG shipping experience s ince 1964 i s  reviewed. LPG shipping 
i s  a l so  reviewed b r i e f l y .  The discussion covers sa fe ty  r e l a t ed  
inc idents  a t  l i que fac t i on  and rece iv ing  terminals as we l l  as on 
board ship. A useful  compi lat ion o f  operat ing experiences. 

de ~ a l  houet , Loi  c, "Carrying L. P. G. by Sea", Shi pbui 1  d i  hg and Shi pp i  rig 
Record, 769-771 , (1964). 

. .  , 
The h i s t o r y ,  bas ic  sh ip  descr ip t ion,  and the econom% o f  LPG 
t ranspor ta t ion  by sea are b r i e f l y  presented. ) a ' .  

- - - . "Sea Transport o f  LPG and Ammonia", Tanker and Bulk Carr ie r ,  
18, (12), 10-14, (1972). - 

The wor ld t r a f f i c  i n  LPG/NH3 i s  discussed. A discussion o f  
t ranspor ta t ion  techniques, i nc lud ing  the steps necessary when . , 

changing cargoes ,' i s  presented. .The condl us i  on i s t h a t  there 
are present (1972) economic d i f f i c u l t i e s  i n  the , l i que f ied  gas 
t rade due t o  an over' supply o f .  ships. This problem i s  pred ic ted 
t o  continue u n t i l  the 1980's. 

.. a 
- .  

Dick, M.N. and M. H. Tims, "The Predict ion. o f  Vapour Offtake Rates 
from LPG Cylinders!', Journal o f  the I n s t i t u t e  of Fuel, 43, (357), 
407-41 2, (1 970) . 
A mathematical model f o r  ' p red i c t i ng  vapor o f f t a k e  ra tes  from LPG 
cy l inders  i s  presented. Results from experiments on small LPG 
cy l inders  show good agreement w i t h  the model. The model p red ic ts  
the compositions o f  the vapor being withdrawn and the remaining 
l i q u i d ,  the l i q u i d  temperature, and cy l i nde r  pressure a t  any time. 



Dominion F i  r e  Commissioner, "Standard f o r  Storage and Hand1 i ng o f  
P ie rs  and Wharves, (Flammable and Combustible L iqu ids ) " ,  DFC No. 109. 
Ont., Ottawa, Department o f  P.ublic Works,.Feb 1977. 

Standards f o r  flammable o r  combustible 1 i q u i d  sto;age and hand1 i n g  
on p i e r s  and wharves. 

Drake, E l isabeth  M., Ayodej i  A. Jeje,  and Robert C. Reid, "Transient  , 
B o i l i n g  o f  L ique f ied  Cryogens on a Water Surface. P a r t  I. Nitrogen,  
Methane and Ethane", I n t .  J Heat Mass Transfer, 18, 1361-1 368, 
(1 974). 

Reviews previous r e l a t e d  work and presents r e s i l t s  f r o m ~ e ~ ~ e r i m e n t a l  
s tudies of t r a n s i e n t  b o i l i n g  ra tes  of pure l i q u e f i e d  n i t rogen,  methane, 
and ethane on a water surface. These experiments were conducted 
i n  a specia l  i n s u l a t e d  apparatus which provided a 77.3 cm2 
heat- t ransfer  area ( i  .e., cryogen-water i n te r face  ared). Data, 
i n c l  ude mass-vaporizat ion/t ime curve, vapor i za t i on  r a t e  curves, 
and approximate heat - t rans fer  r a t e s  f o r  the  experimental condi- 
ti ons. 

This study provides impor tant  background f o r  s tud ies  eva lua t ing  
hazards due t o  vapor d ispers ion  from s p i l l s  o f  cryoge'ns on water. 
It i s  supplemented by a second study by the  same authors and t i t l e ,  
P a r t  11. Ligkt 'Hydrocarbon Mixtures.  

- - - . "Transient  B o i l i n q  o f  L ique f ied  Crvoqens on a Water Surface. 
P a r t  11. L i g h t  ~ ~ d r o c a k b o n  ~ i x t u r e s " ,  1nt: J. Heat Mass Transfer, 
18, 1369-1375, (1974). - I 

Reviews re1 ated s tud ies  and presents r e s u l t s  from experimental 
s tud ies  o f  t r a n s i e n t  b o i l i n g  r a t e s  of synthet ic,binary mixtures 
of methane w i t h  ethane, propane, and n- and. iso-butane s p i l l e d  on 
water. Experiments were conducted i n a  speci a1 i n s u l a t e d  apparatus 
which provided a 77.3 cm2 hea t - t rans fe r  (cr-yogen t o  water)  surface. 
Data are pr'esented as mass b o i l e d  as a funct ion-iof t ime. 

This study w i t h  P a r t  I o f  the  same t i t l e  provides important  
background f o r  s tud ies  eva lua t ing  hazards due t o  vapor d ispers ion  
from s p i l l s  o f  cryogens on water. 

Dunster, H. J . , "The Transport  by Road o f  Hazardous, Substances. 
Technical , Regulatory and I n t e r n a t i o n a l  Problems", F i r e ,  3, 
(873), 485-486, (1  978). 

1 

Accidents cause by road t r a n s p o r t a t i o n  of haza.rdous substances 
i n  the  Un i ted  Kingdom and suggested adoption o f . u n i f o r m  worldwide 
regu l  a t i ons  are discussed. 



Echternacht ,  John E . ,  "Special  Hazard Systems f o r  Offshore P la t forms"  , 
F i r e l i n e ,  2, ( 4 ) ,  (1977). 

General p la t form design o f  t y p i c a l  North Sea Offshore s t r u c t u r e s  
given.  Several  d i f f e r e n t  t ypes  o f  manual and/or  au tomat ic  systems 
suggested f o r  developing an i n t e g r a t e d  system des ign  f o r  f i re  
f i g h t i n g .  

Eifel, Paul J . ,  "Rai l road and Highway Transpor t a t i on  o f  LPG", Proc 
o f  t h e  I n t e r n a t i o n a l  Conference on LNG,  I s t ,  Chicago, 111, 
A p r i l  7-12, 1968 ... Pap 38, 10  pp. 

Various .modes o f  t r a n s p o r t a t i o n  a r e  d i scussed .  Cryogenic r a i l r o a d  
. . tank c a r s  a r e  d e t a i l e d .  Economics o f  r a i l c a r  versus  t ruck ing  

i s  graphica l  l y  i 11 us t r a t e d ,  

' 

. Eisenberg,  No.rman A. , corne l  i i s  J .  Lynch and Roger J .  Breeding ,, 
"Vulnerabi 1 i t y  Model. A Simulat ion System f o r  Assessing Damage 
Resul t ing  from Marine Spi 11s"  , (Mary1 and: Enviro Cont ro l ,  Inc.  ; 
S p r i n g f i e l d ,  VA: . NTIS, AD-A015 245, 1975).  

The ~ u l n e r a b i l  i t y  Model (VM) i s  a computerized s imu la t i on  system 
f o r  a s s e s s i n g  pub1 i c  damage r e s u l t i n g  from marine spi l ls  of 
hazardous m a t e r i a l s ;  the f i n a l  r e p o r t  d e s c r i b e s  the f i r s t  s t a g e  

: of  development which c o n s i s t s  o f  t h e  des ign  and implementation 
o f  an ope ra t i ona l  computer s imu la t i on .  

Enger, T. and D.E. Hartman, "Mechanics o f  the LNG-Water I n t e r a c t i o n " , !  
paper  presen ted  a t  the American Gas Assoc ia t ion  D i s t r i b u t i o n  , '  

Conference, At1 a n t a ,  Georgia ,  May 8, 1972. 

The r e s u l t s  o f  experiments  on f lameless  vapor explos ion  t h a t  can 
happen when LNG is  s p i l l e d  on water  a r e  presen ted  and d iscussed .  
The "explos ive"  LNG-water i n t e r a c t i o n  i s  s a i d  t o  be caus-ed by 
t h e  r a p i d  phase t ransformat ion  (homogeneous nuc l ea t i on )  and v i o l e n t  
expansion o f  a t h i n  l a y e r  o f  superheated l i q u e f i e d  gas  a t  the LNG- 
water  i n t e r f a c e .  These "explosions"  occur  on ly  when the methane 
con ten t  o f  t h e  LNG is  less than 40 percent .  The damage p o t e n t i a l  
from t h i s  source  i s  low. 

. . - - - . "Rapid Phase Transformation During LNG Spi 11 age on 'Water", 
Thi r d  I n t e r n a t i o n a l  Conference and Exhi bi t i  on on L N G ,  Washington , 
D.C. ,  September 24-28,, 1972. 

F l a m e l e s s ~ v a p o r  explos ions  t h a t  can occur  when LNG i s  s p i l l e d  
on to  wa te r .  a r e  a t t r i b u t e d  t o  " e x p l ~ s i v e ' ~  formation o f  vapor bubbles 
produced by homogeneous nuc l ea t i on  caused by superhea t ing  . These 



explos ions can occur on open water a t  ambient temperature o n l y  
when the  LNG has aged so t h a t  the-methane content  i s  below 40 
percent.  The mechanical energy re leased i s  g iven as about 
0.5 cal/cm2 o f  i n t e r f a c e  area. 

Enger, T., D.E. Hartman, and E.V. Seymour, "Explos ive B o i l i n g  o f  
L i q u e f i e d  Hydrocarbon/Water Sys terns", Advanced Cryogeni c 
Engineering, 18, 32-41 , (1973). 

The r e s u l t s  o f  experiments on f lameless vapor explos ions o f  
l i q u e f i e d  gases s p i l l e d  on ambient and heated water are presented. 
Concentrat ion 1 im i  t s  f o r  some 1 i q u e f i e d  gas mix tures  and 
temperature 1 i m i  t s  f o r  pure 1 i que f i ed  gases were determined 
exper imenta l l y .  The cause of t he  explos ions i s  sai 'd t o  be super- 
heat ing  fo l lowed by homogeneous nuc lea t i on  o f  vapor w i t h i n  
the  l i q u e f i e d  gas. For  pure propane, no explos ions occurred 
unless the water  temperature was. above 127°F. (The data  
ac tua l  l y  came from 2 p rev ious l y  c i t e d  papers).  

Engerrand, J. , "Safety Problems Speci.al t o  L i q u e f i e d  Gas Car r ie rs" ,  
B u l l e t i n  Technique du Bureau Ver i tas;  48, (3) ,  45-7, (1966). 
( I n  French) 

General d iscussion presented on problems faced i n  designing ships 
f o r  t h e  t r a n s p o r t a t i o n  o f  l i q u e f i e d  n a t u r a l  and petroleum gases. 
Stress i s  p laced on the  cargo tanks, i n s u l a t i o n ,  and p i p i n g  
arrangement f o r  the  cargo. 

- - - . "Safety Problems S p e c i f i c  t o  Ships f o r  the  Transport  of . 

L i q u e f i e d  -Gasesu, Bul l e t i n  Technique du Bureau Ver i  tas  , 48, (4), 
65-9, (1966). ( I n  French) 

General d iscussion cont inues prev ious a r t i c l e  on secur ing the  
s h i p ' s  i n t e r i o r  ( i  .e. e l e c t r i c a l  w i r i n g  f o r  pumps and compressor's, 
us ing  b o i l o f f  gas as fue l  ) ,  and the  e x t e r i o r  cons t ruc t i on  o f  a 
ship,  guarding aga ins t  s p i l l a g e  a f t e r  a c o l l i s i o n  o r  grounding. 

European LPG Associat ion,  "CataTyt i  c Combusti on Heaters Usingq L ique f i ed  
Petroleum Gas", AEGPL UN/lE. Par is ,  France, 1977. 

~ p e c i  f i c a t i o n s  cover u n f l  ued appl iances whose output  does n o t  
exceed 4000 kca l /h .  Deals main ly  w i t h  the  cons t ruc t i on  and 
performance requirements ( i n c l  uding safety)  and compl iance t e s t i n g  
methods. 



- - - . " Instruction Manual f o r .  Dri vers of Road Tankers Transporting 
LPG", AEGPL TSD/lE. Paris  France, 1975. 

General ins t ruc t ions  f o r  LPG t ranspor t  dr ivers .  Incl udes 
charac te r i s t i cs  of LPG and respons ib i l i t i e s  of the d r iver  in  
loading, unloading, and emergency s i tua t ions .  

- - - . "Recommendations f o r  -the Design, Construction and Inspection 
of Non-Refrigerated, Above-Ground, Fixed Cyl i  ndri cal Propane 
Storage Tanks of Water CapacityUp to  5 Cubic Meters", AEGPL TSD/4E. 
Paris  , France, 1976. 

The spec i f ica t ions ,  recommended mater ia ls ,  and construction 
fo r  the  specif ied tanks. Includes gas t ightness ,  external 
protection,  and bas i c  dimensions f o r  tanks. An appendix 
provides method of calcula t ing minimum discharge r a t e  fo r  
safe ty  re1 i e f  valves . 

--- . "Recommendations f o r  the Design, Construction F i t t ings  and 
Inspection of LPG Road Tankers", AEGPL TSD/3E. Par i s ,  France, 
1975. 

Specifications including the  basis  of design, qua1 i t y  of materials  , 
o r i f i c e s ,  f i t t i n g s ,  inspection,  t e s t i ng ,  and mounting of the 
pressure vessel on the  road tanker. Guidelines f o r  pipework, 
hose systems, valves, f i t t i n g s ,  and t r ans f e r  equipment are  a l so  
noted. Vehicle design sa fe ty  requirements c i t ed .  The appendices 
include temperature/volume and temperature/density correction 
fac tor  tables  and minimum r a t e  of discharge of tanker with 
pressure ra t ings  of the  safe ty  re1 i e f  valves as the determining 
fac tor .  

--- . "Recommendations f o r  the Ins ta l l a t ion  and Inspection of 
Small Bulk LPG Fixed Storage Tanks of Up t o  5 m3 Capacity", 
AEGPL COMM.TSD/ZE. Par i s ,  France, 1974. 

The recommendations are  based on practices current ly  i n  
operation in  major European countrfes and a re  applicable t o  
the domestic, cornmerci a1 , agr icul tura l  , and i ndustri a1 usages 
of LPG. 

--- . "Recommendations f o r  the  Ins ta l l a t ion  of Fuel containers 
and Equipment f o r  the  Use of Liquefied Petroleum Gases as 
Engine Fuel on Motor Vehicles", AEGPL UN/3E. Par i s ,  France, 1978. 

Recommends minimum standards. f o r  sa fe  i n s t a l l a t i on  of fuel containers,  
piping, and equipment f o r  use of LPG as engine fuel on motor 



vehic les.  Inc ludes p e r t i n e n t  d e f i n i t i o n s ,  i n fo rma t ion  on 
conta iners,  conta iner  valves, p ipe  f i t t i n g s ,  equipment and 
opera t ing  procedures o f  each. 

Fawcett, H. H. , "Proceedings : Conference on Hazardous Cargoes ( 7 t h )  . . 
h e l d  a t  the U.S. Coast Guard Academy., New London, Connecti'cut 
on 8-9 J u l y  197OU, (Washington, D.C. : Nat iona l  Academy o f  
Sciences; Sp r ing f i e ld ,  VA:. NTIS, AD-754 891, 1970). 

Presents the  proceedings of papers and d iscuss ion  on chemical 
reac t i ons  (as i n  - acc identa l  and uncon t ro l l ed  mix ing  o f  two cargoes) 
and hazard in fo rmat ion  c o n t r o l  systems as they r e l a t e  t o  hazardous 
mater i  a1 s i n  t ranspor t .  

Fay, James A., "Unusual F i r e  Hazard o f  LNG Tanker S p i l l s "  , Combustion 
Science & Techno1 ogy , 1_, ( 2 )  , 47-9, (1973). 

The spreading and evaporat ion r a t e s  o f  an instantaneous LNG 
s p i l l  on water a re  est imated t h e o r e t i c a l l y .  

Fay, James A,, G.J. Desg rose i l l i e r s ,  .and D.H. Lewis, J r . ,  "Radiat ion 
From Burning Hydrocarbon Clouds" , Report D i n  : L iquef ied  Gaseous 
Fuels Safe ty  and Envi ronmental Cont ro l  Assessment Program: A 
Status Report, DOEIEV-0036,.1979. 

The motion, growth, and thermal r a d i a t i o n  from methane, ethane, 
and p opane f i r e b a l l s  are repo r ted  f o r  i n i t i a l  f u e l  volumes o f  5 ?20cm t o  ~200cm3. 

Fedor, Ot to  H., W i l l i am N. Parsons, and John De S. Coutinho, "Risk 
Management Technique f o r  Design and Operat ion o f  LNG F a c i l i t i e s  
and Equipment", F i r e l i n e ,  11-15, (1976). 

A proposed method o f  r i s k  management f o r  LNG f a c i l i t i e s ,  cen te r i ng  
on New York w i t h  NASA and New York F i r e  Department inputs .  

Feldman,.Jul ius, John M. Cece, and Michae1.W. Tay lor ,  "LNG/LPG 
Ship Safety: Lessons from the  Past", Oceans 77 Conf Rec 3rd. 
Los Angeles, C a l i f ,  Oct 17-19., 1977 (77CH 1272-40EC) V. 2 
Poster No. 01 - Poster  No. 10. 

Contains the  h i s t o r y  o f  LNG/LPG shipping.  D e t a i l s  sh ip  development 
w i t h  regard t o  the  var ious types o f  tanks used. Inc ludes s h o r t  



histor ies  of the important ships and the i r  roles in the overall 
picture of LNG shipping. Also contains a history of the Coast 
Guard's regulation development. 

Ffooks ,. R.C .  and R . G .  Jackson, ".The Technical and Commercial 
Development of Liquefied Natural Gas. Tankers", 2nd International 
Gas Union, e t  a1 . , Liquefied. Na.tur Gas 'Conf Proc, Session 111, 
16pp., 1970 (Pap No. 4 ) .  

The paper summarizes the his tor ical  development' of ships and 
tank designs for  liquefied natural gas. 

Fortson, R .  Ma1 colm, e t  a1 . , "Maritime ~ c c i  dental Spi 11 Risk Analysis.. 
Phase . I  : Methodology Development and Plan", (Mary1 and: Operations 
Research, Inc. ; Springfield, V A :  NTIS, AD-761 362, 1973). 

. . 

The spi 11 risk assessn~ent lliethodol ogy i ncl udes the probabi 1 i ty 
that  a , s p i l l  will occur given a single."standard confl ic t  s i tua-  
tion" and .the expected number o.f s p i l l s  per year per standard 
confl ic t  s i tuat ion.  The r isk# ana1:ysis i s  based on coll is ion,  
ramming,' o r  grounding of an ocean-goli.ng tanker or tuwltank barge 
due to  human errors  or ship mechanical fa i lures  i n  ports and 
harbors. 

Frangesh, Neal E. and George A.  Randal 1 ,  J r . ,  "Distrigas LNG Barge 
Operating Experience", paper presented a t  the Cryogenic Engineering, 
Conference, Kingston, Ontario, July 23, 1975. 

The transportation and storage experience of the ocean-going 
barge r.lassachusetts i s  discussed. The L N G  car r ie r  i s  a1 so 
sui table  for  carrying LPG and ethylene. 

Gardner, C.G.  and R. K.  Swanson, ."Electrostatic Hazards Associated 
w i t h  Liquefied Petroleuni Gas'Truck Loading", Final Report, 
NGPA Project #15-2123. Natural Gas Processors Association,. 
Tulsa, Okla., 1967. 

A. search of the technical 1 i te ra ture  pertaining to  the s t a t i c  
e l ec t r i c i ty  hazard as i t  might occur in LPG t a n k  truck loading- 
unloading operations was made. A bibliography of selected references 
was prepared. The 1 i terature  search indicated that  processes ex i s t  
whereby a tank truck might become charged to  a hazardous potential .  
A limited ser ies  of experiments. was performed t o  determine whether 
a dry. sand parking surface offers  suf f ic ien t  insulation to  prevent 
rapid discharge of a hazardously charged truck. I t  was found tha t  



oven-dried sand could r e t a in  a charge su f f i c i en t  t o  i gn i t e  a 
gas-ai r mixture fo r  as long 'as. 42 minutes, provided the ambient 
r e l a t i v e  humidity was no grea te r  than about 30 percent. 

Gas P.rocessors Association, "LP-Gas Loading Practices Manual", 
GPA 8162-70, Tulsa, Okla. , 1974. 

Presents safe ty  pract ices  and procedures pertaining t o  loading 
and unloading of LPG from tank trucks,  tank ca rs ,  ships ,  and 
barges. The bibliography l i s t s  twenty-one national codes pertain- 
ing,  a t  l e a s t  in  pa r t ,  t o  LPG t rans fe r .  

--- . "Liquefied Petroleum Gas Specifications and Test Methods", 
GPA 2140-77, Tulsa, Okla., 1977. 

  he GPA recommended procedures f o r  t e s t i n g  and specifying LPG 
a r e  presented. Most of the t e s t s  1 i s t ed  a re  ASTM t e s t s .  

. . 

--- . "Method f o r  the  Underground Storage of Natural Gas ~ i q u i d s " ,  
GPA 81 75-77, Tulsa, Okl a. , 1977. 1 :  

The GPA standard f o r  designing and constructing solution mined 
and mechanically mined underground storage chambers fo r  natural 
gas l iquids  i s  presented., 

--- . "Safe Practices fo r  Loading LP-Gas in to  Tank Trucks, as 
Recommended by Natural Gas Processors Association", Tulsa, Okja., 
Rev. Jan 1966. (Posters)  

A l i s t i n g  of procedures t o  be followed-for loading LPG i n to  
tank trucks.  

- - - . "Standard Table of Physical Constants of Paraffin tiydrocarborw 
and Other Components of Natural Gas", GPA 2145-77, Tulsa, Okla.; 
1977. 

A t ab le  of physical constants f o r  common components of natural 
gas i s  presented. 

- - - . "United S ta tes  LP-Gas- Import Terminals, 1977", Tulsa, 
Okla., 1977. . . 

Presents information on U.S. marine terminal f a c i l i t i e s  capable of 



r e c e i v i n g  LPG. . Data inc ludes  termina'l l oca t i ons ,  sh ip  r e s t r i c t i o n s ,  
type and capaci. ty of unl  oadi ng system, s torage capaci t y  , etc;  

Georgaki s  , Chr i  s tos  /John Conga1 i d i  s  and Glenn C. W i  11 i ams , "Model 
f o r  Non-Instantaneous LNG and Gas01 i n e  ' S p i l l s "  , Fuel, 58, (2 )  , - -  
11 3-1.20, (1 979). 

P red i c t i ons  of the  development and decay of t he  dimensions o f  
l i q u i d  f u e l  s p i l l s  on water  i n  which i g n i t i o n  o f  t he  s p i l l  occurs 
immediately on rup tu re  of a s i n g l e  f u e l  tank on a l a r g e  LNG 
o r  gaso l ine  tanker .  The p red i c ted  s p i l l  shapes a re  narrow and long 
w i t h  aspect r a t i o s ,  a t  maximum area, of 10 : l  f o r  LNG and 5 : l  
f o r  gas01 ine .  (App l icab le  f o r  . p r e d i c t i o n  . of l a r g e  LPG s p i l l s  on 
water) .  

Goldberg, E l l i o t t  and E.X. Sal t z ,  "LNG Terminal I s  Designed f o r  
Safety" ,  Pipe1 i n e  and Gas Journal , 200, (3 ) ,  42, 44, (1 973). 

A rev iew o f  some o f  t he  more impor tan t  design fea tures  used f o r  
the  D i s t r i g a s  LNG Marine Terminal on Staten I s land ,  New York. 
Only bas i c  de ta i  1's presented are a te rmi  na l  s i t e '  p l  an and. a '  t y p i  ca l  
c ross-sec t ion  o f  900,000 bb l  LNG storage tank. 

~ o n d u i n ,  M. and F. Murat, "Transpor ta t ion  and Storage o f  LNG", 
Chemical Engineering Progress, - 68, (9 ) ,  71 -76, (1972). 

Discusses techniques t h a t  a re  economical ly successful  and prov ide  
a h igh  degree o f  s a f e t y  and d u r a b i l i t y  f o r  b u i l d i n g  LNG storage 
tanks and ocean t ranspor t s .  The corrugated membrane technique i s  
descr ibed i n  . i t s  l a t e s t  a p p l i c a t i o n s  t o  both LNG ships and l and  
storage tanks. The design of se l f -supported spher ica l  tank ships 
developed by Technigaz and app l i ed  i n  t he  LNG c a r r i e r  Eucl ides i s  
a1 so discussed. 

Graves, K.W., "Development o f  a Computer Program f o r  Modeling the  
Heat E f f e c t s  on a Ra i l road  Tank Car", (New York: Calspan Corpora- 
t i o n ;  S p r i n g f i e l d ,  VA:  NTIS, PB-241 365, 1973). 

Discusses the  t h e o r e t i c a l  development and use o f  a FORTRAN I V  
computer program t o  model t he  response t o  a f i r e  environment o f  
a r a i l r o a d  tank c a r  laden w i t h  a v o l a t i l e ,  flammable f l u i d .  The 
program i s  l i s t e d .  

I 

Gray, R.C. and L. Johnson, "The ~ e s i ~ n  and Const ruc t ion  of L iquef ied  
Gas Car r i e rs " ,  Transact ions Nor th  East I n s t i t u t i o n  o f  Engineers & 



Sh ipbu i lde r s ,  82, ( 3 ) ,  69-82,"(1971). 

Reviews t h e  h i s t o r y  o f  l i q u e f i e d  gas  c a r r i e r s ,  d i f f e r e n t  s h i p  
t ypes ,  s h i p  des ign  f e a t u r e s ,  and ope ra t i ng  procedures .  Useful 
f o r  general  background. 

- - - . "The Design and ~ o n s t r t k t i o n  o f  Liquef ied  Gas Carrying 
Vessels" , Motor Ship ,  51, (608) ,  538-540, (1971).. 

. . . . 

Describes  f o u r  b a s i c  types  of  l i q u e f i e d  gas  c a r r i e r s .  Type 1 :  
f u l l y  p re s su r i zed  s h i p s ;  type  2: semi -p re s su r i zed  s h i p s ;  type  3: 
semi -p re s su r i  zed / fu l  l y  r e f r i g e r a t e d  t anke r s ;  and type  4: f u l l y  
r e f r i g e r a t e d  a t  a tmospheric  p re s su re .  Discusses  b a s i c  design 
f e a t u r e s ,  secondary ,  b a r r i e r s ,  and ope ra t i ng  procedures . (wi tti ,' 

choice .  o f .  equipment).  re1 a t i  ve t o  t h e  type  of s h i p  r equ i r ed .  
(Useful f o r  genera l  background2. 

Greer, John S . ,  " F e a s i b i l i t y  Study o f  Response Techniques f o r  
Discharges of  Hazardous Chemicals That  F l o a t  on Water", (Evans 
C i t y ,  111: MSA Research Corp.;+.Sgringfield,  VA: NTIS, 
ADA-049 921 /OSL , 1976).  

S p i l l  response techniques  were eva lua t ed  f o r  ame l io ra t i ng  t h e  
vapor hazard from d i scha rges  of  hazardous chemical t h a t  f l o a t  on 
water .  These techniques  involved s u r f a c t a n t  films, foams, s o l v e n t s ,  
gel  1 ing a g e n t s ,  and cool ing  wi th  cryogens,  a1 1 o f  which were 
judged (on t h e  b a s i s  of  e x i s t i n g  d a t a )  t o  b.e of p o t e n t i a l  bene f i t .  

Grimes, C .  , "A Survey of Marine Accidents  wi th  P a r t i c u l a r  Reference 
t o  Tankers" ,  J o f  ~ a v i g a t i o n ,  25, ( 4 ) ,  ,496-510, (1972).  

Discusses  marine, a cc iden t  hi  s t o r y  o f  t anke r s  i n  N. W .  European 
wa te r s ,  during t h e  per iod  1959-68. As a result o f  t h e  survey ,  
a d e t a i l e d  permanent comprehensive d a t a  bank, con ta in ing  d e t a i l s  
of  22,000 a c c i d e n t s ,  was c r ea t ed .  

Gross,  S.S.,  "Evaluat ion o f  Foams f o r  Mi t iga t ing  Air P o l l u t i o n  from 
Hazardous Ma te r i a l s  Spi 11 s "  , Proceedings o f  National Conference on 
Hazardous Materi a1 s Spi 11 s ,  Apri 1 1978. 

High, medi um and low-expansion foams, g e n e r a l l y  used by t h e  f i r e  
s e r v i c e s  , were used f o r  vapor . m i  t i - g a t i  on tests on a r e p r e s e n t a t i v e  
sample of p o l a r  and non-polar. hydrocarbons. The paper  concludes 
t h a t  foams c u r r e n t l y  i n  use can'.be bene f i c i a l  i n  c o n t r o l l l n g  t h e  
hazards from hazardous chemical m a t e r i a l s .  



Guise, Ar thur  B., "Extinguishment of Natura l  Gas Pressure F i res" ,  
F i r e  Technology, 3, ( 3 ) ,  175-193, (1967). 

Presents r e s u l t s  of s k k r a l  se r ies  of.: t e s t s  on ex t i ngu ish ing  
na tu ra l  gas pressure f i r e s  w i t h  d ry  ctiemi ca l  s. IRc l  udes equations 
fo r  c a l c u l a t i n g  the  s i z e  of the  f i r e  (based on the  cube r o o t  o f  
t he  gas flow r a t e ) .  The data demonstrate t h a t  potassium bicarbonate 
i s  super io r  t o  sodium bicarbonate i n  ex t i ngu ish ing  t h i s  type o f  
f i r e ,  t he  requ i  r e d '  r a t e  of dry '  chemi.ca1 app.1 i c a t i o n  increases as 
the  gas f l o w  r a t e  increases , and impinging f i  res  are more d i f f  i c u l  t 
t o  ex t i ngu ish  than<.non-impinging f i , res .  .. . 

< .  
Gunn, Robert D. , "Natura l   as L iqu ids :  P r e d i c t i o n  of Vapor-Liquid 

Equi 1 i b r i  a f o r  process Design". 52nd Annual Natura l  Gas Processors 
Associat ion Convention, Tulsa, Okla., ,1973, pp. 5-9. 

A computer program f o r  c a l c u l a t i n g  multicomponent phase e q u i l i b r i a  
a t  cryogenic temperatures i s  discussed. No sa fe ty  aspects. 

.. . 
* . . . ./* 

Habercom, Guy, J r .  , " ~ a t u r a l  Gas : ' ~ a t i  ne Transpor ta t ion  (A B i  b l  iography 
w i t h  Abst rac ts ) " ,  (Sp r ing f i e ld ,  i~: NTIS, PS-78'0729-, 1978). 

Abstracts o f  s tud ies  on marine t r a n s p o r t a t i o n  o f  LNG i n c l u d i n g  
forecasts,  cargo tank design, te rmina l  f a c i l i t i e s ,  s p i l l s ,  s a f e t y  
aspects, spec ia l  tanker design, and handl ing equipment. 

Haggl und, Bengt , "The Heat 'Radiat ion From Petroleum F i r e s "  , FOU-Brand, 
( I ) ,  18-24, (1977). 

Presents r a d i a t i v e  data from square. pool f i r e s  o f  JP-4. The pools 
were 1 , 1.5, 2, 3, 5, and 10 meters square. Use of t h e  data i n  
c a l c u l a t i n g  the  r a d i a t i o n .  from 1 iquid.  f u e l  f i r e s  i s  discussed. 
S p e c i f i c a l l y  f o r  JP-4 b u t  t h e *  fheory,>s appl i c a b l e  t o  LPG f i r e s .  

Hal 1 ibur ton ,  W.A., J r . ,  "Low ~emperature .  Gas Processing Operations". 
47th Annual Natura l  Gas Processors Associat ion Convention, Tulsa 
Okla., 1968, pp. 128-133. 

How t o  "make" LPG. ' Operat ion o f  .a cryogenic-type gas processing 
p l a n t  f o r  recover ing propane as LPG. Useful f o r  background 
in format ion .  . . 

Hansen, S. F. , "The Coast Guard ~ o l g ' i ?  LNGILPG Impor ta t ion" ,  LNG 
Impor ta t ion  and Terminal Safety, Conf Proc, Boston, Mass., June 
13-14, 1972. 



Coast Guard r e spons ib i l  i ty, f o r  s h i p  i n spec t ions  and monitor ing 
o f  LNGILPG t r a n s f e r s  between s h i p s  o r  barges  and land  based 
f a c i l i t i e s  a r e  b r i e f l y  d i scussed .  The Coast Guard a c t i o n  
during s p e c i f i c  s h i p  a r r i v a l s  and cargo  d i scha rges  a r e  a1 s o  
presen ted .  

Hardee, H.C.  and D.O. Lee, "Expansion o f  Clouds from Pressur ized  
Liquids" ,  Accid. Anal. & Prev . ,  L, 91-102, (1975). 

Discusses formation o f  a flammable cloud r e s u l t i n g  from a l i q u i d  
( o r  1 i que f i ed  gas )  l e ak ing  from a p re s su r i zed  tank .  Theo re t i ca l  
and experimental  r e s u l t s  a r e  shown f o r  930 l b  pro ane r e l e a s e s .  5 For 8000 gal  o f  propane r e l e a s e d  through a 0.5 f t  opening, a 
maximum cloud r ad ius  o f  200 f t  and a time a t  r i s k  of about  30 
s e c  a r e  p red i c t ed .  

- - - . "Thermal Hazard From Propane Fi r e b a l l  s "  , Transpor t a t i on  
Planning & Technology, 2, 121 -128, (1973). 

Theore t ica l '  a n a l y s i s  o f  f i  r e b a l l  s i z e  and .thermal hazard a s s o c i a t e d  
with t h e  rup tu re  o f  a propane tank shows t h a t  a 40,000 ga l lon  
tank o f  propane could c r e a t e  a f i reba l .1  820 f t  i n  d iameter ,  
cause t h i r d  degree burns and i g n i t e  wood o r  t r a s h  w i th in  a 
r ad ius  of  1200 ft, and cause second degree burns w i th in  a 112 
mile  r ad ius .  Due t o  some o f - t h e  assumptions made, t h e s e  r e s u l t s  
r ep re sen t  t h e  maximum hazard;  t h e .  a c tua l . '  hazard :zones should 'be 
somewhat s m a l l e r  than t h e  c a l c u l a t i o n s  p r e d i c t .  

Hauk, V . ,  H.  Knappik and H.  M i l l e r ,  "Transfer  Equipment f o r  Low- 
Temperature Liquid Media", Gastech 75, LNG & LPG Technology 
Congress Proceedings,  P a r i s ,  September 30 - October 3 ,  1975. 

T rans fe r  u n i t  f o r  load ing  and .:unloading low temperature  1 i q u i d  
products ,  such a s  e thy l ene  .and 'LNG i s descr ibed .  Mention i s  
made o f  some o f  t h e  s a f e t y  i n s t a l l a t i o n s  'used i n  ca se  of  an 
emergency. , 

Hayward, E.T. , "Developments i n  Ship  F i re -F ight ing  Procedures" ,  
F i r e  I n t e r n a t i o n a l ,  - 5 ,  (52 ) ,  18-21, (1976). 

Very b r i e f  d i s cus s ion  on us.i ng .foams,: d ry  chemicals , 'and C02 
f o r  s h i p  f i r e - f i g h t i n g .  

H e f f e l f i n g e r ,  R . E . ,  "Survey of Equipment. and Techniques t o  I d e n t i f y  
and Quant i fy  D i  scharged Hazardous Chemical s"  , (Ohio: Ba t t e l  l e  



Col umbus Laboratories ; Spr ingf ie ld,  VA: NTIS, AD-A029 840, 1976). 

This repor t  describes the r esu l t s  of a research e f f o r t  t o  determine 
equipment and techniques t h a t  may be u t i l i z e d  by the Coast Guard 
t o  i d e n t i f y  and quant i fy  hazardous chemical discharges v i a  f i e l d  
or iented equipment incorporated i n  a mobile u n i t .  

Henn, A.E. and T.R. Dickey, "New Regulations f o r  L ique f ied  Gas 
Carr ie rs"  , Gas tech 75, LNG & LPG Techno1 ogy Proceedings , Paris , 
September 30 - October 3, 1975. 

A shor t  h i s t o r y  o f  agencies regu la t ing  l i que f i ed  gas. New 
proposed regu la t ions are discussed i n  con t ras t  t o  present 
IMCO standards t o  assure ships are designed t o  meet l e t t e r  of 
compl i ance program. Ambient design. temperatures, grades o f  ' h u l l  
s tee ls  f o r  LNG, l oca t i on  o f  crack ar res ters ,  and s t ress fac to rs  
f o r  independent tank types B 81 C are on ly  provis ions included. 

Henn, A.E. and J.G. Hicks, "L iquef ied Gas Carr ie rs  - S t a t i s t i c a l  
Analysis o f  Ambient Design Temperatures f o r  the Uni ted StatesM, 
Gastech 76,, LNGILPG Conference, New York, October 5-8, 1976. 

Provides temperature data f o r "  ,l ique f i ed  gas tanker 'hu l l  design 
(s t rength)  o r  c e r t i f i c a t i o n  f o r  service. ' . . 

Herenstein, Leon, "Manuel Pour l e  Stockage du Propane e t  du Butane", 
8 th  ed i t i on ,  Par is,  Societe du Journal Des Usines a Gas, 1976. 
(Manual f o r  the Storage o f  Propane and Butane;. i n  French). 

Basic manual used by the French gas i n d u s t r . ~  f o r  regu la t ions,  
t ranspor ta t ion,  .storage, and safe handl ing o f  propane and 
butane. 

High, Richard W . ,  "The Saturn F i r eba l l " ,  Annals o f  New York Academy 
o f  Sciences, 152, I, 441-451, (19681). 

Presented i s  an analysis of rocket  p rope l lan t  f i r e b a l l s .  The 
diameter f t )  and durat ion (sec) o f  the f i r e b a l l  are g iven as 4 9.82 ~ 0 . 2  and 0.232 ~ 0 ~ 3 2  respec t i ve ly  where W i s  the weight of the 
combustibles i n  pounds. The thermal r ad i a t i on  from a very la rge  
rocket  propel 1 ant  fi r e b a l l  i s  a1 so examined empi r ica l  l y  and 
ana l y t i ca l l y .  

"A High Ve loc i t y  Venting Valve" ,. Tanker & Bulk Carr ie r ,  18, (2), 38, 
(1971 ).. , . 

The recen t l y  developed tanker vent ing valve which works under e i t h e r  



pressure o r  vacuum, e j e c t s  gases from tanks a t  h igh  v e l o c i t y  
so t h a t  they a re  w e l l  above the  s h i p ' s  working areas before 
d ispersa l  begins. A work ing diagram i s  shown and opera t ion  o f  
the va lve  i s  expla ined.  Because the  main moving p a r t  i s  a 
rubber diaphram, use o f  the  valve on r e f r i g e r a t e d  LPG tanks i s  
daub-tful . 

Hi1 t z ,  Ralph H. and' J.V. F r i e l  ,. " A p p l i c a t i o n  o f  Foams t o  the  Contol 
o f  Hazardous Chemical S p i l l s " ,  Proceedings o f  Nat iona l  Conference 
on Cont ro l  o f  Hazardous M a t e r i a l s  S p i l l s ,  A p r i l  1976. 

The use o f  low expansion and h igh  expansion foams f o r  reducing the  
downwind vapor concentrat ions from s p i l l s  of hydrocarbon f u e l s ,  
cryogens, and some water  so lub le  chemicals i s  discussed. The 
poss ib le  e f f e c t s  o f  foam on LPG s p i l l s  are on l y  b r i e f l y  mentioned. 

"Hitach' i  LP- as Ship W i l l  be the  Larges t  Ever", O i l  and Gas In te rna -  
t i o n a l ,  11, (8 ) ,  68, 73, (1971). 

B r i e f  d e s c r i p t i o n  o f  a new LPG tanker  b u i l t  f o r  Esso Transport  
Co., Inc . ,  i s  presented. The vessel has f o u r  independent LPG 
tanks e x t e r n a l l y  i n s u l a t e d  us ing  YND s tee l ;  

t lorton, E.T. and John W. Lesch, "Design Features o f  Natura l  Gas 
L iqu ids  Import  Terminals",  57th Annual Gas Processors Associat. ion 
Convention, Tulsa, Okla., 1978, pp. 202-206. 

A general d iscuss ion  o f  t he  many elements t o  be considered i n  
designing an LPG impor t  te rmina l .  I n c l  udes a 1 i m i  t e d  d e s c r i p t i o n  
o f  t h e  general process steps used a t  one te rmina l ,  emphasizing 
s p e c i f i c  capac i t i es  and d a i l y  throughput f o r  tankers, p ipe l i nes ,  
and storage. Discusses o n l y  a te rmina l  t h a t  uses salt-dome 
storage, heats the  gas l i q u i d  a t  t he  te rmina l  t o  e l i m i n a t e  l ong  
runs o f  cryogenic p ip ing ,  and s to res  l i q u i d s  i n  s a l t  domes a t  
temperatures no l ess  than 35°F. Inc ludes d iscuss ion  o f  r e c e i v i n g  
several gas 1 i q u i d s  s imul taneously.  (General background m a t e r i a l  ) 

Horton, John T., "Re f r i ge ra ted  Storage o f  LP-Gas", 41s t  Annual Natura l  
Gas Processors Assoc ia t ion  Convention, Tulsa, Okl a., 1962, pp. 36-39. 

Discusses the  cons t ruc t i on  and economic aspects o f  s t e e l  r e f r i g e r a t e d  
LPG conta iners .  Inc ludes a b r i e f  d iscuss ion  o f  'a. weld f a i l u r e  
and crack i n  an LPG tank,  

Hunt, J. W. , "Special  Considerdt ions Re1 a ted  t o  Large-Scale Refr ig-  
e ra ted  LNG/LPG Custody Trans fer  Measurements", Journal o f  t he  

i I I - 3 6  



I n s t i t u t e  o f  Petroleum, 58, (561), 1.58-163, (1972). 

Discusses possib le sources o f  e r ro r '  i n  measuring the t o t a l  volume 
o f  LNGILPG being t ransfer red from s e l l e r  t o  buyer. Factors 
considered include heat input ,  1 i q u i d  density, temperature and 
composition, and instrumentation. Not safe ty  re lated.  

Imperial Chemical Industr ies,  Ltd.., "A,ssessing Projects - Risk 
Analysis", Book 5, London, Methuen.,. 1968. . . 

A workbook f o r  learn ing how. t o  dssess p ro jec ts  w i t h .  probabi 1 i t y  
analysis. 

"Information Sheets on Hazardous Mater ia ls.  n-Butanol" , F i r e  
Prevention., (122),, 47-8, (1977). 

. . 
' . Physical character! s t i  cs and .hazards' o f  n lbutanol  are 1 i s t e d  . . 

wi 'th storage precautions and f i re - f i ; gh t ing  methods. :.,-..i. 

The I n s t i t u t e  o f  Petroleum, "Pressure P ip ing Systems Inspect ion 
. ,.'Safety Code" ; Part  13 -of the I n s t i  t u f e  o f  Petroleum Model 

Code o f  Safe Pract ice  i-n the Petroleum Industry,  London, Heyden 
& Son, 1979.. 

The Code gives, general requi rements . regarding adequate documen- . . 
. tati.on, i 'n  service. inspection., ' the cont ro l  o f  modi f icat ions and 
repai rs,  inspect ion frequency, p ro tec t i  ve safety devices, and 
t es t i ng  o f  pressure p ip ing  systems used i n  the petroleum, petro-  
chemical and chemi ca l  i ndustr ies ., 

, "Pressure Vessel Inspection Safety codeen, P a r t .  12 - -- 
o f  the' I n s t i t u t e  o f '  Petroleum Model Code of. Safe Practice. i n  
the .Petroleum ~ n d u s t r y ,  London, Heyden. & Son, 1976. 

" 

The Code gives general requi  rements regarding adequate documen- 
ta t ion ,  in -serv ice inspection, the cont ro l  o f  modi f icat ions and 
repa i rs  , inspect ion frequency, p ro tec t i ve  safe ty  devices, and 
t e s t i n g  o f  pressure vessels used i n  the petroleum and chemical 
i ndus t r ies  ; 

The I n s t i t u t i o n  o f  Gas Engineers, "Safety Recommendations; IGE/SR/6, 
L iquef ied Petroleum Gases", Communication 762, London, 1968. 

Recommendations fo r  the safe s tor ing,  hand1 ing,, and t ranspor t  o f  
1 iquefi'ed petroleum gas: storage a t  r e f i n e r i e s  and bu lk  plants; 



i ndus t r i a l ,  commercial and domestic storage; por tab le  container 
f i l l i n g ;  t ransport .  Essent ia l ly ,  a B r i t i s h  version o f  NFPA 58. 

Inter-Governmental Marit ime Consultat ive Organization, "Code f o r  
Ex is t ing  Ships Carrying L iquef ied Gases i n  Bulk", Publ ica t ion 
No. 76.1 1 .E., London, 1976. 

Provides in te rna t iona l  standards f o r  the design, construct ion, 
and operation of l i que f i ed  gas ships b u i l t  p r i o r  t o  October 31, 
1976. These standards, w i t h  a few exceptions, form the basis o f  
the U.S. regulat ions f o r  ships car ry ing l i q u e f i e d  gases i n  bulk. 

--- . "Code f o r  the Construct ion and Equipment o f  Ships c a r r y i n g  
L iquef ied Gases i n  Bulk", Publ icat ion.  No. 76.01.E., London, 1976. 

This code provides in te rna t iona l  standards f o r  the design , construe- 
t ion ,  and operation of 1 iquef ied gas ships b u i l t  a f t e r  October 31, 
1976. These standards, w i t h  a few exceptions, form the bas is .o f  
the U.S. regulat ions f o r  ships car ry ing l i q u e f i e d  gases i n  bulk. 

Internati.ona1 Chamber of shipping, "Safety i n  Chemical Tankers", 
London, 1977. 

Manual . o f  ru les  and regu la t ions .based on recommended procedures 
by the Inter-Governmental Marit ime Consul tat ive Organization 
(rnco) . 

--- . "Tanker Safety Guide (L iquef ied Gas)", London, 1978. 

Gui del i nes are presented f o r  t h e  safe operation o f  ships car ry ing 
l i q u e f i e d  gases i n  bulk. The gu ide . i s  intended f o r  use by those 
.serving on such ships. Includes normal operating procedures, 
emergency procedures, hazards o f  va r i  ous 1 i quef i e d  gases, and 
general informat ion on cargo containment systems. .: 

This i s  a ,  good general reference 'on operations aboard a. 1 iquef ied 
gas tank ship. 

. . 

" In te rna t iona l  Conference on Safety o f  L i f e  a t  Sea, 196OU, Pub No. 
70.06.B, London, Inter-Governmental Marit ime Consultat ive Organi- 
zat ion, (IMCO), 1960. 

The regulat ions adopted by the 1960 In te rna t iona l  Conference of 
Safety o f  L i f e  a t  Sea are presented. These include ru les  governing 



construct ion,  navigat ion,  communi~a~tion, f i r e  pro tec t ion,  1 i f e  
saving, e tc .  The f i r e  pro tec t ion.  Eyovisions are o f  p a r t i c u l a r  
i n t e r e s t  w i t h  respect t o  LPG ships as they are re fe r red  t o  i n  the 
IMCO Code f o r  Ex i s t i ng  Ships Carrying L ique f ied  Gases i n  Bulk. 

--- . Supplement 1 , Pub. No. 70.07. B, Inter-Governmental Marit ime 
Consul tat ive Organizat ion (IMCO) , 1970. 

- - - . supplement 2, Pub 140. 74.05.8, Inter-Governmental Marit ime 
Consul tat ive Organization, (IMCO) , 1974. 

Supplements 1 and 2 inc lude add i t ion ' i l  regu la t ions and-modi f i ca t i ons  
adopted a t  IMCO assembl i e s  through 1968 and 1973 respect ive ly .  

" In te rna t iona l  Conference on Safety o f  L i f e  a t  Sea, 197411, Pub No. 
75.01 .E, London, Inter-Governmental Marit ime Consul t a t j v e  
Organizat ion (IMCO) , 1975. 

Presented are the regu la t ions adopted by the 1974 In te rna t iona l  
Conference o f  Safety o f  L i f e  a t  Sea. These inc lude ru l es  gover- 
n ing construct ion,  navigat ion,  communication, f i r e  pro tec t ion,  
l i f e  saving, etc.  The f i r e  p ro tec t ion  provis ions are o f  p q r t i c u l a r  
i n t e r e s t  w i t h  respect t o  LPG ships as they are r e fe r red  t o  i n  the 
IMCO Code f o r  the Construct ion and Equipment o f  Ships Carrying 
L ique f ied  Gases i n  Bulk. 

James, L., A. McDiarmid, and C.W.P. Maynard, "Hazard Prevention - A 
North American Experience", 115th Annual General Meeting, The 
I n s t i t u t i o n  o f  Gas Engineers, Techn Pap, Blackpool, 16-18 May, 
1978. Pub1 by The I n s t i t u t i o n  o f  Gas Engineers, Communication 
1053, London, 1978. 

B r i e f  h i s t o r y  o f  U.S. hazard prevention, l e g i s l a t i o n ,  proposed 
standards and regu la t ions i n  r e l a t i o n  t o  the gas indus t ry  i s  
discussed. Equal measures f o r  Great B r i  t a i  n are compared, i n c l  udi  ng 
leakage problems i n  d i s t r i b u t i o n  systems, cen t ra l i zed  Dial-Up 
in format ion sys terns, computerization, emergency and operat ional  
procedures. 

Jamison, Lee R., "United States Codes and Regulations A f f ec t i ng  the 
Marine Aspects o f  LNG Movement", AGA Operating Section Proceedings, 
1970, Transmission Conf (Montreal , Quebec, May 8-10, 1978) and 
D i s t r i b u t i o n  Conf (Denver, Colo. , May 22-24, 1978). American 
Gas Association, Virg.,  T233-5, (1978). 



A concise discussion of the ,various U.S. Government codes 
and regulat ions t h a t  concern,"marine t ranspor t  of LNG. Most 
o f  these same codes and regufations a lso apply t o  LPG. 

Jessen, P.F. and A. Melvin,  h he Fundamentals o f  Combustion - A 
Review", Pa'per t o  be presented 40th Autumn Research Meeting, 
The I n s t  of Gas Engr, Techn Pap, London., November 1974. Pub1 
by the I n s t i t u t i o n  .of Gas Engineers, Communication 948, (1974). 

A shor t  discussion on the behavior of laminar flames, burning 
ve loc i ty ,  the d i f fus ion flame s t ruc ture ,  the 1 aminar aerated 
flame, NOx formation i n *  flames and incomplete combustion. 
Several diagrams are provided . 

J i r i  k, Charles J., e t  a1 . , "A Survey a f  Sa l t  Deposits and S a l t  
Caverns -. Their  Relevance t o  the St ra teg ic  Petroleum Reserve", 
(Washington, D.C. : Federal Energy Administrat ion; Spr ingf ie ld ,  
VA: NTISt, PB-255 948, 1976). 

The repor t  summarizes a c t i v i t i e s ,  past  and present, o f  s a l t  
deposits as they per ta in  t o  LPG storage, s a l t  production, and 
sulphur production operations. Not safety re lated.  

Johnson, Bruce, "Tacoma Gives ~ i r t h  t o  Unique LPG Storage Uni t " ,  
Western Construction, 50, (4), 34-37, (1975). 

Concrete Techno1 ogy Corp. of Tacoma, Washi ngton, produced a 
pre-stressed concrete f l oa t i ng  plat form fo r  Indonesia. Discusses 
the twelve 168 f o o t  long steel  tanks, hold ing a t o t a l  of 375,000 
bar re ls  o f  1 i q u i d  propane re f r ige ra ted  t o  -50" F. 

Johnson, J.P. and L.R. Jamison, "Pipe1 i n e  t o  Japan - Five Years o f  
LNG Shipping", Chemical Engineering Progress, 71, (7) ,  97-100, 
(1  975). 

Discusses the design, operation and problems o f  two LNG ships, 
the "Polar Alaska" and the "A rc t i c  Tokyo". Most unscheduled 
maintenance has been on normal marine equi pment. 

Johnson, M.R., e t  al . ,  "F i re  Induced Stresses i n  Tanks contain ing 
L iquef ied Gas", ASME 74-PVP-6, Paper presented a t  Pressure 
Vessels & P ip ing Conference, Miami Beach, June 24-28, 1974. 

A theore t i ca l  thermal s t ress analysis of a hor izonta l  cy l  i ndr i  ca l  
tank . p a r t i a l l y  f i l l e d  w i t h  a l i que f i ed  gas shows t h a t  LPG tanks 



exposed t o  f i r e  and 1 i ke ly  t o  fail"'circumferentia1 l y  due t o  the 
combined thermal stress and intern'al pressure. A small amount of 
thermal i nsu la t i on  appl ied t o  the ex te r i o r  o f  the tank i s  sa id  
t o  r e s u l t  i n  substant ia l  reduct ion of the thermally imposed 
stress, thus s i g n i f i c a n t l y  reducing the probabi 1 i t y  o f  l oca l  
tank wal l  f a i l u re .  An exce l lent  analysis o f  one f a i l u r e  mode 
f o r  pressurized LPG tanks. 

Jones, Fred A. and Bruce L. K l  ine, ."Conservation o f  U t i l i t i e s  i n  
Design and Operation o f  Natural Gas Plants", 53rd Annual Gas 
Processors Associ'ation Convention, Tulsa, Okl a. , 1974, pp. ,149-1 58. 

,li 

Deta i ls  methods f o r  conserving energy i n  t he  operation o f  
natural  gas plants.  

Jones, George P. ; e t  a1 . , "Risk, Analysis i n  ~azardous Materi  a1 sv 
Transportation", Volume. 1, (Cal i'f: Univers i ty  o f  Southern Cal i forn ia ,  
Los Angeles , I n s t  o f  Aerospace Safety and Management, .RAF?O-73-7; 
Spr ingf ie ld,  VA: NTIS, PB-230 810, 1973). 

Data gathered fr6t-n t h e  Department o f  Transportat ion arid. the. 
Association o f  American Railroads concerning LPG truc'k' and 
r a i  1 road ,tanker accidents a r e  reported and a cursory analysis '  
o f  the ri s ks i nvol ved . i s  presented. 

Jordan ,' Char1 es , H; , "Recent Deve1,opment i n  Cryogenic. Materi  a1 s 
and Equipment" , 46th Annual Natural Gas Processors Associat ion 
Convention, ,Tulsa , Okl a. , 1967 ,, pp. 76-80. 

A very general discussion o f  materi.al s o f  ,construction ' and 
equipment su i  tab1 e for  cryogenic service. Not spec i f ic  enough 
t o  be o f  p rac t i ca l '  use f o r  hazard studies.. . .  

Kaiser, G.D. and B.C. Walker, '"Releases 'o f  Anhydrous -Ammonia From 
Pressurized Containers - 'The Importance o f  Denser-Than-Air 
Mixtures" ,' Atmospheric Envi ronment , 2, (1  2) ; 2289-2300, (1 978). 

This paper examines the dispersion o f  ammonia vapors fo l lowing 
the f a i  1 ure o f '  a pressurized container. The .authors ' develop 
a model t h a t  i n c l  udes g rav i t y  slumping,. r a t e  o f  a i r  entrainment,. 
and ground heating e f fec ts .  .Model predict tons .are compared. 
t o  two actual occurrences. The authors conclude t h a t  ammonla-air 
mixture i s  denser than a i r ;  t h i s  densi ty d i f ference causes the 
cloud ' t o  slump and hug the ground forming a.broad, shallow plume; 
and t h a t  unless the wind speed i s  very low, the:'cloud w i  11 remain 
denser than a i r .  Applicable t o  LPG since both LPG and ammonia 
vapors are denser than a i r .  



.. -. . - f r  
Kamata, Isao, e t  a1 . , "~xper i i i ienta l  Studies on Insu la t ion .  Ef f ic iency 

on an Experimental LNG- c a r h e r  and a LPG Carr ier" ,  H i tach i  ~osen-  
Tech Rev, 38, ( I ) ,  9-18, (1977). 

Performance t e s t  o f  polyurethane foam insu la t ion.  Experiments 
and theory agreed on overa l l  thermal conduct iv i ty.  Not safe ty  
re1 ated. 

Katz ,. W i  11 i am B. , , "Hand1 i ng. F l  amable Product Spi 11s Without ,Doing 
Environmental DamageM, F i r e  Engineering, 130, (8), 36-40, (1977). 

Three petroleum s p i l l s  and the resu l tan t  e f f o r t  by loca l  f i r e  
departments t o  wash the s p i l l  away, the po ten t ia l  environmental 
damage and t o t a l  cost  o f  clean-up, are given as examples of what 
not  t o  do i n  the case o f  a s p i l l .  Training, knowledge and 
e f f e c t i  ve sp i  1 1 sorbents o r  dispersants are emphasi zed f o r  use 
b y  l oca l  f i r e  departments. 

Kaufman, C. ~ h r i s  , "Microprocessor Eases LPf Gas Storage", 01 1 and 
Gas Journal, 75, %(46), 88-91, (197.7). 

Shows f low 1 oops, metering po l  n t s  and -1 ogi c fo r  product and f low 
control  system i n  LP sal  t-cavern storage system and p ipe l ine.  
Not h i gh l y  re levant  . . t o  safety, study. 

Kicks, B.J., "Natural Gas Storage i n  ~ e f r i g e r a t e d  LPG", Gas World 
and Gas Journal , - 182, (4706), 506-507, (1977). . 
A method . f o r  s to r i ng  natural  gas by absorbing. i t  i n  LPG i s  
presented. A t  h igh pressure. and low temperature condit ions 
(e.g. .-40°C and 40 bar), more gas can be stored i n  so lu t ion  i n  
LPG than can be stored i n  the same geometrical volume using 
conventional dry  gas storage a t  the same pressure and. temperature. 
Not safety re1  ated.. 

Kiefner, 'John F. and Robert 0. Smith, "An Analysis of Reportable 
Incidents f o r  Natural Gas Transmission and Gathering Lines 1970 
Through 1975", American Gas Associ a t i  on, 1977. 

The 1970-1975 analysis o f  2459 reportable service inc idents  
( f a i  1 ures) concl udes t h a t  the causes were outside forces (56.3%), 
mater ia l  f a i l u r e  (16.9%), and corrosion (14.9%). (A1 though 
spec i f i c  t o  natura l  gas pipel ines,  the f ind ings are probably, 
appl icable t o  LPG 1 ines as we1 1 ). 



--- . "Report on Analysis o f  the Off ice o f  P ipe l ine Safety 
Operations' 1970-1975 Reportable Inc iden t  Data f o r  the Natural 
Gas D i s t r i b u t i o n  Companies", Ameri'cian Gas Association, 1977. 

i- . . 
. . 

The eval uati.on o f  DOT-OPSO reportable . inc ident  data from natura l  
gas d i s t r i b u t i o n  sy.stenis was updated t o  include the 1975 data. 
Trends for  the per iod 1970-1975 .were a lso evaluated. (A1 though 
speci f i  c t o  natura l  -gas p i  pel i nes., the .  f ind ings are probably . . 
appl icable t o  LPG 1 ines as we1 1).  

King, Ralph, "Gas ~ x ~ l o s i o n s " ,  1,ndustrial Safety, 23, (31 ,  6, 8, 
: (1977). . . . 

Differences i n  town gas and natura l  gas leaks , i n  B r i t a i n  are 
discussed. The conclusion is,' .'when tu rn ing  o f f  the main gas 
Tine, make absolutely sure t h a t  i t  i s  a l l  of the way off ' . ,  

King, W. S. , "On the ,F lu id  Mechanics .and Heat Transfer o f  Liquefied 
Natural Gas S p i l l s  ( P o s s i b i l i t i e s  and Probab i l i - t i es  i n  Assessment 
o f  the Hazards o f  the Importat ion . o f  L iquef ied Natural Gas", 
Rand ~ o r p .  Pap P-5396, ~ a l  i f .  , The 'Rand -corporat i  on, June: 1975, 
1 ~ P P  

A mathematical model o f '  the i n te rac t i on  between an evaporating 
l i q u e f i e d  natura l  gas s p i l l  on tt ie ocean and the ambient water 
i s  presented. It i s  shown t h a t  the e f fec t  o f  mass add i t i on  t ha t  
was neglected i n  previous analysis on the f l u i d  mechanics and 
heat t ransfer  o f  the s p i l l  i s  s i gn i f i can t .  A new mathematical 
model o f  the s p i l l  i s  proposed, approximations are discussed, 
and so lu t i on  techniques are indicated.  

Klehm, Ju l i us  J., Jr., and John E. Singletary,  "Design and Startup 
o f  the Sea Robin 'Gas Processing Plant",  53rd Annual Gas Processors 
Associat ion Convention, Tulsa, Okla., 1974, pp. 167-170. 

Discusses the design and s ta r tup  o f  an offshore, cryogenic gas 
processing p lant .  No safe ty  aspects. 

Kletz, Trevor A., "The Appl ica t ion o f  Hazard Analysis. t o  Risks t o  
the Publ ic  a t  Large", World Congress o f  Chemical Engineering, 
Amsterdam, Ju l y  1, 1976. 

This paper discusses the probabi 1 i ty o f  f a t a l  i t y '  t o  workers and 
the pub1 i c  , a t  1 arge due t o  various voluntary and i nvo l  untqry 
r isk's. The author suggests t h a t  the probabi 1 i ty 'o f  a f a t a l  i ty 

. . 



t o  the pub l i c  a t  la rge '  due t o  r i s k s  posed by i n d u s t r i a l  a c t i v i t i e s  
be kept below 10-7 per person per year. Useful compilat ion o f  
the probabi 1 i ty o f  death due f6 various voluntary and. invo luntary  
r i s k s  are included. 

--- . "The Protect ion o f  Pressure Vessels Against Fire",  F i r e  
In ternat iona l ,  5, (53), 18-29, (1976). 

Discussion. centers on how pressure vessels can be protected 
against the ef fects o f  f i r e  by s loping the ground, thermal insu la-  
t i on ,  cool ing w i t h  water, and lowering the pressure i n  the vessel. 

' i  - - - . "unconfined v.ap6ur Cloud Explosions. . An Attempt t o  Quanti fy 
Some o f  the Factors Involved", paper f o r  presentation a t  the 
American I n s t i t u t e  of Chemical Engineers Loss Prevention Symposium, 
Houston., Texas, March 21 -24, 1977. 

The author discusses the various. fac tors  involved i n  ca lcu la t ing  
the e f f ec t s  o f  unconfined vapor cloud explosions. The paper i s  
bas i ca l l y  an overview of the cur rent  th ink ing  i n  regards t o  such 
explosions. A 1 i s t  o f .  references which contain addi t iona l  and 
more detat led informat ion i s  i n c l  uded. 

.' I 

Kober, D. and E. .Martin, "Safety Aspects of LNG Transportat ion w i t h  
Speci a1 Consideration o f  In1 and. Waterways and Coastal Ports", 
In ternat iona l  Conference and Exh ib i t i on  .on L iquef ied Natural Gas, 
3rd, Washington, D.C., Sept 24-28, 1972. I n s t  Gas Technology, 
Chicago, Ill, Session VI/Pap 8, 15pp., 1972. 

The effects on an 1800 m3 in land  .gas tanker o r  a 2800 m3.. coastal 
tanker ramming ano thersh ip  o f  the same. s ize  are discussed i n  
terms .o f  ramming speed,.penetration depth, s p i l l  rate,  and s p i l l  
size. The two types of tankers considered are common i n  Europe 
bu t  are n o t  o f ten  found i n  the U.S. 

. . . . 

Krasner, L.M., S.A. ~ l j ene r ,  and J .L. Buckley, "Hazardous Mater ia ls 
Transportat ion lntrus i on .Protect ion.  f o r  ,Hazardous. Cargo Tanks", 
(Washington, D.C. : National .Highway. T r a f f i c  Safety Administrat ion; .. 

Spr ingf ie ld ,  VA: NTIS, PB-207374, 1971 ) . 
, . 

Tanker populat ion data and data resu l t i ng  from accidents invo lv ing  
over-the-road fl amnable 1 iqu ids tank ca r r i e r s  were analyzed, w i t h  
respect t o  incidence of. l a t e r a l  in t rus ion.  



Kroeber, A.C., " F i r e  Protec t ion a t  Sea w i t h  Halon. Systems", F i r e  
In te rna t iona l  , 5, (58) ; 87-88, (1 93%). 

Discussion on general comparison o f  CO2 systems w i  t h  a Hal on 1301 
system for  f i r e  extinguishment on board ship. 

Lakey, R. J., "The IMCO Code f o r  Gas Tankers. A Review o f  the 
F ina l i zed  Code", Gastech 75, LNG & LPG Technol.ogy Congress 
Proceedings, Par is , September 30 .-  October 3, 1.975. 

~ r e s e n t s ' a n  out l ' ine o f  the IMCO code f o r  the const ruc t ion and 
equipment o f  ships ca r ry ing  1 i que f i ed  gases. i n  bul  k.  Contained 
i n  a l i s t  o f  the products covered by: the code are butane, propane, 
and butanelpropane mixtures (LPG). ' - .  

. . 
Lathrop, James K. and Wilbur L. Walls, "F i res  Invo lv ing  LP-Gas 

Tank Trucks i n  Repair Garages", F i r e  Journal , 68, (9) ,. 18-20, 
(1974). i .L.. 

.. 
. . .  

Three LPG tank t r u c k  f i r e s  and t h e i r  causes are discussed. I t  
i s  noted t h a t  standard regu la t ions .were app l icab le  and compliance 
w i t h  these regu la t ions might have prevented personal i n j u r y  
and cos t l y  damage. 

. . 
. ' . . 

Leach, David M., "World's F i r s t  T o t a l l y  Offshore NGL F a c i l i t y  - 
Java Sea, Indonesia", 54th .Annual-.Gas Processors Associat ion 
Convention, Tulsa, Okl a., 1975,. pp. 166-170. . .  i 

An of fshore f a c i l i t y  f o r  recovery, storage, and export  o f  NGL 
i s  described. MGL recovery u n i t  and re f r i ge ra ted  LPG storage 
barge (prestressed concrete h u l l  w i t h  s tee l  tanks) are described 
i n  d e t a i l .  No safe ty  aspects. 

Leclercq, J. and H. Baker, "Cargo,. Leak Detect ion Systems f o r  Cryogenic 
Tankers", Gastech 75., LNG & LPG Techno1 ogy Congress Proceedings, 
Par is , September 30 - .  October 3, 1975. i 

. I 

A review o f  the sect ions o f  the IMCO code t h a t  pe r t a i n  t o  cargo 
leak detec t ion systems i s  given. The p r i nc i p l es  of operat ion 
and advantageldisadvantages o f  the various methods ava i lab le  . 

f o r  detec t ing the presence o f .  a flammable gas are discussed. 
Sampl i n g  system design, operation, and maintenance are a1 so discussed. 

Lees, F.P., "Some Data on the Fa i l u re  Modes o f  Instruments i n  the 
Chemical P lant  Environment" ,. .The Chemical Engineer, 277, 418-21, 
(Sept 1973). 



This paper discusses f a i l u &  modes o f  instruments i n  a chemical 
p l a n t  and inc ludes a summary o f  f a i l u r e  ra tes .  ( F a i l u r e  ra tes  
f o r  about .9500 instruments i n  th ree  p l a n t s  were g iven i n  a 
previous paper which i s  referenced: C f .  Anyakora ; S. N. , 1971 ) . 

Leese, A1 b e r t ,  "Highly Flammable L iqu ids  and L ique f ied  Petroleum 
Gases Regulations", J B r i t i s h  F i r e  Serv Asso, - 4, ( I ) ,  5-7, (1976). 

F i r e  losses, p ro tec t i on ,  and prevent ion  i n  the  Un i ted  Kingdom 
+ 

are djscussed. Emphasis i s  placed on h i g h l y  flammable l i q u i d s  
and t h e i r  f i r e  hazards. rL 

LeFl och , M.,, 'The importance of the  Human Element i n  the  Transpor ta t ion  
o f  L i q u i d  Gas", Gastech 75, LNG & LPG Technology Congress Proceedings, 
Par is ,  September 30 - October 3, 1975. 

Discusses, i n  q u a l i t a t i v e  terms, the  elements needed by the '  
personnel i nvo lved  i n  l i q u i d  gas t ranspor ta t i on .  ' N o t  r e l e v a n t  
t o  sa fe ty  study. 

Levine., Donald and David M. Dancer, " F i r e  P ro tec t i on  o f  Ra i l road 
Tank Cars Carry ing Hazardous Mate r ia l  s - A n a l y t i c a l  Ca lcu la t ions  
and Laboratory Screening of Thermal I n s u l a t i o n  Candidates", 
(Washington, D. C. : Federal Rai 1 road Admi n i  s t r a t i o n ;  Spr ing f ie ld ,  
VA: NTIS, AD-747 974, 1972). 

The r e p o r t  describes a l abo ra to ry  screening program t o  s e l e c t  
two thermal i n s u l a t i o n  candidates f o r  use i n  f u t u r e  f i r e  t e s t s  
o f  f i f t h  scale and f u l l  sca le  LPG tank cars. Also inc luded are  
a n a l y t i c a l  c a l c u l a t i o n s  t o  p r e d i c t  pressures and 1 i q u i d  l e v e l s  
i n  LPG tank cars being heated by f i r e s .  

Lewis, H.W., e t  a1 . , " ~ i s k  Assessment Group Report t o  the  U.S.  
Nuclear Regulatory Commission" , (Washington, D.C. : U .S. Nuclear 
Regulatory Commission; S p r i n g f i e l d ,  VA: NTIS, PB-286 859, 
1978). ' 

This reDor t  i s  a c r i  t i c a i  review of t he  MASH 1400 repor t ,  , 

" ~ e a c t o r  Safety Study. An Assessment o f  ~ c c i d e n t  ~ i s k s  i n  U.S .  
Commercial Nuclear Power Plants" .  The r e p o r t  concludes t h a t  
WASH 1400 was a conscient ious and honest e f f o r t  t o  a ~ ~ l v  t h e  . .  - 
methods o f  f a u l t  t ree jeven t  t r e e  ana lys is  t o  a nucl'ear r e a c t o r  
b u t  the  e r r o r  bands o f  t h e  ca l cu la ted  event p r o b a b i l i t i e s  are 
understated due t o  an inadequate data base, poor s t a t i s t i c a l  
treatment, and incons is ten t  propagation o f  unce r ta in t i es  
throughout the  ca l  cu l  a t i  ons. 



Lewis, J.P. and K.A. Smith, "Geyseriny E f f e c t s  i n  LNG Lines", 
American Gas Association, Oper Sec? Proc, 1975, f o r  Meet, 
Los Angeles, Ca l i f ,  and Bal Harbour, Fla, May 5-7 and 
May 19-21 , 1975, T96-TI 03. 

Discusses the causes and ef fec ts  o f  geysering i n  1 i q u i d  f i  1 l e d  
l i nes ;  Equations r e l a t i n g  t o  the p red ic t ion  o f  geysering and 
degree o f  ..gas and 1 i qui d expul s i  on are 'devel oped. Methods o f  
preventing geysering are discussed. 

Lind, C.D., "Expulsion Hazards Associated w i t h  Spi 11s o f  Large 
Quant i t i es  o f  Hazardous Materi  a1 s , ..Phase I", (Cal i f :  Naval 
Weapons Center; Spr ingf ie ld ,  VA: NTIS, AD-A001 242, 1974). 

Large quant i  t i  tes o f  hazardous mater ia ls,  such as 1 i que f ied  natura l  
,. gas, 1 ique f ied  petroleum gas, and ethylene, are studied, hypothet- 

i c a l l y ,  t o '  quan t i f y  the explosion' hazards associated w i t h  s p i l l s .  
Results o f  the program are a phenomenological descr ip t ion o f  a 
s p i l l ,  an examination o f  the detonation proper t ies  o f  methane, 
a qua1 i t a t i v e  theory o f  non-ideal explosions and, a p lan for  
Phase I 1  o f  the study. 

Lind, C.D. and R.A. Strehiow, "Unconfined Vapor Cloud Explosion 
StudyN, 4 th  In te rna t iona l  Symposi um on Transport o f  Hazardous 
Cargoes by. Sea and In1 and Waterways, Jacksonvi 1 l e ,  .Fl o r i  day 
October 1975. , . 

Discusses an experimental program t o  study flame propagation 
' i n  la rge  scale combustible mixtures and t o  evaluate flame accel- 
'e ra t ion under p a r t i a l l y  confined condit ions. Only 5 m radius 
hemi spheri ca l  bag tes ts  have. been carr i .ed out. 

Lind, C.D. and J.C. Whi tson, "Explosion Hazards Associated w i t h  
S p i l l s  o f  Large Quant i t i es  o f  Hazardous Mater ia ls,  Phase 11" , 
(Washington, .D.C. : U.S. Coast 'Guard; Spr ingf ie ld ,  VA: NTIS, 
ADA-047 585, 1977).. 

Flame speeds and overpressures associated w i t h  spark i g n i t e d  
gas-air  mixtures ( inc lud ing propane) enclosed i n  5 m and 10 m 
polyethylene f i l m  hemispheres are reported. Although attempts 
were made t o  optimize condi t ions f o r  t r a n s i t i o n  from burning t o  
detonation i n  unconfined mixtures, no t r a n s i t i o n  occurred. 
Flame accelerat ions d i d  occur; however, the flames appeared 
t o  reach a constant ve loc i t y  a f t e r  an i n i t i a l  accelerat ion, 
and accelerat ions which would be expected t o  lead t o  a t r a n s i t i o n  
t o  detonation i n  la rger  clouds were not  observed. 



" L i q u i d  Petroleum Gas c a r r i e r  The Abbas", Enqineering , w, 
288, (February 1964). <, ' . 

The conversion o f  t h e  MV "Broughty" t o  the  MV "Abbas'.', t he  
f i r s t  semi-ref r igerated LPG c a r r i e r  i n  the  Un i ted  Kingdom i s  . ' 

discussed b r i e f l y .  Four c y l  i n d r i c a l  cargo ' tanks (maximum work.- 
i n g  pressure o f  100 p s i )  were i n s t a l l e d  t o  g i ve  a capac i ty  o f  '. 
between 400 and 500 tons o f  LPG. 

"L iquef ied  Petroleum Gas C a r r i e r  Paul Endacott", Engineering, 
21 8, 259-61 , (August 1964.). - 

The cargo tanks, cargo handl ing system, and propu ls ion  machinery 
o f  the 26,000 m3 capac i ty  LPG c a r r i e r ,  "Paul Endacott, 
a re  discussed. The design i s  unusual i n  t h a t  bo th  r e f r i g e r a t e d  
and pressur ized tanks are  incorporated. 

"LPG C a r r i e r  Phi 11 i p s  Arkansas':, Tanker :  & ;Eul k Car r i e r ,  IS, (12) 
705-6, (1969). 

The 26,500 m3 r e f r i g e r a t e d  LPG c a r r i e r  "Phi 1 l i p s  Arkansas" 
i s  described b r i e f l y .  

"LPG F i l l i n g  s ta t i ons :  1ns ta l  l a t i o n  Recommendations", F i r e  
Prevention, (1 12), 42, (1976). 

The London F i r e  Br igade's Petroleum Branch recommendations 
f o r  i n s t a l l i n g  LPG f u e l i n g  equipment f o r  r e f i q l i n g  LPG 
fue led  v e h i c l e s  a t  o rd ina ry  p e t r o l  f i  11 i n g  stat io,r is.  

"LPG/LNG 1971 " , Shipbui 1 d ing  and Shipping Record, 31 -59, (Jan 29, 
Feb 5, 1971). . . 

The present (1971 ) and f u t u r e  U. S. LNG demand and fo re ign  
supply routes are  discussed b r i e f l y  i n  a d d i t i o n  t o  t rends 
i n  LNG tanker design, an of fshore f l o a t i n g  l i q u e f a c t i o n /  
storage p l a n t  design, and app l i ca t i ons  o f  LPG and LNG i n  the  
food, f e r t i  1 i z e r ,  chemical and p l a s t i c s  i ndus t r i es .  The ' 

LPG/LNG f l e e t  and tanker capac i t i es  as of 10/1/70 are  
l i s t e d .  

. "LPG Ship Car r i e rs  S p l i t  Cargo", Marine Enq/Loq, G9, 45-7, 
(.I 964) . 



- . 
The .cargo tanks, cargo hand1 i n g  system and propuls ion 
machinery of the 26,000 m3 capaci ty LPG ca r r i e r ,  "Paul 
Endacott", are discussed. The design i s  unusual i n  t h a t  
both re f r igerated and pressurized tanks are incorportated. 

"LPG Storage Depot", F i r e  prevention, (121 ), 37, (197.7). 

. . Describes a f i r e  a t  an LPG bulk  storage terminal i n  
England. A re in forced rubber LPG hose used t o  unload 
tank t rucks f a i l e d  whi le  unloading,was i n  progress. The 
cause o f  i g n i t i o n  was no t  determined. The water spray 
system, designed t o  cool the storage tanks i n  case o f  a 
f i r e ,  f a i l ed  t o  operate properly. 

MacDuff , T. , "The Probabi 1 i t y  o f  Vessel Col 1 i sions" , Ocean Industry, 
9, ( 9 ) ,  144-148, (1974). - 
The p r o b a b i l i t y  o f  ships (average length  150 m) i n  the Dover S t r a i t  
grounding, c o l l i d i n g  head on, ramming o r  c o l l i d i n g  w i t h  s ta t ionary  

objects (such as production platform i n  the North Sea) are 
determined and compared w i t h  c o l l  i s i o n  s t a t i s t i c s  f o r  the 

f i v e  years before and the several years a f t e r  June 1967.. 
Geometric probabi 1 i t y  theory , i s  a1 so developed. 

McCl anahan, D. N. , "Energy Requi red t o  Supply Propane", Report 
prepared f o r  Texas LP-Gas Associat ion and National LP-Gas . . . . 

Associ ati,on, June 1976. . .  , 

Discusses the .energy required t o  .supply' propane by t ruck,  
. ' r a i  1 , barge and p i  pe l  i n e  ' transport.  Contains much i n f ~ r -  

mation concerning the movement o f .  propane i n  the 'Uni fed 
Sta'tes . a ~ d  average distances t h a t  propane i s  transported 
by various -mean,s . Contains po ten t i a l  l y  useful  i.nformation 
f o r  safety study. 

McDaniel , Dale E., "F i r e  ~ x t i n ~ u i s h i n g  Effect iveness o f  a' 
. Synthet ic Surfactant  FoamN, (Washington, D.C. : U. S. De- . . 

partment o f  Transportat ion; Spr ingf ie ld ,  VA: NTIS, - .  

AD-786 631 , 19'74). 
. . 

The effect iveness of .a p a r t i c u l a r  synthet ic  foam concentrate 
and p ro te in  concentrate.was compared f o r  JP-4 and JP-5 f i r e s  
on U. S. f l ag  tank vessels. The synthet ic  foam.gave a shor ter  
extinguishment t ime f o r  a given app l i ca t ion  rate,  but  was 
more. adversely a f fec ted  by wind condit ions. Proport ioning 

. . .  
. . concentrate rates. .above the. required minimum had l i t t l e  .e f fec t  

: on extinguishment . . times. No data given f o r  LPG f i r e s .  



, . 

objects (such as production pl 'at form*in the .North Sea) i s  ' 
. determined'and compared w i t h  c o l l i s i o n   statistic.^ for  the 

f i v e  years b e f o k  and the ' f i ve  years. a f t e r  June 1967. Geometric 
. . probabi 1 l t y  theory i s a1 so devel oped. 

. . 
McQuaid, J. , "A Survey ' o f '  the Use o f  Water 'Sprays fo r '  Gas ,Dispersion1', 

Safety Note 77/2, London, Imperial Chemical Industr ies,  l t d .  , 
1977, . . . . 

. . 
< -  . 

. .  . 
. cur rent  usage b h d  knowledge. b f  water-sprays fdr -gas dispersal  

. , are examined and leakage s i tua t ions  where water-sprays would 
, be appl icable are i den t i f i ed .  . Areas requ i r ing  fur ther  research 

, . are noted. . 
. . . , 

--- . . "Minimizing the Frequency and Ef fects  o f  P lant  Leakages, 
. w i t h  ,Par t icu lar  Reference t o  the Use .of Steam and Water-Spray 
. . Curtains", Safety Note No. 7718, London, Imperial Chemical ' 

Industries,, Ltd. , 1977:. 

Designs t o  reduce: . 1 ) .  the r i s k  of leakage, 2) the t o t a l  inventory 
which could be released, 3) the.  r a t e  o f  f l u i d  release and, 4) the 

: extent  o f  the hazardous, area covered by the f l u i d  released are 

. . 
discussed b r i e f l y .  The use o f  steam or.water cur ta ins t o - a i d  i.n. 

, dispersing .hazardous vapors i s  discussed i n  some de ta i l .  

. . Marcus, Henry s., "A" ~l t 'e rna te :  Offshore Terminals" , American Gas 
Association, Oper Sect Proc, 1.979, f o r  Meet, Hol lywood, Fla., 
and New Orleans, La., May 7-9 and May 21-23; 1979, T233-T236. 

T:he r e l a t i v e  mer i ts  if onshore and of fshore LNG terminals are 
discussed b r i e f l y ,  

! ~aruvada., surya N: , "Rkl i a b i l  i t y  ~ n a l ~ s i s  for  ~ e n e r a t i ' n ~ ,  Equipment", 
i. Power Engi neer i  nq, 81, (6 ) ,  .81-84, (1 977). ' .. . . 

, 
Deals w i  t h  ha) f - s i z i ng  bo i l e r s  f o r  greater ava i l ab i l ' i  ty. Poss ib ly  

. . pe r t inen t  t o  LPG.fai lure analysis. . . 

Masai ti s, Gregory J., "How Safe 'are  LNG Tankers?", Ocean Indus t r l ,  
' 

9, (4), 225-227, (1974). - 
' 

Risks t o  an o i l  tanker and LNG tanker are compared o r  c o l l i s i o n ,  
i 

. . 
grounding, f i r e  sp i  1 lage, and s t ruc tu ra l  fa i  1 ure. Design. and 

, operati,ng requirements , . are . c i t e d  as factors  t h a t  make. s t r uc tu ra l  
. . . . 

. . . . . .. . 
. . 111-50 

, . 



f a i  1 ure o f  an LNG tanker much 1 es$' probable i n  comparison 
t o  o i l  tankers. ~5,- 

Mascaro, F. and C. Jansky, "The World's F i r s t  LPG Offshore F l o a t i n g  
Terminals" , Gastech 74, LNG and, LPG Technology Congress ,, Amsterdam, 
November 13-1 4, 1974. L 

The paper describes a proposed. LPG of fshore f l o a t i n g  te rmina l  , 
t o  be moored i n ,  the  Java 'Sea. The, design c a l l s  f o r  a prestressed 
concrete h u l l  conta'i ning. 12 c y l i n d r i c a l  , r e f r i g e r a t e d  LPG . 

storage tanks. No s a f e t y  aspects. 

Mast ,, Robert F. , "The ARC0 LPG Terminal Vessel " , Proceedings of t he  
Conference on Concrete Ships and F l o a t i n g  Structures,, U n i v e r s i t y  
o f .  Cal i f o r n i  a/Berkeley , September 15-19, ,1975, . . .  

ARCO1s prestressed concrete f l o a t i n g  LPG termina l  (60,.000 m3 
capacity.) i s  discussed i n  terms o f  s t r u c t u r a l  s t rength  . . and 
endurance. Not sa fe ty  re1 ated .' . . 

Masters, Gene, "Marine LP-Gas supply Lines t o  ' t h e  U. S. li.,:, .& . ., ' 
I n d u s t r i e s  (LP-Gas ed.), 18, ( I ) ,  2-3, (1973). 

Overseas supply o f  LPG t o  the  U.S. . . i s  discussed b r i e f l y .  No 
safety aspects .- 

. . ' 

Mathi jsen, H. Th. , "Tota l  F looding System f o r  Machinery Space. 
F i r e  P ro tec t i on  on Ships!, F i r e  P ro tec t i on  Review, 39,' (428), 
318-321, (1976). 

. A Halon 1301 t o t a l  f lood ing,  f i r e  p r o t e c t i o n  system ( f o r  machinery 
space f i r e s )  i s '  discussed and a f l o w  diagram i s  shown. 

~ e n z i e ,  Char les A., "An Approach t o  Est imat ing  Probabi l ' i  t i e s  of 
Transpor ta t ion  - Re1 ated Spi 11 s o f  Hazardous Mater i  a1 s" , 
Envi ronmental Science & Techno1 ogy , 13, (2) , 224-228, (1 979). 

Discusses an approach t o  es t imat ing  probabi 1 i t i e s  o f  t ranspor ta t i on -  
re1 ated sp i  11 s o f  hazardous mater i  a1 s. The approach invo lves  , 
f i r s t ,  determining accident  ra tes  f o r  appropr ia te  modes .of 
t ranspor ta t i on  and, second, determining the. f r a c t i o n  o f  accidents 

, t h a t  r e s u l t  i n  s p i l l s .  S t a t i s t i c s  are presented concerning the  
accident  frequency o f  bo th  t r u c k  and rail t ransport . '  Contains 
usefu l  i n fo rma t ion  f o r  s a f e t y  study. 



M i  1 l e r ,  E. J. and K.W. Stevenson;; "Design Technology Appl i e d  t o  
Propane Compressors", 46th Annual Natural Gas Processors 
Associat ion Convention, Tul sa, Okl a. , 1967, PP. 84-88. . 
Discussion l i m i t e d  t o  propane compressor design f o r  r e f r i g e r a t i o n  
service. Not pe r t i nen t  t o  study o f  hazards. 

M i l l e r ,  Myron J., "Risk Management and R e l i a b i l i t y " ,  Risk Management, 
25, ( l o ) ,  19-30, (1978). - 
The author evaluates the ef fect iveness of f i r e  ex t ingu ish ing 
systems inc lud ing  water sp r ink le r ,  dry chemical, C02, and 
steam systems. He concludes t h a t  sp r i nk l e r  systems operated 
e f fec t i ve ly  i n  more than 90 percent of the recorded cases. 
Human e r ro r s  (closed valves, e tc . )  were i d e n t i f i e d  as major 
causes o f  f a i  1 ures . 

M i  t c h e l l  , P. R. , "Gas Carr ie rs  -' Some Construct ional and. P rac t i ca l  
Considerations", Gastech 75, LNG & LPG Techno1 ogy Congress 
Proceedings, Paris, September 30 - October 3, 1975. 

Discusses,, i n  general terms, sh ipbu i ld ing meeting the IMCO Code 
fo r  gas ca r r i e r s ,  t r a i n i n g  and. experience of crews, and problems 
associ ated wi.th 1 oadi ng of cargoes (purging , etc.  ) and repa i rs .  

Montgomery, C. F., "Changing Modes o f  Transportat ion fo r  LP-Gas" , 
43rd Annual Natural Gas Processors Associat ion Convention, Tulsa, Okl a, , 
1964, pp. 43-46. 

A h l s t o r l c a l  look a t  changes ' i n  modes of LPG t ranspor ta t ion.  

Moroney, R.N., D.E. Neff,  and J.E. Cernak, "Wind Tunnel Modeling of 
LNG Spi 11 s" , American Gas Association, 'Oper Sect Proc, 1978, 
f o r  Meet, Montreal, Quebec, and Denver, Colo., May 8-10 and 
May 22-24, 1978, T217-T223. 

LNG s p i l l  scenarios t h a t  may be si.mulated i n  meteorological wind 
tunne,ls are presented and the f e a s i b i l i t y  of such modeling i s  

. demonstrated by comparing wind.tunne1 experiments w i t h . t h e  
1974 AGA LNG s p i l l  t es ts .  

Moss, T.R.. , "The Re1 i a b i l  i t y  o f  Pneumatic Control Equipment: A 
Case Study i n  Mechanical Re1 i abi  1 i t y  , (Great B r i t a i n :  Nat ional  



Centre o f  Systems ~ e l i a b i l i t y ;  Spni:ngfield, VA: NTIS, NCSR-R-4, 
1975). s . c; . 

The re1 i a b i  1 i t y  assessment o f  automatic feedwater con t ro l  systems 
t o  be i n s t a l l e d  i n  a nuclear power s t a t i on  i s  compared t o  f a u l t  
data from s i m i l a r  feedwater con t ro l  systems. It was shown t h a t  
equipment f a i l u r e s  were i n i t i a l l y  d i s t r i b u t e d  according t o  
Weibull funct ions and t h a t  a constant r a t e  o f  f a i l u r e  ( i  .e., 
simple exponential  d i s t r i b u t i o n )  emerges a t  some l a t e r  stage. 

MSA Research Corporation, "Vapor M i t i g a t i o n  f o r  S p i l l e d  V o l a t i l e  
Chemicals by F i  lm and Foam Covers", (Excerpted from Vapor Suppression, 
FPSA Research Corporation, Evans Ci ty ,  PA, 10 May 1979). ' 

This a r t i c l e  discusses the c a p a b i l i t i e s  o f  low expansion and 
h igh expansion foams t o  a i d  i n  decreasing downwind vapor 
concentrat ions from hazardous chemical s p i l l s .  No mention 
i s  made o f  LPG. 

Munk, W.D. and D.L. Parry, "The Use o f  Acoustic Emission f o r  Buried 
P ipe l ine  Flaw Detect ion", Oper Sect Proc, 1979, fo r  Meet, . 
Hollywood, Fla., and New Orleans, La., May 7-9 and May 21-23, 
1979, T314-319. 

Acoustic emission analysis,  as a non-destruct ive t e s t i n g  method 
t o  f i n d  leaks and s t ress corrosion cracking i n  bur ied p ipe l ines,  
i s  discussed b r i e f l y .  

Nair, Keshavan, e t  a1 . , "Cargo S p i l l  P robab i l i t y  Analysis fo r  Deep 
Water Por t  Pro jec tN,  F ina l  Report, (Oak1 and, CA: Woodward- 
Lundgren & Associates; Spr ing f ie ld ,  V.4: NTIS, AD-758 330, 1973). 

A method using the Bayesian ( induc t i ve  and sub jec t ive)  s t a t i s t i c a l  
approach was establ  i shed t o  determine the probabi 1 i t y  of 1 i q u i d  
cargo (speci fi cal  l y  o i  1 ) sp i  11 s from tankers and tanker-re1 ated 
load i  ng/unl oadi ng f a c i  1 i t i e s .  

Nash, George, "Petrochemical and F i r e  Safety. The Development o f  
Special Equipment and F i  re-F ight ing Techniques", F i re ,  70, 
(868), 253-6, (1977). 

Strategy, planning, gas pro tec t ion,  and tank f i r e s  are a few of 
the areas discussed f o r  f i r e  p ro tec t ion  f o r  hydrocarbon fi r'es. 



Nash, P., " F i r e  P ro tec t i on  o f  Flammable L i q u i d  Storaaes by Water 
Spray and Foam", Bui 1 d ing  .Research Establ  ishment , Current Paper 
CP 42/75,. Boreham Wood, 1975, 12 pp. 

Combines two p rev ious l y  pub1 ished a r t i c l e s  by the  same author: 

1.  he Performance o f  F i  re -F i  gh t i ng  Foams on F l  ammabl e L i q u i d  
Fires." F i r e  Prevent ion Science & Techno1 ogy, (1 0) , 1974. 

2.  h he Performance o f  Water Sprays on Flammable L i q u i d  Fires." 
F i r e  Prevent ion Science & ~e&hnolooy, ( l o ) ,  1974. 

The former discusses the  f e a s i b i l i t y  and t e s t i n g  standards f o r  
var ious low-expansion foams i n  f i g h t i n g  l i q u i d  f i r e .  The l a t t e r  
discusses the  f e a s i b i l i t y  o f  u t i l i z i n g  water sprays as a means 
t o  con t ro l  and ex t i ngu ish  the  th ree main classes o f  l i q u i d  
f i r e s .  . 

. . 

Nat ional  . Academy o f  Sciences, - YCompati b i l  i ty Guide f o r  Adjacent 
Loading ,o*'. ~ u l  k L i q u i d  Cargoes.!'-,, (Washington, D. C. ; Spr ing f i e ld ,  
VA: NTIS,. AD-A015 171, 1975). . 

A systematic compati b i  1 i ty  guide f o r  the  hazards o f  r e a c t i o n  
between b ina ry  chemical components of ad jacen t l y  1 oaded bu lk  
cargoes i s  presented. I n c l  udes a1 1 r e a c t i v e  ma te r ia l  s 1-i k e l y  
t o  be shipped by sea. 

- - - . "Eva1 u a t i  on o f  t h e  Hazard of Bulk ,Water Transpor ta t ion  o f  
I n d u s t r i a l  Chemicals. A Tenta t ive  Guide", (Washington, D.C. : 
Nat iona l  Research Counci l ;  Spr ing f ie ld ,  VA: NTIS, PB-189 845, 
1969). 

The f i r e  hazards, h e a l t h  hazards, water po l  1 u t i o n  and r e a c t i v i t y  
o f  some 209 i n d u s t r i a l  chemicals are  presented i n  terms o f  t h e  
o v e r - a l l  p o t e n t i a l  hazard connected w i t h  bu lk  water shipment. 

--- . "Evaluat ion o f  t he  Hazard o f  Bulk Water Transpor ta t ion  of 
I n d u s t r i a l  Chemicals. A Tenta t ive  Guide", (Washington, D.C. ; 
Spr ingf ie l .d,  VA:  FjTIS, AD-775 756, 1973). 

I 

The expanded rev i sed  e d i t i o n  evaluates 337 i n d u s t r i a l  chemicals 
t ranspor ted i n  bu lk  by water  t ranspor ta t i on .  

Nat ional  F i r e  Pro,tect ion Associat ion,  "Flammable & Combustible L i q u i d  
Tank Vehicles 1974", NFPA Ho. 385, Mass., 1974. 

The standard appl,.ies t o  tank veh ic les  . t o .  be used f o r  the  t ranspor ta t i on  



. , . . 

o f  asphalt o r  normally s tab le  fla-&able and' combus'ti'ble 1,iquids. 
w i th .  a f l ash  po in t  below 200°F. Nbt pert i 'nent to. LPG. . , . . '  . . 

--- . "Lessons - From an LP-Gas ~ t i l ' i t y  P lan t  Explosion and . , 

F i re",  F i r e  Command; - 39, ( 4 ) ,  19-25, (1972). 

A G P o r t  o f  an LP-Gas u t i  1 i t y  p lan t  f i r e  and propane t ruck 
explosion (BLEVE) i s  given. The. plant 'was, located i.n . . . . 

Tewksbury, Mass.. A good descr ip t ion i s  given as t o  the cause 
o f  the f i r e  and act ions o f  p l an t  personnel and f i r e f i g h t s r s .  

--- - "storage and   an dl i n g  L iquef ied Petroleum Gases 1979". . . 
NFPA No. .58, Boston, Mass. ,' 1979. . . 

. , 

This standard covers design, construction, imsta l la t ion,  and 
. . operation o f  LPG systems except for  re f r ige ra ted  storage, marine .. 

and p i  pel i n e  terminals, gas processing plants, re f ine r ies ,  and 
. u t i l j t y  gas plants. I t  i s  intended mainly . f o r  commer'cial and. . '  ' 

res ident ia l .  LPG users (.other than u t i  1 i t y ,  companies) and a lso 
covers t ruck t ranspor ta t ion o f  LPG. 

I / . "LP-Gases a t  U t i l i t y  Gas Plants 1979"; NFPA No. 59,. --- 
Boston, Mass., 1979. . . 

  his standard covers the construct ion and operation o f  LPG 
equipment a t  a t i l  i t y  gas p l a n t s .  Refr igerated'  and nonrefr igerated : 
storage are both included. .' 

National Petroleum Council, "U.S. Petroleum and Gas Transportat ion 
Capacities", NPA Commi t t e e  on O i l  and Gas Transportation, 
F a c i l i t i e s ,  Washington, D.C., 1967. . . 

I 

T h i s  i s  a compilat ion o f  data on natura l  gas and petroleum 
. . 

product t ranspor ta t ion '  by p i  pel ine, r a i  1 road tank cars, and 
trucks. Some data are included on- LPG p ipe l ine  locat ions and 
capaci t ies and on , the  - number and capacity o f  .trucks. and r a i  1 road . . , 

tank cars capable o f  t ranspor t ing LPG. This informat ion was. 
current '  i n  1967 bu t  i s  now outdated. . , 

National Research Counci 1, "Human Error' i n  ~ e r c h a n t  Marine Safety", 
(Washington ,, .D.C.' : Maritime Transportat ion Research Board; 

. . Springfield,, 'A: ' NTIS, ADA-028.371, 1976). 
. . . . 

~he : .ana ly t i ca l  methods and r e s u l t s  o f  a study. t o  determine the . . 
. . 

. . . . 

:, ' , '  11.1-55 ' ' : . . .  . . 

, . . . . . . . . _  



' . under1yi"h~ causes o f  casual t ies r e s u l t i n g  from human e r r o r  
i n  .the U.S; merchant marine .are presented. 

' 

~ r e s s d k e  re1 i e f  systems f o r  marine bu lk  1 i q u i d  cargo containers 
' 

vent idg vapor,.. 1 iqu id ,  o r  1 iquid/vapor mixtures are discussed 
i n  f.e@ o f  overpressure caused by f i r e ,  chemical react ion,  
1 oss of insu la t ion,  0.r improper operat i  on. 

~ a t i o n a l '  Transportat ion Safety Board, "Chicago, Bur l  i ngton and Quincy 
Rai l road Company, Tra in  64 and Tra in  824, Derailment and C o l l i s i o n  
w i t h  Tank Car Explosion, Crete, Nebraska, February 18, 1969", 

-., '. (Washington, D.C. : NTSB-RAR-71.-2; Spr ingf ie ld ,  VA: NTIS, ' 

iPB-198 790, 1971). 

, 
A tank car  i n  t r a i n  824 was completely f rac tu red  upon impact w i t h  

. de ra i led  cars o f  t r a i n  64 and released i t s  1 ading o f  29,200, gal 1 ons 
o f  anhydrous ammonia i n t o  the atmosphere. The complete f r ac tu re  
o f  the tank car  on' impact was contr ibuted by the b r i t t l eness  of 
the s tee l  o f  the car  caused by the low ambient temperature. S ix  
people were k i l l e d  arid 53 tn jored.  . . 

--- . "Highway Accident Report - Mu1 t ip le -Veh ic le  Col l  i s i o n  
Followed by Propylene Cargo-Tank Explosion, New Jersey Turnpike, 
'Ex i t  8, September 21, 1972", (Washington, D.C. : NTSB-HAR-73-4; 
Spr ingf ie ld ,  VA: . NTIS, PB-225 032, 1972). 

A tractor-semi t r a i  l e r  (tank) car ry ing propylene 1 i q u i d  petroleum 
gas.sideswiped a bus. A f t e r  several c o l l i s i o n s  w i t h  other cars, 
the t r ac to r - sem i t r a i l e r  st raddled the turnp ike 's  median guardra i l  
wh i le  f i r e  erupted and spread t o  the propylene which was leak ing 
from the cargo tank's damaged plumbing. 

--- . . "Highway Accident Report - Propane Tractor-Semi t r a i  1 e r  
Overturn and F i re .  U.S. Route 501, Lynchburgh, V i rg in ia ,  
March 9, 1972", (Washington, D.C. : NTSB-HAR-73-3; Spr ingf ie ld ,  
VA: NTIS, PB-221 986, 1973). 

The veh ic le  carry ing,pressur ized LPG overturned, s l i d  on i t s  
s ide and was ruptured by a rock embankment, re leasing the LPG. 
The propane-ai r mixture i gni ted, k i  11 i ng two persons and i n j u r i n g  
f i v e  others. 



--- . "Highway Accident Report - Sur t igas  , S.A., Tank-Semi t r a i  l e r  
Overturn, Explosion, and F i re ,  Near Eagle Pass, Texas, A p r i l  29, 
1975", (Washington, D.C. : NTSB-HAR-76-4; Sp r ing f i e ld ,  VA: NTIS, 
PB-254 034, 1976). 

The t r a c t o r - t a n k - s e m i t r a i l e r  c a r r y i n g  LPG swerved t o  avoid an 
automobi l e  ahead 'slowing , f o r  a tu rn .  The tank-semi t r a i  l e r  
separated from the t r a c t o r ,  s t ruck  a concrete headwall and 
ruptured. The ensuing f i  r e  and explos ions burned ,51 persons, 
k i  11 ed 16 ( i n c l u d i n g  the  t r u c k d r i  ve r )  and destroyed a bu i  1 d ing  
and 51 veh ic les  i n  the  area. 

- - - . "Highway Accident Report - Transport  Company o f  Texas, 
Tractor-Semi t r a i  1 e r  (Tank) Col 1 i s i  on w i  t h  Bridge Col umn and 
Sudden Dispersal  o f  Anhydrous Ammonia Cargo, 1-60 a t  Southwest 
Freeway, Houston, Texas, May 11 , 1976", (Washington , D. C. : 
NTSB-HAR-77-1; Sp r ing f i e ld ,  VA: NTIS, PB-268 251, 1977). 

A tractor-semitrailer ( tank )  t r a n s p o r t i n g  7509 ga l lons  of 
anhydrous ammonia s t ruck  and..then penetrated a br idge r a i l  
on a ramp connecting 1-610 w i t h  the  Southwest Freeway. The 
t r a c t o r  and t r a i l e r  l e f t  the  ramp, s t ruck  a support column of 
an adjacent  underpass, and f e l l  onto the  Southwest Freeway, 
(approximately 15 f e e t  below), re leas ing  the  anhydrous ammonia. 
Six.persons ,died, 78 persons were h o s p i t a l i z e d  and about 100 
o the r  persons were t r e a t e d  f o r  i n j u r i e s .  

- - - . " I 1  1 i n o i s  Centra l  Ra i l road Company, T r a i n  Second 76 
Derai lment a t  Glendora, M iss i ss ipp i ,  September 11, 1969", 
(Washington, D.C. : NTSB-RAR-70-2; S p r i n g f i e l d ,  VA: NTIS, 
PB-194 696, 1970). 

A pedestr ian on the  r a i  1 road . t racks  caused the  ,engineer t o  apply 
f u l l  emergency braking. One o.f the  v i n y l  c h l o r i d e  tank cars 
which d e r a i l e d  was punctured. and i t s  contents s p i l l e d .  A f te r  
d ispers ion  o f  much o f  the  vapors, i g n i t i o n  by an unknown source 
took place. Another tank ca r  o f  f i  re- inpinged v i n y l  c h l o r i d e  
l a t e r  exploded v i o l e n t l y ,  s e r i o u s l y  damaging the  surrounding 
area. 

- - - . "Pipe1 i n e  Accident Report - Dow Chemical ,,U.S.A., .Natura l  
Gas L iqu ids  Explosion and F i re ,  Near De,vers, Texas, May 12, 1975", 
(Washington, D.C. : NTSB-PAR-76-5; Sp r ing f i e ld ,  VA: NTIS, 
PB-255 979, 1976). 

An 8- inch p i p e l i n e ,  which was c losed i n  under pressure, rup tured 
and na tu ra l  gas 1.iquids (ethane - propane mix ture)  a t  1425 p s i g  



pressu ree rup ted  from a f r a c t u r e  near t h e . t o p  o f  t h e  pipe1i"e. 
' .  The escaping LPG vapors were i g n i t e d  by an automobile which, 

entered the  flammable zone. The r e s u l t i n g  explos ion and' f i r e  
k i l l e d  t h e  four  persons i n  t h e  automobile. 

- - - . " ~ i p e l  i ne Accident Report - M i  d-Ameri ca P i  pe l  i ne System' 
L iquef ied  Petroleum Gas P i p e l i n e  Rupture and F i re ,  Donnellson, 
Iowa, August 4, 1978", (Washington, D.C. : NTSB-PAR-79-1; 
Sp r ing f i e ld ,  VA: NTIS, PB-296 136, 19791. 

An & inch propane pipe1 i n e  f a i l e d  due t o  the  combined st resses 
t h a t  were exer ted on the  p ipe l ine 'when i t  was lowered 3 months 
before the  accident  a n d ' t o  a dent and gouge which had weakened 
the  pipe. Three persons d ied  and two were c r i t i c a l l y  burned. 

- - - . "P ipe l i ne  Accident Report - P h i l l i p s  Pipe L ine  Company, 
Natura l  Gas L iqu ids  F i re ,  Aust in,  Texas, February 22, 1973", 
(Washington, D.C. : NTSB-PAR-73-4; S p r i n g f i e l d ,  VA: NTIS, 
PB-225 845, 1973). 

A 10-inch p ipe  f a i l e d  i n  an area o f  s t ress  concentrat ion which 
was due t o  improper p i p e l i n e  r e p a i r  welding procedures. The 
f a i  1 ure was caused by the  repeated heaving and swel l  i n g  of 
t he  s o i l  a t  t h e  l eak  s i t e ,  which broke the  p ipe  i n  the  area o f  
t h e  s t ress  concentrat ion.  NGL vapor which had leaked from the  
break was i g n i t e d  by the  r e s t a r t i n g  of the  engine of a van 
which had s t a l l e d  i n  the  flammable zone. 

--- . " p i p e l i n e  Accident Report - P h i l l i p s  Pipe L ine  company,' 
Propane Gas Explosion, Frank1 i n  County, Missour i  , ~ecember. 9, 
1'970M, (Washington, D.C. : NTSB-PAR-72-1; Sp r ing f i e ld ,  VA:: . 
NTIS, PB-209 876, 1970). . . 

Probable cause o f  the  accident  was the  rup tu re  o f  an i n s u f f i -  
c i e n t l y  bonded l o n g i t u d i n a l  weld, which had been f u r t h e r  
weakened by i n t e r n a l  corros ion.  The detonat ion and i n i t i a l  f i r e  
consumed 756 b a r r e l s  o f  propane, g i v i n g  r i s e  t o  an est imated 
exp los ive  f o r c e  o f  100,000 I b s  o f  TNT. Con t r i bu t i ng  t o  the  
i n t e n s i t y  o f  t he  exp los ion  and f i r e  were the  weather invers ions  
present  which acted as a l i d  on the  detonat ion and helped 
de f lec t  t he  r e s u l t a n t  fo rces  earthward. (This i s  probably the  
best  documented i n c i d e n t  i n v o l v i n g  the  detonat ion of an unconfined 
propane c loud and i s  c i t e d  by many authors) .  

--- . "Pipe1 i n e  Accident Report - Washington Gas' L i g h t  Company, 
Natura l  .Gas Explosions a t  Annandal e, V i  r g i  n i  a, March 24, 1972", 

. . 
311-58 



(Washington, D.C. : NTSB-PAR-72-4; Spr ing f ie ld ,  VA: ' NTIS, 
PB-214 328, 1972). 

A con t rac to r ' s  backhoe snagged a 2-inch s tee l  gas main, operat ing 
a t  22 psig, and 'pu l led the main out  o f  a compression coupl ing 
22 feet away. For ty  minutes l a t e r ,  gas company personnel a r r i ved  
and f a i l e d  t o  shut o f f  the gas o r  check area houses f o r  the 
presence o f  gas. One hour a f t e r  the break, three nearby houses 
exploded - three persons were k i l  l e d  and another,  in jured.  

--- . "Rai l  road ~ c c i d e n t  Report - Derailment and Subsequent 
Burning' o f  Delaware and Hudson Rai lway F re igh t  T ra in  a t  Oneonta, 
New York, February 12, 1974", (Washington, D. C. : NTSB-PAR-74-4; 
Spr ing f ie ld ,  VA: NTIS, PB-237 336, 1974).. 

The t r a i n  de ra i led  as i t  moved northward around a 30" 30' curve 
j u s t  no r th  of Oneonta, New York. Cause o f  the 'dera i lment  was 
the i n a b i l i t y  of the t rack  t o  r e s j s t  the l a t e r a l  forces which 
canted the .outside r a i l  outward, and widened the gage o f  the 
t rack .  The tank of one o f  the seven cars loaded w i t h  LPG s p l i t  
open and i qn i t ed .  Four of the remaining tank cars ruptured 
about 30 minutes a f t e r  the derailment. 

--- . ."Rai lroad Accident Report - Derailment o f  a Bur l ing ton 
.Northern F re igh t  T ra in  a t  Be1 t, Montana, November 26, 1976", 
(Washington, D.C. : NTSB-RAR-77-7; Spr ing f ie ld ,  VA: NTIS, 
PB-273 91 5, 1977). 

An overloaded rail sec t ion f a i l e d  due t o  an undetected transverse 
f i s su re  and 24 cars derai led.  One o f  the cars punctured an 
above-ground tank near the t rack  which immediately i gn i ted .  
Simultaneously, an LPG r a i l  tank car  was punctured, .the vapors 
ign i ted ,  and the '  tank immediately rocketed 490 feet. Other r a i l  
cars contain ing No. 6 fuel o i l  and LPG were a lso invo lved i n  the 
f i r e  and explosion. Twenty-two persons were i n j u r e d  and 2 
reported missing. 

- - - . "Rai 1 road Accident. Report - Hazardous Mater i  a1 s Rai 1 road 
Accident i n  the A l ton and Southern Gateway Yard i n  East St . '  
Louis, I 1  1 ino is ,  January 22, 1972", (Washington, D.C. : NTSB-RAR-73-1; 
Spr ingf ie ld,  VA: NTIS, PB-217 429, 1973). 

An overspeed tank c'ar loaded wi th 'propy lene c o l l i d e d  w i t h  a standing 
hopper car  and the overr id ing.  coupler on the empty car  punctured 
the tank head. The pressurized propylene leaked from the tank 
car, forming a la rge  vapor cloud, which i g n i t e d  and exploded, 
i n j u r i n g  more than 230 people. 



--- . "Rai 1 road Accident Report - Southern Railway Company 
Train 154 ~ e r a i  lment with Fire and Explosion, Laurel, Mississippi, 
January 25, 1969, (Washington, D.C .  : NTSB; Springfield, VA: - 

NTIS, PB-190 208, 1969). 

Cause of the derailment was a broken wheel. Fifteen tank cars 
loaded with LPG were involved . i n  the f i r e  and explosions imme- . 
diately foll'owing the derailment. Two f a t a l i t i e s  occurred and 
33 persons were hospi ta l  i zed. 

- - - .. "special Study-Safe Service Life for  Liquid Petroleum 
Pipelines", (Washi'ngton, D . C .  : NTSB-PSS-78-1; NTIS, PB-290 368, 
1978). 

' 

LPG pipelines \4ere involved in only 10 percent of the reported 
incidents but caused 62 percent of the property.damage. The 
most common causes of LPG pipeline leaks tha t  led to  injury 
or  f a t a l i t y  were pipeline corrosion and damages caused by 
excavating equipment. More s t r ingent  federal controls on LPG 
pi pel i'nes are recommended. 

Neary, R.M. , "Safety in LNG Semi-Trai l e r  Design", American Gas 
Association, 1976 Operating Section Proceedings, Transmission 
Conference, Las Vegas, Nevada, May 3-5, 1976. 

LNG tank truck design, connections, and driver training are  
di scussed br ief ly .  

Nelson, Wayne, "Charts for  Confidence Limits and Tests fo r  Failure 
Rates", J .  Qua1 Technol, 4, ( 4 ) ,  190-195, (1972). 

Defines Poisson and exponential confidence l imits  for  a product 
fa i lure  ra te  and presents simple charts for  determining upper 
confidence 1 imi ts and s t a t i s t i c a l  demonstration t e s t s .  I1 1 ustrates  
methods with actual data on e lec t r ica l  components. 

"New LPG Ship Joins Phi l l ips  Fleet",  Marine Eng/Log, 74, 70-71, 
(March 1.969). 

The 26,500 m3 refrigerated LPG ca r r i e r  "Phillips Arkansas" i s  
discussed br ief ly .  Not safety related. 

"Mew Seago'i ng "Deepfreeze" i s  Designed f o r  LPG Cargoes", Marine 
Eng/Log , 72, ( l o ) ,  70-2, (1967). 

The semi-refrigerated LPG ca r r i e r  "Clerk Maxwell" i s  discussed 
br ief ly . .  Not safety related. 



~ e b t o n ,  ~ h i l l i ~ ,  W.R. Von Tress, and J.S.. Bridaes, "Liquid storage ' 

in the CPI" , Chemical Engineering/Deskbook Issue, &, (8)  ,'- 
9-15, (1978). 

The a.uthors present basic information on the various types of 
tanks an,d vessels used in the chemical processing industry.' 
The factors to  be considered when selecting a storage system 
are discussed. Too general t o  be of use in safety study. ' 

Noeltner, Robert H . ,  J r . ,  and William J .  Martinec, "Cargo Instrumentation 
and Control System for  Floating LPG Terminal", Offshore Techno1 Conf, 
7th ~ n n u  Proc, Houston, Texas, May 5-8, 1975. V .  111, Pap 
OTC 2426, p.  829-838. 

A description of the instrumentation and control systems for  
the f i r s t  f loat ing LPG terminal i s  presented. The terminal i s  
a concrete barge and will be located in the Java Sea off Indonesia. 
A complete discussion of the instrumentati-on i s  given, including 
the alarm system and instrument redundancy. The system u t i l i zes  
capacitance level sensors, LVDT type pressure sensors, an 
a t t i tude  sensor, central processing computer and a complete 
console whi ch provides di spl ays , pr in ter ,  control s and a1 arm 
annunciators. 

Norman, Edward C .  and Howard A .  Dowel 1 , "The Use of Aqueous Foams 
'. . t o  Mi t iga te  Vaporization from Hazardous Chemical Spi l l s" ,  paper 

presented a t  the Large Scale Toxic Gas Releases Symposium held 
a t  the 86th National Meeting,of the American Ins t i tu te  of Chemical 
Engineers, Houston, April 1-5, 1979. 

The resu l t s  of t e s t s  to  reduce vapor emissjons are reported for  
s ix  foams applied to  eleven different  chemicals. Three foams 
were shown t o  be effect ive on laboratory scale butane s p i l l s .  

Okrent , 0. , "Ri sk-Benef i t Method01 ogy and Appl i cat i  on: Some Papers 
Presented a t  the Engineering Foundation Workshop, September 22-26, 
1975, Asi lomas, Cal i fornia,  (Cal ifornia:  The University of 
California a t .  Los Angeles; Springfield, VA: NTIS, PB-261 920, 
1975.) . 
Thempapers were presented to  assess quantitatively the state-of- 
the-art  . on r i  s k/benefi t method01 ogy in terms of nuclear reactors 
and shipment and storage of liquefied natural gas. Includes: 

Katz, Donald L. and Harry H .  West, "The Overall Problem - Risk/ 
Benefit fo r  LNG Shipping and Storage". 



Besumer, P.M., e t  a l . ,  "The Combined Use o f  Ehgineering and 
R e l i a b i l i t y  Analys is  i n  Risk Assessment o f  Mechanical and 
S t ruc tu ra l  Sys tems" . 
F a i r l e y ,  W i  11 iam B., " C r i t e r i a  f o r  Eva1 ua t ing  the  "Small " 
Probabi 1 i ty, o f  a C.atastrophic Accident from the  Marine 
Transport.ation o f  L ique f ied  Natura l  Gas". 

Gibson, S.B., "The Use o f  Q u a n t i t a t i v e  Risk C r i t e r i a  i n  
. . 

Hazard,Analysis". '  . 

Erdmann , R. C . , "comments on the R i  s k / ~ e n e f  i t Methodol.ogy 
Workshop" i 

.Parsons, P.L., " T r i a l s  o f  Foam on Pe t ro l  F i res" ,  F i r e  Engineers 
Journal,  2, (105), 10-15, (1977). 

The r e s u l t s  o f  t e s t s  us ing  f i v e  foams t o  ex t i ngu ish  p e t r o l  
f i r e s  are  presented and discussed. P r o t e i n  foam was found t o  
be i n e f f e c t i v e  as an ext inguishment agent. Does n o t  apply 
t o  LPG sa fe ty  study due t o  f u e l  d i f fe rences.  

Pinson, J.A., "A Review o f  Gasoline P l a n t  Property Losses", 49th 
Annual Natura l  Gas Processors Assoc ia t ion  Convention, Tulsa, 
'Okla., 1970, pp. 163-164. 

A general d iscuss ion o f  f a i l u r e  modes and e f fec ts  i n  gaso l ine  
p lan ts ,  emphasizing f i r e  events. A1 though discussion i s  q u i t e  
general, some informat ion i s  useful as gener ic  data. Provides 
a t a b u l a t i o n  o f  d o l l a r  losses from 96 events dur ing  the  pe r iod  
1959-1968, b u t  in format ion i s  n o t  useable f o r  f a i l u r e - r a t e  data. 

Pluta,  P.J. and R.G. Wi l l iams,  "U.S. Coast Guard LNG Regulat ions", 
American Gas Associat ion,  Oper Sect Proc, 1979, fo r  Meet, 
Hollywood, Fla.,  and New Orleans, La., May 7-9 and May 21-23, 
1979,. T214-220. 

Th is  paper discusses t h e  bas is  f o r  the  Coast Guard's a u t h o r i t y  
i n  e s t a b l i s h i n g  regu la t i ons  f o r  l i q u e f i e d  gas ships and the  
r o l e  of the  IMCO committee. The reasoning behind the  adoption 
o f  c e r t a i n  regu la t i ons  i s  presented. Instances where the  
USCG and IMCO requirements d i , f f e r  a re  high1 ighted.  

Poten & Partners, "L ique f ied  Gas Ship Safety, The H i s t o r i c a l  
Record, 1964-1977", New York, 1978. 



Report on fac tua l  h i s t o r y  o f  gas sh ip  safety, from 1964-1977, 
c o l l e c t e d  from marine accident  repo r t s  and o the r  casua l ty  
repo r t s  submitted t o  insu.rance c a r r i e r s .  Inc ludes s t a t i s t i c a l  
summary o f  t he  data: 

World f l e e t  o f  171 ships 1  arger  than 5000 m3 (1964-1977,) , 

a) de l  i vered 16,000 cargoes 
b)  accumulated 960 s h i  p-years, o f  se rv i ce  
c )  accounted f o r  on l y  28 ser ious i nc iden ts  i n v o l v i n g  'p.otentia1. 

hazards a t  impor t  te rmina ls  . . 
d) , o f  the  28 inc idents ,  o n l y  one invo lved leakage o f  cargo . 

( leaky  valve)  and none apparent ly  invo lved i g n i t i o n  of 
the  main cargo ( t h e  c o l l  i s i o n  o f  t he  Yuyo Maru and t h e  

. 

P a c i f i c  Ar ies  i s  n o t  inc luded as a  cargo f i r e  ,because 
"it i s  n o t  c l e a r  whether the  LPG tanks even tua l l y  fa i led ' " .  
The LPG tanks d i d  vent and the  vent ing  .gas d i d  burn).  . 

- - - . "L ique f ied  Gas Ship Safety H i s t o r i c a l  Record, 1978", 
New York, 1978?. 

Th is  r e p o r t  i s  an update o f  the  1964-1977 r e p o r t  and i 'ncludes 
the  f a c t u a l  h i s t o r y  o f  gas sh ip  s a f e t y  f o r  1978, c o l l e c t e d  
from marine accident  repo r t s  and o the r  casua l ty  repo r t s  submitted 
t o  insurance c a r r i e r s .  I n c l  udes s t a t i s t i c a l  summary o f  t he  
data: 

World f l e e t  o f  192 ships l a r g e r  than 5000 m3 (1978) 
a) no accidents i n v o l v i n g  cargo leaks, s p i  11 s, o r  ' f i r e s  . 

"Pro tec t ing  L i q u i d  Petroleum Gas Vessels From  ire" ,, Engineer, v. 221, 
Marcti 25, 1966, p. 475-7; Discussion, v. 221, May 27, 1966, 
p. ,818; v. 222, July"22, 1966, p. 125. 

The use o f  water spray systems t o  p r o t e c t  LPG storage vessels from 
exposure t o  f i r e  i s  discussed. Resul ts  from a l a r g e  sca le  
experiment l e d  the  authors t o  recommend a  coverage r a t e  of 
0.. 2  gal  / f t 2 - m i  n. 

"P ro tec t i ve  Systems f o r  Ensuring ' F i r e  Safety a t  Sea", F i r e  P ro tec t i on  
Review, 40, (445), 12-15, (1977). 

Th is  a r t i c l e  reviews some o f  t he  publ ished in fo rmat ion  on f i r e  
safe'ty requirements appl i cable t o  ships and o i  1  p l  atyorms. The 
papers reviewed cover such matters as s p r i n k l e r  and spray 
systems f o r  mar i t ime use, t h e  ca r r i age  by-sea o f  hazardous cargoes 
r e q u i r i n g  environmental c o n t r o l  , f i r e b o a t s  and shi.p f i r e s ,  and 
foam s p r i n k l e r  i n s t a l  l a t i o n  on s imulated o i  1  r i g '  f i r e s .  



Rabe, 2 a l t e r  M., "Ref r igera ted LP-Gas Tanker Operations", 53rd 
Annual Gas Processors Assoc ia t ion  Convention, Tul s a y  Okl a. , 
1974, pp. 138-142. 

The p r i n c i p l e s  o f  opera t ion  o f  a t y p i c a l  LPG tank sh ip  are  
presented. L is ' ts  o f  the  LPG tank sh ip  f l e e t  and U.S. LPG 
marine te rmina ls  are g iven along w i t h  a d iscussion o f  t he  . f u t u r e  
demand f o r  more LPG tankers. Useful background in format ion .  

Raj, P.K., e t  a l . ,  "LNG S p i l l  F i r e  Tests on Water - An Overview 
o f  the  Resul t s "  , American Gas Associat ion,  Oper Sect Proc, 
1979, f o r  Meet, Hollywood, Fla.,  and Mew Orleans, La., 
May 7-9 and May 21-23, 1979, T246-T251. 

The authors r e p o r t  on a se r ies  of 16, t e s t s  i n v o l v i n g  t h e  s p i l l  
. and i g n i t i o n  o f  LNG on water.  Two k inds o f  f i r e s  were studied:  

pool f i r e s  and vapor c loud f i r e s .  The q u a n t i t i e s  o f  s p i l l e d  
LNG va r ied  between 3 and 5.5 cm3 w i t h  s p i  11 dura t ions  from 
30 t o  250 sec. A mean value of 210 k ~ / m ?  (66,600 ~ t u / h r - f t 2 )  
has been obta ined f o r  t he  flame emissive power i n  the  pool f i r e  
on water experiments. From the spec t ra l  record  the  flame 
temperature i s  est imated t o  be 1500 K. The v i s i b l e  f lame he ights  
were i n  agreement w i t h  Thomas' c o r r e l a t i o n  p red ic t i ons .  I g n i t i o n  
o f  dispersed vapor clouds r e s u l t e d  i n  a propagating plume f i r e ,  
w i t h  r e l a t i v e l y  low flame heights.  The mean emissive power 
value f o r .  t he  vapor f i r e s  was comparable t o  t h e  pool f i r e  
r e s u l t .  While the  vapor f i r e s  progressed back toward the  
source, h a l t i n g  of the  vapor f i r e  spread f o r  a ' s u b s t a n t i a l  
du ra t i on  a t  t he  1 and-water i nte r face  was observed. Possib le 
mechanisms t o  exp la in  t h i s  unexpected phenomenon are  discussed. 

Rasch, J .M. B. "Pe t te r "  , "Design Features and Avai l a b i  1 i ty o f  L i q u e f i e d '  
Gas Car r i e rs " ,  57th Annual Gas .Processors~Association.Convention, 
Tulsa,. Okl a. , 1978, pp. 195-201. 

A review of t he  var ious types o f  tanks used t o  conta in  LPG 
aboard LPG tank ships i s  presented. Those po r t i ons  o f  t he  
IMCO code and USCG regu la t i ons  ' t ha t  p e r t a i n  t o  tank design 
are  discussed. 

Reid, Robert A., "Design and Operat ion of Refr igerated LP-Gas 
Terminals and Requirements f o r  New Terminals", 53rd Annual 
Gas Processors Assoc ia t ion  Convention, Tulsa, Okla., 1974, 
pp. 143-144. 

The design and opera t ion  o f  var ious U.S. LPG marine te rmina ls  are 
discussed. An increase i n  the  number o f  terminals 'needed i s  
p red i  cted. 



--- . "Mass Storage of Liquefied Petroelum Gases i n  the  U.S.A.", 
World Gas Conf, 13th,  London, Jun 7-11, 1976. Pub1 by In t  Gas 
Union, London, 1976, v. 4, Pap 1GU/H4-76. 

The development, locat ion,  and types of LPG mass storage 
(capacity.  g rea te r  than 4,000 metric tons) i n  the U.S. a re  
discussed. 

- - - . "Safety Considerations in  the Design and Operation of a 
Refrigerated LP-Gas Marine Terminal " , American Petroleum I n s t i t u t e ,  
Proceedings, Sect 111, Refining, Vol . 54, f o r  Meet, 1975, 
Chicago, I l l . ,  May 12-15, 1975, p. 471-483. 

General discussion of p lant ,  1 ayout , operations,  and safe ty  
a t  Petrol ane 's  marine import terminal , San Pedro, Cal i forni  a. 

Reid, Robert C. and Kenneth A. Smi th ,  "Behavior of LPG on Water", 
Hydrocarbon Processi ng, 57, (4 ) ,  11 7-1 21 , (1 978), 

Heat t r ans f e r  model of boil ing r a t e  f o r  LPG, w i t h  a growing i ce  
sh ie ld ,  described. Adding small quan t i t i es  of ethane o r  n-butane 
t o  the  propane had e s s e n t i a l . 1 ~  no e f f e c t  on the  heat f lux  curves. 
Thus, the  boil ing of LPG may be modeled s a t i s f a c t o r i l y  by using 
pure propane. Ethane - a moving boundary model might be applicable 
in  the  same manner as employed f o r  propane s p i l l s .  In theory, 
a f t e r  an i c e  sh ie ld  forms, ttie heat t r ans f e r  r a t e  i s . s i g n i f i c a n t l y  
above t h a t  of LPG; although . i n  the very sho r t  period following 
a spi  11 , LPG boi 1 s a t  a r a t e  very much f a s t e r  than ethane. 
Ethylene - model same as  LPG and ethane. n-butane - the r a t e  of 
boil ing i s  f a r  l e s s  than other  l iquef ied hydrocarbons studied. .  

--- . "Confined Boiling ~ a t e s  of Liquefied Petroleum Gas on 
Water", Washington, D.C.., U.S. Department of Energy, Div of 
Envi ronmental Control Technology, Report No. HCP/P4548-01, 
1978. 

Presents r e s u l t s  of experimental "spi 11 s "  of LPG, propane, ethane, 
ethylene,  and n-butane on water i n  a special ized experimental 
apparatus ha.ving a 191 cm2 heat t r ans f e r  surface.  Two t e s t s  
w i t h  propane on i ce  and propane on. agar gel were a l so  run .  
Results a r e  presented as  mass vapori'zed as  a function of time. 
A basic science study applicable t o  study of LPG s p i l l s  and 
vaporization as  input t o  dispersion models. 

Robinson, H.S., "An1 Underwri t e r ' s  Viewpoint on Gas01 i ne Plants - 
They Can Burn", 49th Annual Natural Gas Processors Association 



. . . . 

Convention, Tulsa, Okla, , 1970, pp. 161-1.62. 

Provides O i  1 Insurance Associat ion I s  minimum f i r e  p ro tec t ion  
recommendations fo r  a we1 1 -protected gas01 i ne  p lant .  Includes 
general mention of serious f i r e  p ro tec t ion  design def ic iencies 
observed by underwriters . Useful on ly  as general background. 

Rosenblatt & Son, Inc., ,"Tanker St ructura l  Ana1ysi.s f o r  Mi,nor 
Col l is ions" ,  (Washington, D.C.: USCG; Spr ingf ie ld ,  VA: NTI'S, ' . 

ADA-031 031, 1975). 

An analy t ica ' l  procedure and i t s  numerical appl i cat ion are preiented 
for  esti,mating the p l a s t i c  energy absorbed by long i tud ina l  l y  
framed ships, . pa r t i cu l a r l y  tankers, when, i nvo l  ved i n  e i t h e r  

. . r i g h t  angle o r  obl ique co l l i s i ons .  

Ryburn, John E., "Design Considerations and Start-Up Problems i n  
the Wasson Plant  Low Temperature Process", 49th Annual Gas 
Processors Association Convention, Tulsa, Okla., 1969, pp. 130-135. 

The operation of a gas processing p l an t  fo r  the recovery o f  
ethane and, propane i s  described. Measures taken t o  reduce' the 
r i s k  o f  . f i r e  o r  explosion wi th i ,n  the p l an t  are discussed. 

"Safe Handling of LPG Cylinders", Construct ion P lant  & Equipment, 
6, (8) ,  36-7, (1978). - 

A b r i e f  discussion i s  presented on the misuse of LPG-cylinders 
and hose connections. ~ a s i c :  safety precautions are suggested. .. . - .. 

~ chne ide r ,  Alan L. , " ~ i q u e f i e d  Na tu ra l  Gas Safety Research Overview", 
Paper, 1978 American Gas Associat ion - Cryogenic Society o f  
America LNG Terminal & Safety Symposium, San Diego, Cal i f . ,  
12-1 3 October, 1978: 

A s i g n i f i c a n t  review o f  105 research papers 'on LNG safety research. 
This i s  an important resource book f o r  study o f  LPG safety 
because o f  the t ransferab le  appl i cabi 1 i ty o f  r esu l t s  for  LNG 
t o  LPG. Necessari l y  '1 i m i  t ed  i n  deta i  1 , but  provides adequate 
informat ion se lec t ion  from the c i t e d  papers. . . 

Searson, A.H., "Petrochemical and F i r e  Safety. P lant  and Equipment 
Design", - -  Fire ,  70, (867),, .I 79-80, (1977). 

General summary of the safe ty  considerat ions which would be t yp i ca l  
of a petroleum o r  petrochemical p l an t  design. 



Sharry, John L. and Wi lbur  L. Walls, "LP-Gas b i s t r i b u t i o n  P l a n t  
F i re " ,  F i r e  Journal , 68, (1 ) , 52-57, (1 974). 

The f i r e  r e s u l t i n g  from a ruptured LPG r a i l r o a d  tank ca r  i n  
Kingman, Arizona on Thursday, J u l y  5, 1973 i s  discussed. The 
tank ca r  rup tured due t o  f i r e  exposure. A ground-level f i r e b a l l  
(150-200 ft i n  diameter) was immediately fo l lowed by a "f laming 
mushroom cloud" (800-1000 f t  i n  diameter).  Twelve f i r e  f i g h t e r s  
d ied  o f  extensive burns. (This accident  i s  c i t e d  repeatedly 
as an example o f  t he  p o t e n t i a l  hazards o f  LPG). 

Siewert, R.D. , "Evacuation Areas f o r   rans sport at ion Accidents,  I n v o l v i n g  
Propel 1 a n t  Tank. Pressure Bursts'', (New Orleans; 1972 . J o i n t  Army, 
Navy, NASA A i  r Force (JANNAF) Propuls ion Meeting; , Spr ing f ie ld ,  
VA: NTIS, N73 29987, 1973). . . 

I I 

! .' 
i ' 

Based on data from r a i l w a y  accidents i n v o l v i n g  s p i l l s  o f  flammable 
1 i q u i d  chemicals w i t h  h i g h  vapor .pressure and tank ca r  explosions, 
i t  i s  est imated t h a t  an evacuation area w i t h  a minimum rad ius  of 
600 m (2000 f t )  i s  requ i red  t o  l i m i t  the  s t a t i s t i c a l  p r o b a b i l i t y  
o f  f a t a l i t y  t o  1:100 such accidents. 

?imrnons, John A., " R i s k  ~s.sessment ~ e t h o d  fo r  ~ A l a t i l e  Toxic and 
,Flammable Mater i  a1 s"  , Prepr i  n t  , 4 th  I n t  symp: Transport  o f  
Hazardous Cargoes by Sea & In land  Waterways, Jacksonv i l le ,  
F lo r i da ,  26-30 October, 1975. . . 

The author presents a method f o r  assessing r i s k s  ' associated w i t h  
ch lo r ine ,  LNG, arid LPG s p i  11 s. Parameters considered are sp i  11 
size,. vapor d i spe rs ion  (Gaussian .plume formula),  t ime o f  i g n i t i o n ,  
and popu la t ion  densi ty .  The method assigns 'a  probabi 1 i t y  t o  
each parameter; t he  product o f  the  f o u r  p r o b a b i l i t i e s  i s  the  
expected frequency o f  t h e  event. Dqta, and . r e s u l t s  , f o r  LPG tank 
t r u c k  accidents are presented. , - (. 

--- . "Risk Assessment o f  Storage and Transport o f  L i q u e f i e d  
Natura l  Gas and LP-Gas" , V i  r g i  n i  a, Science Appl i cat ions,  Inc.  , 
1974. I ,  6 

, . 

An assessment o f  t he  probabi 1 i ty o f  ' f a ta l  i t j ' a s s o c i a t e d  w i t h  
' 

tank t r u c k  t r a n s p o r t a t i o n  o f  LPG and tank sh ip  t r a n s p o r t a t i o n  
o f  LNG i s  presented. The r i s k  assessment considered such f a c t o r s  
as ' p r o b a b i l i t y  o f  an LPG t r u c k  accident  ( r e s u l t i n g  i n  a s p i l l  ) , 
vapor d ispers ion  from t h e  sp i  11 s , ' i g n i t i o n  ,probabi 1 i ty  ,. and 
popu la t ion  dens i ty .  The ca lcu la ted  probabi 1 i ty o f  1.2 f a t a l  i t i e s  
pe r  year f o r  LPG. t ruck .  f i res .  compares favorab ly  t o  the  h i s t o r i c a l  



r a t e  o f  1 .23 deaths per  year (37 f a t a l  i t i e s  between 1931 and 
1961). ' A compi la t ion  o f  LPG s p i l l s  associated w i t h  tank t r u c k  
operat ions from J u l y  1971 t o  December 1973 i s  inc luded as i s  a 
l i s t  o f  acc identa l  LPG releases t h a t  r e s u l t e d  i n  f lash f i r e s .  

Simyons, John A'; and 'Robert C. Erdmann, "Risk Assessment Strategy 
f o r  Marine' Transportat ion" ,  P rep r in t ,  . 4 t h  I n t  Symp, Transport  
o f  tlazardolis Cargoes by Sea & In1  and Waterways, ~ a c k s o n v i  11 e, 
F- lor ida, 26-30 October, 1975. 

Th is  paper b r i e f l y . d i s c u s s e s  methods t h a t  might be used t o  
-reduce' t he  probab i l  i ty o f  f a t a l i t y  due t o  a l a rge  s p i l l  o f  a 
hazardou's. mater i  a1 dur ing  marine t ranspor t .  

Siscoe, Ines, "Phenomenolosy of LNG Accidents, A Selected B ib l iography" ,  
C a l i f o r n i a ,  The Rand Corporat ion, 1974. 

The b i  b l  iography covers the  chemical , physical  , and environmental 
aspects o f  l iquef i 'ed na tu ra l  gas and i t s  t ranspor ta t i on .  The 
references extend from 1965 t o  1974. 

Smith, J;M.S., R.C. Matheb and, J.A.F. Crook, "The Safety o f  Gas 
Car r i e rs  w i t h ,  P a r t i c u l a r  Reference t o  the  I. C. S. Tanker Safety 
Guide (L ique f ied  G'as) . Movement, Contro l  and Personnel 
Tra in ing" ,  Gastech 75, LNG 8 LPG Technology Congress Proceedings, 
Par is ,  71-81, September 30-October 3, 1975. 

A, general-  phi losophy o f  sa fe ty  w i t h  respect  t o  LNG and LPG tank 
ships i s  presented. '  Design and const ruc t ion ,  t r a i n i n g ,  t r a f f i c  
con t ro l  , and s h i  p ' to-shore.  communi ca t ions  dur ing  cargo t r a n s f e r  

I .  

are a l l  d i s c u s s ~ d . ~  

Stannard, James H. , J r .  , "Thermal Rad ia t ion  Hazards Associated w i t h  
Marine LNG S p i l l s " ,  ' F i re  Technology, 13, ( I ) ,  35-41, (1977). 

- $ 4  
-. 

Presents c a l c u l a t i o n s  es t imat ing  the  thermal, r a d i a t i o n  from an 
LNG f i r e  i g n i t e d  s h o r t l y  a f t e r  the  s p i l l  has occurred. A 
25,000 m3 instantaneous s p j l l  i s  used as an example. A safe 

' . separat ion d i  stanc'e' o f .  2900 f t  i s  recommended. 

Strehlow, Roger A., "UnconTined Vapor Cloud Explosions - An Overview", 
I n t e r n a t i o n a l  Symposium on Combustion a t  Pennsylvania Sta te  - 
Univers i ty , '  ,1972. 
(Paper inc luded as Appendix i n :  Brown, John A. ,, "A Study o f  

ci l 



the  Growing Danger of Detonation in  Unconfined Gas-Cloud 
Explosions", Final Technical' Report, New Jersey,  John Brown 
Associatei ,  Inc. , December 1973). 

This paper surveys uneonfi ned. vapor cloud explosions t h a t  occurred 
during the  period 1930-1972 and evaluates research e f f o r t s  
concerning dispersion,  prediction of b l a s t  ef fects , ,  and 
i n i t i a t i o n  of detonations. The reference l i s t  i s  extensive and 
i ncl udes research papers deal i ng w i t h  dispersion an~d explosion 
and a number of descriptions of notable vapor cloud,:explos'ions. 

~ t r e h l o w ,  Roger A .  and Wilfred E .  Baker, "The Characterization and 
Evaluation of Accidental Explosions", Aeronautical and Astronau- 
t i c a l  Engineering Department, University of I1 1 inois  a t  
Urbana , 1975. 

.I , . , ,  

A review of accidental explosion causes and r e su l t s  i s  presented. 
Accidental, in tent ional  and natural explosions a r e  covered. 
Blast  damage analysis  and prediction i s  extensively discussed. 
Vessel ruptures,  f i  reball  s , and unconfined vap0.r. c l  oud explosions 
are  a l l  examined. A good s ta te-of- the-ar t  review a s , o f  1975. 

Sutton, S. B. and E.  W .  McCauley , "Assessment of ,Hazards Resulting 
from Atmospheri c Propane .Explo.si ons a t  LLL" , (Cal i f :  Cal i forni  a 
University , L i  vermore, Lawrence Li vermore Laboratories ; Springfield,  
VA:  NTIS, AD-A015 171, 1975). 

The authors present a technique f o r  estimating b l a s t  wave . 
overpressure and rad ia t ive  heat f lux  values i fo r  hypothetical 
explosions and f a i l u r e  of propane tanks. Calculated overpressure 
and heat f lux  values have been determined f o r  instantaneous 
energy re leases  and slow leak re leases  f o r  a typical  30,000 
1 i qui d gal 1 on propane tank. 

.. . : 1 

Sylvia, Dick, "Seminar Looks a t  Safe ~ a n d l i n ~  of Hazardous Materials 
in Transi t" ,  F i re  Engineering, 128,- ' (8) , '96-8,  100, 103, (1975). 

1. , 

Ways of handling hazardous materials  involved i n  t ranspor ta t ion 
emergencies a re  discussed i n  r e la t ipn  t o  the  problems f i r e  
f igh te rs  wi l l  face a t  the leak,  sp i l l . ,  o r .  f i r e .  The paper i s  
very general but does include some information on hand1 ing LPG 
truck and ra i l road  tank car  accidents.  

1 1 .  ! : b ' . , , ,  

Temple, Baker and Sloane, Inc.,  "World LPG Forecast and Implications 
f o r  the  U.S. Merchant Marine, 1978-1990H, (Mass: Temple, Baker 
and Sloane, Inc. ; Springf ie ld ,  VA: NTIS',' PB-282 306, 1978). 



o b j e c t i v e  of t h i s  study was t o  analyze the p o t e n t i a l  f o r  the  
development of a f l e e t  o f  U.S. f l a g  LPG ships through t h e  year  
1990, 'and offers an economic ana lys is  f o r  sh ipp ing LPG. Inc ludes 
'an LPG and LNG/LPG vessel l i s t  i n  the  appendix. 

Thomas, Wi l l i am duBarry, "Record of Voyages Completed by the  World 
F l e e t  o f  LNG Car r ie rs " ,  issued i r r e g u l a r l y ,  compiled f o r  the  

. E l  Paso LNG Conipany. Issues number one through f i v e .  

An ana lys is  o f  the  voyages completed by t h e  wor ld  f l e e t  o f  
LNG c a r r i e r s .  Inc luded are a1 1 commercial voyages, p lus  some 
experimental voyages, arranged . i n  th ree main groups according 
t o  r e c e i v i n g  te rm ina l  l oca t ion .  

Thomas, Wi l l i am duBarry and A l f red  H. Schwendtner, "LPG Car r ie rs :  
The Current S ta te  of t h e  A r t " ,  paper t o  be presented a t  t he  
Annual Meeting, The Society of Naval A rch i tec ts  and Marine 
Engineers, New York, November 11 -12, 1971 , [ Oceanology, 19-24, 
(March 1972) 1. 

Describes bas ic  design o f  LNG ships.  The on ly  mention o f  LPG 
i s  t h a t  some of t he  ships have r e l i q u e f a c t i o n  equipment i n s t a l l e d  
tha t ' enab les  them t o  c a r r y  o the r  cryogenic cargoes. . . 

Townsend, Wil l iam, e t  a l . ,  "Comparison. o f  Thermally Coated and 
Uninsulated R a i l  Tank Cars F i l l e d  w i t h  LPG Subjected t o  a F i r e  
Envi ronment" , (Mary1 and: B a l l  i , s t i  c Research Laborator ies ; 
Spr ing f i e ld ,  VA: NTIS, PB-241 732, 1974). 

Two (33,700 'ga l lon)  128 k i  l o 1  i t e r  h i g h  pressure r a i l  road tank 
cars (one coated w i t h  1 /8  i nch  (0.318 cm) Korotherm i n s u l a t i o n ) ,  
loaded w i t h  LPG were exposed t o  a l a r g e  hydrocarbon f i r e  approximately 
four t imes as long as t h e  uncoated tank car .  

Townsend, Wi l l i am and Richard Markland, "Preparat ion of the  BRL Tank 
a t  the DOT, Transpor ta t ion  Test Center, Pueblo, Colorado", . ' 

(Maryland: B a l l  i s t f c  Research Laborator ies;  Spr ing f ie ld ,  VA: 
NTIS, PB-251 '1 51,. 1975). 

The design, fab r i ca t i on ,  inst rumentat ion,  c a l i b r a t i o n ,  and 
opera t ion  of t h e  tank c a r  t o r c h  t e s t  f a c i l i t y  a re  reported. The 
to rch  t e s t  i s  designed t o  evaluate effect iveness o f  thermal 
i n s u l a t i o n  coat ings on r e t a r d i n g  heat t rans fe r  i n t o  pressur ized 
tank cars exposed t o  f i r e s .  



Underwri ters  Laboratory,  Inc . ,  "P re s su re  Regulat ing Valves 
'for.LP-Gas", U1 144, 4 th  e d . ,  I l l ; ,  1978. 

Cons t ruc t ion ,  performance t e s t s ,  qual i t y  con t ro l  , and marking 
a r e  d i scussed  f o r  p r e s su re  r e g u l a t o r s  t o  be used wi th  LP-Gas 
equipment o t h e r  than i n  automotive o r  marine a p p l i c a t i o n s  o r  
gas-welding and c u t t i n g  ope ra t i ons .  Appl ica t ions  a t  p l a n t s ,  + 

p i p e l i n e  and marine t e rmina l s ,  and r e l a t e d  s t o r a g e  f a c i l i t i e s  
a t  such l o c a t i o n s  a r e  a l s o  excluded. The s tandard  a p p l i e s  
mainly t o  r e s i d e n t i a l  and i n d u s t r i a l  LPG systems f o r  heat ing, '  etc. 

- - - . "s tandard  f o r  Conta iner  Assemblies f o r  LP-Gas", UL 644, 
4 t h  e d . ,  I l l . ,  1977. 

Cons t ruc t ion ,  t e s t i n g ,  and marking o f  LPG c o n t a i n e r  assembl ies  
up t o  2000 gal  capac i ty  a r e  d i scussed .  The i tems discussed  i n  
t h e  s t anda rd  i ncl ude va lves  , 1 eve1 gauges,  p r e s su re  gauges,  
and r e g u l a t o r s  t h a t ,  i n  add,i.tion. t o  an ASME. coded t ank ,  

. comprise '  a c o n t a i n e r  assembly. 

- - - . "Valves- f o r  Anhydrous Ammonia and LP-Gas (Other Than S a f e t y  
Rel ie f )" ,  UL 125, 3rd e d . ,  111, 1974. 

c o n s t r u c t i o n ,  performance tests,  qual i . ty  c o n t r o l ,  and marking 
a r e  d i scussed  f o r  va lves  i n  anhydrous. ammonia and LPG s e r v i c e .  
The requirements  do n o t  apply t o  LPG valves.  f o r  use i n  r e f r i g -  ' 

. e r a t e d  s t o r a g e  sys  tems , mari ne and pi  pel i ne . t e rmina l s  , chemical 
: p l a n t s ,  e t c .  The requirements  apply mainly t o  va lves  i n  ammonia 

o r  LPG s e r v i c e  where t h e  ma te r i a l  is s t o r e d  and used on-si te 
( e .g ;  , r e s i d e n t i a l  o r  i n d u s t r i a l  hea t ing )  and u t i  1 i t y  company 
LPG gas , p l a n t s .  . . . . 

< 

IJni t e d  S t a t e s  Atomic Energy Commission, "Primary Fuel T ranspo r t  and 
S torage" ,  (Washington, D.C .  ; S p r i n g f i e l d ,  VA: NTIS, TID-26758-P9, 
1974).  

An o u t l i n e d  programformula ted  f o r  r ecogn i t i on  of many a r e a s  
i n  f u e l  t r a n s p o r t a t i o n ,  d i s t r i b u t i o n ,  :.and s t o r a g e  t h a t  could 
b e n e f i t  from improved c o n s t r u c t i o n  and ope ra t i ng  techniques ,  
advances i n  management systems,  and development o f  new and 
improved m a t e r i a l s .  

United - S t a t e s  Coast Guard, "CHRIS: A 'condensed Guide t o  Chemical 
Hazards",  (Washington, D. C .  ; S p r i n g f i e l d ,  VA: NTIS, AD-A002 390, 
1974) .  



The condensed guide provides i n f o r m a t i i n  needed t o  use CHRIS,  
the ava i  1 ab i  1 i t y  o f  o the r  i n f o r m a t i  on systems, chemical data 
sheets (chemical i d e n t i f i c a t i o n  data, general response in fo rmat ion  
.and i nformat i  on on f i r e ,  exposure, and water po l  1 u t i  on), general 
chemical group r e a c t i v i t y  ( i n  case of accidenta l  mix ing)  and 
synonyms o f  chemi ca l  compounds. . The system cons is ts  o f  f o u r  
vo l  umes : 

CG-446-1 A condensed Guide t o  Chemical Hazards 
CG-446-2 Hazardous Chemical Data 
CG-446-3 Hazard Assessment Handbook 
CG-446-4 Response Methods Handbook 

U.S. Congress, Of f ice  of Technology Assessment, "Transportat ion o f  
L i q u e f i e d  Natura l  Gas",.Washington, D.C., Government P r i n t i n g  
Office, 1977. 

LNG technology, components of the  LNG import  system ( tanker  
const ruc t ion ,  operat ions and regu la t i ons ;  terminals;  LNG p r o j e c t  
c e r t i f i c a t i o n ;  safety research on LNG fac i  1 i t i e s ;  fac i  1 i ty  
s i t i n g ;  1 i a b i l  i t y  f o r  accidents; r e l i a b i l i t y  of supply; and 
p r i c i n g  po l  i c y ) ,  pub1 i c  awareness, and ac t ions  des i red  by 
var ious groups are discussed. Much of the  d iscussion i s  a l s o  
app l i cab le  t o  LPG. 

U. S. Department of Energy, "Unconfined Boi 1 i ng and Spreading Rates 
.o f  L iquef ied  Petroleum Gas (LPG) Sp i l led ,  on Water", Renewed 
Proposal. Robert C. Reid and Kenneth A. Smith, Massachusetts 
I n s t i t u t e  o f  Technology, 1978. 

A 1 i t e r a t u r e  ' rev iew on contac t  'boi 1 i n g  between two immiscib le 
l i q u i d s ,  heat t r a n s f e r  t o  b o i l i n g  l i q u i d  mixtures, and b o i l i n g  
o f  cryogenic l i q u i d s  on s o 1 i . d ~  and water i s  presented. Data 
from some LNG s p i l l s  on water are compared t o  the  t o t a l  t ime 

. . t o  evaporate and maximum pool diameter as ca l cu la ted  by th ree 
d i f f e r e n t  mathematical models; agreement was n o t  good. The . 
au thor 's  one-dimensi onal bo i  1 i ng and spreadi ng model i s  f hen 
d'i scussed i n  de ta i  1 . A proposed. experimental program f o r  
s tudying simultaneous bo i  1 i n g  and spreading o f  LPG sp i  11 s on 
water i s  described. Pre l im inary  -experiments w i t h  the  proposed 

. , t e s t  apparatus showed t h a t  i c e  formed on the  area of t he  water 
sur face immediately upon contac t  w i t h  LPG; t h i s  , i s  cont rary  
t o  previous LNG t e s t s  where no . i c e  format ion was observed. 

U. S. Department of Energy, Environmental c o n t r o l  Techno1 ogy D iv i s ion ,  
"L ique f ied  Gaseous Fuels Safety and Environmental Contro l ,  
Assessment Program: A Status Report", (Washington: P a c i f i c  



Northwest Labora to r i e s ;  S p r i n g f i e l d ,  VA: NTIS, DOE/EV-0036, 
May 1979).  

This  document r e p o r t s  on both t h e  c u r r e n t  planning and overview 
a s p e c t s  o f  t h e  Liquef ied  Gaseous Fuels  S a f e t y  and Environmental 
Control Assessment Program and on progress  made i n  FY 1978 i n  
t echn ica l  a r e a s  by government c o n t r a c t o r s .  

U.S. Department o f  T r a n s p o r t a t i o n ,  Coast Guard, "Federal R e g i s t e r ,  
Vol . 44, No. 87 ,  Thursday 3 ,  1979. Sa fe ty  Standard f o r  Se l f -  
Propel l e d  Vessels  Carrying Bul k Liquef ied  Gases; Special  I n t e r im  
Regulat ions f o r  Issuance o f  L e t t e r  o f  Compliance t o  Barges 
and. Ex i s t i ng  Liquef ied  Gas Vesse ls" .  

Amendments t o  46 CFR, P a r t  31 , 34, 40, 54, 56, 98,. 154,  and 154a 
a r e  presen ted .  The major amendment changes t h e  o l d  46 CFR, 
P a r t  154 t o  new P a r t  154a, "Special  In te r im Requirements f o r  
Issuance o f  L e t t e r s  o f  Compliance t o  Barges and Ex i s t i ng  Liquefied 
Gas Vessels" .  The o l d  Part .  154 i s .  rep laced  by new P a r t  154, 
"Sa fe ty  Standards f o r  Sel f-Propel l e d  Vessels  Carrying Bulk 
Liquefied Gases". Both o f  t h e s e  new p a r t s  g e n e r a l l y  r e q u i r e  
t h a t  t h e  v e s s e l s  meet t h e  appl i ,cable  IMCO codes,  w i t h  c e r t a i n  
except ions  and a d d i t i o n s  . 

--- . " F i f t h  Coast Guard D i s t r i c t  L iquef ied  Natural Gas 
Emergency Contingency P lan" ,  V i r g i n i a ,  1978. 

A d e t a i l e d  plan f o r  hand1 ing  emergencies such . a s  f i r e s ,  groundings,  
e t c . ,  on LNG v e s s e l s  c a l l i n g  on Cove P o i n t ,  Maryland. The' 
d e s i r e d  p lans  o f  a c t i o n  by t h e  s h i p  o p e r a t o r s ,  t e r m i n a l  op- 
e r a t o r s ,  and USCG a r e  presen ted .  

--- . "LNG/LPG Contingency Pl an" ,  Captain o f  t h e  P o r t ,  Providence , 
Rhode I s l a n d ,  1975. (Supplement - Revised 25 Apri 1 -1977).  

This  document d e t a i l s  a l l  s p e c i a l  requirements  c a l l e d  f o r  by 
t h e  USCG Captain o f  the P o r t  o f  Providence, Rhode I s l and ,  f o r  
the t r a n s p o r t  and d i s c h a r g e . o f  LNG and LPG with,in t h e  P o r t  of 
Providence. These requirements  a r e  g e n e r a l l y  i n  a d d i t i o n  t o  
those  imposed by IMCO and t h e  CFR.  Technical g u i d e l i n e s  f o r  
handl ing LNG and LPG emergencies a r e  a l s o  presen ted .  

- - - . -11-LPG Contingency P lan" ,  Corpus C h r i s t i  , Texas,  .Marine 
Sa fe ty  Of f i ce ,  1979. 



Special requirements, ca l  l e d  f o r  by the USCG Captain of the 
' 

Por t  o f  Corpus 'Chr i s t i ,  are de ta i led  f o r  the safety o f  Liquefied 
Petroleum Gas (LPG) bu lk  shipments t r a n s i t i n g  the various por ts  
w i t h i n  the Corpus C h r i s t i  Marine Safety Zone. Guidelines 
f o r  emergency procedures are a1 so provided. These requi  rements 
are general ly  i n  add i t i on  t o  those imposed by IMCO and the CFR. 

--- . "The Por t  o f  Boston.. LHG/LPG OperationlEmergency Plan", 
Massachussetts ,. Marine Safety Of f ice ,  1978. 

This document d e t a i l s  a1 1 special requjrements ca l l ed  f o r  by 
the USCG Captain o f  the Por t  o f  Boston, Mass., f o r  the t ranspor t  

. and discharge o f  LNG and LPG w i t h i n  the Por t  o f  Boston. These 
requirements are general l y  i n  add.i t i  on t o  those imposed by .?IMCO 
and the CFR. Informat ion concerning act ions t o  be taken i n  
the event o f  an inc iden t  invo lv ing  an LNG o r  LPG sh ip  i n  the 
p o r t  i s  a lso included. 

U.S. Department o f  Transportat ion, Mater ia ls  Transportat ion Safety 
Board, "L iqu id  Petroleum Report, 1970-197811, l a s h i  ngton, D. C. , 
1979. 

Tabulated data on l i q u i d  petroleum by c a r r i e r  systems involved, 
cause of accident, or ig in .  o f  1 i q u i d  o r  vapor release, i n j u r i e s ,  
s ta te  accident summary, and casualty summary. 

U.S. General Accounting Off ice, "P ipe l ine Safety - Need f o r  a 
Stronger E f f o r t " ,  (Washington, D.C. ; Spr ingf ie ld ,  VA: NTIS, 
PB-280 321 , 1978). , 

Presented i s  the testimony o f  February 27, 1978, on the resu l t s  
o f  a review o f  the federal  p ipe l ine  safety program and a summary 
of the p i pe l i ne  safe ty  issues "which should be rece iv ing 
p r i o r i t y  a t t en t i on  by the U .S. Department o f  Transportat ion". 

Uni ted States Nuclear Regulatory Commission, "Reactor Safety 
Study. An Assessment o f  Accident Risks i n  U.S. Commercial 
~ u c l e a r  Power Plants, WASH 1400, Washington, D.C. , October 
1975. 

This r epo r t  i s  p r i m a r i l y  concerned w i t h  safety i n  the nuclear 
power industry.  However, Appendix I 11  i s  an extensive compilat ion 

. . ,  .of;data on human and equipment f a i l u r e  ra tes t ha t  can be appl ied 
. .  t o  safe ty  analyses o f  o ther  systems, e.g., LPG plants.  



Wakamiya, S. K. and N. 3 .  Cal vano, "Safety Problems Associated 
with Pressure Containers", (Washington, D.C.  : National Bureau 
of Standards ; Springfield, VA: NTIS, PB-264 691, 1977). 

Accident report data from hospital emergency rooms and interview 
reports w i t h  the accident victims involving f i r e  extinguishers 
and LPG tanks are summarized. Rel.evant standards are discussed. 

Warner, Vincent A.  , "Emergency .Pl ann.i ng for  Liquefi'ed Natural Gas 
Faci l i t ies" ,  Professional Safety, 2q, . ( l l ) ,  47-51, (1975). 

A method for  formul ating a plan for  hand1 i ng emergency. shutdowns 
a t  an LNG plant i s  presented. The method i s  basically an 
event t r ee  analysis and involves both on-si t e  and extra-faci 1 i ty 
agency interfacing. The method i s  applicable to  LPG. 

Waters, D . ,  "Petrochemicals and Fire Safety. The Fire Protection 
of Plant and Equipment", Fire,  70, (867), 185-186, 189, (1977). 

Philosophy and approach of Imperial Chemical Industries, L t d . ,  
in Great Britain, for  fire-fighting flammable 1 iquids and 
vapors are presented. Suggested methods used i n  plants, f i r e  
protection equipment , water suppl i.es and applications f i r e  
plans, e tc .  , are discussed. 

We1 ker, J .  Reed, e t  a1 . , "F.i re  Safety -Aboard LNG Vessels" , (Norman, . 
Oklahoma: University Engineers, Inc. ; Springfield, VA: NTIS, 
ADA-030 619, 1976). 

The resul ts  of an analytical e ~ a m i n a t i o ~  of cargo s p i l l  and . 

f i r e  hazard potential associated.with marine transport of 
LNG are presented. The principal emphasis i s  on cargo t ransfer  
operations a t  receivin terminals. The onsite f i r e  f a t a l i t y  9 rate  i s  said t o  be 10- 0 f a t a l i t i e s .  per person-hour' exposure. 
Risk from cargo s p i l l s  caused by ramming of a docked LNG tankship 
i s  said to  be possibly excessive. 

--- . " A  Survey of the Effectiveness of Control Methods fo r  Fires 
in Some Hazardous Chemical Cargoes", (Norman, Oklahoma: University 
Engineers, Inc. ;. Sprhgf ie ld ,  VA:. NTIS, ADA-026 300, 1976). 

The resul ts  of a survey t o  determine the recommended f i r e  f i g h t i n g  
methods for  hazardous chemical cargo f i res' are presented. Dry 
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chemical f i r e  ex t i ngu ish ing  agents are ricohnended f o r '  pr0pan.e 
and butane, bo th  o f  which are  a l so  1 i s t e d  as poss ib l y  present ing 
a g rea te r  hazard (.i . e. , expl  o s i  ve vapor).  when un i  gn i  ted. .: 

Welker, J. Reed and H. Peter  Schorr, "LNG P l a n t  Experience Data : 

Base", American Gas Associat ion,  Oper Sect Proc, 1979, f o r  Meet, 
Hcl lywood, F la .  , and New or leans , La., May 7-9 and May 21-23, 
1979, T263-T266. 

The ra tes  o f  equi pment ma1 f u n c t i o n  o r  f a i  1 ure ,' (gathered from 
25 LNG peak shaving p l a n t s )  a re  presen.ted. F a i l u r e  r a t e s  are  
g iven f o r  tanks, compressors, valves , pumps, con t ro l  systems, 
e tc .  The data show t h a t  the mean t ime between f i r e s  where 
LNG o r  na tu ra l  gas were invo lved i s  about 200,000 hours. 

Wood, Wi l l i am S., "Transport ing, Loading and Unloading Hazardous 
Mater ia ls " ,  Chemical Engineering, 80, (15), 72094, (1973). 

Discusses bu l  k t r a n s p o r t a t i o n  (1 i q u i d  and s o l  i d )  o f ,  hazardous 
chemicals by t ruck ,  r a i l ,  ship, barge, and p ipe l i ne .  A general 
discus,sion i s  presented f o r  t he  safety systems o f  each type o f  
' t r a n s p o r t a t i  on. 

Worboys, R.V. and S.F. Young, "The Development of an I n t e r n a l  
I n s u l a t i o n  System f o r  LPG Car r ie rs " ,  Gastech 74, I n t e r n a t i o n a l  
LNG & LPG Congress, Amsterdam, November 12-14, 1974. 

The paper discusses the She l l  I n t e r n a t i o n a l  I n s u l a t i o n  System, 
the  use o f  polyurethane foam as both i n s u l a t i o n  and containment 
system, f o r  t h e  cargo o f  f u l l y  r e f r i g e r a t e d  LPG ships w i t h  the  
o b j e c t i v e  o f  reducing the  c a p i t a l  cost .  The system i s  n o t  
s u i t a b l e  f o r  t he  ca r r i age  o f  ammonia. 

Yamamoto, Katsuro, "A Semi-Membrane Tank System f o r  Gas Ships", 
Shipping World and Sh ipbu i lder ,  165, (3871 ) , 869-871 , (1972). 

B r i e f  d e s c r i p t i o n  i s  presented o f  the  cons t ruc t i on  o f  the  cargo 
tanks f o r  the  ethy lene c a r r i e r s  and la rge  ocean-going LPG tankers 
( a l l  o f  which were b u i l t  i n  accordance w i t h  the  Bridgestone 
semi-membrane system), and o f  the  proposed design f o r  t he  

' 

cons t ruc t i on  o f  l a r g e  ocean-going LNG tankers. 

.Zalosh, Robert G. , "Gas Explosion Tests i n  Room1 i ke Vented Enclosures", 
Paper submitted f o r  p resenta t ion  a t  t he  Th i r teen th  Loss Prevent ion 



Symposi um, 8Gth National Mecting o f  the AICHE, Houston, Texas, 
A p r i l  2-5, 1979. 

. . 

A t e s t  program i s described . t o  he1 p determine explosion vent i  ng 
requi  rements f o r  hydrocarbon gas expl osi  ons i n  1 arge rooms and 
process enclosures. Sma1,l-scale and large-scale tes ts  have . 
been conducted w i  t h  methane-, propane-, and e thy l  ene-ai r 
mixtures. 



. . 
ADDENDA . . 

. . . * 



The' American Society o f  Mechanical . Engineers, "Addenda t o  Chemical 
P lant  and Petroleum Refinery Piping", ANSIIASME 831.3-1976. 
New .York, November 12, 1.979. 

Anyakora, S.N., G.F.M. Engel, and F.P. Lees, "some Data on the-  
R e l i a b i l i t y  o f  Instruments i n  the Chemical P lant  Environment", 
The Chemical Engineer, 255, 396-402, (Nov 1971 ) .' 
Reports the resul  t s  o f  a survey o f  three chemical p lants  concerning 
r e l i a b i l i t y  o f  instrumentation. Data are presented fo r  a wide 
va r i e t y  o f  instruments i n  widely d i f f e ren t  working environments.. 
I t  i s  concluded t h a t  instruments i n  severe environments have 
f a i l u r e  rates up t o  fou r  times greater than equivalent  
instruments i n  protected environments. 

B r i  t t e r ,  R.E., "The Sp.read of a Negatively Buoyant Plume i n  a 
Calm Environment" , Atmospheric Envi.ronment, 13, (9), 1241 -1247, 
(1979). 

This paper presents the resu l t s  o f  a laboratory  experiment t o  
study the spread of a negatively,buoyant plume i n  a calm 
environment. A semi -empir ical ahalysis i s  i n  agreement w i t h  
the experimental r e s u l t s  which ind ica te  t h a t  the pos i t i on  of 
the leading edge o f  the plume advancing over a hor izonta l  smooth 
surface i s  given by 

where Q lg '  i s  the negative buoyancy f l u x  emanating from the source. 
An important physical  conclusion i s  t h a t  there i s  l i t t l e ,  i f  any, 
mix ing between the plume and the environmental except a t  the 
1 eadi ng edge. 

Bu l lerd ick ,  W.A., e t  al., "A Study t o  Reduce the Hazards o f  Tank 
Car Transportat ion", (New. York-: Come1 1 Aeronautical Laboratory, 
Inc.; Spr ingf ie ld ,  VA:' .NTIS, PB-199 154, 1979). 



The object ives o f  the 4-month study were , to def ine thermal inputs 
and associated vapor generation ra tes f o r  hazardous mater ia ls 
transported i n  tank cars when subjected t o  f i r e  exposure; 'develop 
performance spec i f ica t ions and conceptual desi'gn and appl i c a t i  on 
requirements f o r  safe ty  devJces t h a t  would prevent catastrophic , 

. car  f a i  1 ures ; and formulate a research program' f o r  the design 
and . t e s t  v e r i f i c a t i o n  o f  recommended safety  devices. A key f inding 
was t h a t  .the con t ro l l i ng  condi t ion i n  s i z i ng  f o r  propane.rel ief  
valves should be the l i q u i d  feed, o r  "upset" car condit ion, 
and no t  the vapor feed per the current  (1970) c r i t e r i on .  

Geffen, C.A. and A.L. Frankl in, "An Assessment o f  the Risk of 
Transporting Propane by Truck and Train", Paper Presented a t  the 
Second DOE Environmental Control Symposium, Reston, Virg., 
March 17-18, 1980. (Proceedings t o  be publ i shed) ' 

A n  analysis o f  the, r i s k  t o  society from t ranspor t ing propane ,by 
t ruck and t r a i n  i s  presented. Accident p robab i l i t i es ,  release 
probabi 1 i t ies ,  release scenarios, and consequences o f  these 
scenarios were combined t o  estimate the system r i s k .  A r i s k  
spectrum (expected frequency o f  a given l eve l  of consequences 
versus consequence l eve l  ) i s  .included. The resu l t s  of t h i s  study 
ind ica te  t h a t  the r i s k  t o  the pub l i c  from t ruck and t r a i n  t ransport  
o f  propane i s  higher than the r i s k s  involved i n  shipping nuclear 

'mater ia ls,  but  i s  general ly  lower than -man-caused or .  natura l  
d isaster  events. 

Kirk, John T., Jr., and Royden H. Rogers, "Design and Operating 
Problems Involved i n  the Marine Transportat ion o f  LPG", Prepr int ,  
Annual Tanker Conference o f  the Central Committee on Transportat ion 
by Water, American Petroleum I n s t i t u t e ,  Abscon, New Jersey, 
May 1-4, 1960. 

A b r i e f  h i s t o r y  o f  the development o f .  LPG vessels by Standard O i l  
Company (NJ) i s  presented. Design and operating problems encountered 
i n  the water t ranspor ta t ion ,o f  LPG as we l l  as safety  fac tors  are 
a1 so discussed. O f  h i s t o r i c a l  in te res t .  

Mar t i  nsen, W i  11 iam E. , David W ., .Johnson, and J. Reed '!el ker, "Ext i  n- 
.gul shment and Control o f  LPG. F i res"  , Paper Presented. a t  the Second 
DOE Environmental Control Symposium, Reston, Virg., March 17-18, 

.1980. (Proceedings t o  be publ i shed) 

This paper reports the resu l t s  o f  approximately 100 LPG f i r e  cont ro l  
and extinguishment tes ts .  High' expansion foam appl i e d  a t  greater 
than .0. l  gpmIft2 p.rovided .good extinguishment f i r e  cont ro l  ( i  .e., 



75% reduct ion i n  r ad i an t  heat f lu&)  w i t h i n  a few minutes bu t  
d i d  no t  ex t ingu ish the f i res .  Thbee dry  chemical ex t ingu ish ing 
agents were used t o  ex t ingu ish f i r e s  ranging from 25 f t 2  t o .  
400 f t 2 .  The appl i cat ion  ra tes  requ i red f o r  extinguishment were 
s imi  1 a r  t o  those requ i red . f o r  hexane f i r e s  and greater  than , f o r  
LIIG f i r e s .  Add j t iona l  t es t s  on b o i l o f f  and burning ra tes  are 
discussed; t he .  steady-state burning r a t e  being about '0.45 i nlmin 
f o r  pools l a rge r  than,,20 ft diameter. 

. . 

. J '  
, ... 

Reid, Robert C. , " ~ o s s i  b l e  Mechanism f o r  ~ ~ e s s u r i z e d - ~ i b u i d  Tank 
Explosions o r  BLEVE's", Science, 203, (23), 1263-1265, (1979). 

The hypbthesis : i s .  made t h a t  r ap i d  ,depressurizati,on o f  hot, ,, . 
saturated ljqui,ds may r e s u l t  i n  an, .exp.losjon.. The temperature 
o f  the ho t  1 i q u i d  -must ,.. however, - be ..above ..the superheat 1 i m i  t. 
temperature a t  1 atmosphere ,.: and the drop ' i n  tank ' pressure must 
be very rapid. .$: Two examples . of large-scaq e pressure-1 etdown 
explosions are c i t e d  and poss ib le  ,preventa.ti ve measures suggested. 

. . 
Dr: i 
.. . ,  
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