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FOREWORD 

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

fy ing,  character iz ing,  and amel iora t ing the environmental, health, and 

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

s p e c i f i c  energy systems. The need f o r  developing' a safety and envi  ron- 

mental con t ro l  assessment f o r  1 i que f i ed  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, indust ry ,  and academic persons having 

exper t ise  w i t h  respect  t o  the p a r t i c u l a r  mate r ia l s  involved: l i q u e f i e d  
natura l  gas, 1 iquef ied petroleum gas, hydrogen, and anhydrous ammonia. 

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

i n  the Liquef ied Gaseous Fuel s (LGF) Safety and Environmental Control  

8.ssessment program made i n  F isca l  Year (FY)-1979 and e a r l y  FY-1980. 

Vol ume 1 (Executive Summary) describes the background, purpose and organi  - 
za t ion  o f  the LGF Program and contains summaries o f  the 25 repor ts  presented 

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

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

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

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

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

Control.  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 o n  
was augmented by acqui r ing add i t i ona l  functions.: the new name o f  
the organizat ion i s  the Environmental and Safety Engineering D iv i s 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. Future pub1 i c a t i o n s  
w i l l  r e f l e c t  t h i s  change completely. 
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SUMMARY 

The ob jec t i ves  o f  t h i s  p r o j e c t  a re  t o  measure the  r a t e s  o f  b o i l i n g  

and spreading o f  l i q u e f i e d  petroleum gas (LPG) on a water sur face and 

t o  develop an a n a l y t i c a l  model t o  descr ibe the  phenomena- involved.  The 

past  year  has been devoted p r i m a r i l y  t o  the  design, f a b r i c a t i o n ,  t e s t i n g  

and m o d i f i c a t i o n  o f  v a r i o u s ' s p i l l  apparatus components. 

The apparatus i s  designed. f o r  one-dimensional s tudies.  A long, narrow, 

w a t e r a - f i l l e d  channel has been constructed fo r -measur ing  the  b o i l i n g  and 

spreading r a t e s  o f  l i q u e f i e d  petroleum gas (LPG) sp i  1 l e d  on water. Vapor 

concentrat ions and temperatures o f  vapor and l i q u i d  w i l l  be used t o  q u a n t i f y  

the  r e s u l t s .  

s p i l l s :  o f  pentane and 1 i q u i d  n i t rogen  on water ,were conducted, and the 

spreading r a t e s  were measured as a func't ion o f  t ime. The q u a n t i t i e s  

s p i l l e d  va r ied  from 0.5 t o  3.0 l i t e r s .  Experimental r e s u l t s  w i t h  pentane 

agree we1 1 k i t h  a t h e o r e t i c a l  model proposed by Fannelop and Waldman. 

Several l i q u i d  n i t rogen  runs were a l s o  made; however, t he  experimental data 

could no t  be c o r r e l a t e d  s a t i s f a c t o r i l y  by an a n a l y t i c a l  model. Future 

work w i l l  emphasize LPG s p i l l e d  w i t h  simultaneous b o i l i n g  and spreading. 



INTRODUCTION 

The objectives of this project are to'measure experimentally the rates 

of boiling and spreading of 1 iquefied petroleum gas (LPG) on a water surface 

and to develop an analytical model to describe the phenomena involved. 

Our principal effort has been to complete the construction of the apparatus 

and conduct preliminary experiments. Future experiments are anticipated 

to provide quantitative data on which to base the development of an analy- 

tical model for estimating potential hazards of LPG tanker accidents. 



EXPERIMENTAL PROGRAM 

One-dimensional b o i l i n g  and spreading tes ts  are t o  be conducted i n  

a long, narrow water trough. The trough, which i s  made o f  17.8-cm-OD, 

16.5-cm-ID Plexiglas tubing and i s  approximately 4 m long, i s  h a l f  f i l l e d  

w i t h  water. L iquef ied Petroleum Gas (LPG) o r  a simulant l i q u i d  i s  s p i l l e d  

a t *one  end, and the evolved hydrocarbon vapors are ducted t o  the hood. 

Figure 1 shows a schematic representation and Figure 2 shows an actual 

photograph o f  the apparatus. 

Simply s p i l l i n g  the cryogen from the opening o f  the trough would cause 

severe d is rup t ion  o f  the water surface and the momentum impact would cause 

undesirable wave motion i n  the tube w i t h  back-ref lect ions from the f a r  end. 

A cryogen d i s t r i b u t o r  has been designed t o  minimize the disturbance o f  

water, and a packing o f  s ta in less s tee l  wool i s  placed a t  the end o f  the 

apparatus t o  prevent the back-wave motion. A transverse view o f  the 

: cryogen d i s t r i b u t i o n  i s  shown i n  Figure 3. 

The d i s t r i b u t o r  employs a spring-loaded p is ton which, upon release, 

opens a s ide po r t  through which the  cryogen f lows onto the water surface. 

This design provides f o r  rap id  del i v e r y  o f  LPG without severe d is rup t ion  
\ 

o f  the water surface. The p is ton cyl inder,  w i t h  an outs ide diameter o f  

17.8 cm and a height  o f  ~ 6 0  cm, i s  fabr icated from Lexan polycarbonate 

res in  t o  permit  observation o f  the cryogen l i q u i d  leve l .  The maximum 

1 i q u i d  capacity o f  the cryogen d i s t r i b u t o r  i s  %3 l i t e r s .  Upon f u l l  down- 

ward displacement o f  the piston, the  e f f e c t i v e  cross-sectional f low area 

2 through the s ide p o r t  i s  $65 cm . 
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A.n. i t rogen-dr iven pneumatic c y l i n d e r  i s  used t o  re lease the  spr ing-  

loaded p i s t o n  and t o  i n i t i a t e  the  cryogen de l i ve ry .  The n i t rogen  f low 

i s  regu la ted by a three-way solenoid valve l i n k e d  t o  a programmable sequencer 

(Texas Instruments 5TI-102 ser ies) ,  thus p rov id ing  f o r  automatic re lease 

ac tua t ion  ,dur ing the  experiment. 

Water, cryogen, and vapor temperatures a re  monitored by a s e t  o f  

chromelconstantan thermocouples. E igh t  vapor thermocouples, f a b r i c a t e d  from 

25-pm wire,  en ter  through the top o f  the water trough, and e i g h t  l i q u i d  

thernlocouples, f ab r i ca ted  from 127-pm wire, a re  in t roduced through the  

bottom and located a t  the  water sur face t o  i n d i c a t e  the  passage o f  LPG. 

The thermocouple outputs are  fed  i n t o  a NOVA-840 r e a l  t ime computer f o r  

storage and analys is .  A high-speed camera w i l l  be uszd. t o  record  t h e  

movement o f  LPG. 

The l o c a l  ' b o i l - o f f  r a t e s  o f  LPG on water are monitored i n  an i n d i r e c t  

manner. An i n e r t  t r a c e r  gas i s  in t roduced cont inuous ly  i n t o  the  system 

through a vapor d ispers ion  apparatus t h a t  enables the  t r a c e r  gas t o  be 

d i s t r i b u t e d  evenly above the  water sur face i n s i d e  the  tube. Vapor samples 

are taken a t  d i f f e r e n t  l oca t ions  downstream dur ing  the  experiment and 

analyzed by a temperature-programmable gas chromatograph ( c u r r e n t l y  on . 

loan from another p r o j e c t  i n  the Chem. Eng. Dept.). The temperatures and 

compositions o f  vapor w i l l  prov ide i n fo rmat ion  needed t o  determine the  mass 

b o i l e d  o f f  as func t ions  o f  t ime and p o s i t i o n .  The d e t a i l  o f  data treatment 

i s  d e s c r i b e d ' i n  a subsequent sect ion.  



The temperature-programmable gas chromatograph , i s  a .  Hew1 et t -Packard 

se r ies  5734A model. 'The mix ture  samp1e.s are removed from 'the sampling bu lb  

by means o f  a Prec is ion  Sampling-Pressure Lok g a s - t i g h t  syr inge and then 

r u n  through two 180-cm s t a i n l e s s  s tee l  columns packed w i t h  13X Mole.cular 

Sieve and Porapak-Q, respec t i ve l y .  The column temperature i s  i n i t i a l  l y  

s e t  a t  ambient temperature. The i n e r t  t r a c e r  gas i s  separated from carbon 

d i o x i d e  by 13X Molecular Sieve, wh i l e  methane, ethane, propane, and n-butane 

a re  separated by Porapak-Q column a f t e r  the  temperature' i s  ra' ised' from 

ambient t o  15O6C a t  a r a t e  o f  16"C/min. A f t e r  separat ion i n t h e  columns,' 

t h e  gases pass through a thermal c o n d u c t i v i t y  de tec tor .  The output  o f  t he  

de tec to r  i s  i n t e g r a t e d  by a Hewlett-Packard se r ies  3380 Advanced Report ing 

I n t e g r a t o r .  

E igh t  vapor sampling s t a t i o n s  a re  pos i t i oned  a long t h e  s p i l l  apparatus. 

Figures 4 and 5 show the  top  view and i somet r i c  cut-away view o f  a sampling 

s t a t i o n .  ~ a c h  o f  these s t a t i o n s  has the  capac i t y  t o  c o l l e c t  s i x  vapor 

3 . . 
samples i n  an a r ray  of 25-cm glass sampling bulbs. Each sampling bu lb  

i s  i n i t i a l l y  purged and pressur ized w i t h  carbon d iox ide .  During an exper i -  

ment, when the  lower solenoid valve opens j u s t  p r i o r  t o  sampling, t he  

expansion o f  the  carbon d iox ide  serves t o  purge the common i n l e t  l i n e  o f  

r e s i d u a l  vapors. ,The upper solenoid valve, which i s  connected t o  a vacuum 

1 ine,  .. then . . opens and the  sample i s  co l l ec ted .  F i n a l l y ,  the  sampling stops 
. .. . - . . . * .  - ". . 

when both solenoid va l  ves close. Each c.ompl e t e  sampling procedures takes 
, , 

%1 second. .. . . 

The ac tua t ion  o f  so leno id  valves i s  c o n t r o l l e d  by the  programmable 

sequencer. A 5TI-3200 TCAM (TimeICounter Access Module) .enables easy . ' 

mon i to r ing  . . and a l t e r a t i o n  o f  programmed t i m i n g  operat ions.  
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The water trough, e leva ted by wooden supports, i s  placed w i t h i n  a metal 

U-shaped conta iner  t o  r e t a i n  the f l u i d  i n  the event o f  breakage. To 

prevent  ambient a i , r  f rom mix ing  w i t h  the  l i g h t  hydrocarbon gases, .a. sealed 
' 

, P l ex ig las  box complete ly  covers the  whole apparatus, .and n i t r o g e n  i s  

in t roduced i n t o  t h e  o u t e r  P lex ig las  frame t o  purge the  surrounding s-pace 

o f  a i r .  F igure  6 presents an end view o f  the s a f e t y  sh ie ld .  



(CROSS SECTION VIE I)! 

FIGUIE 6:. SAFETY SHIELD 



DATA ANALYSIS TO DETERMINE LOCAL BOIL-OFF RATE 

The t r a c e r  gas and cryogen vapor a re  assumed t o  be w e l l  mixed i n  the  

v e r t i c a l  d i r e c t i o n  i n s i d e  the  water trough. A mass balance over  a  d i f f e r e n -  

t i a l  volume element (dV = Adx) f o r  t h e  vapor phase (see F igure  7 )  ' i s :  

a 
' .  A"CIx - A V C i i  + dx + m wdx = (CAdx) 

mass f l o w i n g  mass f l o w i n g  evaporationj.(accumulation) ( i n  ou t  ( source 

where A = .cross-sect ion a r e .  above water sur face 

V.= vapor v e l o c i t y  

w = w id th  o f  the  channel 

C = molar concent ra t ion  o f  vapor m ix tu re  

m = , l 'ocal b o i l i n g  r a t e  per  u n i t  area. 

FIGURE 7 :  DIFFERENTIAL ELEMENT OF WATER TROUGH 

dx 

VC --, 

+ 
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Rearranging Equation 1, 

S i m i l a r l y ,  t he  mass balance f o r  t r a c e r  gas i s :  

Vapor temperature measurements taken a t  var ious  l o c a t i o n s  du r ing  the  

experiment are  used t o  determine the  molar concent ra t ion  C o f  the  vapor 

m ix tu re  as a f u n c t i o n  o f  t ime and p o s i t i o n .  An equation o f  s t a t e  o f  the  

f o l l o w i n g  form i s  used: 

where P = pressure = 1 atm 

Z = compressi bi.1 i ty  f a c t o r  

R = un ive rsa l  gas constant  

T = temperature. 

The concent ra t ion  o f  t r a c e r  gas cT i s  determined by gas chromatograph 

ana lys i s  o f  t h e  vapor samples. 

T X i s  t he  mole f r a c t i o n  o f  t r a c e r  as obta ined f rom sample ana lys is .  



The l o c a l  b o i l - o f f  r a t e  i s  determined i n  an i n d i r e c t  manner us ing  a  

numerical t reatment  o f  the data. The sampled data w i l l  be f i t t e d  w i t h  an 

a n a l y t i c a l  expression f o r  bo th  independent var iab les ,  t ime and p o s i t i o n .  

These a n a l y t i c a l  f unc t i ons  w i l l  be used t o  evaluate the l o c a l  b o i l - o f f  r a t e  

and gas v e l o c i t y .  

W r i t i n g  the  d i f f e r e n t i a l  Equations 2 and 3 i n  f i n i t e  d i f f e r e n c e  form: 

where i i s  the  ith time i n t e r v a l  and j i s  the jth space i n t e r v a l .  The 

T  a n a l y t i c a l  expressions g i ve  C and C a t  any t ime and p o s i t i o n  ( i , j ) .  The 

a lgo r i t hm begins w i t h  the known v e l o c i t y  a t  j = 1  ( x  = 0) because the  

v e l o c i t y  t he re  i s  the f l o w  r a t e  o f  pure t r a c e r  gas. Equation 5 i s  used 

t o  so lve  f o r  t he  v e l o c i t y  a t  the nex t  space i n t e r v a l .  S u b s t i t u t i n g  the  

two v e l o c i t y  values i n t o  ~ q u ' a t i o n  6 a l lows the l o c a l  b o i l i n g  r a t e  r i ~  a t  t h a t  

p a r t i c u l a r  t ime and p o s i t i o n  t o  be evaluated. 



RESULTS AND DISCUSSION 

The spreading of LPG on water i s  ana10'~ous to  the spreading of an o i l  

s l i ck  on water. The major difference between the two processes i s  the 

associated mass loss  due t o  the evaporation of LPG. 

Fay (1969, 1971) ident i f ied four basic forces tha t  e i ther  cause or 

retard the spreading of o i l  ,o.n.a water surface, The downward force o f  

gravity causes a sidewise spreading motion of a f loat ing o i l  film .by 

, creating an unbalanced pressure dis t r ibut ion in the pool of 'o i l  and the 

surrounding water. This force i s  proportional t o  the thickness and the 

gradient of the o i l  film, and the difference in density between o i l  and 

water. As the oi 1 ' f i lm.  spreads and becomes thinner, the gravity. force 

diminishes. 

A t  the front  edge of the expanding s l i ck ,  an imbalance exis t s  between 

the surface tension a t  the water-air interface and the sum of surface 

tensions a t  the o i l - a i r  and oil-water interfaces. The net difference i s  

.a force which ac ts  a t  the edge of the film, pulling i t  downwards. This 

spreading force does not depend upon the film thickness and will not decrease 

as the o i l  f i lm thins out. Eventually the surface tensi,on force will pre- 

dominate as the spreading force. 

These spreading forces are  counterbalanced by the iner t ia  of ttie o i l  

film and of thc t h i n  boundary layer o f  water below i t  which Es Jrayyed 

along by f r ic t ion .  The iner t ia  of an element of the o i l  layer decreases 

with i t s  thickness as  time progresses and the film spreads, b u t  the iner t ia  

of the viscous layer of water below the o i l  increases with time as i t s  

thickness grows. Consequently, the viscous retardation .will eventually 

outweigh the ine r t i a l  resistance of the o i l  layer i t s e l f .  



1 .  
Fay (1969) used an order-of-magnitude analysis to recognize three prin- 

ciple flow regimes through which the spreading oil film passes. The first 

regime occurs at very short times. For a slick of sufficient size, the 

spreading rate is controlled by a balance of gravity and inertial forces. 

The second regime occurs later when the slick has become thinner. The 

viscous retarding force is greater than the inertial regarding force, but the 

gravitational force sti 11 dominates the surface-tension driving force. 

Therefore, the spreading rate depends on a balance of the gravity and viscous 

force. The third regime arises at very late times when the spreading of 

very thin sl ick is forced by surface tension and retarded by viscous forces. 

Several pentane spills have been made to study the spreading of a non- 

volatile liquid on water. The pentane was chilled with dry ice to Q-40°C 

before the spill to ensure an adequate response from the liquid-thermocouples 

in the water trough. Figure 8 is a photograph of the leading edge of pentane 

at the early time of spreading. Pentane 9s thicker near the spreading 

front and becomes thinner in the tail. This general shape is similar to 

Houl t's theoretical prediction for the first (gravity-inertia) reg,ime (1972). 

The experiments show that the early spreading of pentane on water agrees 

well with the predictions from a theoretical model of one-dimensional spreading 

developed by Fannelop and Waldman (1972). To be consistent with the thin 

1 ayer assumption, they neglected the vertical acceleration and assumed that 

the oil was in hydrostatic equilibrium in the vertical direction. In the 

gravity- inertia regime, the gravitational force balanced the acceleration 

of the oil. The conservation of mass and the equation of motion are 

expressed as follows: 



FIGURE 8: A PHOTOGRAPH OF THE SPREADING OF PENTANE ON WATER 



- a ah + - (Uh) = 0 at ax 

where U = horizontal velocity of $he oil 

h = thickness of the oil 

A = density difference between water and oil divided by density 
.of water 

g = gravitational acceleration. 

The leading-edge boundary condition is used: 

where x is experimentally determined. Fannelop and Waldman integrated 

Equations 1 and 2 to yield the following relation for oil slicks spreading 

in one-dimensional configuration. The equation gives the spreading 

distance as a function of time for an instantaneous spill. 

where x = spreading distance from the initial spill point 

V = volume of the oil 

t = time after initial spill 

w = width of the channel 

0 = experimentally determined coefficient. 

Figure 9 presents the experimental results from 11 pentane spills of 

various volumes. The data show that the dimensionless spreading distance 

is proportional to the dimensionless time raised to the two-thirds power. 
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The in te rcep t  value i s  equal t o  1.75 and i s  taken as the c o e f f i c i e n t  11 .  

I n  Figure 10, experimental values and the theore t i ca l  pred ic t ions are 

compared. The agreement between theory and experiment i s  very good. 

Several l 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. Figure 11 i s  a photograph o f  the b o i l i n g  

and spreading o f  l i q u i d  n i t rogen on water. Again the general shape i s  a 

t h i c k  spread.ing f ron t ,  fo l lowed by a th inner  t a i l ,  as was' observed i n  . the 

pentane s p i l l s .  . Many bubbles formed a t  t h e . l i q u i d  nitrogen-water i n t e r f ace  

dur ing spreading and caused severe ag i ta t ion .  A layer  o f  i c e  formed on the 
8 

water surface downstream o f  the d i s t r i b u t o r .  I n i t i a l l y  f i l m  b o i l i n g  occurs 

because o f  the la rge  temperature d i f fe rence  between l i q u i d  n i t rogen and 

water. As the surface temperature o f  water decreases and patches o f  i c e  

form and become subcooled, the i c e  s u r f a c e ' i n i t i a t e s  nucleate b o i l i n g  and 

the r a t e  o f  vapori.zation increases. I n  the v i c i n i t y  o f  the const ruct ion 

cryogen d i s t r i bu to r ,  however, no i c e  formation was observed. This may. 

be due t o  the severe a g i t a t i o n  o f  water near the opening o f  the cryogen 

d i s t r i b u t o r  o r  t o  quick evaporation o f  the t h i n  t a i l  o f  the spreading 

cryogen. I n  the experiment,.very soon a f t e r  the spreading f r o n t  has passed, 

the water immediately adjacent t o  the d i s t r i b u t o r  i s  f r e e  of 1 i q u i d  n'itrogen. 

I n  Figure 12, the sprea'ding distance-t ime data f o r  l i q u i d  'n i t rogen 

and pentane s p i l l s  o f  the same i n i t i a l  volume are compared. L iqu id  n i t rogen 

has a higher dens i ty  than pentane. When n i t rogen spreads, i t  vaporizes, 

and, therefore, i t s  volume decreases w i t h  time. ' Because o f  the dens i ty  

d i f fe rence  and the volume change w i t h  evaporation, Fannelop and ~a ldman 's  



F I G . 1 0 :  SPREADING DISTANCE AS FUNCTION OF T I M E  FUR PENTANE S P I L L  
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theory would predict that 1 iquid. nitrogen should spread much slower than 

pentane. However, bubbles of evaporated nitrogen decrease the effective 

density of'the liquid nitrogen layer and increase its volume. These facts 

may explain the 1 arger-than-expected 1 iquid nitrogen spreading rate. 

Ra j (1 977) proposed a one-dimensional spreading model for an evapora- 

ting cryogon on a water surface. .He assumed that an instantaneous spill 

and a "mean film thickness" could characterize the cryogen layer at any 

time. Assuming a constant boil-off rate per unit of interfacial area, 

Raj obtained an expression for the spreading rate by balancing the 

gravitational. force with the inertial resistance force. His spreading 

distance as a function of time is: 

. - 
W 

. . . . 
where x = spreading distance from the initial spill point 

Vo = initial volume of cryogen spilled 

w = width of the channel 
-F 
Q = constant heat flux 

AHv = enthalpy of vaporization 

t = time after initial spill. 

In Figure 13 the experimental data from liquid nitrogen spills and the 

prediction of Raj's model are compared. Raj's model is'limited by the 

assumption of constant boiling rate and, therefore, underestimates the 

spreading distance. 





A s a t i s f a c t o r y  model f o r  descr ibing the simultaneous b o i l i n g  and 

spreading process has not  y e t  been developed. Developing an adequate 

b model i s  one of the  p r o j e c t  ob ject ives .  



FUTURE WORK 

With the exception of the outer  safety, sh i e l d  covering and hood 

I connections, fab r i ca t ion  o f  the s p i l l  .apparatus i s  near ly  complete. L iqu id  

n i t rogen s p i l l s  are being conducted t o  t e s t  thoroughly the vapor sampling 

system, the cryogen d i s t r i b u t o r ,  and the temperature moni tor ing system. 

The safe ty  sh ie ld  w i l l  be closed when the debugging t e s t s  w i t h  1 i q u i d  

n i t r o g e n  are sati;factorily completed. . 

L iqu id  propane and LPG s p i l l s  w S l l  be ca r r i ed  out  under the fo l low ing  

condi t ions:  . - 

1. i n i t i a l  quan t i t y  s p i l l e d  - from 0.5 t o  3.0 l i t e r s  

2. i n i t i a l  composition o f  LPG - propane 75-100% i n  volume 

ethane 0-20% 

n-butane 0-10% 

3. type of s p i l l  - e i t h e r  instantaneous o r  continuous 

4. a g i t a t i o n  o f  water. 

When the data have been obtained, an ana l y t i c  model w i l l  be developed . 

t o  describe the boi l ing/spreading process and estimate the po ten t i a l  

hazards from rea l  LPG accidents. 
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SUMMARY 

The goal of Contract DE-AC05-78-EV06020 i s  t o  analyze the hazards 
of transportation of LPG and to determine f i r e  f i g h t i n g  agent effectiveness 
fo r  several agents, measure radiant fluxes fo r  LPG f i r e s ,  determine boiloff 
rates f o r  LPG s p i l l s  onsolid surfaces, and measure vapor concentrations 
downwind of small to  medium scale s p i l l s .  An annotated bibliography ( i n -  

cluded i n  Volume 1 of th i s  Status Report) has also been prepared covering 
the information found i n  the l i t e ra tu re  tha t  has a bearing on the trans.- 
portation hazards. 

Report U covers the marine hazard analysis,  the f i r e  fighting agent 
effectiveness, and a few of the small scale boiloff t e s t s .  Fire radiation 
t e s t s  and gas dispersion t e s t s  have already been r u n ,  b u t  the data have not 
been analyzed. 

LPG may be transported by e i ther  barge or  tank ship. The U. S. 

safety record has been excellent,  w i t h  only one major accident w i t h ,  f i r e  
known to  have occurred. Fault t ree  analysis of LPG t ransfer  systems i n d i -  

cates that  s p i l l s  are commonplace i n  small quant i t ies  (< 10 gal)  b u t  should 
4 be very rare  i n  large quantit ies (> 10 gal ). 

LPG f i r e s  can be extinguished w i t h  dry dhemical s , b u t  extinguishment 
of LPG f i r e s  i s  more d i f f i c u l t  than extinguishment of LNG f i r e s .  LPG f i r e s  
can be control led w i t h  high expansion foam more eas i ly  than LNG f i r e s ,  b u t  

i n  e i ther  case, h i g h  quality foams must be used fo r  best effectiveness. 
Mobile, manual, o r  fixed systems can be used; the choice will depend on the 
location of the potential f i r e  within a f a c i l i t y  and the ava i lab i l i ty  of 
personnel and support faci 1 i t i e s .  

Boiloff from LPG s p i l l s  can be modeled using techniques used for  
model i ng  boiloff from LNG s p i l l s .  Burning rates approach about 0.45 in./min 
fo r  f i r e s  larger than about 20 f t  in diameter. Radiant heating accounts 
fo r  about 70 percent of the energy required for  vaporizing the fuel and 

convective heating accounts fo r  about 30 percent. 



INTRODUCTION 

Liquefied petroleum gas (LPG) i s  processed, transported, and stored 
on a routine basis i n  most areas of the United States .  This report provides 
a summary of the'work performed in two areas: hazards of marine transport 
of LPG. and f i r e  protection fo r  LPG s p i l l s .  Separate sections 'in th i s  report 
provide de ta i l s  of the analytical. and experimental work in these -two arcas. 
In addition, a bib1 iograph,~ re1 ated t o  .LPG transportation and safety has. been 
prepared and is. included i n  Volume 1 of t h i s  s ta tus  Report. 

The estimation of marine hazards was primarily an analytical study 

involving the marine transpbrt of LPG by tanker o r  barge. The f i r e  protection 

research was primarily an experimental program i n  which various s izes  of LPG 

f i r e s  were extinguished o r  control led using dry chemicals and high expansi'on 
foam as the agents. During the f i r e  protection experiments, i t  was ,found. to  

be possible t o  measure gas concentrations near the LPG pools before the pools 
were ignited, and radiant fluxes were measured following igni t ion b u t  before , 

f l  re e6ntr6l operations were s ta r ted .  I he gas concentration and radiation 
data have not yet been analyzed and so are not included in this report. . 



HAZARDS OF MARIl4E TRANSPORT OF LPG 

DESIGN OF LPG VESSELS 

The choice o f  mode o f  t ranspor t  o f  LPG i s  p a r t l y  h i s t o r i c a l  

and p a r t l y  econoniic. LPG (p r ima r i l y  propane i n  the United s ta tes)  has 

t r a d i t i o n a l l y  been transported as a pressurized cargo a t  ambient tem- 

perature. The reason i s  apparently because most t ranspor ta t ion and 

storage has been i n  re1 a t i  vely small quan t i t i es  and large-scale f a c i  1 i t i e s  

f o r  t ranspor ta t ion and storage o f  LPG have not  been required. Because 

of the h i s t o r i c a l  use pat tern,  marine t ranspor ta t ion o f  LPG along in land  

waterways i s  a lso bas i ca l l y  by pressurized tanks mounted on barges. 

Figure 1 shows a schematic o f  a t yp i ca l  LPG barge. The pressurized cargo 

containers are th ick-wal led pressure vessels, and t he ' p rac t i ca l  l i m i t  f o r  
3 vessel s i ze  i s  about 5000 m . 

Some semi-refr igerated LPG ships are used. These ships use 

insu la ted  cargo tanks w i t h  the pressure .above atmospheric pressure 

and the temperature less than ambient temperature. The maximum cargo 
3 capaci ty o f  . a  semi-refr igerated LPG tanker  i s  about 15,000 m . They 

are r a r e l y  seen i n  U. S. ports.  

F u l l y  r e f r i ge ra ted  LPG vessels range i n  s i ze  from about 5,000 m 3 
3 t o  125,000 m . Those i n  U. S. waters are general ly  b r ing ing  LPG from 

fo re ign  countr ies. Several tanker designs may be used, bu t  i n  a l l  cases 

the LPG i s  ca r r i ed  a t  a pressure on ly  s l i g h t l y  above atmospheric pressu'm, 

and the cargo tanks are heav i ly  insulated.  Figure 2 i s  a schematic o f  

a. l a rge  re f r i ge ra ted  LPG tanker showing one o f  the possib le tank con- 

f igurat ions.  I n  the United States the wing tanks and topside tanks ' 

cannot contain flammable 1 iquids.  Ref r igerat ion systems are usual ly  ' 

provided t o  re l iquefy  the boi  l o f f  gas. 

OPERATIONS ON LPG VESSELS 

During t r a n s i t ,  there are usual ly  no a c t i v i t i e s  ca r r i ed  out  on 

a vessel t h a t  requ i re  t ransfer r ing LPG (other  than re l i que fac t i on  o r  
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t ank  coo l ing ) .  Once i n  p o r t ,  t h e  vessel  may be e i t h e r  loaded o r  unloaded. 
I f  a vessel  i s  being brought i n t o  s e r v i c e  o r  taken o u t  o f  s e r v i c e ,  t h e  
cargo  tanks  must be purged t o  avoid the presence of a flammable g a s - a i r  
mixture .  

- . F.igure 3 shows a t y p i c a l  barge ope ra t i on .  LPG i s  t r a n s f e r r e d  

from the barge t o  s t o r a g e  tanks  o r  a p ipe l ine .  The p i p e l i n e  may l a t e r  
t e rmina t e  a t  a s t o r a g e  tank o r  a s t o r a g e  cavern where i t  i s  he ld  f o r  
eventua l  r e d i s t r , i b u t i o n .  The ope ra t i ons  on a barge dur ing  t r a n s f e r  a r e  
reasonably simple. Figure 4 shows a t y p i c a l  arrangement o f  t h e  va lves  
on an LPG barge.  Barges seldom have pumps on board, and product  t r a n s f e r  
is  usua l ly  accomplished by reducing barge tank p re s su re  and/or  pumping 
t o  load  and i n c r e a s i n g  tank p re s su re  t o  unload. 

T rans fe r  ope ra t i ons  involv ing  r e f r i g e r a t e d  cargoes a r e  more 
complicated.  F igure  5 shows the kind o f  p ip ing  arrangement t h a t  might 

. . be  found on a l a r g e  LPG t anker .  T r a n s f e r  o f  cargo  from s h i p  t o  s h o r e .  
. .  . .. r e q u i r e s  both the pumping of LPG from t h e  tank and t h e  r e t u r n  o f  vapor 

t o  t h e  tank.  The volumet r ic  l i q u i d  t r a n s f e r  r a t e  must be c l o s e l y  
balanced wi th  t h e  vo lumet r ic  vapor r e t u r n  r a t e  because the < h i p ' s  tanks ' . 

cannot  t o l e r a t e  l a r g e  p r e s s u r e  changes. I f  vapor i s  not  a v a i l a b l e  
from t h e  . land ope ra t i ons  , i t  can bc provided by vdpurizl  ng a srrla l l 

amount of LPG i n  the ship 's  vapor izer .  

Ref r igera ted  LPG i s  u sua l ly  pumped d i r e c t l y '  from t h e  s h i p  t o  a 

l a r g e  s t o r a g e  tank t h a t  i s  operat-PA a t  about the same p re s su re  it5 the 
s h i p ' s  t ank ,  a s  shown i n  Figure 6. Tn some cascs, t h e  LPG i s  p i (~~~ped 

t o  underground s t o r a g e  caverns ,  p r e s su r i zed  s t o r a g e  t anks ,  o r  d i  s tri - 
butloii  p i p e l i n e s .  However these l a t t e r  op t ions  may r e q u i r e  the  LPG t o  
be warmed, s o  the t r a n s f e r  r a t e s  may be 1 imi t e d  by h e a t e r  capac i ty .  
Sh ip  demurrage charges a r e  high and ope ra to r s .  p r e f e r  t o  t r a n s f e r  cargo  
r a p i d l y  t o  avoid high demurrage c o s t s .  

The ac tua l  sequence o f  ope ra t i ons  v a r i e s  i n  d e t a i l  from one 
f a c i  1 i t y  t o  another .  Mar t insen ,e t  a1 . (1) d e s c r i b e  i n  d e t a i  1 the types  
o f  ope ra t i ons  t h a t  a r e  used on t y p i c a l  LPG barges and t anke r s  and the 
sequence of  a c t i o n s  taken dur ing  loading  and unloading. S ince ,  i t  i s  
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impractical t o  detai 1 the specif ic  operations for  a1 1 LPG marine practice,  
a composite barge. and a composite tanker were used in  the analysis.  These 

composite vessels resu l t  i n  the ,designs shown in Figures 4 and 5. Few 

vessels would have a l l  the piping, valves, and associated equipment shown 
i n  these two composites, b u t  the composites incorporate a l l  of the important 
equipment and operations encountered i n  marine transport of LPG i n  the 
United States.  

In addition to  the operations that  a re  carried out while the , 

vessel i s  docked, there may be special operating rules tha t  apply t o  

vessel movement. The large LPG tankers a re  usually boarded by Coast 
Guard personnel before they are allowed to  enter  U .  S. ports. The Coast 
Guard inspection ascertains tha t  the safet-y regulations a re  being fol-  
lowed before the port i s  entered. The inspection on the f i r s t  voyage 
is more detailed because i t  also assures tha t  the ship i s  constructed 
according to  the various codes tha t  apply. Once the inspection i s  com- 
plete,  the vessel enters the port. Transit  i s  usually res t r ic ted  t o  
daylight hours and a moving safety zone tha t  prohibits other vessel 
t r a f f i c  near the tanker may be provided. These res t r ic t ions  are  in- 
tended to  prevent coll isions during t r ans i t .  Restrictions are relaxed 
when empty tankers leave the port. 

Barge movements are  not generally res t r ic ted  t o  daylight hours. 
Barge t r a f f i c  i s  required only to  be towed a t  a safe speed and to have 
a tug with the barge unless the barge i s  t ied up a t  the dock. The pres- 
sure vessel design for  barge tanks i s  s imilar  to  tha t  for  railroad tanks, 
truck tanks, and pressurized land storage tanks, a l l  of which have an 
excellent safety record. Barge transport  of LPG also has a history of 
safe  operati on. Therefqre, the inspection and regulation of barge 
t r a f f i c  i s  not subjected to  the Intense e f fo r t  given to  tankers. Barge 
operations are performed on a smaller scale than tanker operations, b u t  

a t  much higher frequencies. The systems are generally well-engineered 
and have good safety records. 



FIRE PROTECTION 

The f i r e  protecti.on philosophy fo r  LPG ships includes f i r e  pre- 

vention, 1 imi t ing  f i r e  s i ze ,  f i r e  control and extinguishment, and damage 
potential reduction. Fire prevention includes the design and operation 
of vessels in a manner such that  f i r e s  do not occur. The goal i s  sought 
through release prevention, inerting, and ignition source control. The 
basic design of f a c i l i t i e s  i s  arranged so tha t  no product i s  released 
during normal operations e i ther  i n  the l iquid or  gas phase. Inertincj+of 
tank spaces i s  performed before cargo i s  transferred to  any tank, e i the r  
on the vessel o r  on land, and i f  a tank must be taken out of service,  
i t i s  careful 1 y purged to  remove f l  ammabl e materi a1 s before maintenance 
or  repair  work i s  performed. Potential ignition sources are  eliminated 
in c r i t i ca l  areas. 

I f ,  despite the precautions taken to  prevent release and subse- 
quent igni t ion,  a f i r e  occurs, the vessel and t ransfer  system are designed 
to  limit the s i ze  (and t h u s  the destructive potent ial)  of the release. 
Fire s izes  are. minimized by minimizing the amount of carao released, and, 
i n  the case of a l iquid s p i l l ,  limiting the area over which the carao 
can spread. Rapid-acting, remote-controlled valves a re  usually provided 

so tha t  product flow can be stopped quickly in an emergency. These valves 
are  also desi gned to  be fa i  1-safe i n  the event of loss of control. Leak 
detection devices are  used to  rnoni to r  fo r  leaks. Detection may include 
gas sensors fo r  gas releases and low temperature detectors for  1 iquid ' 

leaks. In addition to  the sensors that  are designed exclusively for 
emergency use, the instruments tha t  monitor normal plant operations are  
watched to  ensure tha t  they are within normal operating l imits.  Transfer 
operations are  under close supervision of both vessel and l andsi de operators. 

If a f i r e  occurs, i t  may be extinguished, controlled, or allowed 
t o  burn out. Only small f i r e s  can be extinguished rel iably,  and the agent 
of choice for  most s i tuat ions i s  a dry chemical. Fires may be controlled 
using high expansion foam. Both of these f i r e  fighting methods will  be 
discussed fur ther  in a l a t e r  section of th i s  report. Generally, LPG f i r e s  



should be extinguished only i f  the s p i l l  i s  finished and flow of product 

i s  stopped. Otherwise reigni t ion i s  possible, and, i f  reigni tion occurs, the 
f i r e  f i ~ h t i n g  equipment may not have enough reserve capacity for  a second 
attempt. 

The potential damage from a f i r e  can be minimized by both passive 
and active systems. Passive systems are designed fo r  high f i r e  resistance 
and provide protection to  personnel and cr i  t i  ca1 control systems. The 
most common active technique for  damage reduction i s  application of water 
sprays for  cooling. Water i s  not used direct ly  on LPG f i r e s  because i t  

increases the f i r e  s ize  by increasing boiloff ra tes .  

Various codes require tha t  minimum f i r e  protection capabi 1 i f  ies  
be provided, on LPG tankers. The IMCO code i s  the basic standard f o r  inter-  
national trade, and a l l  vessels bringing LPG into U. S. ports from foreign 
sources must comply w i t h  i t .  The IMCO code specif ies  minimum dry chemical 
capacity and niinimum requirements for  f i r e  water dis t r ibut ion and spray 
systems. Non-cargo spaces are a1 so 'required to  have m i  nimurn f i r e  protection 
capabili ty,  including special equipment for  machinery spaces and locations 
where combustible 1 iqui ds are stored. 

Barges have smaller cargoes, are  unmanned during t r a n s i t ,  and 
have l i t t l e  or  no operating machinery on board. Therefore, they have a 
much less  rigorous s e t  of requirements fo r  f i r e  protection. They are 
regulated under T i t l e  46 of the Code of Federal Regulations. 

SAFETY AHALY S I S 

LPG i s  ver.y volat i le  because of i t s  low boiling point and easi ly  
ignited i f  released from the closed transport ,  processing, and storage 
system. There are a variety of fa i lures  tha t  can occur. Most of them 
are small and cause no damage. However, there i s  always the potential 
for  a small fa i lure  to  ei  iher go unnoticed and propagate to  a large 

f a i lu re  or  fo r  the occurrence of a large fa i lure  per se. 

One of the methods of estimating the probability tha t  a f a i lu re  
wi 11 occur i s  through f a u l t  t ree  analysis. Such an analysis can be very 



complex and de ta i l ed ,  b u t  i n  l ook ing  a t  LPG systems f o r  o n l y  those f a i l u r e s  

t h a t  re lease product,  s i g n i f i c a n t  s i m p l i f i c a t i o n s  can be made. The ana lys is  

was l i m i t e d  t o  those events t h a t  might  cause product .  re lease because the  

goal was t o  est imate the  p r o b a b i l i t y  of occurrence of events t h a t  might  

e i t h e r  endanger the  p u b l i c  o r  operators o r  esca la te  t o  a l a r g e r  event 

t h a t  could endanger the  p u b l i c  o r  operators. I n  t h i s  context,  danger 

t o , t h e  p u b l i c  o r  operators was assumed t o  be poss ib le  o n l y  when the  vessel 

was i n  p o r t  o r  t r a v e r s i n g  an,. i n l a n d  waterway.   here fore, the 'ma jo r  

emphasis i s  on dockside operat ions because the  cargo. i s  then being t rans-  

f e r r e d  r a t h e r  than i n  storage. 

The f a u l t  t rees  generated dur ing  the .s tudy  are  too  d e t a i l e d  and 

bu lky  t o  be presented here, b u t  they are  inc luded i n  the  r e p o r t  by 

Martinsen, e t  a l .  (1).  F igure 7 i s  a f a u l t  t r e e  diagram t h a t  summarizes 

the  probabi 1 i ti es. of var ious events dur ing  tank sh ip  unloading and shows 

the  pathways by which they might  occur. The probabi 1 i t i e s  shown are f o r  

a s i n g l e  unloading sequence.- Not ice  . tha t  t he  p r o b a b i l i t y  o f  a , s p i l . l  o f  
. . 

1 ess than 10 gal  1 ons i s  q u i t e  h i  ah, and can i n  f a c t  be expected t o  occur 

on about three-quarters o f  - t h e  unloading operat ions. .The reason the  

s p i l l  p r o b a b i l i t y  i s  so h igh  i s  t h a t  i n  some operat ions the  disconnect 

sequence requ i res  d r a i n i n g  a small  q u a n t i t y  of LPG from the t r a n s f e r  

arms. Small leaks from valve packing and gaskets are a l so  expected t o  

occur. While these leaks may n o t  be cor rec ted immediately, they are  

small  enough t h a t  t he re  i s  l i t t l e  chance t h a t  they w i l l  r e s u l t  i n  more 

than 100 ga l  beina re leased over the  unloading period. Larger s p i  11 s 

a re  l e s s  l i k e l y  t o  occur than smal ler  s p i l l s .  I n  f a c t ,  f o r  s p i l l s  

g rea te r  than 100,000 ga l  the  most l i k e l y  cause o f  the  s p i l l  i s  an ex- 

t e r n a l  f o rce  such as a sh ip  c o l l i s i o n .  The reason i s  t h a t  even a t  the  

h ighes t  t rans fe r  ra tes ,  the flow would be shut  o f f  f o l l o w i n g  a f a i l u r e  

before such a l a r g e  sp i  11 cou ld  accumulate. 

F igure 7 shows a s e t  o f  p r o b a b i l i t i e s  enclosed i n  parentheses. 
\ 

These p r o b a b i l i t i e s ' a r e  f o r  t rans fe r  from vessels a t  docks where rubber 

hoses are  used f o r  ship-to-shore connections r a t h e r  than metal t r a n s f e r  
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arms. Transfer connection f a i l u r e  i s  more l i k e l y  i n  the operations using 

hoses than those using metal arms. 

Figure 8 i s  a graphical summary o f  the event probabi 1 i t i e s  from 

Figure 7. The event p r o b a b i l i t y  has been p l o t t e d  as a fupct ion of s p i l l  

s ize ,  where the s p i l l  s i ze  i s  taken to. be about the middle of the s p i l l  

range on a logar i thmic  scale. The p l o t ,  i s  shown as a broad range ra ther  

than a l i n e  t o  emphasize the approximate nature o f  the f a i l u r e  p robab i l i t i e s .  

The s p i l l  p r o b a b i l i t y  shown i n  Figures 7 and 8 i s  based on an 

analys is  of 16,000 voyages o f  l i q u e f i e d  gas ships, dur ing which there , 

has been no loss o f  the l i q u e f i e d  gas cargo as a d i r e c t  r e s u l t  o f  a 

c o l l  i s i on .  (LPG loss on the Yuyo Maru was a r e s u l t  o f  f i r e ' bu rn ing  
1 

naphtha i n  the wing tanks. Flammable l i q u i d s  are forbidden i n  the wing 

and topside tanks i n  U. S. ports.)  Table 1 compares the r e s u l t i n g  s p i l l  

probabi 1 i ty w i t h  s i m i l a r  estimates from other  sources. 
, - 

Figure 9 shows a f a u l t  t r e e  f o r  loading o r  unloading LPG barges. 

The events . tha t  lead t o  s p i l l s  are s i m i l a r  t o  those f o r  LPG tankers, bu t  

the s p i l l  p r o b a b i l i t i e s  may be d i f f e r e n t  because o f  d i f fe rences i n  design, 

operat ing pressures, and t ransfer  procedures. F i  gure 10. shows a graphical 

summary o f  the sp i  11 probabi 1 i t i e s  f o r  barges during t r ans fe r  operations. 

Again the '  p l o t  i s  shown as a broad l i n e  t o  emphasize the approximate 

nature o f  the sp i  11 probabi li t ies .  

I t  i s  i n t e r e s t i n g  t h a t  the spi  11 p r o b a b i l i t i e s  fo r  barge and 

tanker operations are about the same. I n t u i t i v e l y ,  i t  might appear t h a t  

barges would have more s p i l l s  because o f  the pressurized cargo t ransfer  

and less sophis t ica ted equipment and procedures. However, the t ransfer  

operations are s impler and the t r ans fe r  time i s  shorter ,  so t h a t  the r i s k  

i s  reduced. Barge c o l l i s i o n s  causing s p i l l s  are shown as being an order 

of magnitude less probable than sh ip  co11isions. The barge t ranspor t  of 

LPG has a f a i r l y  long h i s t o r y  and a much l a r g e r  number o f  t rans fe rs  than 

tanker transport,  w i t h  only one known s p i ' l l  due t o  c o l l i s i o n .  Co l l i s ions  

i nvo l v i ng  tankers may i n  f a c t  have a much lower p r o b a b i l i t y  than shown, 
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TABLE 1. COMPARISON OF R I S K  PROBABILITIES 

y Probabi 1 i t y  o f  Spi 11 
(per Cargo Del i very) 

source Due t o  Ship C o l l i s i o n  

Appl i ed Techno1 ogy Corp. 

S A I  (4 )  f o r  Los Angeles Harbor 

Cave and Kazarians ( 5 )  
I 

Uni vers i  ty Engineers (6)  

. . 
3 *Probabi 1 i t y  given i s  f o r  sp i  11's greater than 20,000 m . 



Figure 9. Fault Tree for Barge Transfer. 



Figure 10.. S p i l l  P r o b a b i l i t i e s  f o r  LPG 
Barge Transfer  Operations. 



but there  i s  not s u f f i c i e n t  h i s t o r i c a l  data t o  prove i t .  The comparison 

i n  Table 1 i l l u s t r a t e s  the point.  A1 1 the  sp i  11 ~ r o b a b i l i  t i e s  except 

t h a t  of Cave .and Kazarians a r e  based e i t h e r  on no s p i l l s  f o r  l imi ted 

numbers of l iquef ied  gas ships o r  o ther  ships and f o r  no vessel t r a f f i c  

control in  the harbors.  The r e su l t s  a re  roughly comparable, even, though 

d i f f e r en t  data bases were used. Cave and Kazarians' study was spec i f i c  

f o r  l a rge  spi  11s i n  Boston Harbor, and included the provisions f o r  

t r a f f i c  control and Coast Guard e sco r t  required f o r  gas tankers i n  

Boston Harbor. The special  precautions obviously r e s u l t  i n  a higher 

level  of sa fe ty  by reducing the co l l i s i on  probabi l i ty  subs tan t ia l ly .  

Even though the s p i l l  probabi l i ty  may be large  f o r  some pa r t s  

of the  operation,  i t  does not necessar i ly  follow t h a t  the operation i s  

especial  l y  dangerous. The primary danger from LPG spi  11 s ,  pa r t i cu l a r l y  

those l e s s  than a few hundred gallons i n  volume, i s  from f i r e .  The igni-  

t ion probabi l i ty  depends on the s p i l l  s i z e ,  with ign i t ion  more l i ke ly  f o r  

l a rge r  spi 11s. Small s p i l l s ,  l e s s  than 10 gal i n  s i z e ,  which occur during 

more than hal f  the  t r an s f e r s ;  must have very low ign i t ion  p robab i l i t i e s .  

Otherwise, f i r e s  would be common occurrences a t  LPG terminals. On the  

o ther  hand, spi 11s involving more than 100,000 gal of LPG a t  a high s p i l l  

r a t e  a r e  p r ac t i c a l l y  ce r ta in  t o  be igni ted .  The probabi l i ty  of f i r e  

occurring during t rans fe r  can be estimated i f i gni t ion  probabi 1 i t i e s  a r e  ': 

known. As an est imate,  the following a r e  used t o  approximate ign i t ion  

probabi 1 i t i  e s  : 

Sp i l l  S ize ,  gal Ignit ion Probabi 1 i t y  

< 10 gal 0.001 

100 gal 0.01 

5000 gal 0.1 

> 100,000 gal 1.0 

These ign i t ion  p robab i l i t i e s  a r e  assumed t o  apply regardless of whether 

the s p i l l  occurs a t  a barge o r  tanker operation.  . I f  the ign i t ion  p robab i l i t i e s  

a r e  applied t o  the s p i l l  p robab i l i t i e s  from Figures 8 and 10, the r e s u l t  i s  

the  probabi l i ty  of occurrence of f i r e  durincj a t r an s f e r  operation. Figure 

11 shows the approximate f i r e  probabi l i ty  f o r  both barge and tanker opera- 

ti ons f o r  non-col 1 i si on events. 

U- 2 1 
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The p r o b a b i l i t y  o f  a  s h i p : c o l l i s i o n  i s  est imated t o  be 0.0001 ' ' 
' . .  

.per t r a n s i t  based on h i s t o r i c a l  ,data f o r  gas c a r r i e r s .  However, t he  

design o f  LPG ships w i  11 o f f e r  some p r o t e c t i o n  from LPG s p i l l s  (as the  

Yuyo Maru i n c i d e n t  showed). Therefore, the  s p i l l  frequency w i l l  be 

much less  than shown i n  Figure 7. The frequency w i l l '  a l s o  be reduced 

s u b s t a n t i a l l y  i f  t r a f f i c  c o n t r o l s  are  i ns t i ga ted ,  as shown by Cave and 

' Kazarians.. It should also, be r e c a l l e d  t h a t  t he  c o l l i s i o n  frequencies f o r  

gas c a r r i e r s  may be l e s s  than est imated from h i s t o r i c a l  data because t h e  

number o f  c o l l i s i o n s  i s  so small  t h a t  s t a t i s t i c a l  ana lys is  can be mis- 

leading. F igure 11 omits the  sh ip  c o l l i s i o n  c o n t r i b u t i o n  t o  f i r e  

probabi 1  i ty  because i t  d i s t o r t s  the  t r e n d  and makes t h e  f i r e  p r o b a b i l i t i e s  

appear h igher  than they r e a l l y  a re  a t  t h e  te rmina l .  

HAZARD POTENTIAL 

F i r e  damage and personnel i n j u r i e s  are r e l a t e d  t o  f i r e  s ize.  

F i r e s  r e s u l t i n g  from s p i l l s  o f  l e s s  than 10 ga l lons  are u n l i k e l y  t o  cause 

subs tan t ia l  damage o r  r e s u l t  i n  f a t a l i  t i e s ,  b u t  f i r e s  i n v o l v i n g  thousands 

o f  ga l lons  are  n e a r l y  c e r t a i n  t o  cause subs tan t ia l  damage and are q u i t e  

like,ly t o  r e s u l t  i n  f a t a l i t i e s  o r  ser ious i n j u r i e s  as we l l .  The o v e r a l l  

p r o b a b i l i t y  o f  f a t a l i t y  f rom a s p i l l  dur ing  LPG t r a n s f e r  i s  t he re fo re  

est imated t o  be i n  the  range o f  t o  10'~ per  t r a n s f e r  operat ion.  Th is  

f a t a l i t y  p r o b a b i l i t y  i s  f o r  operators near the  t r a n s f e r  p o i n t  and assumes 

continuous exposure dur ing  t rans fe r .  The f a t a l i t y  probabi 1  i t y  f o r  the 

general p u b l i c  i s  ~:~uch  lower because o f  the  g rea te r  separat ion f rom the  

t r a n s f e r  area. 

LPG barge operat ions can r e s u l t  i n  a  spec ia l  hazard because the  

cargo i s  pressurized. .If a cargo tank,  i s  heated by a  f i r e ,  t he  i n t e r n a l  

pressure w i  11 r i s e  and the  emergency vent  w i  11 open. As gas i s  vented, 

the  vapor space i n  the  top  o f  'the tank grows and the  metal i n  the  .vapor 

space heats. A t  some po in t ,  the  metal can weaken enough so t h a t  t he  

tank ruptures.  As the  pressure i s  released, much o f . t h e  l i q u i d  f lashes 

t o  vapor and much i s  atomized by the  force o f  t he  explosion. The f i r e b a l l  
- t h a t  r e s u l t s  may be very l a r g e  and cause a  l a r g e  amount o f  damage. .Th is  

- 



phenomenon i s  cal l  ed a "boi 1 i ng 1 iqui d expanding vapor explosion" (BLEVE) 
and has occurred following .LPG tank car derailments. No f i r e s  a t  barge 
t ransfer  faci 1 i t i e s  have been reported tha t  resulted i n  BLEVE1s. 

BLEVE's cannot occur during operations for  fu l ly  refrigerated 

LPG cargoes because the operations are  a l l  performed using liquids tha t  
a re  saturated near atmospheric pressure. The fraction of f lash upon 
pressure release i s  therefore small and the l iquid released from a storage 
tank i s  not disseminated explosively as i t  i s  Prom pressurized storage. 

In general, refr iserated storage i s  used f o r  larger quant i t ies  
of 1-PG. I f  a large s p i l l  occurs, a- vapor cloud w i  11. form, and until i t  

i s  dispersed by mixing w i t h  the atmosphere, i t  can easl  ly be 1y11i led. 

Under most circumstances, the r e su l t  will be a vapor cloud f i r e ,  b u t  a 
vapor cloud explosion i s  possible. In e i the r  case, damage w i  11 
be confined to  locations near or  within. the vapor cloud a t  the time of 
the f i r e  or  explosion. Secondary damage may also be caused i f  the f i r e  
spreads. . 

CONCLUSIONS 

The safety record for  marine LPG transportation in the United 

States  i s  very good, probably because of f a i r l y  careful attention being 
paid t o  design, construction, and operation of f a c i l i t i e s .  Sp i l l s  of 
small quant i t ies  of LPG ( l e s s  than 10 gal)  are quite frequent, b u t  are 
not par t icular ly dangerous. 

Most of the small leaks are "planned" in the sense tha t  they 

are  part  of normal operations. They occur on nearly every t ransfer  a t  
some f a c i l i t i e s  and very rarely a t  others because of differences i n  

operations. The spi 11 frequencies fo r  very small s p i l l s  could be re- 
duced substantial  ly f o r  some faci 1 i t i e s  by changes in  design and opera- 
t i  onal procedure. Whether such changes would improve safety i s debatable. 

 he s p i  11 probabi l i t ies  estimated' i n  t h i s  report  are based on 

generic designs and overall estimates of col 1 i s i  on frequencies. Obviously , 
i f  s imilar  calculations a re  made for  a specif ic  f a c i l i t y ,  the resul ts  may 



,' vary. , F a t a l i t i e s  fo r  barge and tanker terminals' are  .estimated t o  have 
an occurrence probabi 1 i ty  of about to  per t ransfer  operati on. 
~ a s e d  on th'e assumption of weekly to  monthly t ransfer  operations, t h e  . 
annual f a t a l i t y  probability fo r  an operator a t  a given faci 1 i ty  would 
be in the. range of o r  lower. That i s  in  the sane general probabi 1 i t y  

range as an average individual would accept by exposure to  automobile 
accidents. The r isk to  the general public i s  substant ial ly  less .  



EXTINGUISHMENT AND CONTROL OF LPG FIRES 

About 100 t es t s  were run on friee-burnjng LPG f i r e s  t o  determine 

the quan t i t i es  o f  agent required t o  con t ro l  o r  ext inguish the f i r e .  The 

t es t s  were run using methods developed f o r  hexane f i r e s  i n  e a r l i e r  tests.  

The general procedure was t o  put  about 3 inches o f  LPG i n  the bottom of 

a square .concrete t e s t  p i t  about 2 f e e t  ,deep. The LPG was a1 lowed t o  re-  

main i n  the p i t  fo,r a t  l e a s t  ha l f  an hour before i t  was i g n i t e d  so t h a t  

t he  vapor izat ion r a t e  was r e l a t i v e l y  low a t  t he  s t a r t  o f  the  tes t .  A f t e r  
4' 

i g n i t i o n ,  the f i r e s  were allowed t o  burn f r e e l y  f o r  a t  l e a s t  a minute so 

t h a t  t he  burning r a t e  could reach a steady s ta te  value before ext inguish- 

ment was attempted. 

F i r e  con t ro l  tes ts  using h igh expansion foam were run on f i r e s  

i n  5-, lo-,  20-, and 4 0 - f t  square p i t s .  The foam was appl ied a t  the up- 

wind edge o f  the p i t  and foam f low was continued long enough t o  con t ro l  

the f i r e  o r  u n t i  1 a l l  the LPG was burned. The minimum foam app l i ca t ion  

t ime f o r  non-control led f i r e s  was 5 minutes. 

Three types of dry  chemical were used t o  ext ingu ish f i r e s  i n  

5-, lo-,  and 20 - f t  square t e s t  p i t s :  sodium bicarbonate, potassi urn 

bicarbonate, and urea-potassium bicarbonate. The dry  chemicals were 

usual ly  appl ied from f i x e d  nozzles located along the sPdes o f  the t e s t  

p i t s ,  one nozzle i n  the center o f  each side. To insure uniform flow, 

the powder was suppl ied t o  each of the four nozzles through a symmetrical 

p i p i ng  system. Powder f l ow ra tes could be var ied by changing the nozzle 

s izes o r  by changing the dr.y chemical tank pressure. Upper l i m i t s  on 

f low ra tes were f i x e d  by the nozzles ava i lab le  and the  ~~!dxi:nuai.opurating 

pressure of the ,dry chemi ca l  tanks. Some manual tes ts  were a lso  run i n  

which dry  chenical was appl ied by portable dry chemical un i t s  o r  hand-held 

d ry  chemical hoselines. Manual extinguishment t es t s  were run vsing shallow 

. earthen containment p i t s  as we l l  as the deep concrete p i t s .  



A few tes t s  were a lso run i n  which the . b o i l o f f  r a t e  o f  LPG was 

measured f o l  1 owi ng rap i  d spi  1 1 age onto concrete, polyurethane foam, and 

a sand-soil mix. Both the t rans ien t  and steady s ta te  vapor izat ion ra tes  

were measured. 

Figure 12 shows the mass o f  LPG remaining i n  a 5 - f t L  concrete t e s t  

p i t  fo1,lowing a rap id  sp.i 11 o f  about' 37 I b. The dashed 1 i ne  represents 

the measured quan t i t y  remaining and the s o l i d  l i n e  shows the pred ic ted 

quan t i t y  remaining. The p red ic t ion  o f  boi  l o f f  r a t e  and quan 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  ted model o f  heat t r ans fe r  by con- 

duc t i  on through the concrete w i t h  add i t iona l  terms representing atmospheric 

convection, so la r  rad ia t ion,  and sensible heat .from the coo l ing LPG (2). 

The temperatures o f  the LPG pools reached a steady s ta te  value between 

-90°F and -100°F i n  most o f '  the tests., so there was substant ia l  subcooling 

o f  the LPG below i t s  normal b o i l i n g  po in t .  I n  these t es t s  the LPG was 

more than 90 percent propane. 

Steady s ta te  evaporation ra tes were measured using insu la ted  

containers t o  reduce the conduction o f  heat through the container wal ls. 

Heat t r ans fe r  t o  the l i q u i d  was l i m i t e d  t o  convection from the'atmosphere, 

and so la r  rad ia t ion.  Mass t r ans fe r  coe f f i c i en t s  were ca lcu la ted from the 

evaporation ra tes  and are shown i n  Figure 13. They compare favorably 

w i t h  coe f f i c ien ts  'found i n  the 1 i tera tu re  f o r  o ther  organic 1 i qu ids  ( 7 ) .  
The mass t r ans fe r  coe f f i c i en t s  can a lso  be used t o  est imate convective 

heat t r ans fe r  ra tes between the atmosphere and l i q u i d  pools because o f  

the heat and mass t r ans fe r  analogy. 

The burning ra tes were found t o  vary w i t h  the f i r e  size, and t o  

a lesser  ex tent  w i t h  wind speed. Although not  enough data were taken t o  

provide quan t i t a t i ve  re la t ionsh ips,  the burning ra tes f o r  smal ler  f i r es  

decreased f o r  h igher wind speeds. Figure 14 shows the measured steady 

s ta te  burning ra tes as a func t ion  o f  pool diameter. The data po in ts  are 

weighted averages o f  the measured burning ra tes f o r  two o r  more tes ts .  
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Figure 14. Burning Rates f o r  LPG .Fires. 



I f  i t  i s  assumed t h a t  a t  l e a s t  the surface o f  the burning pool . -  i s  a t  the 

b o i l i n g  po in t ,  a simple - .  heat balance model can represent the resu l t s ;  the 

t o t a l '  burning r a t e  being composed o f  vapori za t ion  ra tes  due t o  convecti  ve 

and rad i  a t i  ve heating, *om the flame, i . e. , 

where V = burning ra te ,  in/min 

Vc  = vaporiz 'at ion r a t e  due t o  convective heating, in/min 

Vr = vapor iza t ion r a t e  due t o  r a d i a t i v e  heating, i n/min 

By using the vapor izat ion ra.te data from Figure 13 and assuming a flame 
-. temperature o f  2000°F, Vc  i s  est imated t o  be 0.'13 /min and i s  approxi- 

mately constant over the' range o f  f i r e  s izes i'nvolved.. 

The vapor iza t ion r a t e  due t o  r a d i a t i v e  heat ing i s  assumed t o  vary 

w i t h  pool. diameter i n  the fo l l ow ing  manner. 

-bD) vr = V r, max ( 1  - e 

where 
V r ,max = maximum vapor iza t ion r a t e  due t o  rad ia t ion ,  in./mi n 

b = flame e x t i n c t i o n  coe f f i c i en t ,  ft-' 

D = flame diameter, ft, 

The values o f  Vr, max and b can be determined from the data and,are about 

0.32 in/min a n d  0.208 ft-'   re spec ti vely. 

The s o l i d  l i n e  i n  Figure 14 was ca lcu la ted from Equations 1 and 2. 

It appears t h a t  the maximum burning r a t e  f o r  propane f i r e s  i s  about 0.45 

in/min and t h a t  the maximum r a t e  i s  reached f o r  f i r e s  about 20 ft wide 

o r  la rger .  I f  the f u e l  i s  i g n i t e d  before the ground i s  we l l  frozen, the 

burning r a t e  can be substant ia l  l y  higher, o f  course, because o f  the more 

r a p i d  b o i l o f f  o f  LPG. 



FIRE CONTROL 

High expansion foam was chosen as the  agent f o r  f i r e  c o n t r o l  

because o f  i t s  e f fec t i veness  i n  c o n t r o l  1  i n g  1  i q u e f i e d  na tu ra l  gas (LNG) 
f i r e s .  The foam a p p l i c a t i o n  ra tes  and expansion r a t i o s  were l i m i t e d  by 

t h e  equipment ava i l ab le ,  so t i le  number of t e s t s  was a l so  somewhat '1 i m i  ted. 

F igure  15 shows the  c o n t r o l  t ime as a  f u n c t i o n  o f  the  foam a p p l i c a t i o n  

ra te .  The c o n t r o l  t ime i s  de f ined as the  t ime a t  which the  r a d i a t i o n  

f l u x  measured a t  one pool diameter from the pool edge i s  reduced t o  25 

percent  o f  i t s  value before  foam was appl ied. 

The l i n e  drawn through the  data po in ts  i s  based on a  m u l t i v a r i a t e  

curve f i t  o f  the  data, assuming an equat ion o f  t h e  form 

where t = c o n t r o l  t ime, sec 

n  = minimum c o n t r o l  t ime 

A = a p p l i c a t i o n  r a t e ,  gpm/ft  2 

= minimum a p p l i c a t i o n  ra te ,  gpm/ft  2 
Ami n  

B = burn ing  ra te ,  in /min 

E = expansion r a t i o  

K,a ,b  ,c = cons.tarlls 

There i s  a  minimum a p p l i c a t i o n  r a t e  below which the f i r e  w i l l  n o t  be 

c o n t r o l l e d .  I t  i s  dependent on the  r a t e  of foam brealtdotrn due t o  heat  

t r a n s f e r  from the flame t o  the foam and contac t  w i t h  the c o l d  LPG. The 
2 minimum r a t e  was ca lcu la ted  t o  be about 0.03 gpm/ft . If foam was app l i ed  

a t  a lower ra te ,  the  foam co l lapsed as f a s t  as i t  was appl ied. The re -  

s u l  t i n g  foam s o l u t i o n  dra ined i n t o  the  f i r e  and increased the  burn ing  . 
r a t e .  Th is  same behavior had been found e a r l i e r  i n  app ly ing  h igh  expan- 

s i o n  foam t o  LNG f i r e s  (8, 9 ) .  

There i s  a l s o  a minimum c o n t r o l  t ime s ince i t  takes a f i n i t e  t ime 

t o  cover the e n t i r e  f u e l  sur face w i t h  foam. For the  t e s t  procedure used, 

t h e  minimuni c o n t r o l  t ime was about 30 seconds. 



Figure 15. Control ~ i m e s  f o r  High Expansion Foam; . 



I t  i s  known from the LNG f i r e  t e s t s  that  the f i r e  control time 
and the extent of reduction i n  f i r e  s i ze  ultimately achieved depend on 
both the foam generating equi pment and foam concentrate used, because of 

differences in foam qua1 i  ty. In compa'ring the control times for  LPG f i r e s  
w i t h  those measured fo r  LNG f i r e s ,  i t  was found tha t  LPG f i r e s  were con- 

. 

t ro l led  in le,s time than the LNG f i i e s  and that  the reduction in radiant 
flux was about the same or  larger than tha t  fo r  LNG f i r e s  using comparable 
foam. I t  I s  l ike ly  that  f a s t e r  control times and greater reductions i n  

?' 

f i r e  s i z e  a f t e r  control can be achieved using higher qudllty foams. Prac- 
t i ca l  application rates  fo r  LPG f i r e s  should be large enough to provide 
control within a' few minutes a f t e r  foam appl ica t i  on i s  s ta r ted .  For, the 
foam used i n  these t e s t s ,  the application rate  should be i n  the range of 

2 0.1 - 0.15 gal/min-ft a t  an expansion r a t io  of 500:l. Other foams may be 
more o r  less  e f fec t ive ,  and may require other application ra tes  fo r  as- 
sured control. 

The LPG f i r e  control times can also be compared w i t h  those found 

i n  e a r l i e r  t e s t s  where n-hexane was used as the fuel .  Hexane f i r e s  were 

controlled' more rapidly than LPG f i r e s  and were ultimately extinguished. 
Thus the data confirm the resul ts  t ha t  might be expected in tu i t ive ly :  
fuels with very low boiling points produce f i r e s  that  are harder to  con- 

t ro l  with foam and cannot be extinguished, while higher-boil ing fuels 
produce f i r e s  tha t  are eas ie r  t o  control and can be extinguished. 

Three t e s t s  were run i n  which obstructions were placed in the 
center of the f i r e .  These obstructions, which consisted of a s e t  of con- 

cent r ic  s tee l  rings open 90 degrees on opposite s ides ,  increased the con- 
t ro l  time only s l ight ly .  High expansion foam was f lu id  enough t o  flow 
around and over thc obsLr-ucliorr and 'provide e f f e c t i v e  eont.ml- In prac- 

t i ca l  applications,  foam should be applied so tha t  a l l  areas of potential 

f i r e  will be covered by foam. 

FIRE EXTINGUISHMENT 

Three dry chemical agents were used to  extinguish f i r e s  in 5-, 

lo-,  and 20-ft square p i t s .  Figures 16 through 18 show the extinguishment ' 
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t i k s  measured f o r  sodi um bicarbonate, potassium bicarbonate, and 'urea- . 

potassi  um bicarbonate, respect ive ly .  The extinguishment times are shown 

as a funct ion of . the r a t i o  of dry  chemical app l i ca t ion  r a t e  t o  LPG burning 

' ra te  because the quan t i t y  of powder requ i red depends on the burning ra te .  

The l i n e s  drawn through the data po in ts  were derived from a 

least-squares analysis o f  the data assuming an equation o f  the form 

where t = extinguishment time, sec 

n = minimum extinguishment time, sec 

A = app l i ca t ion  ra te ,  1 b /sec- f t  2 

B = burning ra te ,  in/min 

a,K,C = constants 

There i s  a minimum app l i ca t ion  r a t e  below which the f i r e s  cannot. be 'ex- 

t inguished; i t  i s  r e l a ted  t o  C i n  Equation 4. Par t  o f '  the mechanism by 
' 

which dry chemicals ex t ingu ish f i r e s  i s  by absorption o f  f r ee  rad ica ls  

from the combus ti on chain. The m i  nimum appl i c a t i  on r a t e  i s' apparently 

r e l a t e d  t o  the average f r ee  rad ica l  concentrat ion i n  the flame. Since 

. the ef fect iveness o f  absorption o f  f r ee  radica1.s var ies according t o  the 

.d ry  chemical being appl ied, the minimum app l i ca t ion  r a t e  i s  ' d i f f e r e n t  f o r  

the three agents. The data analysis ind ica ted  t h a t  the m'inimum ra tes  we're 

1 argest  f o r  sodi um bicarbonate and lowest f o r  urea-potassi urn bicarbonate. 

. There i s  a lso  a minimum app l i ca t ion  time below which the f i r e  w i l l  

., n o t  be: extinguished, even f o r  very h igh powder app l i ca t ion  rates.  This . . 

minimum app l i ca t ion  t ime i s  apparent1.y r e l a ted  t o  the time requ i red t o  mix 

. . powder and flame, so i t  i s  dependent on the app'li ca t ion technique. Since.  
. . a1 1 the f i x e d  system extinguishment t es t s  used .the same app l i ca t ion  tech- 

. , nique, the minimum time ' f o r  extinguishment f o r  a l l  powders was about the 

same, around 2 t o  3 seconds, 

The LPG was contained i n  concrete p i t s  about 2 ft deep, so t h a t  

there was always a freeboard depth o f  a t  l e a s t  1.5 ft. The f i x e d  nozzles 



were pl'aced about 6 in. below the top o f  the p i t  wa l l ,  so t ha t  the powder , .  . . 

was d i s t r i b u t e d  evenly w i t h i n  the f i r e  zone. Extinguishment was there- 

f o re  q u i t e  uniform i n  most o f  the tests.  . . 

. . 
, The same concentr ic c i r c l e  obstruct ions used i n  the foam tes ts  . . 

were a lso '  used. i n  the dry chemical tests.  The f i r e s  were more d i f f i c u l t  . , 

t o  ex t ingu ish .when the obstruct ions were used because the powder c.ou1d 

no t  be uni formly d i s t r i b u t e d  w i t h  the obstruct ions i n  place. I n  fac t ,  

potassi urn bicarbonate d i d ,  not  ex t ingu ish any f i  res when the.-,obstruction 

was used because the powder could n d  be pro jec ted f a r  enough i n t o  the 

obst ructed a rea  t o  cover a1 1 o f  the' f i r e .  Data from sodi urn :bicarbonate . , 

t es ts  showed less e f f e c t  caused by the .obstruct ions than found i n  the 

urea-potassium bicarbonate tests,  probably because the p ro jec t ion  range 

f o r  sodi um bicarbonate i s greater than f o r  urea-potassi urn b i  carbonate .. 

. Some manual f i r e  extinguishment tes ts  were a lso run using, e i t h e r  

hoselines o r  por tab le  dry chemical ext inguishers. The f i r e s '  burning i n  
, . . .  

deep p i t s  (1 .5- f t  freeboard) were very d i f f i c u l t  t o  ext inguish.  ~ d d i  t i o n a l  

manual tes ts  on shallow pools resu l ted  i n  much quicker extinguishment. 

No manual tes ts  were run using the obs t r i c t ions ,  but  p r e v i ~ u s  experience 

ind icates t h a t  the f i r e s  would be harder t o  ex t ingu ish if obstructed. 

The addi t iona l  d i f f i c u l t y  i s  caused by the non-uniformity o f  powder d is -  ~. 

tri b.ution due t o  "shadoiving" of par ts  o f  the f i r e  by the obstruct ions.  
, 

P 

. . 

A we1 1 designed f i x e d  system should show l i t t l e  o r  no e f f e c t  i n  ex t in -  
. . 

guishment time due t o  the presence o f  obstruct ions.  . .. . ... ,. . , 

The dry  chemi ca l  appl i c a t i  on ra tes required f o r  extit-iguishing LPG 1. 
f i r e s  were .hi'gher than those requ i red for  LNG f i . res  o f  comparable s i ze  and. c . 

burning r a t e  i n  o ther  tes ts  (8, 9 ) .  However, the ra tes f o r  LPG.were comparable 

, to .thos'e required f o r  n-hexane. The reason LNG f i r e s  are more easi,ly,'ex- 

t inguished i s  r e l a ted  t o  the molecular s t ruc tu re  and the combustion . . 

mechanism. The propane and n-hexane molecules have carbon t o  carbon bonds , 

t h a t  are more e a s i l y  broken than the carbon t o  hydrogen bonds o f  methane. 

This d i f ference a lso a f f ec t s  the flame propagation ra te ,  which i s  slower 

, f o r  methane, arid the energy requ i red t o  detonate unconfined vapor a i r  mix- 

tures, which i s  greater for  methane than f o r  propane. 



Even though h ighe r  powder appl i c a t i o n  ra tes  a re '  requ i red  f o r  p ro-  

pane f i r e s  than f o r  methane f i r e s ,  p r a c t i c a l  ext inguishment systems can 

be designed f o r  propane. Care should be used i n  designing such systems 

so t h a t  r e i g n i t i o n  i s  prevented, because d ry  chemicals p rov ide  no long . 
. . 

term c o n t r o l  c a p a b i l i t y .  Reigni t i o n  must there fore  be prevented. . 

CONCLUSIONS 

The burn ing  r a t e s  o f  LPG f i r e s  are  p r i m a r i l y  a f u n c t i o n  o f  the  

f i r e  s i z e  and.reach a maximum o f  about 0.45in. lmin f o r  f i r e s  la rge? than 

about 20 ft i n  diameter. 

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 appl i c a t i o n  

o f  h i g h  expansion 'foam. The foam r a t e  requ i red  f o r  LPG f i r e s  i s  l e s s  than 

f o r  LNG f i r e s  a t  comparable burn ing  ra tes ,  and the  reduc t i on  i n  f i r e  s i z e  

i s  about the same as f o r  LNG f i r e s .  For t t ie foam used i n  these tes ts ,  t he  . 

2 a p p l i c a t i o n  r a t e  should be i n  the  range o f  0.1 - 0.15 ga l /m in - f t  a t  an . '  
a .  

expansion r a t i o  o f  500: l  i n  o rde r  t o  p rov ide  c o n t r o l  w i t h i n  a f e w  minutes. . 
, 

Rad ia t i on  f l uxes  f rom the  f i r e  were reduced by as much as 85 t o  90 per - .  

cent.  Experience w i t h  LNG f i r e s  'has shown wide v a r i a b i l . i t y  i n  the  e f f e c -  . , 

t i veness  o f  var ious types o f  h i g h  expansion foam f o r  c o n t r o l l i n g  L.NG 

f i r e s .  The same v a r i a b i ' l i  ty  may be expected f o r  LPG f i re .s .  

Dry chemical agents a p p l i e d  w i t h  p rope r l y  designed f i x e d  system 

'o r  manned hosel ines are  e f f e c t i v e  i n  e x t i n g u i s h i n g  LPG f i r e s .  Sodium b i -  

carbonate w i l l  be l e s s  e f f e c t i v e  a t  low a p p l i c a t i o n  r a t e s  than potassium . . 

b i  carbonate o r  urea-potassi urn bicarbonate. However, t h e  longer  p r o j e c t i o n .  : 

range and h igher  f l o w  r a t e s  f o r  a g iven system design and the  lower ' cos t  

o f  agent make sodium bicarbonate an a t t r a c t i v e  choice f o r  l a r g e  f i x e d  

systems d i  scharc i  ng a t  h igh  ra tes .  
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SUMMARY 

Release prevention and control technology encompasses all safety 

aspects of the actual handling, transportation, storage, or use of LPG. As 

such, it includes all construction, installation, and operational practices; 

codes and regulations dealing with LPG equipment and practices; analysis of 

the causes of accidents; research and development aimed at improved equipment; 

and efforts to develop bettersafety procedures. In this report the state- 

of-the-art of' release prevention and control technology is presented for 

several modes of transportation and for consumer storage. 

RELEASE PREVENTION 

Release prevention encompasses all those activities whose objective 

is the avoidance of uncontrolled LPG spills with their attendant potential 

hazards. These activities include efforts by designers, constructors, 

installers, regulators, etc., to ensure the maximum integrity of all con- 

tainers and appurtenances, and efiorts by all appropriate segments of industry 

and government to develop safe procedures and to communicate safety informa- 

tion to all persons who handle or use LPG. Recent and current research and 

development directed toward improvements in these areas are'included in this 

description' of the state-of-the-art. 

Pipeline Transportation 

The importance of pipelines in the LPG industry is indicated by 

these statistics: 

a There are some 220,000 miles of pipeline handling LPG in the 

United States 



a Throughput in recent years has been in the neighborhood of 19 

billion gallons (452 million barrels) per year, which is over 90 

percent of LPG transported. 

Accident Record 

On the basis of acciden't reports filed .with the Department of 

Transportation's Office of Pipeline Safety operations (DOT/OPSO) by the 

operating companies, pipeline breaks in the ten year period 1968-1977 have 

resulted in 40 deaths, 69 seriously injured persons, and more than $5 million 

in property damage and the loss of 651,000 barrels of LPG product .(I? It can 

be argued that, relative to the number of miles of pipeline and the total LPG 

throughput, the accident record of the LPG industry is good. However, 

comparing the records of the LPG pipeline industry to that of pipelines 

carrying other liquids (crude, gasoline, middle distillates, and ammonia), 

LPG is accountable for two thirds of the deaths and half of the serious 

injuries, although it accounts for only 10 percent of all pipeline accidents. 

Also, although there appears to be a trend toward fewer accidents per year 

(183 in 1968-1972 versus 139. in 1973-1977), the dollar loss reported in the 

latter five-year period is double that in the previous period and the product 

loss is greater by -40 percent. In summary,. there have been significant 

releases of LPG from pipelines, and serious consequences. 

~ e s i ~ n  and 'Construction Practices 

Prior to the establishment of mandatory federal regulations, 

industry standards and specifications provided a voluntary standard of prac- 

tice for liquid pipelines.. For example, the American Petroleum Institnte 

(API) sponsored the development of specifications for the manufacture and 

testing of line pipe (API 5L, 5LX, 5LS specifications); the American National 

Standards Institute (ANSI) and the American Society of Mechanical Engineers 

(ASME) developed standards to guide the design and the construction of safe 

and serviceable pipelines. Numerous items of industry standards have been 

incorporated into the federal regulations. 



LPG pipelines are subject to regulations deta.iled in the Code of 

Federal Regulations, Title 49, Part 195 (49CFR195) - Transportation of Liquids 
by pipeline. ( * )  Part 195 "prescribes rules governing the transportation by 

pipeline in i'nterstate and foreign commerce of hazardous materials that are 

subject to Parts 172 and 173 of this chapter, petroleum, and petroleum 
. . 

products". Part 195 specifies requirements for numerous details of material 

properties, design, construction, hydrostatic testing, operations and main- 

tenance, and accident reporting. Many-requirements are stated,with reference 

to particular industry standards. 

Perhaps the most significant it'ems (with res-pect to release preven- 
( 3 )  tion) specified by Part 195 and by industry codes, e.g., ANSI B31.4, 

include the following: 

Requirement for hydrostatic test of each new pipeline to a stress 

level in the pipe wall which is 125 percent of specified minimum 

yield stress (SMYS) (both 49CFR195 and ANSI B31.4). (2,3) This 

requirement seems justified by the record that, within thousands 

of miles of pipelines operated within this margin of safety, 

there have been no ruptures resulting from original manufactur- 

ing or construction defects. (4) Additionally, DOT recently 

published a notice of proposed rulemaking to amend Part 195 by 

requiring a hydrostatic test on all onshore pipelines carrying 

highly volatile liquids, which have not been previously tested, 

to at least 1.25 times their maximum operating pressure. (5 

Requirement for coatings and cathodic protection on buried pipe- 

lines to limit corrosion damage (both Part 195 and B31.4). 

Although coatings and cathodic protection can be used sepa- 

rately, experience has shown that by far the best protection is 

provided by use' of a combination of coatings and cathodic 

protection. The accident report records show that the number of 

accidents per year attributed to corrosion has declined from 229 - 
.in 1968 to 48 in 1976. This favorable trend reflects in large 

measure the requirements of Part 195 promulaged in 1 ~ 6 7  with 

respect to cathodic protection, inspections for corrosion, 

reductions in operating pressure or replacement of pipe in cases 

of severe corrosion. 



Although Part 195 and 'the industry codes prescribe many details of design, 

materials testing, construction, and quality control, the ultimate item of 

quality control is that of the field hydrostatic test indicated above. The 

requirement for coating and cathodic protection of buried pipelines obviously 

is an effort to preserve the integrity of a pipeline initially qualified by 

design to the codes, including the field hydrostatic test, against the ravages 

of corrosion over many years of service. 

Other code requirements for LPG pipelines deserve mention. As 

already noted, Part 195 stipulates that no liquid pipeline may be operated 

normally at a pressure (MOP) greater than 80 percent of the hydrostatic test 

pressure (this corresponds to the margin of 125 percent mentioned above). In 

the operation of a liquid pipeline it is expected that internal pressures will 

occasionally exceed the normal operating pressure; these variations will be 

caused by the opening or closing of valves, starting or stopping' of pumps, 

etc., which create surges of pressure. Part 195 (paragraph 195.406) stipu- 

lates that surges or other variations from normal must not be permitted to 

exceed 110 percent of MOP. This requirement can be met by the design and 

installation of surge suppressors, if needed. 

It is to be especially noted that Part 195 (1977) referenced above 
II refers to "Transportation of Liquids . . . , making no distinctions among the 

several categories of products carried by pipelines with respect to their 

characteristics or the hazards presented by them when released accidentally. 

In a Final ~ u l e  published on July 16, 1979, DOTIMTB has defined the term 

"highly .volatile liquid" to be adopted under paragraph 195.2, to wit: "Highly 

volatile 1iquid"means'a liquid which has an absolute vapor pressure of 40 

psia or more at 100 F. (') This notice and other notices of rulemaking thus 

provide a mechanism for and recognize the need for special requirements for 

pipelines when carrying highly volatile liquids. 

Construction of steel pipelines for transportation of liquids. is 

covered by 49CFR195, Subpart D, and by ANSI B31.4-1974, Chapter V. Generally, 

these regulations and standards deal with inspection of pipe and other 

components, welds, coatings, qualification of welders, pipe cover, construc- 

tion records, etc. Part 195 requires that pipelines be constructed in 



accordance with comprehens'ive written specifications. Nondestructive inspec- 

tion is required by the Federal Regulations on 10 percent of all welds (100 

percent in some critical locations). 

DOT/MTB published a final rule effective March 17, 1978, permitting 

and specifying requirements for conversion of existing pipelines to liquid 

service. (7)  he announcement calls attention to the previous requirement that 
pipelines placed in liquid service after March 31, 1970, were to be designed 

and constructed in accordance with applicable Federal safety standards, and 

that the previous requirement was more stringent than necessary when applied 

to conversions subject to Part 195. Under the new requirements, a carrier 

prepares and follows a written conversion procedure, which must provide for 

visual inspection and historical review of the pipeline to identify actual or 

potential sources of failures. The review must be supplemented with appro- 

priate tests where historical records are insufficient to judge'the line's 

condition. Problem areas must be corrected by repair, replacement, or other 

alterations. A pressure test must be performed to demonstrate that the 

structural integrity of the pipeline is sufficient for safe operation. 

Applicable corrosion control requirements must be me.t within 12 months after 

the pipeline is placed in service. Records must be kept of the investiga- 

tions, tests, and remedial measures conducted on the pipeline. 

Finally we note that the DOTIMTB recently (February 5 ,  1979) issued 

an advanced notice of proposed rulemaking for pipelines carrying highly 

volatile liquids. (8) The proposed rules would: 

Make line pipe easier to weld and with tougher longitudinal seams 

a Add water to anhydrous ammonia to inhibit stress-corrosion 

cracking 

Use lower design and operational stress levels in accordance 

with population density 

Require periodic hydrostatic tests. 

Comments were to be filed with MTB by May 4, 1979. 

Operations and Maintenance 

The handling and, transportation of highly volatile, flammable 

liquids require attention in normal operation to the potential hazards and to 



equipment and procedures to minimize risks. Part 195, in addition to 

requirements already identified, has established minimum safety requirements 

for pumping equipment, for written procedures for normal operation, mainte- 

nance, and abnormal operations and emergencies. Apparently the present 

requirements of Part 195 are not sufficiently specific in some respects, since 

changes to the regulations have been proposed, and made final, to clarify 

intent and to facilitate enforcement. ( 6 )  According to the new rules, it will 

be required that written procedures be incorporated in a manual, and the 

manual reviewed by MTB; if in MTB's view the procedures are inadequate, 

corrections could be required. 

System Control. The overall control of liquid pipelines, as 

reported by ~ o c h  and ~utz(~) and verified by a survey(lO), is from a central 

location. The type of control of operation.of these pipeline syst'ems ranges 

from manual call-in of parameters, which, are then usually displayed on a 

control panel, to complete computer control. Over half of the 29 pipelines 

(LPG and NH3) surveyed, representing over 19,000- miles of pipeline, have 

computers in their operations, but in varying degrees or modes. ' Some lines 

reported using a main computer in conjunction with various types of peripheral 

equipment such as hard wired controllers. Two computers of the same type,. one 

on standby, are also used. A large number of pipelines also use a manually 

operated control pane'l with various types of peripheral equipment. 

There appears to be a trend toward incorporating - centralized 

control systems in pipeline systems transporting highly volatile liquids, but 

these are not truly computer-controlled systems. (lo) The computer is used in 

an adjunct capacity, coding and decoding data, checking validity of trans- 

mitted data, calculating, receiving orders, and supplying information to the 

operator. The operator makes the key decisions. 

In order to maintain throughput of product, keep a continuous 

account of the amount pumped, and protect against ,pipeline and equipment 

damage, numerous pipeline and equipment variables are monitored and logged, 

both at the pump stations and at central control. The specific variables used 

and the manner of use vary from pipeline to pipeline, but generally include 

pump suction and discharge pressures; commodity flow rate, temperature, and 

density; pump and drive running status; outputs of combustible vapor and flame 



sensors; and positions of pump station and mainline block valves. The 

transducers in a liquid pipeline control system are monitored by' controllers 

which compare the instantaneous value against a set value. The controllers 

take action to minimize the differences; however, if the differences exceed 

certain limits, the system is shut down. 

Operating variables that are used to shut down the pump station are 

mainly variables of the pump, such as: bearing failure, seal failure, case 

pressure, and case temperature. Some of the variables monitored for shutdown 

of the pipeline system are discharge pressure, suction pressure, and flow 

rate. The latter variables are good indicators of the condition of the 

pipeline, but only for a short distance down the line. Other transducers are 

needed along the line in order to monitor the condition of, an entire line 

sect ion. 

Pump Station Control. In order to maintain operating parameters or 

to initiate a status change in the pipeline, controllers and actuators at the 

pumping stations are used. The types of pump station actuators reported in 

use are mainly, in order of the number reported, electronic pneumatic, and 

hydraulic. (lo)' The operating set points on these 'controllers are usually 

manually set at the remote sites. Most controllers being used are electronic 

because they are the most economical type that can provide the tight control, 

(I1) A good systemp, necessary to run with the control valve normally wide open. 

is needed to prevent pressure overshoots, and some controllers, 'such as 

pneumatic types, may not respond fast enough, if the running pressure is close 

to the maximum operating pressure. 

In the survey of pipelines carrying highly volatile liquids, almost 

all reported having pump stations with both automatic and remote shut down 

capabilities. The local automatic shut down capability protects the primary 

pumps from damage and prevents overpressuring of both pump station and 

trunkline piping. 

The time required to isolate a pump station or shut down the pipe- 

line system varies with the degree of automatic controls. Most pipelines 

require 2 ,to 4 minutes to shut down a pump station either automatically or 

remotely. Up to 2 hours is required to manually shut down a pipeline section 

due to the fact that all of the block valves are not automatic and must be 



manually closed to isolate a pipeline section. The fact that a majority of 

block valves must be manually closed indicates a very long time lag in closing 

off a section of a damaged pipeline. This is verified by the reported 2-hour 

estimate to isolate a section of pipeline by closing the block valves. 

With regard to the shutdown capability of pump stations, 43 percent 

of those surveyed had an automatic shutdown capability and 87 percent had a 

remote control capability. Many pump stations have dual or triple means of 

shutting down the pump stations. (10) 

195.262 of 49 CFR 195 requires that each pump station must be 

provided with (1) safety deviccsa to prevent overpressuring, including 

auxiliary pumping equipment within the station, (2) a device for the emergency 

shutdown of each station, and ( 3 )  an auxiliary power supply, if power is 

required to actuate the safety device. 

Third Party Damage: A large fraction of incidents involving release 

of products. from pipelines involves damage by excavating equipment ("third 

party damaget'). In a study of third party damage incidents on natural gas 

pipelines it was found that farmers were responsible for 35 percent of the 

incidents, government !nits 26 percent, utilities 11 percent, and developers 

', 10 percent. (") One type of effort directed toward reduction or elimination . . 

of third damage is the institution of coormunication systems in particu- 

lar areas, variously called "cooperative area notification plans" or "one- - . 

, 
; call systems". The idea is that, when any excavator pla'ns to 'dip; in a certain 

location, he can call one telephone number some time before hand, say 48 

hours, and all utilities having 'facilities at or near the site ~5.11 be 

notified. An NTSB report indicates a markedly downward trend in damages in 

are'as covered by one-call systems. (13) 

Maintenance Procedures. As noted above, Federal Regulations 

require that operators have written procedures for maintenance, the scope of 

which includes (1) maintaining maps and records, ( 2 )  maintaining line markers, 

( 3 )  inspection of right-of-way, ( 4 )  external and internal corrosion control, 

(5) valve maintenance, ( 6 )  inspection and testing of overpressure devices and 

relief valves, etc. The potential benefits towards prevention of product 



releases to be derived from maintenance procedures of these types carried out 

at timely intervals is self-evident. 

Accident Reporting. A requirement of Part 195 already noted is that 

pipeline operators must report to OPSO releases of commodity according to 

specified rules and on a specified form (Form 7000.1). The accident data so 

gathered could provide a basis for observing trends, analyzing for causes, 

determining whether changes in rules have the desired effect, etc. However, 

at least until very recently, OPSO'has not analyzed the data gathered since 

1968, other than to summarize them, and apparently has not monitored the 

operators' reports for completeness and accuracy. (14) 

Research and Development 

Most research and . development which contributes to release 

prevention, directly or indirectly, can be considered in several categories: 

.(1) that directed toward improvement of pipe steels, welding materials or 

procedures, coatings and other means of limiting corrosion, and appurte- 

nances, ( 2 )  that directed toward understanding of causes of accidental 

releases, and ( 3 )  that directed toward better operating procedures or prac- 

tices. 

Hardware-oriented R and D will not be discussed in detail here. 

However, it can be said in general that any pipeline can be designed and 

constructed'so that it will have a high degree of structural integrity. The 

incentives to provide an adequate degree of integrity include the safety of 

the general public, the safety of employees, avoiding loss of products and 

damage to company and non-company property, and preventing costly shut downs. 

Toward this objective, as previously noted,. the industry, repre- . . 

sented by the API, ANSI, ASME, etc., and the federal government have estab- 

lished specifications and regulations which are intended to produce the 

desired integrity and serviceability of pipelines. Committees which consider 

and promulgate changes in industry codes include a broad range of representa- 

tives, of manufacturers (s tee1 , coatings, components, etc . ) , and of the 

pipeline operators, and various experts and researchers. A vast amount of 

research has been conducted over the years toward better pipe materials; 

better welding materials and techniques; more knowledge concerning fracture 



of pipelines; the significance of chemistry and metallurgy, residual 

stresses, and operating stresses in fracture behavior; and better understand- 

ing of the function and value of hydrostatic testing and other methods of 

quality control on reliability. To put the question of materials in pipeline 

systems in perspective, the results of a study by NTSB on liquid pipeline 

accidents indicate that the causes of 2294 adcidents (1968-1976) for - all 

liquid pipelines ranked as follows: (14) 

Corrosion 45 percent 

Equipment Rupturing Line 28 percent 

Defective Pipe 7 percent 

Defective Welds 5 percent 

Incorrect Operations 2 percent 

' Other causes 13 percent 

Some 12 percent of all accidents were attributed to defects in the pipelines 

themselves; these defects might have included manufacturing or field welding 

defects, damage to the pipeline due to handling during laying into the ditch 

or due to backfilling, damage by third parties after the pipeline is in ser- 

vice, etc. 

Concerning causes of accidental releases of LPG from pipelines, we 

have, of course, the operators reports to OPSO on "reportable incidents", in 

which the general causes are given. The form provides the possibility of 

indicating as cause (1) corrosion, (2 )  defective pipe, ( 3 )  defective weld, (4) 

incorrect operation by carrier personnel, (5) equipment rupturing line, or (6) 

other (specify). These accident reports are summarized annually by OPSO (1) 

and have been analyzed by NTSB"~); some of the statistics have been cited 

above. Data and conclusions reached by NTSR, nnt already cited, include the 

following: 

e Among the various possible causes of accidents, that of eq1~i.p- 

ment rupturing line was the leader in losses of product-as well 

as total casualties from 1968 to 1976. 

e Michigan did not have any reported equipment caused ruptures in 

1974, 1975, or 1976. NTSB attributes this in part to the state 

wide "one-call system"; all operators of underground utilities 

are required by State law to participate in the system. 



Instructions for filling out the Form 7000.1 are not adequate to 

insure consistency and thoroughness. Also, the form does not 

request sufficient kinds of data to support the formulation of 

safety regulations. 

There is no way to predict safe service life of a liquid pipeline 

using the currently available data. 

The NTSB .issued several recommendations on the basis of its study of liquid 

pipeline accident data: 

'OPSO should publish a plan describing bow it will use accident 

report data to formulate safety regulations and to develop a safe 

service life model for pipeline. 

OPSO should redesign the Form 7000-1 to include data similar to 

that collected for natural gas pipelines. 

e, OPSO should computerize the liquid pipeline accident reporting 

system to permit analysis and determination of meaningful rela- 

tionships among leak rates per mile and various pipeline/product 

parameters. 

OPSO should expedite rulemaking concerning LPG pipelines. 

The API should urge member pipeline companies to participate in 

and encourage improvement in any, one-call systems where they 

operate, and help organize. systems where they do not exist. The 

Governors of Texas and Oklahoma were urged to take action to 

implement state wide one-call systems in their states. 

Another source of information on releases of LPG/NGL (natural gas 

liquids) from pipelines are the reports of investigations of particular 

accidents by NTSB and the Bureau of Mines. (15-20) In addition to calling 

attention to the magnitude of combustible vapor clouds which can form and the 

damage which can be done by combustion of such clouds when an LPGINGL line 

ruptures, the reports also indicate something about basic causes: 

In the cas,e of a pipeline which ruptured in Missouri in 1970, 10 

I 
persons were injured in an explosion estimated to be equivalent 

to 50 tons of TNT. This pipeline.had ruptured 12 times in the 

previous 6-year period, all due to failure of the longitudinal 

welds. 



s   not her pipeline, in Texas, ruptured in the longitudinal weld in 
February, 1976, killing 5 people. This pipeline had suffered a 

series of 14 longitudinal pipe seam failures in the period 1968 

to 1976. 

e In January, 1976, in an accident at an LPG compressor station. in 

Oklahoma, 5 men were killed and 2 were burned se'riously when NGL 

was released into a d.itch by an error' in procedure. 

Another accident dccurred in ~ i c h i ~ a n  in August, 1975, when an 8- 

iuc11 yruyiiue piyeliae i-liytured due to previous mechanical 

damage. 9 persons were burned. 

'l'he f easibility Clf limiting df pi;eoPure e 6  ljireveile p f i p ~ l f n ~ !  fa4 I I ~ Y P  

due to overpressure was investigated for the DOT, as part of a larger 

study . ('l) This study identified a variety df systems and devices which have 

been used for decades to limit pressures on pipelines. However, the study 

identified as a relatively new development the existence of supervisory 

control systems which link the various pipeline components, including 

pressure-limiting devices, into a coherent system. The report indicates that 

almost all liquid lines have some means of addressing the problem of pressure 

transients (surges), but the results of the questionnaire did not indicate 

surges as being o significant problem in liquid pipelines. The authors, 

however, question this result, suggesting that surges may, in fact, be the 

prime cause of mainline ruptures. The report also identifies the problem 

which arises when a liquid pipeline over a period of years is seriously 

weakened by corrosion; it suggests that some means of periodic evaluation and 

derating would be desirable. 

In another project sponsored by DOT/OPSO "Transportation of Highly 

Volatile, Toxic, or Corrosive Liquids by Pipeline", the objective was to 

identify and catalog the specific design, construction, operation, and main- 

tenance practices of pipeline operators, and the problems associated with the 

transportation of highly volatile, toxic, or corrosive liquids .(lo) Informa- 

tion was gathered from que9tibrin8ires sent e6  operators: of LPG and NH 
3 

pipelines; personal contacts, and survey of pertinent literature. This 

information was gathered and analyzed in order to provide a data base to OPSO 



for the rulemaking process. The most significant conclusions and recommenda- 

tions reached in this project relative to release prevention are: 

In general, the design, construction, operation, and maintenance 

practices of pipelines transporting LPG and NH do not differ 3 
significantly from those of pipelines transporting petroleum 

products or crude. petroleum. 

Pipe quality and liquid pipeline safety can be enhanced at the 

-pipe mill by control of the "carbon equivalent1' to improve 

weldability, and by normalizing ERW longitudinal seam welds to 

improve the toughness of the heat-affected-zone. 

Continue Federal Regulations (in Part 195) calling for fiveld 

tests to 125 percent of MOP on new construction and existing 

systems that have been relocated, replaced, or otherwise 

changed. Also, reconsider requiring such a test on existing 

pipelines that have not been tested in this manner. 

OPSO should consider modifying Part 195 to make it mandatory that 

any pipeline that is to be converted to highly volatile liquid 

service must have 

(1) The original design of the line reviewed 

(2) A hydrostatic test to 125 percent of MOP 

(3) 'Corrosion, construction, and maintenance records 

carefully examined before the system is put into service. 

OPSO should specify a review interval for the written procedures 

covering normal shutdown, emergency shutdown, and an accidental 

release of liquid. 

Encourage all pipelines and in particular those transporting LPG 

or NH to consider the safety benefits of cooperative notifica- 3' 
tion plans. 

Recent rulemaking has taken many of these conclusions and recommendations into 

account as discussed earlier. 

Railroad Transportation 

Railroads have transported sane 1.1 billion gallons of LPG per year 

in recent years, which is about 5.5 percent of the total transported. As of 

v-13 



1977 t h e r e  were 22,000 r a i l r o a d  tank cars. i n  LPG opera t ion .  LPG tank c a r s  

b u i l t  before 1961 t y p i c a l l y  had a  water capaci ty  of 11 ,600 gal lons '  (9,500 

. ga l lons  of propane).. Af ter  1961 much l a r g e r  tank c a r s  became ava i l ab le  which 

have water capa.ci t ies  up t o  about 34,000 ga l lons .  

Accident Record 

I n  the  l a s t  severa l  years  the re  has been an increas ing number of 

r a i l r o a d  acc iden t s  involving LPG. This  i s  not  because LPG i n  any way 

i n i t i a t e s  acc idents :  on the  cont rary ,  mnet acc idents  a r e  initiated by d e r a i l -  

ment of t r a i n s ,  and the  derailments s e t  of f  chains of events  which r e l e a s e  

LPG. Some LPG accidents  have done g rea t  amounts of damage, e spec ia l ly  when 

they occur i n  urban a reas .  

Often, when LP-gas tanks rupture ,  l a rge  por t ions  of the tanks a r e  

propelled severa l  hundred f e e t ,  sometimes more than 1000 f e e t .  These events  

a r e  known a s  BLEVE's ( b o i l i n g  l i q u i d  expanding vapor explos ions) ,  which occur 

when flames impinge on LP-gas tanks above the  l i q u i d  l e v e l ;  the  vapor cannot 

c a r r y  heat  away adequately and the  s t e e l  becomes h o t t e r  and weaker. Even- 

t u a l l y ,  a s  the  s t e e l  hea t s  up, i t s  s t r eng th  decreases t o  a  l e v e l  where i t  

cannot s u s t a i n  the  pressure  i n  the  tank,  and i t  ruptures .  Typical ly,  the  

f r a c t u r e  t r a v e l s  c i rcumferent ia l ly  around the  tank,  ~ e p a r a t i n g  the  tank i n t o  

two p a r t s ,  and the  vapor pressure a c t i n g  on the  cross-sec t ional  a rea  of the  

tank acce le ra tes  the  two p a r t s  a x i a l l y .  The tank p a r t s  then t r a v e l  u n t i l  the  

k i n e t i c  energy acquired during the  acce le ra t ion  i s  dips ipated .  

In  the  period 1950-1969 NFPA received 18 r e p o r t s  on inc iden t s  

involving LP-gas tanks exposed t o  f i r e  which r e s u l t e d  i n  BLEVE' s; those 18 

f i r e s  r e su l t ed  i n  22 deaths and 318 i n j u r i e s .  I n  the  years  1970-1974 12 BLEVE 

inc iden t s  were r epor ted ,  r e s u l t i n g  i n  24 deaths and more than 300 i n j u r i e s .  

Design and Construct ion Prac t i ces  

As with p i p e l i n e s ,  so ,  too ,  the  r a i l r o a d s  had developed indus t ry  

.standards and s p e c i f i c a t i o n s  before f ede ra l  r egu la t ions  became mandatory. 

The p r inc ipa l  i n d u s t r i a l  a s soc ia t ions  providing s p e c i f i c a t i o n s  and standards 

se rv ices  fo r  pressure  tank c a r s  a r e  t h e  American ~ s s o c i a t i o n  of Railroads 



(AAR) and the  American National Standards I n s t i t u t e  (ANSI). The AAR and the  

ANSI a r e  referenced i n  the  federa l  r egu la t ions ,  and, i n  f a c t ,  the  AAR 

Committee on Tank Cars has an ac t ive  r o l e  i n  reviewing and approving des igns ,  

ma te r i a l s  and const ruct ion ,  conversion o r  a l t e r a t i o n  of tank c a r  tanks. 

Transpor ta t ion  of LPG by r a i l  i s  covered by federa l  regula t ions  

under T i t l e  49, i n  th ree  pa r t s :  (2) 

e P a r t 1 7 3 -  Shippers - Federal Requirements f o r  Shipments and 

Packagings. 

Rai l  t ranspor t  of LPG i s  covered s p e c i f i c a l l y  i n  

Subpart B,  Prepara t ion  of Hazardous Mater ia ls  f o r  

Transportat ion,  paragraph 173.31, q u a l i f i c a t i o n ,  

maintenance, and use of tank ca r s ;  a l s o  i n  Subpart G ,  

Compressed Gases; Def in i t ion  and Preparat ion,  para- 

graph 173.314, Requirements f o r  Compressed Gases i n  

Tank Cars. 

e, P a r t  174 - Carriage by R a i l .  

This p a r t  under various subpar ts  covers general  

requirements (Subpart A ) ,  such a s  inspect ions ,  handl- 

ing  of as  t r a y  shipments, e t c .  ; general operat ing 

requirements (Subpart B), such as  shipping papers, 

orders  and b i l l i n g s ,  l a b e l s  and p lacards ,  e t c . ;  

handling and loading requirements (Subpart C); 

Detai led Requirements f o r  Gases (Subpart F), under 

paragraph 174.204, "Tank c a r  de l ivery  of gases", 

s p e c i f i e s  t h a t  compressed gases may be unloaded only 

on p r iva te  t r a c k s ,  unless  c e r t a i n  condit ions a r e  

f u l f i l l e d .  

B P a r t  179 - Spec i f i ca t ions  f o r  Tank Cars. 

Tank c a r  s p e c i f i c a t i o n s  f o r  LPG include 105, 106, 111, 112, and 114. 

Each tank c a r  must be designed, cons t ructed ,  t e s t e d ,  and c e r t i f i e d  t o  a  

s p e c i f i c  t e s t  pressure  ( a t  a temperature - < 100 F ) ,  e.g.,  100, 200, --- , 600 

p s i .  In  each case the  permissible maximum opera t ing  pressure ( a t  a  s p e c i f i c  

temperature, e .g . ,  105 F) i s  75 percent  of the t e s t  pressure ,  a s  determined by 

the  start-to-open s e t t i n g  of the s a f e t y  r e l i e f  valve.  The t e s t  pressure  i s  



incorporated i n  the  tank c a r  des ignat ion ,  e .g . ,  105 T 100 means a ca r  designed 

t o  105 T s p e c i f i c a t i o n s  and t e s t e d  t o  100 p s i .  The p a r t i c u l a r  tank c a r  

s p e c i f i c a t i o n  requi red  w i l l  depend on the  composition of the  LPG, spec i f i c -  

a l l y ,  on. the  vapor pressure ;  propane, f o r  example, r equ i res  ca r s  t e s t e d  t o  

higher pressure  than butane. General design requirements of P a r t  179 include:  

Requirement f o r  approval of the  manner i n  which tanks a r e  

a t tached t o  the  c a r  s t r u c t u r e ;  a l s o  of welding procedures, 

welders,  and f a b r i c a t o r s .  

Limi ta t ions  on capaci ty  and gross  weight of tank c a r s  b u i l t  a f t e r  

November 30, 1979, t o  34,500 gal lons  and 263,000 l b  on the  r a i l s ,  

r e spec t ive ly .  Exis t ing  tank c a r s  cannot be converted t o  exceed 

these  limits. 

A l l  tank c a r s  b u i l t  a f t e r  1970 must be equipped with in te r lock ing  

automatic couplers t h a t  w i l l  r e s i s t  c a r  te lescoping and jack- 

kn i f ing  i n  derai lments and i n  emergency s tops .  These couplers  

must be approved by the  Federal Railroad Administration. 

As a r e s u l t  of a  s e r i e s  of se r ious  acc idents  involving uninsulated 

tank c a r s  b u i l t  t o  112 and 114 spec i f i ca t ions  and t r anspor t ing  hazardous 

m a t e r i a l s  ( e spec ia l ly  LPG), the  DOT/MTB issued amendments t o  P a r t s  173 and 

179, e f f e c t i v e . 0 c t o b e r  19, 1977:. (22) 

Ex i s t ing  and newly b u i l t  s p e c i f i c a t i o n s  112 and 114 tank c a r s  

used t o  t r anspor t  flammable gases ( inc luding LPG) a r e  requi red  

t o  have both thermal and tank head protec t ion .  

A l l  112 and 114 c a r s ,  r ega rd less  of l ad ing  t ranspor ted ,  a r e  t o  be 
I 

equipped with spec ia l  couplers  designed t o  r e s i s t  v e r t i c a l  dis-  

engagements. These a r e  r e f e r r e d  t o  a s  "shelf  couplers1'. 

Three types of 112 and 114 tank c a r s  were es tabl i shed:  

(1) 112A and 1 1 4 A  cats ore authari.ted t n  t ronoport  hazardous 

l i q u i d s  (such as gasol ine)  and non-f l a m a b l e  compressed 

gases o ther  than anhydrous ammonia (no te  t h a t  LPG i s  c lass-  

i f i e d  a s  "f lammable gas"). 

(2)  Newly b u i l t  112 S and 114 S tank c a r s  t o  t r anspor t  anhydrous 

ammonia as  well  a s  commodities c a r r i e d  by 112 A and 114 A. 

Each must be equipped with head s h i e l d s  and she l f  couplers .  



(3) Newly b u i l t  112 T, 112 J, 114 T ,  and 114 J tank c a r s  t o  

t r anspor t  flammable and non-flammable compressed gases ,  

including anhydrous ammonia, and hazardous l i q u i d s .  Each 

i s  required t o  be equipped with a thermal p ro tec t ion  

system, head s h i e l d s ,  she l f  couplers ,  and a s a f e t y  r e l i e f  

vaive meeting the  requirements of paragraph 179.105-7. 

This  l a s t  permits reduction of r e l i e f  valve capaci ty  on 

. , thermally insu la ted  ca r s .  

The meanings of the l e t t e r s  af t e r  'the s p i c i f i c a t i o n  numbers indica ted  above 

a r e  as  follows: 

"A" designates 112 o r  114 s p e c i f i c a t i o n  c a r s  which have as  addi- 

t i o n a l  protec t ion  only shelf-couplerg;  these  c a r s  can ca r ry  

non-flammable gases and hazardous 1 iquids . 
"S" designates 112 o r  114 s p e c i f i c a t i o n  c a r s  which have both , 

shelf-couplers and head s h i e l d s ; .  they can carry  anhydrous 

'ammonia, non-f lammable gases,  and hazardous 1 iquids . 
"J" designates 112 o r  114 s p e c i f i c a t i o n  c a r s  with thermal protec- 

t i o n  enclosed i n  a metal jacket ,  plus shelf-couplers ,and head 
. . 

. . 
shields.; these c a r s  can carry  flammable gases (LPG) i n  addi- 

t i o n  t o  products c a r r i e d  by "A" and "S" c a r s .  
l f ~ l f  

A,'! 

i nd ica tes  thermal p ro tec t ion  without a metal jacket;  such c a r s  
. . 

a r e  otherwi,se s imi la r  t o  "J" c a r s  and can ca r ry  the  s&e 

products . 

Recently the  DOT/MTB i'ssued a l i s t  of thermal p ro tec t ion  systems which may be 

used on 112 and 114 tank c a r s  without f u r t h e r  t e s t  v e r i f i c a t i o n  t o  s a t i s f y  the  
(23) r e t r o f i t  requirements. 

Operations and Maintenance 

Operating and maintenance aspects  of r a i l  t r anspor ta t ion  of LPG a r e  

covered by 49 CFR 173 and 49 CFR 174, as  noted above. Numerous d e t a i l s  of 

p rac t i ce  a r e  a l s o  spec i f i ed  i n  NFPA 58 "Storage and Handling of Liquefied 



Gases - 1976", (24 )  and recommended p r a c t i c e s  have a l s o  been developed and 

promulgated by t h e  Nat iona l  LP-Gas A s i ~ c i a t i o n ' ~ ~ ) ,  and by t h e  Compressed   as' 
Assoc i a t i on  (26)  

Important  ope ra t i ona l  a spec t s  covered by r e g u l a t i o n s  i nc lude  

i n s p e c t i o n s  of t ank  c a r s  and appurtenances be fo re  load ing  and before  sh ipping;  

p e r i o d i c  r e t e s t  and r e i n s p e c t i o n ,  i nc lud ing  h y d r o s t a t i c  t e s t  of tanks and 

t e s t i n g  of s a f e t y . r e l i e f  va lves ;  withdrawal from s e r v i c e  o r  r e p a i r  of tanks 

which have been s u b j e c t  t o  f i r e ;  f i l l i n g  d e n s i t i e s ;  maximum vapor p re s su re  ( a t  

s p e c i f i e d  tempera tures )  ve r sus  t h e  t e s t  p ressure ;  use of fo re ign  tank  c a r s  i n  

domestic use ( t e s t s  and c e r t i f i c a t i o n s  r equ i r ed ) ;  respect ive ,responsibi l i t ies  

of '  sh ippe r s  and c a r r i e r s ;  proper handl ing  of empty c a r s  o f f e r ed  f o r  t ranspor -  

~ a ~ i o n ;  handling of l e ak ing  c a r s ;  p o s i t i o n s  of c a r s  ca r ry ing  compressed 

flammable gases  i n  t r a i n s  wi th  r e s p e c t  t o  c a r s  c a r r y i n g  o t h e r  hazardous 

substances .' 

Research and Develo~ment  

Following a  number of tank c a r  rup tu re s  i n  1969, a  r e sea rch  p r o j e c t  

was i n i t i a t e d  i n  1970 r e f e r r e d  t o  as  t h e  RPI-AAR p r o j e c t  (Railway Progress  

Inst i tute-American Assoc ia t ion  of Ra i l roads )  and known o f f i c i a l l y  a s  "Rail- 

road Tank Car S a f e t y  Research and T e s t  Pro jec t" .  I n  a d d i t i o n  t o  t h e  two 

o rgan iza t ions  a l r eady  named, sponsors  included n ine  o t h e r  i n t e r e s t e d  assoc ia -  

t i o n s  and i n s t i t u t e s ;  t h e r e  were a l s o  government observers  from t h e  Canadian 

Transpor t  Commission, The Federa l  Railway Adminis t ra t ion  (FRA), and NTSB, 

The program was d i r e c t e d  by t h e  Tank Car Research Committee under t h e  Chair- 

manship of Frank J. H e l l e r .  The r e sea rch  was organized i n  phases ,  and, except  

f o r  one cont inu ing  p r o j e c t  (1978),  t h e  r e sea rch  e f f o r t  has  been con- 

c luded.  (27y28)  The r e sea rch  phases were a s  fol lows (27,291. 

Phase 1 - Accident review 

Phase 2 - Derailment Environment Study ( i nc lud ing  d o l l a r  l o s s )  

Phase 3 - Mate r i a l s  Study-Steel ( i n c l u d i n g  f r a c t u r e  p r o p e r t i e s )  

Phase 4 - ~ e v i e w  of L i t e r a t u r e  and Re la t ed  Experience 

Phase 5 - Head Study ( i nc lud ing  head s h i e l d s )  

Phase 6 - S a f e t y  Valve i n  Liquid  Study 

Phase 7 - S a f e t y  Re l i e f  Devices-General 



Phase 8  - Reduced Sca l e  Model S t u d i e s  ( i nc lud ing  dera i lment  

s t u d i e s )  

Phase 9  - Design Study - Tanks and Attachments 

Phase 10 - Design Study-Car ( i nc lud ing  coup le r s  and t r u c k s )  

Phase 11 - Thermal E f f e c t s  Study ( i n c l u d i n g  thermal  s h i e l d  sys  terns, 

and t o r c h  t e s t s )  

Phase 12 - Vessel  F a i l u r e  Research ( i n c l u d i n g  f r a c t u r e  and t u b  

rocke t ing )  

Phase 13  - Tank Head S h i e l d  Design ( t h i s  phase conducted under DOT 

Cont rac t ,  DOT-FR-00035) 

Phase 1 4 -  Stub S i l l  Buckling Study 

Phase 15 - Switchyard Impact T e s t s .  

Some 40 f i n a l  o r  phase,  r e p o r t s ,  p l u s  31 t e c h n i c a l  p rogress  r e p o r t s ,  were 

, i s sued  on t h e  va r ious  phases of t h i s  p r o j e c t  as  of February,  1979. (29)  Th i s  

whole program appa ren t ly  has been d i r e c t e d  e n t i r e l y  toward r e l e a s e  preven- 

t i o n ,  and has  obviously provided t h e  b a s i s ,  a t  l e a s t  i n  p a r t ,  f o r  t h e  r e c e n t  

r e g u l a t o r y  a c t i o n s  r ega rd ing  thermal s h i e l d s ,  s h e l f  coup le r s ,  and head 

s h i e l d s .  

The DOT sponsored a  4-month s tudy  i n  1970 a t  t he  Corne l l  Aeronau- 

t i c a l  Laboratory (DOT-FR-00028) (30) .  The o b j e c t i v e s  of t h i s  r e sea rch  

inc luded  development of performance s p e c i f i c a t i o n s  and conceptual  des ign  and 

a p p l i c a t i o n  requirements  f o r  s a f e t y  devices  t o  prevent  c a t a s t r o p h i c  c a r  

f a i l u r e .  A number of t e chn ica l  conc lus ions  were reached and 'a p lan  f o r  a  

r e sea rch  program was developed. Apparently t h i s  was t h e  b a s i s  i n  pa r t  f o r  

i n i t i a t i o n  of t h e  RPI-AAR p r o j e c t  descr ibed  above, a1  though t h e  l a t t e r  program 

was apprec iab ly  more comprehensive than  envis ioned  by t h i s  s tudy .  

The .NTSB h e l d  a  publ-ic h e a r i n g  i n  A p r i l  1978 and i s sued  a  r e p o r t  of 

t h e i r  a n a l y s i s  and'recommendations r ega rd ing  means of reduc ing  t h e  r i s k s  from 

r a i l  t r a n s p o r t  of hazardous cargo ,  i nc lud ing  LPG. (31 ) NTSB examined safeguard  

i n s t a l l a t i o n s  f o r  112,and 114 tank  c a r s ,  emergency n o t i f i c a t i o n  and response 

procedures ,  t h e  dera i lment  problem, t r a c k  s t a n d a r d s ,  and o t h e r  a r e a s .  Con- 

.elusions by NTSB p e r t a i n i n g  t o  r e l e a s e  p reven t ion  i n c l u d e  t h e  fol lowing:  

112 A and 114 A tank c a r s  were designed by t h e  tank c a r  and t h e  

r a i l r o a d  i n d u s t r y  t o  maximize economics; no s p e c i f i c  s a f e t y  



methodology t o  determine unreasonable r i s k  t o  t he  pub1 i c  was 

employed. 

a When the  112Al114 A c a r  designs were accepted on s p e c i a l  permi t ,  

t h e  s a f e t y  f e a t u r e s  of thermal i n s u l a t i o n  and a  c e n t e r  s i l l  were 

e l imina ted  and t h e  capac i ty  was inc reased  three- fo ld .  No 

a n a l y s i s  nor f u l l - s c a l e  t e s t i n g  were c a r r i e d  out  be fo re  t h e s e  

designs and equipment were placed i n t o  s e r v i c e .  

e No adequate  s a f e t y  methodology has been developed by Federa l  

agencies  t o  determine r i s k s  a s  a  b a s i s  f o r  r e g u l a t i o n .  

c DOT'S acc iden t  d a t a  c o l l e c t i o n  programs f o r  t r a i n  dera i lments  

and hazardous m a t e r i a l s  provide a  l imi t ed  c a p a b i l i t y  f o r  

acc iden t  prevent ion  r e sea rch  and countermeasure development,  

Truck T r a n s ~ o r t a t i o n  

Truck t r a n s p o r t  of LPG accounted f o r  about 800 m i l l i o n  ga l lons  o r  

about  4 percent  of t h e  t o t a l  amount shipped i n  1977. According t o  t h e  NLPGA 

t h e r e  were about 25,000 t r a n s p o r t  and d e l i v e r y  t rucks  i n  ope ra t ion  i n  t he  U.S. 

i n  1977. These inc lude  some 7,000 t rucks  ca r ry ing  between 3,500 and 10,000 

g a l l o n s ;  some 18,000 t r u c k s ,  c a l l e d  "bobta i l s" ,  used f o r  l o c a l  d i s t r i b u t i o n  

and ca r ry ing  gene ra l ly  from 860 t o  3,500 g a l l o n s ;  and a  r e l a t i v e l y  small  

number of f l a t -bed  t rucks  which 'carry s k i d  tanks.  of 300 t o  2,000. gal lons,  

capac i ty  . 

Accident Record 

LPG t r uck  a c c i d e n t s  occur mainly i n  t h r e e  s i t u a t i o n s :  (1)  i n  

loading/unloading o p e r a t i o n s ,  ( 2 )  i n  r c p a i r  gorogec, and ( 3 )  i n  c o l l i s i o n s  or  

over turns  o n  t h e  road.  S t a t i s t i c s  on LPG t ruck  acc iden t s  a r e  ga thered  by t h e  

Department of ' ~ r a n s ~ o r t a t i o n / ~ f f  i c e  of Hazardous M a t e r i a l s ,  (DOT/OHM), t h e  

Federa l  Highway Adminis t ra t ion  (FHwA) , t h e  Bureau of ' ~ o t o r  C a r r i e r  S t a t i s t i c s  

(BMCS) , agencies  i n  s e v e r a l  s t a t e s ,  and p r i v a t e  t ruck ing  o rgan iza t ions .  

However, t he  ga the r ing  of s t a t i s t i c s  on t ruck  a c c i d e n t s  i s  a  major problem: 

a c c i d e n t  d a t a  a r e  incomplete ,  sometimes d i f f i c u l t  t o  o b t a i n  even when they  



e x i s t ,  and l a r g e l y  no t  dependable because d i f f e r e n t  c r i t e r i a  a r e  used i n  

c o l l e c t i n g  d a t a .  (32 '  33) A p a r t i c u l a r l y  s i g n i f i c a n t  problem with r e s p e c t  t o  

hazardous m a t e r i a l s  i s  t h a t  many t r u c k  acc iden t  d a t a  a r e  not  d i f f e r e n t i a t e d  by 

type of cargo ,  and t h e r e  a r e  many times more t rucks  hau l ing  gaso l ine ,  d i e s e l  
. . 

f u e l ,  and o the r  middle d i s t i l l a t e s  than  t h e r e  a r e  hau l ing  LPG. However, some 

p a r t i a l  s t a t i s t i c s  a r e  a v a i l a b l e  from var ious  s t u d i e s :  

.The NLPGA c o l l e c t e d  and analyzed LPG t ruck  a c c i d e n t s  f o r  t h e  

per iod  1972-1976. The d a t a  inc lude  178 highway acc iden t s  i n  t h e  

6-year per iod ,  of which 96 involved no r e l e a s e  of cargo,  50 

produced minor s p i l l s ,  and 32 involved f i r e  o r  s i g n i f i c a n t  

r e l e a s e s .  (34) 

The DOT/OHM c o l l e c t e d  and analyzed d a t a  f o r  t h e  per iod  1971- 

1977, showing a  t o t a l  ,of  124 s p i l l s  from a l l  sources  except  
(34)  loading/.unloading ope ra t ions .  

FHWA s t a t i s t i c s ,  a l though q u i t e  incomplete i n  many c a t e g o r i e s ,  

show t h a t  i n  t he  5-year per iod 1973-1977 t h e r e  was an annual 

average of 79 acc iden t s  involv ing  LPG t rucks .  Of these ,  9.4 were 

r epo r t ed  a s  s p i l l s .  (34)  

Fac tory  Mutual analyzed DOT d a t a  f o r  hazardous m a t e r i a l s  f o r  t h e  

J u l y ,  1966, t o  December, 1968, f i n d i n g  t h a t  combustible 

compressed gases accounted f o r  139 a c c i d e n t s ,  9  dea ths ,  and 81 
(33) i n j u r i e s .  

There were t h r e e  s e p a r a t e  i n c i d e n t s  i n  1974 involv ing  LPG tank  

t r u c k s  i n  r e p a i r  garages.  Fii-es r e s u l t e d  because t h e  t rucks  were 

not  emptied of LPG and purged be fo re  being moved i n s i d e .  Severa l  

people were burned, t h e r e  were 4 f a t a l i t i e s  and l a r g e  amounts of 

proper ty  damage. (35)  

Design and Cons t ruc t ion  P r a c t i c e s  

LPG t rucking  i s  r egu la t ed  by t h e  DOT and by NFPA 58. The ex tens ive  

and d e t a i l e d  requirements  s p e c i f i e d  by NFPA 58 and t h e  DOT r e g u l a t i o n s  f o r  

s t o r a g e  and handl ing of LPG a r e ,  of course ,  d i r e c t l y  r e l a t e d  t o  i t s  hazardous 

n a t u r e .  LPG is hazardous pr imar i ly  because i t  e x i s t s  a s  a  l i q u i d  only  under 

r e l a t i v e l y  high p re s su res  (200 p s i  f o r  propane a t  105 F), and, when t h e  



p r e s s u r e  i s  r e l e a s e d ,  a  flammable f u e l  a i r  cloud i s  formed which i s  denser  than  

a i r ,  hence does n o t  d i s p e r s e  r e a d i l y .  The genera l  o b j e c t i v e  of r e g u l a t i o n s ,  

t hen ,  i s  t h e  prevent ion  of a c c i d e n t a l  r e l e a s e  of  LPG f u e l  and the  consequent 

p roduct ion  of a flammable cloud.  The more impor tan t  a spec t s  of t h e  regula-  

t i o n s  a r e  p re sen t ed  below. 

I n t e r s t a t e  LPG t ruck ing  i s  r e g u l a t e d  b y ' t h e  DOT under 49 CFR, P a r t s  

172, 173, 177, and 178.") The genera l  scopes of t h e s e  p a r t s '  a r e  a s  fol lows:  

P a r t  172 cor . ta ins  a  Tab1.e of Hazardous Ma te r i a l s  (paragraph 

172.,101) ideutifyiug m a t e r i a l s  by name, t he  hazard c l a s s i f i c a -  

e ion of each ,  Labels r equ l r ed  on packages,  and s p e c i f i c  packag- 

i n g  requi rements .  I n  t h i s  p a r t  LPG i s  c l a s s e d  a s  a  "flammable 

gas", and must be l a b e l e d  s o ,  u n l e s s  excepted.  This  p a r t  a l s o  

d e a l s  with ( 1 )  sh ipping  papers  and informat ion  r equ i r ed  on them; 

( 2 )  marking requirements ,  which r e f e r s  t o  t h e  sh ipping  name ( i n  

t h i s  c a s e  " l i q u e f i e d  petroleum gas'!); c o l o r ,  s i z e ,  l o c a t i o n ,  

e t c . ,  of t he  marking; ( 3 )  requirements  f o r  l a b e l i n g ;  and ( 4 )  

p laca rd ing  requi rements .  

P a r t  173 d e f i n e s  hazardous m a t e r i a l s  f o r  t r a n s p o r t a t i o n  purposes 

and p r e s c r i b e s  c e r t a i n  requirements  t o  be  observed i n  p repa r ing  

them f o r  shipment.  "Flammable gas" i s  de f ined  i n  paragraph 

173.300. Subparts  p e r t i n e n t  t o  LPG inc lude  ( 1 )  Subpart  A - 
Ccncrol  , ( 2 )  Subpart B - P r e p a r a t i o n  of IIazardoua M a t e r i a l s  for 

T r a n s p o r t a t i o n ,  and ( 3 )  Subpart  G - Compressed gases  D e f i n i t i o n  

and P repa ra t i on .  Th i s  p a r t  a l s o  covers  s p e c i f i c a l l y  ( i n  173.33) 

t h e  q u a l i f i c a t i o n ,  maintenance, and use of cargo t anks .  

P a r t  177 d e a l s  s p e c i f i c a l l y  w i t h  t r a n s p o r t a t i o n  by highway, and 

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

c o n t a i n e r s .  

6 P a r t  178 p r e s c r i b e s  t he  manufactur ing and t e s t i n g  s p e c i f i c a t i o n s  

f o r  c o n t a i n e r s .  Subpart  C g ives  s p e c i f i c a t i o n s  f o r  c y l i n d e r s ,  

Subpart  H f o r  p o r t a b l e  t a n k s , . a n d  Subpar t  J f o r  con ta ine r s  f o r  

motor v e h i c l e  t r a n s p o r t a t i o n  (paragraph 178.337).  "Por tab le  

tank" i s  de f ined  a s  any packaging (except  a  c y l i n d e r  having a  

1000 pound o r  l e s s  water  c a p a c i t y )  over  110 U .  S. g a l l o n s  c a p a c i t y  

and designed p r imar i l y  t o  be loaded i n t o ,  o r  on, o r  t emporar i ly  



a t t ached  t o ,  a  t ransPo=@ v e h i c l e ,  and equipped wi th  s k i d s ,  

mounting, o r  acces so r i e s  t o  f a c i l i t a t e  handl ing of the tank  by 
, . 

mechanical means (paragraph 171.8) .  

I n t r a s t a t e  t ruck ing  of LPG i s  s u b j e c t  t o  MFPA 58, s p e c i f i c a l l y  

Chapter 6 "Truck Transpor t a t ion  of LPGas". (24 )  Paragraph 6002 o f  NFPA 58 

i n d i c a t e s  t h a t  "many of t he  provis ions  of Chapter 6 a r e  i d e n t i c a l  o r  s i m i l a r  

t o  DOT regu la t ions  and a r e  intended t o  extend t h e s e  provis ions  t o  a r eas  not  

s u b j e c t  t o  DOT regu la t ion" ,  i . e . ,  i n t r a s t a t e .  The design and cons t ruc t ion  of 

con ta ine r s  i s  covered i n  Chapter 2 ,  and f i l l i n g  of con ta ine r s  i n  Chapter 4, of 

NFPA 58. 

49 CFR 173.315 s t i p u l a t e s  t h a t  LPG s h a l i  be shipped only i n  cargo 

tanks ,  S p e c i f i c a t i o n  MC-330 o r  331, o r  i n  po r t ab l e  c o n t a i n e r s ,  S p e c i f i c a t i o n  

DOT-51, o r  a s  provided i n  173.32 and 173,33. (Liquef ied  gases  may a l s o  be 

charged i n t o  and t r anspor t ed  i n  c y l i n d e r s  a s  i n d i c a t e d  i n  paragraph 173.304; 

cy l inde r s  w i l l  be d iscussed  i n  another  s e c t i o n ) .  S p e c i f i c a t i o n  MC-330 i s  

obso le t e ,  and tanks have not  been b u i l t  t o  t h i s  s p e c i f i c a t i o n  s ince  1967; 

however, MC-330 tanks  cont inue i n  use.  S p e c i f i c a t i o n  MB-331 i s  descr ibed  i n  

paragraph 178.337, and DOT-51 i n  paragraph 178.245. Both MC-331 and DOT-51 

tanks must be b u i l t  t o  t h e  same ASME.Code. (36)  

The designs of v e h i c l e s  t o  c a r r y  cargo tanks o r  p o r t a b l e  tanks a r e  

no t  s p e c i f i e d  i n  r e g u l a t i o n s  i n  d e t a i l ,  except  wi th  r e s p e c t  t o  c e r t a i n  items: 

Requirements f o r  f i r e  ex t ingu i she r s  

Requirements f o r  chock blocks 

Requirements on exhaust  systems 

e Requirements on l i g h t s  and wir ing  

o ~ e ~ u i r e m e n i s  on t r u c k  bodies  f o r  hau l ing  c y l i n d e r s  ( t i e  downs, 

e t c . )  

S p e c i f i c a t i o n  MC-331 (49 CFR 178.337) i nc ludes  t h e  fo l lowing .  items f o r  

con ta ine r s  t o  be used t o  haul  LPG: 

e .General requirements  - Tanks must be seamless o r  welded s t e e l  

. cons t ruc t ion  and designed and cons t ruc t ed  i n  accordance with t h e  

ASME Code. The design p re s su re  s h a l l  no t  be l e s s  than t h e  vapor 

p re s su re  of t h e  commodity a t  115 F .  Excess p re s su re  r e l i e f  



. va lves  s h a l l  be located  i n  the  top  of the tank o r  heads. Post  

weld heat  t reatment must be a s  prescribed i n  the  ASME Code, 

except t h a t  each tank const ructed  i n  accordance with Pa r t  UH 'of 

the Code must be post-weld heat  t r e a t e d .  In  no event s h a l l  the 

post-weld treatment be a t  l e s s  than 1050 F. 

a Mater ia ls  - A l l  ma te r i a l s  used f o r  cons t ruct ion  of the tank and 

appurtenances must be s u i t a b l e  f o r  use with the  commodities t o  be 

t ranspor ted  and must comply with requirements of the Code and of 

the  ASTM. Impact t e s t s  a r e  requi red  on s t e e l  used i n  f a b r i c a t i o n  

of each tank const ructed  i n  accordance with Pa r t  UHT of the ASME 

'Code. 

a Design S t r e s s  cons idera t ions  - Spec i f i ca t ion  MC-331 includes 

requirements on minimum thicknesses of s h e l l ,  head, e t c .  ; ' on 

minimum s t r e s s e s ,  and prescr ibes  a  formula f o r  ca lcu la t ion  of 

s t r e s s e s .  A paper discusses ' t h e s e  ca lcu la t ions  and o the r  
(37) aspects  of MC-331. 

a Construct ion - Tanks a r e  t o  be assembled genera l ly  according t o  

requirements of the  ASME Code. These requirements cover welding 

procedures, welder qua1 i f  i c a t i o n s  and performance t e s t s ,  'pre- 

para t ion  of j o i n t s ,  c u t t i n g  of openings, to lerances  f o r  mis- 

alignment, ecc. 

a.  Out le t s  and Safe ty  Devices - Excess-flow check valves o r  back- 

.flow check valves may be used on vapor l i n e s ,  but  ' l iquid-  

discharge l i n e s  must be f i t t e d  wi th  i n t e r n a l ,  se l f -c los ing 

valves .  (37) The l a t t e r  funct ion  s o  t h a t  they a r e  closed during 

transport, must be held open during unloading oporafionn, and 

c lose  automatical ly o r  manually i n  event of an emergency. Also, 

tanks greater than  3500 gal lons  capaci ty  must have remote- 

cont ro l  s t a t i o n s  a t  each end of the tank and diagonally opposi te  

each o the r  f o r  opera t ion  of valves.  For smaller  tanks,  a t  l e a s t  
(37) one remote-control s t a t i o n  must be provided. 

F i t t i n g s  must be protec ted  aga ins t  damage from c o l l i s i o n  with 

o ther  vehic les  o r  ob jec t s .  Safe ty  r e l i e f  va lves ,  i n  p a r t i c u l a r ,  
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must be protec ted  s o  t h a t  i n  event of overturn of the veh ic le  on 

a hard surface ,  opening w i i l  not be prevented and discharge will 

'not be r e s t r i c t e d .  There a r e  s p e c i f i c  requirements on the  design 

of these  p ro tec t ive  devices o r  housings. 

Qua l i f i ca t ion  - Every cargo tank used f o r  the  t r anspor ta t ion  o f .  

hazardous mate r i a l s  must be an "authorized" container  by v i r t u e  

of . t e s t ing  and inspections as prescribed i n  49 CFR 173.33. A 

conta iner ,  l e s s  any f i t t i n g s ,  must be subjected t o  a  h y d r o s t a t i c '  

o r  pneumatic t e s t  t o  a  pressure 1.5 times the design pressure.  

An amendment t o  49 CFR 178 t o  be e f f e c t i v e  J u l y  1, ,1979, 

p roh ib i t s  t h e  loca t ion  of manhole assemblies on the  f r o n t  head of 

MC331 cargo tanks.  This i s  intended t o  reduce the  p robab i l i ty  of. 

r e l e a s e  of cargo i n  acc idents  because of c o l l i s i o n  damage t o  t h e  ' 
(38) manhole assembly. 

Operations and Maintenance 

As noted above, opera t ion  and maintenance a r e  regula ted  mainly by 

Par t s  173 and 177 of T i t l e  49, and by NFPA 58; Pa r t s  390 t o  397 of T i t l e  49,  

"Motor Car r i e r  Safe ty  Regulations" (39) a l s o  apply. 

Recommendations and procedures f o r  s a f e  opera t  ion  of t ruck t rans-  

port  a r e  included i n  "LP-Gas Safe ty  Handbook" prepared and published by 

National LP-Gas Associat ion,  and "Handbook of Compressed ~ a s e s " ,  a  Compressed 

Gas Associat ion publ ica t ion .  (25, 26) 

The i n t e r s t a t e  t ruck  t r anspor t  of LPG i s  subjec t  t o  r egu la t ion  by 

the  U.S. Department of Transportat ion,  and thus ,  t o  CFR T i t l e  49, Pa r t  177. 

The NFPA No. 58 i s  e s s e n t i a l l y  i d e n t i c a l  t o  the  DOT regula t ions  and i s  

intended t o  extend the  provisions of those regu la t ions  t o  i n t r a s t a t e  opera- 

t ions .  However, veh ic les  and procedures under the  j u r i s d i c t i o n  of DOT s h a l l ,  

i n  a l l  cases ,  comply with DOT regula t ions .  

Insofar  a s  the  t ruck t r anspor t  of por table  conta iners  i s  concerned, 

provisions as t o  f i l l i n g  q u a n t i t i e s ,  p ro tec t ion  of va lves ,  loading procedures 

and marking a r e  spec i f i ed  i n  NFPA No. 58, Chapter 6. S imi lar ly ,  provis ions  

fo r  cargo vehic les  covering s a f e t y  r e l i e f  va lves ,  f i l l i n g  connections, t h e  



need f o r  remodeling c o n t r o l l e d  shut-off  v a l v e s ,  gaging dev ices ,  drainage 

openings,  necessary  l a b e l i n g  and p r o t e c t i o n  of con ta ine r  appurtenances a r e  

s p e c i f i e d .  

A l l  p ipe ,  t ub ing ,  f i t t i n g s ,  v a l v e s ,  hoses and f l e x i b l e  connectors  

must be inspec ted  d a i l y  . t o  ensure t h a t  they a r e  i n  good cond i t i on ,  f r e e  from 

l e a k s  and not  'damaged i n  any way. 

The r e g u l a t i o n s  of the  F I I W ~ .  as  d e t a i l e d  i n  49 CFR 390-397, p e r t a i n  

t o  t he  d r i v e r  and, g e n e r a l l 9 ,  t o  t h e  ope ra t ion  of LPG t r a n s p o r t s  on pub l i c  

highways. The t i t l e s  of s eve ra l  P a r t s  i n d i c a t e  t h e  genera l  na tu re  of t hese  

r e g u l a t i o n s :  

P a r t  390 - Federa l  motor c a r r i e r  s a f e t y  r egu la t ions :  .General 

P a r t  391 - Q u a l i f i c a t i o n s  of Dr ive r s  

P a r t  392 - Driv ing  of motor veh ic l e s  

P a r t  393 - P a r t s  and a c c e s s a r i e s  necessary f o r  s a f e  ope ra t ion  

P a r t  394 - N o t i f i c a t i o n ,  r e p o r t i n g  and record ing  of acc iden t s  ' 

P a r t  395 - Hours of s e r v i c e  of d r i v e r s  

P a r t  396 - In spec t ion  and Maintenance 

P a r t  397 - Transpor t a t ion  of Hazardous Mate r i a l s ;  d r i v i n g  and park- 

. ing r u l e s .  

Loading and Unloading. The usual  method f o r  t r a n s f e r  of LPG, 

u t i l i z e s  a  l i q u i d  pump, al though propane under some circumstances may n o t  

r e q u i r e  mechanical a s s i s t a n c e .  On t h e  o the r  hand,  butane i n  cold c l ima te s  may 

r e q u i r e  both l i q u i d  pump and vapor compressor. I f  a  compressor i s . u s e d ,  it 

draws vapor from the  d ischarge  v e s s e l ,  compresses and discharges the  vapor 

back i n t o  the  d e l i v e r y  tank ,  thus  c r e a t i n g  a  p re s su re  d i f f e r e n t i a l  and f o r c i n g  . 

t h e  l i q u i d  t o  flow from d e l i v e r y  t o  r e c e i v i n g  tanks .  

When undertaking t r a n s f e r  ope ra t ions ,  propane.must neve r ,be  loaded 

i n t o  a  ves se l  designed f o r  butane,  a l though the  converse . i s  al lowable.  

O v e r f i l l i n g  must be guarded a g a i n s t  byL c o n s t a n t l y  monitor ing t h e  l i q u i d  l e v e l .  

Road t r u c k s  must be e l e c t r i c a l l y  grounded t o  prevent  s t a t i c  e l e c t r i c i t y  bui ld-  

up before  the  t r a n s f e r  ope ra t ion  i s  i n i t i a t e d .  I n  a d d i t i o n , ,  t r a n s f e r  l i n e s  

must have e l e c t r i c a l  c o n t i n u i t y  ac ros s  any connectors .  Also,  chock blocks 

should be used t o  prevent  r o l l i n g  of the v e h i c l e .  



r.. . 
Maintenance and Repair .  ~ l l  veh ic l e s  should undergo a  formal 

w r i t t e n  schedule of preventa t ive  maintenance a s  wel l  as  a  d a i l y  r o u t i n e  check 

by the  d r i v e r .  Any de fec t s  noted dur ing  i n s p e c t i o n  or  opera t ion  should be 

r epo r t ed  i n  w r i t i n g  t o  t he  d r i v e r ' s  supe rv i so r .  Repairs  of tanks should be 

made only by persons q u a l i f i e d  i n  p re s su re  work and must meet requirements of 

the  a u t h o r i t y  having j u r i s d i c t i o n .  Repaired con ta ine r s  cannot be r e tu rned  t o  

s e r v i c e  u n t i l  t h e i r  use i s  c e r t i f i e d  by a  q u a l i f i e d  p re s su re  ves se l  i n spec to r .  

A r ecen t  amendment t o  P a r t  177, e f f e c t i v e  January 1, 1979, i s  

intended t o  reduce the  p r o b a b i l i t y  of acc iden t  involv ing  hazardous m a t e r i a l s  

a s  a  r e s u l t  of maintenance o r  r e p a i r  work on t h e  motor v e h i c l e  by spec i fy ing  

cond i t i ons  f o r  such work i n s i d e  a  bu i ld ing .  (40) 

Research and Development 

Recent r e sea rch  i n  connect ion wi th  LPG t rucking  has involved 

a n a l y s i s  of acc ident  d a t a  and of p a r t i c u l a r  s e r i o u s  a c c i d e n t s ,  gene ra l ly  wi th  

the  purpose of d i scover ing  causes s o  t h a t  c o r r e c t i v e  measures toward r e l e a s e  

prevent ion  might be taken.  

I n  1974 the  Albe r t a  Manpower and Labor Department i n v e s t i g a t e d  

acc iden t s  t h a t  occurred i n  A lbe r t a  i n  t h e  period 1969-1974 and which r e s u l t e d  

i n  f a t a l i t i e s .  (41) There had been a  t r e n d  of i nc reas ing  frequency of such 

acc iden t s  ( r e f l e c t e d  a l s o  i n  t he  e n t i r e  Canadian propane i n d u s t r y ) ,  and t h i s  

s tudy  was c a r r i e d  out  i n  an e f f o r t  t o  determine t h e i r  causes.  It was found 

' t h a t  each azc ident  was caused by a  human e r r o r .  I n  most cases  both management 

and t r u c k  d r i v e r s  appeared t o  be unaware of s a f e t y  requirements ,  of the  

haz'ards of p u t t i n g  t rucks  (with propane) i n  garages ,  and of t h e  requirements 

f o r  s a f e  handl ing  and t r a n s p o r t i n g  LP-gas. The s tudy  recommended' t h a t  t h e  

indus t ry  provide f o r  adequate  t r a i n i n g  of employees, ensure proper mainten- 

ance of equipment, enforce  s a f e t y  p r a c t i c e s ,  l o c a t e  l a r g e  s t o r a g e  tanks (2000 

imper ia l  ga l lons  o r  more) a t  l e a s t  400 f e e t  from a l l  pub l i c  and r e s i d e n t i a l  

p l aces ,  p r o h i b i t  the  garaging of LP-gas t r u c k s ,  t anks ,  e t c .  

I n  1977 t h e  DOT~FHWA sponsored a  p r o j e c t  t o  tassess  acc ident  d a t a  

r e l a t i n g  t o  cargo tank over turns  and t o  determine whether t h e  e x i s t i n g  cargo 

tank s p e c i f i c a t i o n s  should be r ev i sed .  (42)  The r e p o r t  1 i s t s  t h e s e  recomrnenda- 

t i o n s  p e r t i n e n t  t o  MC 331 tanks:  



A sys temat ic  e f f o r t  shculd be made t o  c o l l e c t  cargo tank damage 

informat ion  and r e l a t e d  d a t a .  

Any t r u c k  o r  t r a c t o r  used t o  c a r r y  o r  tow a  cargo tank conta in ing  

hazardous flammable m a t e r i a l s  should be sub jec t  t o  s p e c i a l  

performance and compliance requirements .  The complete f u e l  

system.should be designed f o r  a  high l e v e l  of s a f e t y  performance 

more c o n s i s t e n t  wi th  t h e  r i s k s  a s s o c i a t e d  wi th  leakage i n  

p o s s i b l e  acc iden t s .  

The requirements  f o r  automatic  shut-off  and excess  flow valves 

should be c l a r i f i e d  and improved. P o s i t i v e  shutof f  i n t e r n a l  t o  

t he  s h e l l  and es tab l i shment  of s u f f i c i e n t  compliance 1 i s t s  and 

procedures should be s p e c i f i e d .  Required r e sea rch  inc ludes  the  

development of cos t - e f f ec t ive  systems and components. 

The requirements  f o r  f i t t i n g  p r o t e c t i o n  should be reviewed and 

c l a r i f i e d .  Any opening i n  t h e  s h e l l  should be c losed  i n t e r n a l l y  

except  when t r a n s f e r r i n g  cargo ,  o r  be adequately p ro t ec t ed  f o r  

most acc iden t s  which t h e  b a s i c  s h e l l  can su rv ive .  

The requirements  f o r  shea r  s e c t i o n  performance, ( a s  p r e s e n t l y  

s p e c i f i e d  i n  178.337-12), should be c l a r i f i e d  and compliance 

t e s t s  developed. 

The requirements  f o r  suppor t ing  and anchoring t h e  s h e l l  should 

be reviewed and s p e c i f i c  requirements  e s t a b l i s h e d  f o r  over turn  

cond i t i ons .  

Manholes should be l o c a t e d  i n  an a r e a  of low p r o b a b i l i t y  of 

acc iden t  damage. The design should minimize s t r e s s  concentra- 

t i o n  and maximize damage r e s i s t a n c e .  Fur ther  r e sea rch  and 

t e s t i n g  i s  r e q u i r e d . t o  e s t a b l i s h  d e f i n i t i v e  methods of spec i fy -  

i n g  des ign  requirements .  

w B a f f l e s ,  bulkheads,  and s t i f f e n e r s ,  when used i n  MC 331 t anks ,  

should be designed t o  minimize t h e i r  c o n t r i b u t i o n  t o  ad j acen t  

s t r u c t u r a l  s t r e s s  concen t r a t ions .  Fu r the r  r e sea rch  e f f o r t  i s  

r c q u i r e d  t o  de f ine  cos t  e f f e c ~ i v e  methods of s p r e a d f q  Out t h e  

connect ing loads .  

Note t h a t  some of t h e s e  recommendations have been t h e  sub jec t  of r ecen t  

rulemaking, a s  noted e a r l i e r  . 



Consumer S t  o r  age 

The LPG indus t ry  se rves  about ' 18 m i l l i o n  customers,  i nc lud ing  

bus iness  and government a s  we l l  as  homes, farms,  and o t h e r s .  I t  i s  es t imated  

t h a t  roughly 60 .mi l l i on  people a r e  dependent on LPG f o r  one use o r  another .  

The major uses a r e :  

Home and Camping - Heating,  cooking, c l o t h e s  dry ing ,  water  

hea t ing ,  barbecueing,  a i r  cond i t i on ing  and r e f r i g e r a t i o n  

Farms - Crop dry ing ,  flame weeding, tobacco cu r ing ,  d e f o l i a t i o n ,  

pou l t ry  and p ig  brooding, s t o c k . t a n k  h e a t i n g  and f r o s t  protec-  

t i o n  

o I n t e r n a l  Combustion - Trucks, f o r k - l i f t  t r u c k s ,  buses ,  t a x i c a b s ,  

pumps, gene ra to r s  and o t h e r  equipment 

Commercial - Same uses a s  home f o r  r e s t a u r a n t s ,  h o t e l s ,  mote ls ,  

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

Indus t ry  - Brazing,  s o l d e r i n g ,  c u t t i n g ,  h e a t  t r e a t i n g ,  anneal- 

i ng ,  vu lcan iz ing ,  e t c .  

I n  1977, t h e  NLPGA repor t ed  numbers of LPG r e t a i l  customers a s  

fol lows:  (43 

Homes - 10,772,600 

Farms - 1,394,000 

Commerce and Indus t ry  

Recrea t ion  Vehicles  

They a l s o  r epo r t ed  s a l e s  i n  thousands of ga l lons  a s  fol lows:  

Res iden t i a l  and Commercial - 7,168,600 

I n t e r n a l  Combustion - 1,144,900 

I n d u s t r i a l  - 1,043,500 

U t i l i t y  Gas - 566,200 

Chemical and Syn the t i c  Rubber - 3,578,200 

Other Uses ( i nc lud ing  a g r i c u l t u r e ,  - 2,006,600 

SNG feeds tock  and secondary 

recovery of petroleum).  



Tota l  number of LPG tanks and c y l i n d e r s  a r e  unavai lab le .  Minia ture  

c y l i n d e r s  conta in ing  2 pounds o r  l e s s  of propane a r e  widely used f o r  hand 

t o r c h e s ,  l i g h t s  and camp s toves  . Twenty-pound c y l i n d e r s  a r e  most commonly 

used by small  domes t i c  u se r s  o r  f o r  t r a i l e r s ,  temporary i n s  t a l l a t i o n s  , and 

o t h e r  a p p l i c a t i o n s  where p o r t a b i l i t y  i s  most important .  

Accident Record 

Apparently t h e r e  i s  no s i n g l e  agency o r  p r i v a t e  o rgan iza t ion  which 

has assembled comprehensive s t a t i s t i c s  over a per iod  of years  on acc iden t  

exper ience  wi th  consumer LPG equipment. The NFPA has publ ished b r i e f  s t o r i e s  

desc r ib ing  a c c i d e n t s ,  f i r e s ,  o r  explosions involv ing  LPG. (44*'45) Excluding 

t h o s e  i n c i d e n t s  not  consumer-oriented, such a s  wi th  t ruck-  and r a i l - t r a n s p o r t  

and a l s o  those  involv ing  consumer app l i ances ,  which a r e  o u t s i d e  the  scope of 

t h i s  s tudy ,  t h e  NFPA p resen t s  t h e s e  s t a t i s t i c s :  

For t h e  per iod  1930-1951 

~ a b i  t a t i o n a l  occupancies 5 i n c i d e n t s  7 k i l l e d  17 i n j u r e d  

Mercant i le  11 12 11 27 " '  128 

Manufacturing 11 5 11 1 5  'I 3 

Storage 11 ' 1 1 l1 3 I 1  

~ r a n s ~ o r t a t i o n  7 11 3 50 

Equipment 

Garages & Service  7 12  " 9 11 

S t a t i o n s  . 

Miscellaneous 4 11 - 9 l1 - . , 164 - 
4 1  inc ider i t s  74 k i l l e d  374 i n j u r e d  

For t h e  per iod  1951-1961 

R u s i d e ~ r t i a l  occupanc.irr..s 4 incident$ 2 k i l l e d  11 i n j u r e d  

Pub l i c  Assembly " 3 1 " 16 I 1  

Mercant i le  11 2 11 0 " 3 

Automobiles , t r ucks  5 1 l1 11 11 

Miscellaneous 3 11 2 - 6 - 
17 i n c i d e n t s  ' 6 k i l l e d  47 i n j u r e d  



These s t a t i s t i c s  were e x t r a c t e d  from the  s h o r t  news s t o r i e s  on t h e  i n c i d e n t s  

by s e l e c t i n g  only those cases  where the  cause of t he  inc iden t  appeared t o  

involve t h e  po r t ions  of systems conta in ing  l i q u i d .  I n  o t h e r  words, numerous 

i n c i d e n t s  involv ing  hea t ing  equipment o r  o t h e r  app l i ances ,  o r  t he  vapor 

p i p e l i n e  beyond t h e  r e g u l a t o r ,  have been excluded. 

Causes of the i n c i d e n t s  included i n  t h e  t a b u l a t i o n s  above run the  

gamut of . p o s s i b i l i t i e s ,  inc luding  a  l a r g e  f r a c t i o n  caused by human e r r o r ,  

r e s u l t i n g  from i n s u f f i c i e n t  awareness o r  knowledge of t h e  hazards  and behavior  

of LPG, l a c k  of communication, e t c .  Other causes  inc lude  co r ros ion  of bur ied  

tanks o r  l i q u i d  l i n e s ,  s e t t l emen t  of foundat ions ,  nonstandard equipment, 

i n s t a l l a t i o n s  not according t o  code, o v e r f i l l i n g ,  f i r e s  of o t h e r  m a t e r i a l s  

impinging 0.n tanks o r  c y l i n d e r s ,  damage t o  LPG system by v e h i c l e s  o r  by 

a t tempts  t o  move o r  r e p a i r  tanks con ta in ing  l i q u i d ,  leakage dur ing  LPG 

t r a n s f e r ,  u se  of a  propane cy l inde r  t o  p r e s s u r i z e  a  pa in t  sprayer  i n s i d e  a  

bu i ld ing ,  f a i l u r e  of p re s su re  r e g u l a t o r ,  leakage through hea t  exchangers of 

butane systems,  f a i l u r e  of plumbing on v e h i c l e s ,  improper handl ing  of 

cy l inde r s  and p o r t a b l e  t anks ,  e t c .  

The Consumer Product Sa fe ty  Commission (CPSC) CPSC had on f i l e  105 

dea th  c e r t i f i c a t e s  r e l a t e d  t o  LPG tanks and f i t t i n g s  a s  of June 1976 (46)  

(presumably from March, 1967) ; of t hese ,  64 dea ths  were caused by explos ions ,  

30 deaths  were a t t r i b u t e d  t o  i n h a l a t i o n  of gas  fumes, and 11 dea ths  occurred 

i n  i n c i d e n t s  which could no t  be ca tegor ized  under s ~ e c i f i c  acc iden t  Dat te rns .  

The design and cons t ruc t ion  of LPG c o n t a i n e r s  i s  covered by Chapters  

2 and 3 of NFPA 58. (24)  Chapter 2 i nc ludes  the  b a s i c  provis ions  f o r  

i nd iv idua l  components, subassemblies ,  con ta ine r  assemblies  o r  complete con-' 

t a i n e r  systems. The f i e l d  assembly and i n s t a l l a t i o n  of components, sub- 

assembl ies ,  con ta ine r  assembl ies ,  o r  complete c o n t a i n e r  systems i n t o  complete 

LP-Gas systems i s  covered by Chapter 3. Paragraph 2101 of NFPA 58 says t h a t  

con ta ine r s  s h a l l  be designed,  f a b r i c a t e d ,  t e s t e d ,  and marked' . i n  accordance 

with DOT r e g u l a t i o n s ( 2 ) ,  t h e  ASBE Code(47), o r  t h e  API-ASME Code. (48) con- 
s t r u c t i o n  of con ta ine r s  t o  t h e  l a s t  named code has not been au thor ized  s i n c e  

J u l y  1 ,  1961. Paragraph 2101 a l s o  s t a t e s  t h a t  c o n t a i n e r s  f a b r i c a t e d  accord ing  



t o  e a r l i e r  e d i t i o n s  of any of these codes may continue i n  use, provided 

c e r t a i n  requirements described . in  o ther  paragraphs a r e  met, e spec ia l ly  

requirements pe r t a in ing  t o  r e q u a l i f i c a t i o n  o r  r e t e s t i n g .  

. The DOT Regulations pe r t a in ing  t o  LPG conta iners  a r e  found i n  49 . 

CFR: 

P a r t  173 - Shippers - General Requirements f o r  Shipments and 

packagings, p a r t i c u l a r l y  i n  Subpart B - Prepara t ion  of Hazardous 

Mater ia ls  f o r  Transpor ta t ion ,  and i n  Subpart G - Compressed 

Gases; Def in i t ion  and Prepara t ion  

P a r t  178 - Shipping Container Spec i f i ca t ions  , p a r t i c u l a r l y  i n  

Subpart C - Spec i f i ca t ions  f o r  Cylinders.  

Note t h a t  the.DOT Regulations govern only conta iners  which a r e  t o  be used t o  

t r anspor t  LPG; a conta iner  which i s  t o  be.mounted permanently a t  a consumer's 

s i t e ,  or  a skid-mounted conta iner  which may be moved when e s s e n t i a l l y  empty, 

i s  not covered by DOT Regulations. 

The codes a r e  q u i t e  voluminous, .covering. i n  considerable d e t a i l  

many aspects  of design,  m a t e r i a l s ,  f a b r i c a t i o n  methods, t e s t i n g  and r e t e s t -  
. , 

i n g ,  marking, and i n s t a l l a t i o n  of cy l inders ,  tanks ,  and t h e i r  appurtenances. 

Some aspects  a r e  h ighl ighted  below: 

~ Q s i g n  o r  Service Pressure.   he term 'gservice  pressuret1 i n  DOT 

terminology designates the  authorized pressure  markiag on rhe 

con ta ine r ,  and i s  equal t o  the  maximum allowed vapor pressure i n  

the  conta iner  a t  70 F. The DOT f u r t h e r  s p e c i f i e s  i n  paragraph 

173.301 t h a t  the  pressure  i n  a compressed gas (LPG) cancainer a t  

130 F s h a l l  not exceed 514 times t h e  se rv ice  pressure.  "Design 

pressure" i n  ASME . termiaulugy co~uwtes  design f o r  the most 

severe  condi t ion  of coincident  pressure and temperature expected 

i n  normal opera t ion ,  ASME containers f ~ r  LPG must be designed t o  

a minimum design pressure genera l ly  equal t o  514 of the  expected 

vapor pressure  i n  t h e  conta iner  a t  100 F (conta iners  f o r  

automotive use r equ i re .  a higher f a c t o r ) .  See paragraph 2111, 

NFPA 58. 

Design. I n  add i t ion  t o  s p e c i f i c a t i o n  of a design pressure o r  - 

se rv ice  pressure  as explained above, t h e  codes a i s o  conta in  

requirements on design temperature, on' wa l l  thickness of the 



s h e l l ,  thickness of the  heads, concavity of heads toward t h e  

pressure,  a 1  lowable s t r e s s e s  and methods of c a l c u l a t i n g  
, 

s t r e s s e s .  On openings i n  cy l inders  the  DOT (paragraph 178.3'7- 

12)  dea l s  only with the  types of threads t o  be used and some 

d e t a i l s  as  t o  cleanness,  l ack  of de fec t s ,  number of engaged 

threads ,  e t c .  ; the  ASME t r e a t s  the  design of openings i n  much 

g r e a t e r  d e t a i l ,  including the  poss ib le  need f o r  reinforcements, 

the geometric limits of reinforcement, the  s t r eng th  of rein-  

: forcements, and methods of attachment of pipe and nozzle necks t o  

vesse l  wal ls .  

Fabr ica t ion .  . Fabr ica t ion  i s  'regulated i n  p a r t  by s t i p u l a t i o n  of 

type of container  (e .g . ,  DOT, seamless cy l inder ) ,  f u r t h e r  by 

requirements on removal of d i r t  and s c a l e ,  on r e j e c t i o n  of 

de fec t ive  m a t e r i a l ,  r e p a i r  of de fec t s ,  e t c ;  a l s o ,  by s t i p u l a t i o n  

a s  t o  when and where welding o r  .,brazing a r e  permit ted,  and .as t o  

proper heat  treatment of completed vesse l s .  Again, the  ASME Code 

i s  much more' de ta i l ed  than DOT Regqlations, t r e a t i n g  such items 

as .pe rmiss ib le  out-of-roundness of s h e l l ,  to lerances  f o r  formed 

. .heads,  de ta i l s .  of lugs ,  f i t t i n g s  attachments, holes f o r  screw 
' . . . 

s t a y s ,  e t c .  

~ n s p e c t i o n  and ~ e s t s .  Tes ts  required under s p e c i f i e d  circum- 

s t ances  include hydros ta t i c  t e s t s  of completed . conta iners ;  . t e s t s  

to .measure  mechanical, impact, and d u c t i l i t y  p roper t i e s  of the 

ma te r i a l s ;  leakage t e s t s .  Inspect ions  must be made by an 

independent inspect ion  agency (i.e.. , an agency not  under cont ro l  

of t h e  manufacturer).  Required inspect ions  include mate r i a l  

inspect ions ,  v e r i f i c a t i o n s  of chemical analyses,  v e r i f i c a t i o n  of 
. . 

compliance of containers  with a l l  requirements, inspect ion  of 

. ~ 

i n t e r i o r  before c los ing ,  v e r i f i c a t i o n  of heat  t reatment,  witness 

of a l l  t e s t s ,  v e r i f i c a t i o n  of threads by gauge, r epor t ing  of 

volumetric capacity and t a r e  weight and minirnum thickness of 

wall ,. 
a Appurtenances. Both ASME and DOT requ i re  pos i t ive  shut  of f  

va lves ,  i n t e r n a l  excess flow va lves ,  ex te rna l  excess flow 

valves ,  and hack flow check valves on sonta inero ,  depending en 



the type ,  s i z e ,  and mode of use  of the  con ta ine r .  Externa l  

appurtenances must a l s o  be p ro t ec t ed  from physical  damage whi le  

i n  t r a n s i t ,  s t o r a g e ,  when being moved i n t o  p o s i t i o n  f o r  use ,  and 

when i n  use except  i n  r e s i d e n t i a l  and commercial i n s  t a l l a t  i ons  

(paragraph 2130 and 2131 of NFPA~~-1976) .  

I n  a d d i t i o n  t o  t h e  appurtenances mentioned above, o the r  devices  

must be o r  may be used: 

- Liquid l e v e l  gaging devices  must  be provided an  a l l  contain-  

e r s  f i l l e d  by volume. 

- Pres su re  gages,  i f  used. s h a l l  be a t t ached  d i r e c t l y  t o  t h e  

con ta ine r  opening o r  t o  a valve or f i r r i n g  which is su 

a t t ached .  

e Pres su re  Re l i e f  Valves. ASME r equ i r e s  t h a t  con ta ine r s  be 

equipped with one o r  more s a f e t y  r e l i e f  devices  designed t o  

r e l i e v e  vapor.  These devices  sha l , l  be spring-loaded va lves  s e t  

t o  s ta r t - to-d ischarge  a t  p ressures  r e l a t e d  t o  t he  design pres- 

s u r e  a s  below: 

. . 
Minimum . Maximum 

For ASME codes p r i o r  t o  1949, and 110% 125% 

1949, ya iag~aph  U-68 and para- 

graph U-69 

For ASME code 1949 paragraph U-200 . 88% 100% .' 

and paragraph U-201, and codes 

a f t e r  1949 

e Hydros ta t ic  Re l i e f  Valves. Hydros ta t ic  . r e l i e f  va lves  a r e  

r equ i r ed  t o  r e l i e v e  p re s su re  i n  s e c t i o n s  of l i q u i d  p ip ing  w l ~ i c l l  

can be completely c losed  o f f  by va lves ,  and s h a l l  have p re s su re  

s e t t i n g s  i n  accordance with Table 1 taken from NFPA 58-1976, 

paragrafih 236. 



TABLE 1 . PRESSURE 'SETTINGS FOR HYDROSTATIC RELIEF VALVES 

Pressure  Se t t ings  
Located i n  Piping Di rec t ly  connected t o  Minimum Maximum 

DOT (ICC) Cylinders 400.0 ps ig  500 p s i g  
ASME Containers, 250 ps ig  design* 350.0 ps ig  500 p s i g  
ASME Containers, 312.5 ps ig  dpsign* 437.5 ps ig  500 p s i g  
Pump ~ i s c h a r ~ e  Sys terns 450.0 ps ig  500 , p s i g  

* O r  equivalent  ( see  paragraph 2111 and Appendix C). 

a Regulators.  Requirements f o r  r egu la to r s  a r e  described i n  para- 

graphs 247 and 314 of NFPA 58. F ina l  s t age  regu la to r s  s h a l l  be 

equipped on the  low pressure s i d e  with e i t h e r  a r e l i e f  valve o r  a  

shut  off device t h a t  shuts  the  gas off a t  t h e  i n l e t  s i d e  when the  

downstream pressure reaches c e r t a i n  l i m i t s ,  o r  both. The mini- 

mum and maximum l i m i t s  f o r  these devices a r e  given i n  Table 2 

reproduced from NFPA 58. The shut  of f  device j u s t  mentioned 
< 

s h a l l  not open automatical ly t o  permit flow of gas. Regula tors '  

used t o  cont ro l  d i s t r i b u t i o n  o r  u t i l i z a t i o n  pressure s h a l l  be a s  

c lose  t o  the  container  as  poss ib le .  Generally, f i r s t  s t a g e  

regu la t ing  equipment must be ou t s ide  of bui ld ings .  LPG vapor may 

not be piped i n t o  buildings a t  pressures exceeding 20 ps ig ,  

except under c e r t a i n  prescribed condi t ions .  On regu la to r s  

i n s t a l l e d  i n s i d e  of b u i l d i n g s , .  the  .d i scharge ' f rom the  s a f e t y  

r e l i e f .  device and from above the  r egu la to r  and r e l i e f  valve . , 
diaphragms s h a l l  be .vented t o  ou t s ide  a i r  i n  such a way as  t o  

minimize s i g n i f i c a n t  d i f f u s i o n  of  the  vapor back i n t o  the  

bui ld ing (see  paragraph 315, NFPA 5'8). 



TABLE 2. LIMITS FOR DEVICES ON FINAL REGULATORS 

- - -- -- - - 

Relief Valve Start-to-Discharge Pressure 
Regulatory Delivery Se t t ing ,  % of Regulator Delivery Pressure 
Pressure i n  ps ig  Minimum Maximum 

1 o r  l e s s  170% 300% 

Above 1, not over 3 140% 250% 

Above 3 125% 250% . 

LP-Gas systems must be i n s t a l l e d  according t o  the  requirements i n  

Chapter 3 of NFPA 58, and i n  accordance with o ther  na t idna l  s tandards which 

may apply.  Paragraph 300 l i s t s  severa l  such codes: 

(a). National Fuel Gas Code, NFPA 54 (ANSI Z 223.1) 

(b) S'tationary Combustion Engines and Gas Turbines, NFPA 37 

( c )  Mobile Home Parks, NFPA 501A (ANSI A 119.3) 

(d l  Mobile Homes, NFPA 501B (ANSI A119.1) 

( e l  Recreat ional  Vehicles, IWPA 501C (ANST A 119.2) 

(£1 Removal of Smoke and Grease-Laden Vapors from Commercial.Cook- 

ing Equipment, NFPA 96 

(g)  Ovens and  urna aces , NFPA 86 A 

(h)  Inc ine ra to r s  and Rubbish Handling, NFPA 82 

( i )  Motor Cra f t  (Pleasure and Commercial), NFPA 302 

(j) Grain Elevators  and Bulk Handling, NFPA 61B (Grain Dryers).  

Chapter 3 dea l s  with (1)  l o c a t i o n  of con ta ine r s ,  ( 2 )  i n s t a l l a t i o n  of con- 

t a i n e r s  and regu la to r s ,  ( 3 )  piping system s e r v i c e  l i m i t a t i o n s ,  (4 )  i n s t a l l a -  

t i o n  of p ipe ,  tubing,  f i t t i n g s ,  va lves ,  hose, and hydros ta t i c  r e l i e f  va lves ,  

( 5 )  t e s t i n g  piping systems, (6)  equipment i n s t a l l a t i o n ,  ( 7 )  d i s t r i b u t i o n  and 

i n d u s t r i a l  LP-Gas sys terns, (8)  LP-Gas system-s i n  bui ld ings  or  on the  roofs  of 

bu i ld ings ,  (9)  i n s t a l l a t i o n  of appliances,  (10) i g n i t i o n  source con t ro l ,  (11) 

i n s t a l l a t i o n  of LP-Gas systems on veh ic les ,  and (12) f i r e  protec t ion .  



Experience has shown t h a t  a l a rge  f r a c t i o n  of leaks and s p i l l s  of 

LPG have involved improper f i l l i n g  procedures, or  equipment, and a l s o  defec- 

t i v e  equipment including hoses and cyl inders .  Safe ty  involves severa l  

aspects:  (1)  Existence of codes o r  r egu la t ions  prescr ib ing important items 

of equipment and procedures, (2 )  development of d e t a i l e d  procedures by t h e  

indust ry  or  by individual  dealers  t o  implement the  codes and regu la t ions ,  and 

. (3) education and t r a i n i n g  of employees and of consumers i n  s a f e  handling of 

LPG. 

Chapter 4 of NFPA 58 t i t l e d ,  "LP-Gas Liqui'd Transfer" covers many 

aspects  of t r a n s f e r ,  including e s p e c i a l l y  the  following: 

Locations and Precautions - Liquid s h a l l  be t r a n s f e r r e d  i n t o  

conta iners  only outdoors o r  i n  s t r u c t u r e s  e spec ia l ly  designed 

f o r  the  purpose; tank t rucks  unloading i n t o  s torage  conta iners  

s h a i l  be a t  l e a s t  10 f e e t  from the  conta iner  and posi t ioned s o  

tha t  shut-off valves on both t ruck  and conta iner  a r e  r e a d i l y  

access ib le .  

Personnel - Transfer  operat ions s h a l l . b e  conducted by personnel 

t r a ined  i n  proper handling and opera t ing  procedures, and a t  

l e a s t  one such person s h a l l  remain a t  o r ' n e a r  the  opera t ion  from 

the  time connections a r e  made. u n t i l  l i n e s  a r e  disconnected. 

Containers t o  be f i l l e d  - Containers s h a l l  be f i l l i d  only by t h e  

owner o r  upon h i s  author iza t ion;  conta iners  s h a l l  be f i l l e d  only 

a f t e r  determination t h a t  they comply wi th  the  design,  

f a b r i c a t i o n ,  inspect ion ,  marking and r e q u a l i f i c a t i o n  provisions 

of NFPA 58; disposable conta iners  s h a l l  not  be r e f i l l e d ;  con- 

t a i n e r s  s h a l l  comply with requirements f o r  se rv ice  o r  design 

pressure with respect  t o  the  vapor pressure  of the LPG t o  be 

t r ans fe r red .  

Venting - LP-Gas e i t h e r  l i q u i d  o r  vapor normally s h a l l  not  be 

vented t o  atmosphere except under s p e c i f i e d  condit ions.  

General Arrangement and Operation of Transfer  Systems - I t  i s  

recommended t h a t  t r a n s f e r  hoses be f i t t e d  with a shutoff  valve a t  

the discharge end, s o  t h a t  the  hose normally conta ins  l i q u i d .  



Control  of I g n i t i o n  Sources - I n t e r n a l  combustion engines  w i t h i n  

15 f e e t  of t he  po in t  of t r a n s f e r  s h a l l  be shut  down du r ing  

t r a n s f e r  ope ra t i on ,  and o t h e r  i g n i t i o n  sources  such a s  smoking, 

open f lames ,  p o r t a b l e  e l e c t r i c  t o o l s ,  s h a l l  no t  be permi t ted .  

Quant i ty  of LP-Gas i n  Conta iners  - I n  o r d e r  t h a t  con ta ine r s  w i l l  

no t  become l iqu id- f .u l l  a t  e l eva t ed  temperatures  due t o  thermal 

expansion of the l i q u i d ,  NFPA 58 provides  bases  f o r  determining 

con ta ine r  c a p a c i t y ,  s p e c i f i e s  maximum q u a n t i t y  t o  be pu t  i n t o  a  

con ta ine r  and methods f o r  v e r i f y i n g  t h i s  q u a a t i ~ y .  

S i m i l a r l y ,  Chapter 2  of NFPA, t i t l e d  "LP-Gas Equipment and 4pplianeoo" ; 
s t i p u l a t e s  requi rements  f o r  con ta ine r s ;  con ta ine r  appurtenances;  p ip ing  and 

hose ,  f i t t i n g s  and va lves ;  and o t h e r  equipment such as pumps, c m p r e s s o r s ,  

v a p o r i z e r s ,  e t c .  R e q u a l i f i c a t i o n  requirements  f o r  con ta ine r s  a r e  s p e c i f i e d  - 
i n  paragraph 2101 and paragraph 2102 and i n  Appendix B of NFPA 58. Hence, i t  

appears  t h a t  both hardware and major a spec t s  of procedures a r e  prescr ibed  by 

NFPA 58. 

The LPG i n d u s t r y  has  been involved i n  a  continuous e f f o r t  t o  promote 

s a f e  p r a c t i c e s  by t h e  development and p u b l i c a t i o n  of g u i d e l i n e s ,  d e t a i l e d  

procedures ,  and recommended p r a c t i c e s .  The NLPGA has pub1 i shed  an "LP-Gas 

S a f e t y  Handbook", whcch con ta in s  some 68 i n d i v i d u a l  b u l l e t i n s  i n  loose- leaf  

notebook form, w i th  t i t l e s  i d e n t i f i e d  i n  t h e  fo l lowing  c a t e g o r i e s :  (25) 

D i s t r i b u t i o n  Opera t ions  

Emergeficy Procedures  

S a f e t y  Meetings 

R e s i d e n t i a l  

A g r i c u l t u r a l  

I n d u s t r i a l  

Recrest i o n a l  

Cesrr~irl 

S e l e c t e d  t i t l e s  which i n d i c a t e  t h e  n a t u r e  of t h e s e  b u l l e t i n s  a re :  

"Safe P r a c t i c e s  Around LP-Gas I n s t a l l a t i o n s "  

"Plant  1nspecti .on Check L i s t "  

"safety '  Cons idera t ions  i n  Truck De l ive r i e s "  

"Recommended Procedures f o r  F i l l  ing Cylinders"  

''How t o  Control  LP-Gas Leaks and F i r e s "  



"Safe Use of LP-Gas i n  I n d u s t r i a l  Trucks" 
' (25) "Safe Camping wi th  LP-Gas on Recrea t iona l  Vehicles".  

Other e f f o r t s  a t  educat ing LPG consumers and employees of LP-gas d i s t r i b u t o r s  

inc lude  p u b l i c a t i o n  of a r t i c l e s  i n  t r a d e  magazines (e.,g., LP-Gas and - Gas 

I n d u s t r i e s )  on p e r t i n e n t  t o p i c s ,  i nc lud ing  a c c i d e n t s  which have happened, 

s p e c i f i c  procedures,  d i scuss ions  by expe r t s  on hazards and proper procedures. .  

Examples of the  l a t t e r  inc lude  such t i t l e s  as:  . 

e "Colorado F i r e  Chief Says Dealers  Face New Threa ts  t o  LPG 

F a c i l i t i e s " ,  LP-Gas , October,  1976, p 31. 

e "Check L i s t s  f o r  Truck Maintenance", Gas I n d u s t r i e s ,  September, 

1976, p 8.  

o "The Flaming Inferno", .  a s t o r y  of an LPG f i r e  a t  a d i s t r i b u t i o n  

f a c i l i t y  i n  Da l l a s ,  Texas, January,  1975; "How t o  Handle an LP- 

Gas Emergency1'; "What P r i c e  ~ r a ~ e d ~ ! ' ,  d e s c r i p t i o n  of an LP-truck 

acc iden t  i n  West V i rg in i a  and how i t  might have been prevented;  

and "The Decatur Disas te r" ,  t he  s t o r y  of a jumbo LPG r a i l  c a r  

explosion a t  Decatur ,  I l l i n o i s ,  J u l y  19, 1974. A l l  of ' t h e s e  

a r t i c l e s  i n  LP-Gas, October,  1975. 

Sa fe ty  information i s  a l s o  provided by numerous o the r  o rgan iza t ions ,  such a s :  
. . 

e A manual on s a f e t y  "LP-Gas, Safe  ~ a n d l i n ~  and Use"; publ i shed  by . . . . 
Engineering and Sa fe ty  Se rv i ce ,  American Insurance Assoc ia t ion ,  . 

85 John S t r e e t ,  New York, New York 10038, 1972., 64 p .  I 

cb A f i l m  "BLEVE", produced by and a v a i l a b l e  from NFPA. 

a A f i l m  "Handling LP-Gas Emergencies", a l s o  from.NFPA and a v a i l -  

a b l e  a l s o  i n  s l ide-vers ion .  ' 

e A s l i d e  s e r i e s  "LP-Gas Explosion,  Kingman, Arizona", J u l y  5, 

1973, from NFPA. 

e An "RV (Recrea t iona l  Vehicle)  Owners Manual Copybook", a guide 
' 

f o r  RV manufacturers  i n  making up f u t u r e  owner' s manuals, cover- 

i ng  e l e c t r i c ,  LP-gas, and o t h e r  systems publ ished by Recrea- 

t i o n a l  Vehicle  Indus t ry  Assoc ia t ion ,  P. 0. Box 204, Chan t i l l y , .  

V i rg in i a  22021. 



Research and Development 

Research and development a c t i v i t i e s  d i r e c t e d  toward prevention of 

product r e l e a s e s  from consumer s to rage  have been l imi ted  mainly t o  some 

a n a l y s i s  of acc idents  t o  determine causes and t o  review of code requirements. 

The National Bureau of Standards (NBS) recen t ly  inves t iga ted  
(46) inc iden t s  involving i n j u r i e s  associa ted  with LP gas tanks and f i t t i n g s  . 

T & I ~  s i z e s  were i n  t h e  range 20 t o  100, l b  of gas. Information on inc idents  was 
'I 

obtained through the  National E lec t ron ic  In ju ry  Survei l lance  System (NEISS) 

and t h e  Consumer Product Safe ty  Commission (CPSC). The NEISS system reported 

t h a t  154 i n j u r i e s  r e l a t e d  t o  LPG systems were t r e a t e d  a t  NEISS hosp i t a l  
I ,  - -i 

emergency rooms from FY 1973 to 'FY 1976 ( 4  years) .  I n  t h a t  period,  t h e  

d is t r ' ibut ion  of the more frequent  i n j u r i e s  ,was : thermal burns, 38 percent;  

l a c e r a t i o n s ,  12 percent; contusik&ns' and abras ions ,  10 percent.  For FY 1976, 

the  mean s e v e r i t y  index of LPG-relhted i n j u r i e s  w a s  263 a s  compared t o  the  

average mean s e v e r i t y  of 101 f o r  the  product group "General Household 

Appliances". Examples o f .  s eve r i ty  values a r e  shown i n  Table 3 which i s  

reproduced f ran ~ e f  erence 46. 
. . 

, 
. NBS a l s o  has  revieiei i  51 in-depth"investigations done by CPSC and '- :.. 

Y 
. * ,,; . . 

summarized the' inc idents  a s  i n  Table 4. It i s  -apparent t h a t  leakage from 

tanks o r  f i t i i n g s  i s  the primary h a i h d  (20 odt  of 31 inc iden t s  inveo t i g a t e d )  . 
NBS a l s o  revi=wed the  s t a n d a r d *  r i l e v a n t  t o  the  s a f e t y  of LP gas c o n t a i n e r s  

and; concluded from i ts  analys is  of ;he s t r e n g t h  of LPG containers  t h a t  'both  
. . 

DOT and AS.ME conta iners  'should withstand t h e  vapor pressure even a t  high 
. . . . 

temperitureb ''.(3p i o  i t  leas$ 3 8  ~ j ' ,  i f  the  conta iner  i s  not corroded o= 
. . .  . f , 

otherwise t ruc tu ra l  ly weakened. :.' NBS b l so  concluded t h a t ,  general  19, code 
,, 

requirements.  f o r .  appurtenances ( r e l i e f .  va lves ,  r e g u l a t o r s ,  shut  off  valves ,' 
plugs,  l e v e l  gages, indL presruse  gages 1 apbear t o  be s a t i  s f  ac tory  . However,. 
' 5  

they questioned t h e  requirements i o r  the  prei 'sure s e t t i n g s  of r e l i e f  valves on 

ASME tanks ,  which can r e s u l t  i n , , ' r e l i e f  valves opening ( f o r  propane) a t  a 

temperature a s  low a!, 43 C (110 F); such te&eri tures a=e not uncommon i n  
il 

p a r t s  of the, U.S.. NBS a l s o  ihe standards f o r  r equa l i f  i c a t i o n  of 
. . 

cy l inders ,  p a r t i c u l a r l y  by the  method of :v isual  inspect ion ,  which can be q u i t e  

eub jec t ive .  



TABLE 3. MEAN, SEVERITY* 
. ' .  

. . 

Severity ~everi ty 
Category .Examples of Injuries in Each Category Value* 

1 Mild injuries to small areas, for example, sprained h o t  10 

2 Contusion to lower trunk; dislocated arm, hand puncture, 
non-hospitalized poisoning 12 

3 Arm fracture, sprained neck 17 

4 ' Finger crushing, head laceration, punctured eye 3 1 

5 Concussion, fractured neck, ingested foreign object 81 

6 Amputation,anoxia, arm crushing, hospitalized poisoning 340 I 

All hospitalized category 6's 7 

8 All deaths - 

* Incomplete or otherwise not acceptable data'are assigned a severity value 
of 0 and are not included in calculaf ions of mean severity. 



TABLE 4. SUMMARY OF LP GAS CONTAINER INCIDENTS 

Type of Incident Reported Cause Number of Cases 

Explosion Gas leak from tank; ignition by 
spark or flame 

Explosion Gas leak from fuel line; ignition 
by spark or flmc 

Explooion Qa8 leak IL uu unknown source; . 6 
ignition by spark or flame 

Explosion Overpressurization; rusted container; 
no safety relief valve 

Explosion Undetermined 1 

Inhalation ,of Leak; no explosion 
gas fumes 

Other incidents not involving defective containers 8 
or fittings - 

Total 31 



NBS concluded'  t h a t  " the re  may be a  s i g n i f i c a n t  r i s k  of  s e r i o u s  

acc iden t s  a s soc i a t ed  with the  use of LP gas conta iners" ,  and c i t e d  d a t a  

i n d i c a t i n g  t h a t  explosions were r e spons ib l e  f o r  most of the  i n j u r i e s  and 

dea ths .  F u r t h e r ,  leakage was r epo r t ed  t o  be the  primary cause of explos ions .  

They n o t e  a s  important poss ib l e  causes of acc iden t s :  

. Fau l ty  requal  i f  i c a t i o n  of c y l i n d e r s  , p a r t i c u l a r l y  by, v i s u a l  

. inspec t ion  ( a s  noted above) 

The low s e t t i n g  of s ta r t - to-d ischarge  of ASME cy l inde r s  

Poor i n s t a l l a t i o n  and maintenance. 

It was emphasized t h a t  d e t e c t i o n  and immediate r e p o r t i n g  of l eaks  t o  q u a l i f i e d  
. . 

s e r v i c e  personnel would avoid many acc iden t s .  The a d d i t i o n  of odorant  i s  

i n e f f e c t i v e  i n  many in s t ances ;  more p o s i t i v e  means of l e a k  d e t e c t i o n  and 

educa t ion  of consumers would be h e l p f u l .  



RELEASE CONTROL 

I f  and when LPG i s  s p i l l e d ,  f o r  whatever reason,  i t  i s  important 

t h a t  the  quant i ty  of s p i l l  be a s  small as  poss ib le  and t h a t  the  po ten t i a l  

hazards be con t ro l l ed .  Thus re l ease  cont ro l  implies design and planning 

aspects  which w i l l  f a c i l i t a t e  the  1.imitation of the  quant i ty  of s p i l l s ,  and 

imp1 i e s  a l s o  development of procedures, t r a i h i n g  programs, and equipment t o  

deal  with the hazards a f t e r  s p i l l s  occur. A l l  of these a c t i v i t i e s  involve 

des igners ,  cons t ruc to r s  , i n s t a l l e r s  , owner/operators , r egu la to r s ,  and even t o  

some e x t e n t ,  t h e  publ ic ,  e spec ia l ly  those people who l i v e  nea r  p ipe l ine  

rights-of-way o r  near  LPG s torage .  The s t a t u s  of r e l e a s e  control  i n  each a r e a  

i s  described below. 

Pipel ine  Transportat ion 

Because of the f a c t  t h a t  a  p ipe l ine  can f a i l  a t  any point  along i t s  

l eng th ,  i t  i s  more l i k e l y  t o  be discovered by people o ther  than p ipe l ine  

company personnel and t o  a f f e c t  anyone who happens t o  be near the break a t  the  

time. These may include res iden t s  near  the  right-of-way, t r a v e l e r s  on nearby 

roads,  farmers o r  o the r s  opera t ing  machinery, e t c .  Accident h i s t o r i e s  

i n d i c a t e  tha t  people can become engulfed i n  a  flammable vapor cloud without 

recognizing the  danger, and o t h e r s  a r e  in ju red  because t h e i r  own a c t i v i t y  has 

broken a p ipe l ine  ( t h i r d  pa r ty  damage). I n  any case ,  cont ro l  of the  quan t i ty  

of s p i l l  depends on severa l  f ac to r s :  

e Ear ly  de tec t ion  of leak o r  break 

e Shut down time of p ipe l ine  s e c t i o n  

s Shut down time of pump s t a t i o n s  

Quanti ty of l i q u i d  between block valves .  

The l a s t  icem - the  quan t i ty  of l i q u i d  between block valves i s ,  of course,  

determined during design and const ruct ion  of the  p ipe l ine ,  and i s  a l s o  a 

mat ter  of regula t ion ,  as discussed e a r l i e r .  (49) From the s a f e t y  point  of 

view, i t  i s  obviously des i rab le  f o r  the block valves t o  be spaced c lose  

together .  

In  a  survey of LPG and NH p i p e l i n e  opera to r s ,  i t  was reported t h a t  3 
almost a l l  p ipe l ines  have both automatic and remote shut  down c a p a b i l i t i e s  f o r  



the pump s t a t i o n s ,  and t h a t  pump s t a t i o n s  can be shut  down i n  2 t o  4 minutes 

e i t h e r  automatical ly o r  remotely. ( l o )  (The l o c a l  automatic shut  down capa- 

b i l i t y  p ro tec t s  the  primary pumps from damage and prevents the  overpressuring 

of pump s t a t i o n  and trunk l i n e  piping.)  I n  t h i s  connection, the  survey posed 

a quest ion t o  opera tors  concerning t h e i r  pol icy  regarding continued pumping of 

LPG or o ther  hazardous l i q u i d  when a f a i l u r e  of s i g n i f i c a n t  magnitude e x i s t s  

a t  a known loca t ion  on the  right-of-way. A l l  answers t o  the  quest ion were 

t h a t  the  system would be shut  do& and irepairs made, with q u a l i f i c a t i o n  by 

only one operator:  t h i s  pipeline'company , which batches propane, indica ted  

t h a t  i t  would continue t o  pump providing the  leakage was small and the  s i t e  

i s o l a t e d ,  and the  pumping would continue u n t i l  a . less  v o l a t i l e  product was 

across the  s i t e  of the l eak .  Responses ind ica ted  genera l ly  t h a t  emergency 

procedures r e q u i r e  s h u t t i n g  down up-stream pump s t a t i o n s  a s  soon as poss ib le ,  

d i v e r t i n g  o r  s topping the  upstream flow, while continuing t o  pump on the  

downstream s i d e  of the  leak  as  long a s  poss ib le .  (10) 

The time requi red  t o  shut  down .a p i p e l i n e  s e c t i o n ,  i . e . ,  t o  c l o s e  

the  block valves,  depends on whether they can be operated remotely o r  

manually. Manual operat ion requi res  t h a t  personnel go t o  the  va lve ,  which may 

requ i re  t r i p s  of many miles,  sometimes over back roads o r  i n  rough country. 

~ ) ~ i c a l l ~  these  t r i p s  r equ i re  appreciable time, up t o  2 hours, o r  even more. 

Unfortunately a l s o ,  the  vas t  majori ty ( >80 percent )  of block valves on LPG 

pipe1 ines a r e  manually operated; (10) however, recent  proposed rulemaking 

regarding block valves  includes provisions t o  l i m i t  t h e i r  spacing i n  c r i t i c a l  , 

areas and t o  r e q u i r e  t h a t  they be automatical ly o r  remotely operable. (50) 

Unt i l  these  proposed r u l e s  become f i n a l  r u l e s ,  and p ipe l ine  companies have an 

opportunity t o  upgrade the  pipe1 ines by i n s t a l l i n g  more valves wi th in  the  

spec i f i ed  spacing l i m i t s  and by making more valves remotely operable,  times 

required t o  block p i p e l i n e  sec t ions  a f t e r  breaks w i l l  continue t o  be a mat ter  

of up t o  a few ho1.n-s. 

Early de tec t ion  of a leak  o r  a break could be accomplished by means 

of pressure o r  flow transducers c lose ly  spaced.along the  p ipel ine ;  however, a t  

present  such equipment i s  l imi ted  almost e n t i r e l y  t o  pump s t a t i o n s .  

P resen t ly ,  shut-down of a p ipe l ine  i s  based l a r g e l y  on the  experience of the  

opera tor ,  using the  da ta  from pressure  t ransducers  and over /shor t  ins t ru -  

mentation a t  s t a t i o n s .  The l a t t e r  c o n s i s t  of turbine  o r  pos i t ive  displacemenr 



(10)  
meters ,  p lus  i n t e g r a t i o n ,  equipment. . I n  the  survey,  only 50 percent  ,of 

o p e r a t o r s  r epo r t ed  having over / shor t  equipment, and f o r  t hese  the  i n t e r v a l s  

over  which they  made checks ranged from 2 minutes t o  monthly. Three of the 

most i n t e r e s t i n g  systems r epor t ed  were: ( 1 )  comparative meter ing,  +2 percent  - 
of flow on an hourly b a s i s ,  (2)  hour ly  check, l e a k  d e t e c t i o n  t o  1 percent  (10 

b a r r e l s  per hour ) ,  and ( 3 )  average compensated flow r a t e  with 2 minute 

i n t e r v a l  checks, s e n s i t i v e  t o  1 b a r r e l  per hour wi th  t h e  alarm s e t  a t  5 

b a r r e l s '  per hour .  . Due t o  t he  compres s ib i l i t y  of t h e  product ,  l e a k  d e t e c t i o n  

systems cannot d e t e c t  small  outages.  Operators  commented t h a t  leak  d e t e c t i o n  

systems a r e  not  s e n s i t i v e  enough. (10) 

The above d i scuss ion  of r e l e a s e  con t ro l  has d e a l t  mainly with '  

p i p e l i n e  design and system c h a r a c t e r i s t i c s .  Other a spec t s  of hazard con t ro l  

wi th  r e spec t  t o  acc iden ta l  r e l e a s e s  from LPG p ipe l ines  have t o  do more wi th  

informat ion  systems, procedures,  and communication. As i n  any a r e a  where 

s a f e t y  i s  an important concern, i t  i s  axiomatic  t h a t  s a f e t y  will .  he promoted 

and i n j u r i e s  and damage reduced i f  people know something s p e c i f i c a l l y  about 

t h e  p a r t i c u l a r  hazards ,  how t o  cope with them, and i f  d e t a i l e d  procedures have 

been developed, f r equen t ly  reviewed, and r e l eased .  There i s  abundant ev i -  

dence,  based on r e p o r t s  and ana lyses  of LPG pipe1 i n e  acc iden ta l  r e l e a s e s ,  t h a t  

w r i t t e n  procedures have o f t e n  been non-exis tent  o r  inadequate ,  procedures bed 

i n  some cases  not been reviewed r e c c n t l y ,  personnel  l~avt!  been inadequate ly  

t r a i n e d ,  and the  pub l i c  who r e s i d e  o r  work near  rights-of-way have not  been 

s u f f i c i e n t l y  informed a s  t o  the  product ,  i t s  hazards ,  o r  how t o  respond t o  a 

p i p e l i n e  break. Even emergency personnel such a s  p o l i c e  and f i r e  departments 

i n  many cases  have never had experience i n  dea l ing  wi th  a l a r g e  conf l ag ra t ion  

t y p i c a l  of l a r g e  p i p e l i n e  breaks ,  and have not had t r a i n i n g  en a p p r ~ ~ r i u ~ t !  

procedures i n  t h e s e  cases .  I n  o rde r  t o  improve t h i s  s t a t e  of a f f a i r s ,  t h e  

uOT/MTB r e c e n t l y  publ ished a f i n a l  r u l e  t o  i nc rease  the present  requirements  

of 49 CFR 195, by aiming t o  e s t a b l i s h  the  e s s e n t i a l s  of procedures; by 

r e q u i r i n g  t h a t  normal, maintenance, and emergency pracedures  be incorpora ted  

i n  a manual; and by r e q u i r i n g  t h a t  the  manual be reviewed by MTB. (6,501 The 

r u l e s  a l s o  e s t a b l i s h  new requirements governing t h e  t r a i n i n g  of c a r r i e r  

personnel  and educa t ing  pub l i c  agencies  and the  genera l  pub l i c  about t he  

hazards  of l i q u i d s  being t r anspor t ed .  Th i s  f i n a l  r u l e  a l s o  e s t a b l i s h e s  a 



d e f i n i t i o n  of "highly v o l a t i l e  l iquid" as one. having a vapor pressure of 40 

p s i a  o r  g rea te r  a t  100 F; LPG is  by d e f i n i t i o n  a "highly v o l a t i l e  l iquid".  

Actions which may be taken f o r  s a f e t y  a t  the ac tua l  s i t e  of a  

p ipel ine  break inc lude ,  most importantly,  (1)  s topping t r a f f i c  or  otherwise 

l i m i t i n g  approach of the public  t o  the  s i t e ,  tak ing i n t o  account the  wind and 

poss ib le  o r  l i k e l y  changes i n  wind d i r e c t i o n ,  ( 2 )  i f  poss ib le ,  t h e  i n s t a l l a -  

t i o n  of temporary plugs i n  the , p i p e l i n e  t o  l i m i t  f u r t h e r  the  quant i ty  of 

l i q u i d  which can be re l eased ,  and (3) t o  consider  i n t e n t i o n a l  i g n i t i o n  of t h e  

vapor cloud, taking i n t o  account i t s  present  extent  and weighing the  damage 

which w i l l  be done by the  combustion of the  cloud and continued combustion of 

the  pool a t  the break, versus the r i s k s  of allowing the  cloud t o  continue 

unignited.  I f  f i r e  has already s t a r t e d ,  i t  w i l l  general ly be b e t t e r  not t o  

attempt extinguishment. Probably a l l  l i q u i d  p ipe l ine  opera tors  have plugging 

equipment a v a i l a b l e ,  or have arrangements with cont rac tors  t o  provide plug:- 

gingservice on a normal or an emergency bas i s ;  the techniques f o r  temporari ly 

plugging and by-passing a sec t ion  which has broken o r  which i s  t o  be repai red  

a r e  well developed and a r e  incorporated i n  standard opera t ing  procedures. The 

procedures r equ i re  excavation, welding, i n s e r t i o n  of plugs, and laying of a  

by-pass pipe,  a l l  of which w i l l  normally r equ i re  severa l  hours, even i f  the 

equipment i s  read i ly  ava i l ab le  a t  the s i t e .  

To the  authors '  knowledge the re  has not been recen t ly ,  nor i s  the re  

cu r ren t ly ,  research  and development (o the r  than t h a t  already c i t e d ,  e  .g . , 
References 10, 12, 13, and 21) aimed a t  improvements i n  r e l e a s e  o r  hazard 

control  technology f o r  LPG pipel ine  breaks. A c t i v i t y  i n  t h i s  area has been 

mainly regula tory  , a s  described above. The NFPA has recen t ly  developed, under 

cont rac t  t o  MTB, a  t r a i n i n g  course t i t l e d  "Handling P ipe l ine  Transpor ta t ion  

Emergencies", which cons i s t s  of 139 s l i d e s ,  2 c a s s e t t e  tapes ,  a  course work 

guide, and a performance manual for  s tudent  use. (51) 

Railroad ~ r a r k ~ o r t a t i o n  

LPG i s  released acc iden ta l ly  from tank ca r s  mostly a s  a  r e s u l t  of 

t r a i n  derai lments;  accidents  have a l s o  occurred i n  r a i l r o a d  yards ,  e .g . ,  i n  

humpi-ng opera t ions .  The ac tual  mechanisrqs of r e l e a s e  i n  most cases a r e  
d 

rupture  of a  tank ca r  by impact with o ther  c a r s ,  r a i l s ,  o r  other  ob jec t s  



during derai lment ,  o r  rupture  due t o  overheating of the tank because of 

impingement of flames from another already-ruptured tank. A t h i r d  mechanism 

was i l l u s t r a t e d  a t  Waverly, Tennessee, i n  February, 1978: i n  a derailment two 

LPG cars  were dented and overturned, but t h e r e  was no leak  and no f i r e ;  about 2 

days l a t e r ,  while preparat ions were being made t o  t r a n s f e r  LPG from the 

de ra i l ed  c a r s ,  one of them ruptured,  the  vapor i g n i t e d ,  and t h e  f i r e b a l l  

caused 15 deaths and more than 40 i n j u r i e s .  (52)  This rupture was caused by 

weakening of t h e  tank wall  i n  the  dented area;  a cont r ibut ing  f a c t o r  was the  

inc rease  of pressure  i n  the  tank i n  the in tervening 2 days due t o  modcratio~l 

( i . e . ,  increased temperature) of the weather. 

Frequently, when a car  i s  punctured during derai lment ,  the  volume 

l eak  r a t e  i s  l imi ted ,  t h a t  i s ,  the  contents  of t h e  tank a r e  r e l eased  through a 

r e l a t i v e l y  small opening, such a s  would be made by impact of a coupler agains t  

a head. I n  these  cases t h e  LPG emerges from t h e  tank with s i g n i f i c a n t  

v e l o c i t y  because of the pressure i n  the tank; due t o  numerous impacts during 

t h e  derailment providing i g n i t i o n  sources,  t h e  leaking tank i s  usual ly  ign i t ed  

and the  flame may impinge on the  s h e l l  of another tank nearby. I f  flames 

impinge on a tank below the  l i q u i d  l e v e l ,  t h e  l i q u i d  temperature w i l l  

g radual ly  r i s e ,  increas ing the vapor pressure un t i l  even t~ ln l ly  (porhapo i n  a 

few hours) the  r e l i e f  valve w i l l  r e l ease  vapor. On the  other  hand, i f  the  

flames impinge on the tank above the l i q u i d  l e v e l ,  the  temperature of the 

s t e e l  w i l l  increase  r ap id ly  because of poor heat  t r a n s f e r  t o  the vapor, soon 

(wi th in  a f r a c t i o n  of an hour) weakening the  steel so t h a t  the  tank rup tu res .  

I n  t h i s  l a t t e r  case ,  the  rup tu re  usual ly  r e s u l t s  i n  sepa ra t ion  of t h e  tank 

i n t o  two "tubs" which a r e  accelera ted  by the  vapor pressure and rocketed 

d i s t ances  of severa l  or  many hundreds of f e e t ;  these  a re  ca l l ed  BLEVEts 

(Boi l ing  Liquid Expanding Vapor ~ x p l o s i o n ) ,  and can cause grea t  damage, both 

by impact of t h e  f ly ing  pieces of tank car  and by t h e m a l  r a d i a t i o n  from the  

1 arge f i r e .  

Control of LPG re leases  from tank ca r s  a f t e r  derailments cons i s t s  

pr imar i ly  of applying water t o  tanks on which flames a re  impinging i n  order  t o  

avoid BLEVE's, and at tempting t o  extinguish flames f r m  leaking c a r s .  This 

work must be done from appreciable  d is tances  because of t h e  r i s k  of exposure 

t o  a BLEVE, and a l s o  because of the chance t h a t  a tank not  leaking nor subjec t  

to. flame impingement may rup tu re  because of damage incurred during derai lment .  



.The NTSB recent ly  held a public  hearing and rssuea a reporr  a a r e ~ y  , . 

Effect iveness  Eval.'uation" with respect  t o  derailmenl 
I 

DOT 112 ~ 1 1 1 4  A tank ca r s  still pose ser ious .  t h r e a t s  KO rocaL ana 

s t a t e  emergency response personnel when hazardous mate r i a l s  a re  - re leased during a t r a i n  derai lment .  

Current methods of a l e r t i n g  emergency response personnel t o  the  

presence of hazardous mate r i a l s  a t  t h e  scenes of r a i l r o a d  acci -  
1 

dents  o f t en  a r e  unre l i ab le ,  untimely, and r e l y  upon unstructured 

individual  ac t ions  t o  provide information i n  time t o  influbnce 

e a r l y  response decisions.  

An adequate procedure does not e x i s t  f o r  l ink ing  d i s t a n t  diag- 

nos t i c  exper ts  on hazardous mate r i a l s  t o  on-scene emergency 

personnel.  Such linkage would be more responsive t o  immediate 

deci  s ion  making needs than e x i s t i n g  procedures based on manuals, I t r a i n i n g ,  o r  computer readouts .  

Ef fec t ive  channels need t o  be es t ab l i shed  f o r  communication of 

post acc ident  s a f e t y  lessons t o  a l l ,  emergency response person- 
. . 

n e l  . 
A f u l l  hazardous mate r i a l s  emergency response system documenting 

I 
emergency response a l t e r n a t i v e s ,  information needs of emergency 

personnel a t  r i s k ,  and coordinat ion of a l l  Federal e f f o r t s  i n  

r a i l r o a d  emergencies i s  not opera t ional  . 
DOT'S accident da ta  c o l l e c t i o n  programs f o r  t r a i n  derailments 

and hazardous mate r i a l s  provide a l imi ted  c a p a b i l i t y  f o r  acc i -  

dent prevent i o n  research and countermeasure development. 

With regard t o  information systems which h a w  been used (although 

not un ive r sa l ly )  f o r  emergencies, t h e  r a i l r o a d s  themselves have used severa l  

techniques. F i r s t ,  Pa r t  172 of the r egu la t ions  requi res  t h a t  the  shipper 

inc lude  the  proper shipping name, the  c l a s s  and o ther  descr ibers  on t h e  

shipping papers. Also, the  t r a i n  crew must have a document ind ica t ing  the  

pos i t ion  i n  t h e  t r a i n  of each placarded car  containing a hazardous m a t e r i a l ,  

and a member of the t r a i n  crew must have a copy of the waybi l l s  of the 

hazardous mate r i a l s  being t ranspor ted .  MTB and FRA regula t ions  do not r equ i re  



t h a t  r a i l r o a d s  have an emergency response preparedness  c a p a b i l i t y .  However, 

most major r a i l r o a d s  have developed or a r e  developing t h e i r  own systems,  such 

a s  a c c e l e r a t e d  use of the  AAR's Bureau of Explosives  Standard T ranspo r t a t i on  

Commodity Codes, which a r e  computerized 'and p r i n t e d  o u t  f o r  each t r a i n ' s  

c o n s i s t .  These p r i n t o u t s  inc lude  emergency a c t i o n s  app rop r i a t e  f o r  each 

hazardous m a t e r i a l  on t h e .  t r a i n .  Other techniques used by some r a i l r o a d s  

i nc lude  coo rd ina t ion  w i t h  l o c a l  , o f f i c i a l s  a long rights-of-way, u se  of 

s p e c i a l l y  denoted hazardous m a t e r i a l s  t r a i n s ,  and s p e c i a l  r a i l r o a d  hazardous 

m a t e r i a l s  teams. Rowever, t h e  NTSB r e p o r t s ,  t h e r e  have been informat iona l  

d i f f i c u l t i e s ,  such a s  (1) not ob t a in ing  prompt n o t i f i c a t i o n  from r a i l r o a d s  o f  

an acc iden t ,  ( 2 )  on ly  one copy of the sh ipping  papers is inadequate ,  and (3 )  

emergency manuals not  l oca t ed  on t r a i n s .  ( 3 1  

The NFPA r e c e n t l y  developed an audiovisua l  t r a i n i n g  package "Trans- 

p o r t a t i o n  BLEVE's--Causes, E f f e c t s ,  Guidel ines"  c o n s i s t i n g  of 140 c o l o r  

s l i d e s ,  c a s s e t t e  t a p e ,  an i n s t r u c t o r "  gu ide ,  and a  s tudent  workbook, (53)  

Truck Transpo r t a t i on  

LPG t ruck  acc iden t s  occur mainly i n  t h r e e  s i t u a t i o n s :  (1) i n  

loading/unloading o p e r a t i o n s ,  ( 2 )  i n  r e p a i r  garages ,  and ( 3 )  i n  c o l l i s i o n s  or 

over turns  i n  t r a n s i t .  Regarcling acc iden t s  , involv ing  LPG i n  repair. garages, 

S e c t i o n  65 of NFPA 58 r e q u i r e s  t h a t  LPG be removed from a veh ic l e  and t h a t  t h e  

tank be  purged be fo re  moving the  v e h i c l e  i n t o  a  pub l i c  garage f o r  parking o r  

f o r  r e p a i r ;  i f  t h e  garage i s  owned by the  v e h i c l e  o p e r a t o r ,  t he  veh ic l e  may be  

moved i n t o  t h e  garage without  removing t h e  LPG i.f the provis ions  of Chclptcr 7 ,  

WPA 58 a r e  fol lowed.  Chapter 7 provides  f o r  proper cona t ruc t ion ,  v e n t i l a -  

t i o n ,  and h e a t i n g  of s t r u c t u r e s  housing LP-gas sys  t e m s .  Cons t ruc t ion  r equ i r e -  

ments inc lude  use  of non-combustible m a t e r i a l s  f o r  f l o o r s ,  c e i l i n g s ,  and wal l .  

m a t e r i a l s ,  and t h a t  t h e  f l o o r  s h a l l  not  be below grade.  The s t r u c t u r e  s h a l l  

be v e n t i l a t e d  u t i l i z i n g  a i r  i n l e t s  and o u t l e t s  arranged t o  provide a i r  

movement ac ros s  t he  f l o o r  a s  uniformly a s  p o s s i b l e ,  a t  s p e c i f i e d  r a t e s ,  and 

o u t l e t s  s h a l l  d i scharge  a t  l e a s t  f i v e  f e e t  away from any o the r  opening i n t o  

t h e  garage o r  any o t h e r  s t r u c t u r e .  Heat ing s h a l l  be by hot  water o r  steam 

. r a d i a t i o n  or o the r  h e a t i n g  t r a n s f e r  medium wi th  t h e  source  remotely l o c a t e d .  



It appears tha t  adherence t o  these  regula t ions  would prevent LPG accidents  i n  

garages. Reported accidents  i n  garages have a l l  involved public garages where 
(35) the  LPG had not .been removed. 

Accidents during loading or  unloading of LPG can involve any of a 

gamut of human e r r o r s  and equipment f a i l u r e s  o r  malfunctions. These w i l l  

o f t en  involve re l eases  a t  r e l a t i v e l y  small r a t e s ,  sometimes with f i r e  

immediately, sometimes not.  The NLPGA has published b u l l e t i n s  which o f f e r  

guidance on con t ro l l ing  such re leases :  

a "How t o  Control LP-Gas Leaks and Fi res"  (54 

a "How t o  Stage LP-Gas F i r e  Control Demonstrations" (55 

a "How t o  Handle Small LP-Gas F i r e s  With Por table  F i r e  Extin- 

guishers , , (56)  , 

These b u l l e t i n s  describe bas.ic precautions i n  approaching a leak  or  a f i r e ,  

when and how t o  ext inguish  a f i r e ,  p ro tec t ion  of a tank from rad ia t ion  by 

water spray ( t o  avoid a BLEVE), po l i c ing  the  a rea ,  e t c .  The b u l l e t i n s  a r e  

appl icable  genera l ly  t o  r e l e a s e s  from trucks during loading or unloading, or  

from piping connecting the truck tank t o  s to rage ,  o r  from the s torage  tank. 

I f  a t ruck tank has an accident on a highway which r e s u l t s  i n  

leakage, as  cont ras ted  t o  a major rupture  and l a r g e  s p i l l ,  t h e  same procedures 

ref  e r red  t o  above i n  connection with r e l eases  i n  loading/unloading opera t ions  

. a r e  appl icable ;  

I n  any case of leakage o r  f i r e  a t  or near a t ruck tank,  the re  i s  the  

p o s s i b i l i t y  of a BLEVE, as with r a i l  tank cars  o r  with s t a t i o n a r y  tanks ,  and 

the  NFPA s l ide -casse t t e  package on Transpor ta t ion  BLEVE' s should be appli-  

cab le  and use fu l .  (53) 

Other than the  educational  a i~d  procedural packages prepared by. the  

NLPGA and the  NFPA, the  authors were unable t o  i d e n t i f y  any recent  or  cu r ren t  

research or  development e f f o r t s  d i rec ted  toward contro l  of LPG re leases  i n  

t rucking . 

Consumer Storage 

At tent ion  here i s  r e s t r i c t e d  t o  t h a t  par t  of a consumer's LPG system 

containing l i q u i d ,  t h a t  i s ,  r e l e a s e s  from appliances o r  from the vapor p ip ing 

beyond the  regula tor  a r e  excluded'from considera t ion .  Causes of s p i l l s  from 



consumer s t o r a g e ,  a s  noted e a r l i e r ,  i nc lude  a  l a r g e  f r a c t i o n  from human e r r o r ,  

r e s u l t i n g  from i n s u f f i c i e n t  awareness of the  hazards  of LPG, l ack  of communi- 

c a t i o n ,  etc.; c o r r o s i o n  of bu r i ed  tanks  or l i q u i d  l i n e s ;  s e t t l emen t  of 

foundat ions ;  non-standard equipment; i n s t a l l a t i o n  not according t o  code; 

damage by v e h i c l e s ;  leakage during LPG t r a n s f e r  from t ruck  (covered i n  

prev ious  s e c t i o n ) ;  f a i l u r e  of p r e s su re  r e g u l a t o r ;  l eakage  through hea t  ex- 

changers  of Lstane systems; improper handl ing  of c y l i n d e r s  and p o r t a b l e  tanks ;  

e t  c  . 
Presen t  methods of c o n t r o l  of r e l e a s e s  of LPG from consumer s to rage  

are g e n e r a l l y  very  s i m i l a r  t o  those  a l r eady  d i scus sed  under Truck Trans- 

p o r t a t i o n .  probably t he  f i r s t  a c t i o n  t o  be taken ,  a t  l e a s t  f o r  r e l a t i v e l y  

small  l e a k s ,  i s  t o  r e p o r t  t h e  suspec ted  l e a k  t o  q u a l i f i e d  s e r v i c e  personnel ,  

who can.  then determine t h e .  exac t  cause o r  l o c a t  i o n  of the  l eak  and c o r r e c t  t he  

problem. (46) A b u l l e t i n  i s  a v a i l a b l e  from NLPGA d e a l i n g  s p e c i f i c a l l y  wi th  

procedures  f o r  f i n d i n g  l eaks  i n  LP-gas p ip ing  systems.  (57 )  For l a r g e  l e a k s  

which obviously pose immediate and s e r i o u s  danger ,  t h e  procedures descr ibed  in 

t h e  NLPGA b u l l e t i n s  should be a p p l i c a b l e .  '54-56) ~ h e s e  procedures would 

g e n e r a l l y  involve  t h e s e  precaut ions :  

e I f  p o s s i b l e ,  shu t  o f f  the source  of LPG t o  t h e  l e a k  

e I f  t h e r e  i s  f i r e  a t  t he  l e a k ,  do not  a t tempt  t o  ex t ingu i sh  u n t i l  

the source has been shut of f  
6 EV~CUBEE!  people from the genera l  a r e a  downwind from the  ' leak 

where t h e r e  i s  r i s k  of  flannuable mixtures  

e Approach t h e  l eak  or  f i r e  from the  upwind s i d e  ( f o r  purposes of 

a t t empt ing  t o  shu t  o f f  o r  t o  e x t i n g u i s h  f i r e ) .  

These precaut ions  a r e  presen ted  more f u l l y  i n  t h e  b u l l e t i n s .  NLPGA has 

prepared a  b u l l e t i n  a l s o  f o r  mu1 t i p l e  LP-gas customers: "A Guide f o r  Develop- 

i n g  Emergency Procedures f o r  Mul t i p l e  LP-Gas Customers Using a  Common Source 

o f  Supply". ( 5 8 )  . 

Research o r  development p r o j e c t s  o r  r e p o r t s  dea l ing  wi th  improve- 

ments i n  t h e  technology of r e l e a s e  con t ro l  f o r  consumer s to rage  have not been 

d iscovered .  
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SUMMARY 

The Government and the ammonia industry a re  addressing safety aspects of 
handling, storing, transporting and using ammonia. Agencies involved i n  

ammonia spi 11 research include: the U. S.  Coast Guard, Federal Rai 1 road 
Administration, DOE, and Fer t i l izer  Ins t i tu te .  The use of ammonia i s  expected 
to increase i n  the future,  both i n  conventional and in new applications. The 
increasing use of ammonia may' resu l t  in more emissions and more frequent 
accidents. The purpose of th i s  report i s  to  pro'vide appropriate background 
information and a basis for  the ammonia assessment study being performed by 
PNL. 

Literature pertaining to  the production, storage, transportation, and use 
of ammonia i s  reviewed. This report also describes ammonia properties, po- 
tent ia l  hazards, production methods, accident reports,  regulations, and control 
techniques. Finally potential research and development needs are  ident i f ied 
in the area of ammonia, safety and environmental control tha t  need to  be 
considered in more detai l  as part  of the PNL assessment study. 





1.0 INTRODUCTION 

Ammonia i s  a natural pa r t  of the  nitrogen cycle and, as  such, l i f e  cannot 
e x i s t  without i t ;  however, i n  massive doses, i t  i s  hazardous t o  a l l  forms of 
l i f e .  I t  i s  e a s i l y  assimilated i n to  the  environment and, once dispersed, 
does not present any s ign i f i c an t  ecological problems. Ammonia readi ly  evapo- 
r a t e s  and i s  a l so  very soluble in  water under ambient condit ions.  The vapor, 
although generally l e s s  dense than a i r ,  i s  often detected a t  considerable 
distances from accidental s p i l l s .  In water, i t  great ly  inc reases . the  pH 
and t he  temperature and can endanger aquatic l i f e  (Harsh, 1978). 

To ensure adequate protection of man and the  environment i n  the  transpor- 
t a t i on  of energy materials ,  i t  i s  necessary t o  understand the  sa fe ty  and poten- 
t i a l  environmental e f f ec t s  of the  shipment of energy mater.ials, both i n  normal 
t ranspor ta t ion and under accident conditions. I n t e r e s t  by both the government 
and t he  ammonia industry i n  the sa fe ty  aspects of handling, s to r ing ,  t rans-  
port ing,  and using ammonia has led t o  the  ongoing assessment of ammonia hazards. 
Some agencies involved i n  ammonia s p i l l  research include the  United S ta tes  Co'ast 
Guard, the  Federal Rai 1 road Administration, and the  Department of ~ n e r ~ ~  (DOE) , 
as  well a s  the  F e r t i l i z e r  I n s t i t u t e .  The objectives of these s p i l l  s tudies ,  
pa r t i cu la r ly  i n  the  DOE, a r e  to :  1 )  determine the  dispersion behavior of 

ammonia re leases ,  2 )  improve models describing this behavior, 3 )  provide experi- 
mental data on the  extent  of the  hazard posed by ammonia vapors, and 4 )  assess  
and recommend control and mitigation measures t o  improve sa fe ty .  The s i z e  

and shape of the  vapor cloud, ammonia concentration prof i l es ,  and vapor cloud 
buoyancy a r e  some of the  cha rac t e r i s t i c s  t h a t  wil l  be described as well as 

the  e f f e c t s  a t t r i bu t ab l e  t o  varying re lease  and weather condit ions.  

The basic concerns associated w i t h  ammonia have been the  environmental and 
sa fe ty  aspects of production, t ranspor ta t ion,  s torage,  and use; including the  
heal t h  consequences of exposure and the  possi b i l  i t i e s  of explosions and f i r e .  
The use of ammonia i s  expected t o  increase i n  the fu ture ,  both i n  conventional 
and i n  new appl icat ions .  The expanded use of ammonia a s ,  f o r  example, a f u e l ,  

( d i r ec t  burning o r  hydrogen storage medium) a heat- t ransfer  medium i n  power 

plant  cooling systems, a coal-processing solvent,  an agent i n  s tack gas cleaning, 



o r  as a f e r t i l i z e r  i n  the biomass production o f  ethanol may r e s u l t  i n  more 

regu la r  emissions of ammonia and more frequent accidents. Before usage i s  

' s u b s t a n t i a l l y  increased, add i t iona l  research may be required on such issues 

as atmospheric chemistry in teract ions,  and the s u i t a b i l i t y  o f  cur rent  cont ro l  

measures and cor ros ion prevention techniques. The ongoing ammonia research 

o f  the f e r t i . l i z e r  indus t ry  w i l l  con t r ibu te  s i g n i f i c a n t l y  t o  the assessment 

o f  environmental and safe ty  issues. 

The purpose o f  thSs repo r t  i s  t o  provide appropriate background informat ion 

f o r  planning a more complete assessment study. The l i t e r a t u r e  per ta in ing  t o . ,  . ,  

the  production, storage, t ransportat ion,  and.use o f  ammonia i s  reviewed along 

w i t h  safe ty  and envi ronmenta'l con t ro l  concerns. These concerns are associated 

w i t h  a po ten t i a l  increased use o f  ammonia d i r e c t l y  as an .energy mater ia l  o r  . . . , . 

possib le increased t ranspor t  i f  imported ammonia displaces domestic production 
. . 

t o  f r e e  natura l  gas feedstocks f o r  a l t e r n a t i v e  energy uses. Th i s ' r epo r t  

descr i  bes the proper t ies  , poten t ia l  hazards, production methods, accident 

reports,  regulat ions,  and cont ro l  techniques f o r  ammonia and provides a founda- . . . 

t i o n  f o r  i d e n t i f y i n g  and descr ib ing environmental and safe ty  'needs f o r  research: ' .: 

and development. 

An assessment r epo r t  on 'the medical and b i o l og i ca l  e f f ec t s  o f  ammonia 

prepared by the  National Research Council (1979) was a s i g n i f i c a n t  resource . ' 

f o r  t h i s  ' study. . The National Research Council (1 979) repor t  i s  recommende'd 

f o r  background reading although i t s  assessment ob ject ives d i f f e r  from those ., 

o f  the  LGF. Safety and Environmental. Control Assessment Program. 

This r epo r t  i s  d iv ided i n t o  s i x  sections w i t h  support ive appendices. The- 

appendices describe ammonia spi  11 s , conversions f o r  u n i t s  commo'nly used i n  

ammonia studies, and a reproduction o f  research recommendations provided i n  
.' 

t he  National Research Council repor t .  

The extensive use o f  ammonia i n  energy-related appl ica t ions could cause 

several new concerns i n  add i t i on  t o  those associated w i t h  the cur rent  wide- 

spread use o f  ammonia as a f e r t i l i z e r .  Some impacts o f  increased ammonia 

usage and p o t e n t i a l l y  more s p i l l s  are  b r i e f l y  summarized below: .. 



1. An increased use o f  ammonia could present a greater po ten t ia l  f o r  accidents 

and la rge  sp i  11 s, espec ia l ly  dur ing b u l k  t ransportat ion.  There i s  very 
1 i t t l e  experimental data t o  assess the nature o f  such s p i l l s ,  and the 

accuracy of ava i lab le  p red ic t ion  .methods i s  a1 so uncertain. For example, 
whereas hundreds o f  cubic meters o f  ammonia may be r i sked  i n  t ranspor t ing 

a shipment, the l a rges t  con t ro l led  experimental s p i l l s  on water t o  date 
3 are approximately 0.2 m . The potent ia l ,  behavior and consequences o f  

large-scale s p i l ' l s  o f  ammonia are, a t  t h i s  po in t ,  uncertain. F i e l d  t e s t s  

. - s imulat ing large-sca1,e s p i l l s  are needed, and data from these t es t s  should 

be used t o  'conf i rm e x i s t i n g  model s and scale re1 at ions hips o r  t o  develop 

improved ana l y t i ca l  model s. 

2. Ammonia and i t s  ox ida t ion  products may per turb  the atmospheric n i t rogen 

cyc l  e, poss ib ly  i n f  1 uenci ng ac id  p rec i  p i . t a t i  on probl  ems. The i ncreased 

energy use o f  ammonia as a f ue l  may.impact the atmospheric l eve l s  o f  

ammonia and oxides o f  n i t rogen. Leakage and incomplete combustion are  

the sourc@s o f  atmospheric ammonia wh i le  the. oxides o f  n i t rogen i n  the 
. . 

atmosphere are by-products o f  combustion. 

3. .  Progress i n  the con t ro l  o f  ,stress-corrosion cracking o f  system components 
. , " 

should be reviewed. . The use o f  t race  amounts ' o f  wafer i n  ammonia may 

be v e r y - e f f e c t i v e  as corrosion i n h i b i t o r  f o r  some -mater ia ls .during' bu lk  

t ranspor ta t ion  and storage, bu t .  i t  may no,t be an ,adequate . cont ro l  . i n  a l l  

uses since ammonia and water are a1 so cor ros ive t o  some mater ia ls.  
. . 

4. Ammonia, when stored as a re f r i ge ra ted  1 iqu id ,  poses, hand1 i p g  and storage 

problems compared t o  o ther  common energy mater ia ls.  D i s t r i b u t i o n  , , 

personnel and users could be exposed to. object ionable, and possib ly harm- 

f u l ,  doses o f  ammonia vapor. 

5 .  Current s p i l l  cont ro l  methods may be inadequate f o r  the small-scale user. 

The methods t h a t  seem su i t ab le  f o r  cont ro l1  i n g  large-scale s p i l l s ,  e.g., 

d ikes around storage tanks, are  unsui table f o r  the small' s p i l  i s ,  which . 

cause i n j u r i e s  and could become a more frequent hazard i f  ammonia use 

were increased. 



6. The procedures fo r  responding to  accidental s p i l l s  a t  ammonia f a c i l i t i e s  
and along transportation routes should be reviewed. 

7. Ammonia has a lower heating value (%50%) than gas01 ine and hence vehicles 
fueled by ammonia would have to  carry larger volumes to  have the same 
travel range. A comprehensive r isk assessment may be required to  deter- 
mine whether the increased fuel capacity would s ignif icant ly change the 
level of r isk to  the fuel users. 





2.2 AMMONIA STORAGE AND TRANSPORT 

Anhydrous ammonia i s  o r d i n a r i l y  s tored and handled as a r e f r i g e r a t e d  l i q u i d  

(-33°C a t  1 atm):. I n  a few cases, ammonia i s  s tored a t  about 2.7 atm and some 

o f  t.he,ammonia i s  evaporated t o  keep t h e  l i q u i d  cooled; i n  these cases, the  

vented ammonia i s  u s u a l l y  compressed and condensed o r  absorbed i n  water t o  

make a by-product, aqua ammonia. Seasonal v a r i a t i o n s  i n  the  f e r t i l  i z e r  market 

requ i  r e  1 arge-capaci ty , s ing le -  o r  doubl e-wal l  ed s torag6 tanks on the  order  

o f  35,000 t o  47,000 m3 ( 9  t o  12 m i l l  i o n  gal ) (Kirk-Othmer 1978). 

3 .  Anhydrous ammonia i s  normal ly  shipped i n  tank t rucks  (23 t o  30 m [6000 
3 t o  7800 g a l ] )  o r  r a i l c a r s  (up t o  130 m [33,800 ga l ] ) ,  barges, o r  pipe1 ines .  

I n  t h e  l a s t  decade, two major p i p e l i n e s  have been constructed: 1 ) the  Mid- 

American Pipe1 i n e  system going f rom Texas t o  Minnesota through Okl ahoma, 

Kansas, Nebraska, and Iowa, and 2 )  t h e  G u l f  Centra l  Pipe1 i n e  system going 

f rom Louis iana t o  Nebraska and Indiana through Arkansas, Missour i ,  I l l i n o i s ,  

and Iowa. 

2.3 POTENTIAL USES OF AMMONIA 

The energy-re lated uses o f  ammonia a r e  increasing.  Ammonia has p o t e n t i a l  

f o r  use as: 

a f u e l ;  

a heat  t r a n s f e r  medium; 

e .an  agent i n  ox ides o f  n i t rogen  removal i n  combustion engines; 

an agent i n  coal  g a s i f i c a t i o n ;  

a storage medium f o r  hydrogen; and 

as a f e r t i l i z e r  f o r  biomass product ion  o f  ethanol . 
Ammonia impor ta t i on  can a l s o  be considered i n  r e l a t i o n  t o  energy s ince i t  has 

t h e  p o t e n t i a l  o f  d i s p l a c i n g  domestic p roduct ion  which would use hydrocarbon 

f u e l s  as feedstock. . The f u e l  use o p t i o n  i s  discussed i n  more d e t a i l  below 

because o f  i t s  p o t e n t i a l  f o r  wide-spread impacts. The use o f  ammonia as a 

heat  t r a n s f e r  medium i s  expanding and i t  i s  c u r r e n t l y  used as a r e f r i g e r a n t  

and may be app l i ed  i n  f u t u r e  d ry  c o o l i n g  towers, and as a heat  t r a n s f e r  medium 

such as t h e  Ocean Thermal Energy Conversion Program o f  DOE. Ammonia has been 



mentioned as an agent i n  NOx scrubbing f o r  l a r g e  emission sources and i n  i n t e r n a l  

combustion emission reduct ions.  The use o f  anhydrous ammonia as a  so l ven t  f o r  

enhancing coal  r e a c t i v i t y  f o r  g a s i f i c a t i o n  has a l s o  been s tud ied.  

Ammonia i s  n o t  p resen t l y  i n  wide use as a fue l ;  however, i t  i s  considered 

a  su i  tab1 e s u b s t i t u t e  f o r  hydrocarbons. The U.S. ~ r i n ~ '  conducted a  number o f  

t e s t s  i n  con junc t ion  w i t h  i t s  "Energy Depot Concept" where ammonia would be 

produced f rom water us ing  nuclear  energy and used under f i e l d ' c o n d i t i o n s  (Grimes 

1964). The use o f  ammonia and ammonia mixtures as f u e l s  f o r  i n t e r n a l  combus- 

t i o n  engines has been i n v e s t i g a t e d  i n  Europe. 

The combustion products o f  ammonia i n  a i r  a re  water arid n i t rogen.  ' The 

heat ing  value o f  ammonia i s  about 50% o f  gasol ine.  The s t o i c h i o m e t r i c  f u e l -  

a i r  r a t i o  f o r  ammonia i s  1  :6.06 compared t o  a  much leaner  r a t i o  o f  about . 

1  :14.5 f o r  gasol ine.  Based on equal volumes o f  s t o i c h i o m e t r i c  f u e l - a i r  mix- 

tu res ,  t h e  heat  content  o f  an ammonia-air m ix tu re  i s  about '80% t h a t  o f  t he  

gaso l i ne -a i r  mixture;  thus, i n  a  r e c i p r o c a t i n g  type engine, the  power produced 

would n o t  exceed about 80% o f  t h a t  produced by a  gaso l ine  and a i r  mixture.  

Ammonia does however have a  h igh  octane r a t i n g  (g rea te r  than 111 research octane 

number) p e r m i t t i n g  h igher  compression r a t i o s  and the  use o f  a supercharger, 

bo th  o f  which s i g n i f i c a n t l y  improve performance. Ammonia's heat  o f  vaporiza- 

t i o n  i s  4.4 t imes t h a t  o f  gaso l ine  and an engine consumes 2.4 t imes as much 

ammonia as gas01 i n e  by weight  f o r  an equal ou tput  o f  power. Because ammonia 

requ i res  10.3 times as much heat o f  vapor i za t i on  as gasol ine, a  vapor izer  

would be necessary i f  ammonia were t o  be used as a  f u e l  (Cornel i u s  1965). 
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AMMONIA I N  THE ENVIRONMENT 

Ammonia i s  a  na tu ra l  c o n s t i t u e n t  found i n  t h e  atmosphere, t he  s o i l ,  and 

waters o f  t h e  ear th .  It plays an essen t ia l  r o l e  i n  sus ta in ing  l i f e  and, as 

such, i t  i s  an i n t e g r a l  p a r t  o f  t h e  n i t rogen  cyc le .  

Ammonia does n o t  remain i n e r t  i n  any phase o f  t he  environment and i s  n o t  

i t s e l f  a  major p o l l u t a n t  because t h e  mechanisms f o r  t a k i n g  up ammonia are  

p l e n t i f u l  and e f f e c t i v e .  Plants and animals have ac t i ve ,  e f f i c i e n t ;  and r a p i d l y  
. . 

opera t ing  enzyme systems t o  t r a p  and use ammonia. However, i t  i s  a  d e f i n i t e  

i n d u s t r i a l  and a g r i c u l  t u r a l  hazard because: 1  arge doses f rom acc identa l  sp i  11 s  

can be hazardous t o  human h e a l t h  and t h e  environment; under c e r t a i n  cond i t i ons  

i t  may burn o r  explode; and i t  i s  h i g h l y  so lub le  i n  water where, i t  g r e a t l y  

increases t h e  pH and the  temperature t o  the  det r iment  o f  aquat ic  l i f e .  

3.1 AMMONIA SOURCES 

. . More than 99.5% o f  atmospheric, s o i l ,  and water ammonia i s  produced by 

na tu ra l  b i o l o g i c  processes. The ammonia produced as a  resu l  t o f  human a c t i v i -  

t i e s ,  a1 though a  minor f r a c t i o n  o f  t he  t o t a l ,  c r e a t e s  concentrat ions t h a t  are.  

'harmful t o .  h e a l t h  and sa fe ty .  The sources r e l a t e d  t o  human act i 'v i  t i e s  inc lude:  

t h e  product ion  o f  f e r t i l i z e r s ;  

a t he  use o f  f e r t i l i z e r s ;  

e the  combustion o f  f o s s i l  f u e l s ;  

.e c a t t l e  feed lo ts ;  

e t h e  i n c i n e r a t i o n  o f  waste mater ia ls ;  

e r e f i n e r i e s  and petrochemical p lan ts ;  

leakage f rom r e f r i g e r a t i o n  equipment and o the r  operat ions such ,as  e l e c t r o -  

p l a t i n g ,  galvaniz ing,  and p r i  n . t i  ng (Nat ional  Research Counci 1  1979) ; 

sewage treatment. 



3.2 ENVIRONMENTAL EFFECTS 

Ammonia reacts  w i t h  a  number o f  const i tuents i n  the atmosphere. These 

react ions i ncl  ude 1 ) aqueous-phase ox idat ion o f  sul  f u r  d iox ide 1  eadi ng t o  the 

product ion of ammonium s u l f a t e  aerosols, 2) heterogeneous in te rac t ions  w i t h  

soot pa r t i c l es ,  3 )  thermal react ions w i t h  s u l f u r  d iox ide and ozone, and 4) 

photochemical d i ssoc ia t ion  t o  form amino (NH2) and NH rad ica ls .  The ox ida t ion  

o f  ammonia i n  the atmosphere and oxides o f  n i t rogen from ammonia combustion 

may in f luence  ac id  p r e c i p i t a t i o n  formation. ,The major const i tuents  of ac id  

p r e c i p i t a t i o n  are  s u l f a t e  and n i t r a t e  ions o r i g i n a t i n g  from s u l f u r  oxides and 
I .  

n i t rogen  oxides, respect ive ly .  oxides o f  s u l f u r  appear t o  be the major c o n t r i -  

butor  t o  a c i d i t y  i n  p r e c i p i t a t i o n  (60%) bu t  th'e con t r ibu t ion  from n i t rogen 

oxides (40%) I s  increasing. Nitrogen oxides come mainly from combustion proces- 

ses. The r e l a t i v e  con t r i bu t i on  from ammonia ox ida t ion  and general ly  increased 

ammonia usage i s  uncerta in ( ~ a t i o n a l  Research Council 1979). 

High atmospheric concentrat ions o f  ammonia i n j u r e  f lowers and f o l i age  

through l e a f  damage, which i s  characterized by large, dark green, water-soaked 

spots t h a t  l a t e r  t u r n  brown o r  b lack (National Research Council 1979). Eventual 

recovery occurs i n  the a f fec ted  green-areas. 

Nitrogen i s  present '  i n  the s o i l  l a rge l y ' i n  the organic form. Before i t  

i s  assimi lated by plants,  i t  i s  normally changed by microb ia l  processes t o  

ammonium o r  n i t r a t e  ions. This n i t rogen i s  used by the p lants  and e i t h e r  con- 

sumed by animals o r  returned d i r e c t l y  t o  the s o i l .  The cyc le  o f  n i t rogen 

from s o i l  t o  l i v i n g  th ings and back t o  the s o i l  i s  a  r ap id  one (National 
I * 

Research Counci 1  1979). *. .. 
Ammonia occurs i n  {freshwate; from p rec ip i t a t i on ,  d issolved and p a r t i c u l a t e  

so l i ds  i n  r uno f f  and ground water, animal wastes and decomposi t i o n  o f  organic 

wastes, ag r i cu l tu re ,  sewage, industry,  and o ther  sources. Ammonia dissociates 

i n  water and the ammonium i o n  i s  ox id ized t o  form n i t r i t e s  and n i t r a tes ,  which 

are r e a d i l y  adsorbed on s o i l  and sediment pa r t i c l es .  Water w i t h  excessive 
+ amounts o f  amnonia are subject  t o  massive algae growth. Ammonia concentrat ions 

i n  po l l u t ed  water may be h igh enough t o  be l e t h a l  t o  f i s h  (National Research 

Counci 1  1979). 



3.3 MATERIALS EFFECTS . . ' $  

Ammonia corrodes a number o f  metals and a l loys,  and the cor ros ive e f f e c t s  

are general ly  increased by the presence o f  water; however, t race  amounts of 

water a lso a c t  as corrosion i n h i b i t o r s  f o r  o ther  s tee ls  and a l loys .  Copper, 

t i n ,  zinc, and t h e i r  a l l oys  corrode r a p i d l y  i n  the presence o f '  ammonia a t  

ord inary  and high temperatures. The metals recommended f o r  use i n  the presence 

o f  anhydrous ammonia include aluminum and i t s  a l loys ,  i r o n  and s tee l ,  essen t i a l l y  

a l l  s ta in less  steels,  and the noble metals. Steels are general ly  used i n  

ammonia and construct ion, bu t  some carbon s tee l  ammonia storage tanks have 

experienced severe.stress-corrosion cracking, which has l e d  t o  vessel f a i l u r e .  

The contact  o f  ammonia w i t h  mercury leads t o  reac t ion  t h a t  are 

.h ighly explosive and detonate eas i l y  (National Research Counci 1 1979). 

3.4 HUMAN HEALTH EFFECTS 

People are r o u t i n e l y  exposed t o  low concentrat ions o f  ammonia. I n  h igh  

concentrations, i t  i r r i t a t e s  skin, eyes, and the mucous membranes o f  the upper 

resp i ra to ry  t r a c t  and the 1 ungs. When i ngested, i t s t rong ly  i r r i t a t e s  the 

mouth, esophagus, and stomach. The e f f e c t s  o f  ammonia on human heal th  can 

resul  t from accidental acute t o x i c  exposure o r  from chronic low concentrat ions 

i n  the 1 i v i n g  o r  working environments. Table 1 presents the phys io log ica l  

e f f ec t s  o f  ammonia a t  various concentrat ion leve ls .  Because o f  i t s  great  

a f f i n i t y  f o r .  water, i t  i s  p a r t i c u l a r l y  i r r i t a t i n g  t o  moist sk i n  surfaces. 

L iqu id  ammonia vaporizes rap id l y  when exposed.to the atmosphere and w i l l  absorb 

heat from anything i t  contacts, which may lead t o  ' f reeze burns' t h a t  are 

s i m i l a r  t o  regu lar  burns on sk in  contact. Exposure t o  h igh concentrat ions may 

r e s u l t  i n  sk i n  burns and/or death from resp i ra to ry  i n j u r y  (K i  rk-Othmer 1978). 

The cur ren t  U.S. federal  standard f o r  atmospheric exposure t o  ammonia i s  

an 8 -h r  time-weighted average o f  50 ppm. This appl ies on ly  t o  work place 

condit ions; no ambient air-qua1 i t j  standard f o r  ammonia ex i s t s  (National 

Research Counci 1 1979). 

The q u a l i t y  c r i t e r i a  f o r  unionized ammonia i n  water i s  0.02 mg/R. This 

l eve l  i s  recommended t o  p ro tec t  freshwater aqua.lic l s ' f e  ra ther  than human 



TABLE 1. Phys io log ica l  E f f e c t s  o f  Ammonia i n  A i r  (Kirk-Othmer 1978) 

Concentrat ion, 
ppm 'by Vol ume' E f f e c t s  

2 0 F i  r s  t pe rcep t i  b l  e odor 

4 0 A few i n d i v i d u a l s  may s u f f e r  s l i g h t  eye i r r i t a t i o n  

100 Not iceab le  i r r i t a t i o n  o f  eyes and nasal passages, a f t e r  a 
few minutes exposure 

400 Severe i r r i t a t i o n  o f  t h e  t h r o a t ,  nasal passages, and uppcr 
r e s p i r a t o r y  t r a c t  

700 Severe eye i r r i t a t i o n ;  no permanent e f f e c t  i f  the  exposure 
i s  l i m i t e d  t o  l e s s  than 1/2 h r  

1700 Serious coughing, b ronch ia l  spasms, l e s s  than 1/2 h r  o f  
exposure may be f a t a l  

5009 Serious edema, s t rangu la t i on ,  asphyxia; f a t a l  almost immedi- 
a t e l y  

h e a l t h  s ince  the  odor associated w i t h  h igh  l e v e l s  o f  ammonia i n  water make i t  

ob jec t i onab le  f o r  human use thus e l i m i n a t i n g  the  need f o r  a h e a l t h  e f f e c t s  

standard. 



SPILL HAZARD ASSESSMENT 

A review of accidental ammonia 'spill s (Section 4.1 ) indicates tha t  most 
incidents, causing injury involve small quantit ies related to  agricultural  use 
and the impacts a re  limited both spa t ia l ly  and in consequences. Larger scale 

accidental s p i l l s  related to  production, storage, and transportation have 
occurred and indicate a need for  hazard assessment for  s p i l l s  on water 
(Section 4.2) and land (Section 4.3). 

4.1 ACCIDENTAL SPILLS 

Accidents i n  a range of s izes  have occurred in production, storage, 
' t ransportat ion,  and u t i l iza t ion  of ammonia. The increased production of ammonia 
may increase the frequency and magnitude of such s p i l l s  i f  adequate environmental 
and safety precautions a re  not taken. This section summarizes the current 
experiences with s p i l l s ;  more extensive de ta i l s  are  presented i n  Appendix A .  

Material fa i lures  i n  reformers and/or p i p i n g  are  the major causes of 
accidents i n  production. Corrosion i s  the principal cause fo r  metal fa i lures .  
So f a r  rapid plant shutdown capabi 1 i t i e s  have 1 imi ted the consequences of 
ammonia s p i l l  s in the i r  cases. 

There are  three main sources of leaks and s p i l l s  i n  storage operations: 
1)  p i n  holes in tanks, 2 )  s p i l l s  while the tanks are  being f i l l e d ,  and 3 )  b r i t t l e  
f racture of metal storage tanks. Of these, the l a s t  two pose the most serious 

health and safety concern. One b r i t t l e  f racture accident i n  South Africa ki l led 

18 people and many others required medical treatment. 

Hundreds of s p i l l s  have been reported during the transportation of ammonia. 
Barges, t r a ins ,  ships, trucks, and pipelines have been involved, although most 
of the  major spi 11s have been associated with trucks and t rains .  As a resul L 

of one truck s p i l l  in 1979, f ive  people were'.killed and almost 200 required 

medical treatment. In a s ingle  t r a in  derailment in 1969, ammonia fumes ki l led 
f ive  people and over f i f t y  required medical treatment (see Appendix A ) .  

A large number of accidents from the farm use of ammonia have been reported. 

Local doctors i n  agricultural  areas routinely see the resu l t s  of human exposure 



t o  ammonia; however, s t a t i s t i c s  on such exposures appear to  be unobtainable. 

There a r e ,  undoubtedly, many small accidents t h a t  a r e  not reported where 
people receive s k i n  and respira tory i r r i t a t i o n .  The few deaths from the  agr i -  
cu l tu ra l  use of  ammonia have been caused by massive exposures t o  ammonia. 

4.2 ASSESSMENTS OF SPILLS .ON WATER 

The Federal Water Pollution Control Act, as  amended in 1972, focused a t t en-  

t i on  on hazardous rrraterials spi l Is on water. As a r e s u l t ,  i n  the  l a s t  few yearz,  
work has been done t o  develop analyt ical  methods of modeling and assessing the  

potent ia l  impacts of hazardous material s p i l l s .  Ammonia i s  a hazardous material 

even though i t  i s  a very fami l ia r  one i n  a l l  phases of the  environment, The 
large-scale  t ranspor ta t ion of ammonia and i t s  po ten t ia l ly  harmful impact on 
l i v ing  things i n  the  event of an accident require t h a t  i t  be thoroughly studied.  
Water s p i l l s  a r e  important because of both the  generation of toxic  vapors f o r  
airborne t ranspor t  and i t s  toxic  e f f ec t s  as  i t  i s  dispersed i n  water. 

The impacts of s p i l l e d  ammonia depend on environmental condit ions,  i . e . ,  
land,  water, ambient temperature, weather, and other  f ac tn r s ,  Very few con. 

t r o l l e d  s p i l l  experiments have been conducted. The l a rges t  t e s t  was an 
3 instantaneous s p i l l  of 0.19 m (50 gal ) of anhydrous ammonia on a small lake 

for the U.S. Coast Guard (Raj e t  a l .  1974). Most of the other  avai lable  tes t  
data on control 1 ed ammonia spi  11 s come from very small 1 aboratory-type experi - 
ments where a few m i l l i l i t e r s  of ammonia were released i n  o r  on a known 
quant i ty  of water. 

The major f i n d i n g s  of t he  s p i l l  t e s t s  on water f o r  the  U.S. Coast Guard 
(Ra j , Hagopi an, and Kal e l  kar 1974) fol  1 ow: 

3 
1 ) For t he  l a rge r  surface s p i l l s  (0.19 m,  (50 ga l )  range),  the pa r t i t i on  . 

r a t i o  i s  between 0.5 and 0.6. (a ) 

2) For submerged re leases ,  very 1 i t t l e  vapor en te rs  the  atmosphere when the  
discharge depth i s  g rea te r  than 10 times the  o u t l e t  diameter of t he  leak.  

(a)The pa r t i t i on  r a t i o  indicates  t he  f rac t ion  of the  t o t a l  ammonia s p i l l  volume 
t h a t  remains dissolved i n  the water. 



3)  I n  sur face s p i l l s ,  a . rap id  r e a c t i o n  occurs and r e s u l t s  i n  the  1 i b e r a t i o n  

o f  a vapor cloud, poss ib l y  conta in ing  a f r a c t i o n  o f  aerosols though n o t  

a l a r g e  enough f r a c t i o n  t o  make the  dens i t y  o f  t he  c loud greater  than 

t h a t  o f  a i r .  

4) The vapor c loud formed from ammonia s p i l l s  on water i s  very buoyant and 

r i s e s  as i t  t r a v e l s  downwind. 

5 )  ; The ammonium hydroxide formed i n  a sur face s p i l l  remains c lose t o  the  

top  o f  t h e  water sur face and spreads r a d i a l l y  a t  about 0.06 m s-' (0.2 ft s - I  ) . 
A n a l y t i c a l  and experimental work i n  t h e  d i spe rs ion  o f  ammonia as NH40H has 

a1 so been 1 i m i  ted. Models f o r  t he  spread o f  t o x i c  substances have been @re- 

sented o r  reviewed by Ra j and Hagopi an (1 974), Jensen (1  970), Benedict (1  978), 

Tsahal i s  (1978), and others,  b u t  i n s u f f i c i e n t  i n fo rma t ion  i s  a v a i l a b l e  f o r  

t h e  models t o  be completely formulated o r  va l ida ted.  Raj and Hagopian (1974) 

note d i f f i c u l t i e s  i n  concur rent ly  p r e d i c t i n g  both ammonia's spread and the  

associated temperature increases when comparing the  r e s u l t s  w i t h  s p i l l  t e s t s  

o f  d i f f e r e n t  scales. 

4.3 ASSESSMENT OF SPILLS ON LAND 

A n a l y t i c a l  work i n  t h e  Uni ted Kingdom (Kaiser  and Walker 1978) t o  assess 

t h e  d i spe rs ion  o f  anhydrous ammonia from pressur ized conta iners on l a n d  i n d i -  

cated t h a t :  

1 ) a c o l d  ammonialair m ix tu re  i s  formed; 

2) t h e  dens i t y  o f  t h e  c loud w i l l  most l i k e l y  be greater  than t h a t  o f  t he  

surrounding a i r ;  

3) g r a v i t y  causes t h e  clouds t o  slump near the  ground and spread l a t e r a l l y ;  

and 

4 )  wind speed i s  a c r i t i c a l  parameter i n  determining whether the  d i spe rs ing  

ammonia c loud w i l l '  l i f t  o f f  t h e  surface. 

I n  f u r t h e r  s tudies,  Haddock and W i l l  iams (1978) present  an a n a l y t i c a l  

study o f  the ammonia dens i t y  versus a i r  dens i t y  re1 a t i o n s h i  ps expected as 

a cesul t o f  a pressur ized o r  r e f r i g e r a t e d  ammonia release. For t h i s  study, 



they  considered air/ammonia chemistry, d r o p l e t  format ion and in te rac t i ons ,  

coagu la t ion ,  and p r e c i p i t a t i o n ,  and atmospheric moisture. 



SAFETY STANDARDS AND ENVIRONMENTAL CONTROL PROCEDURES 

The demand f o r  ammonia will  continue t o  increase,  due t o  i t s  use as  

f e r t i l i z e r ,  and the  ant ic ipated expansion of o ther  uses. Additional environ- 

mental and sa fe ty  standards and control procedures may be required i n  the 

production, storage,  t ranspor ta t ion,  and use of ammonia t o  reduce the  

frequency and sever i ty  of fu tu re  s p i l l s .  

Many techniques have been proposed fo r  control 1 ing ammonia' s p i l l s ,  which 

depend on the  nature and conditions of the  s p i l l .  Some methods which have 

been mentioned include: .  

1 ) spraying water on leaking valves, pipes and vessels;  

2) constraining leaks o r  s p i l l s  from storage tanks w i t h  dikes (Brown 1978) ; 

3 )  using wet foams t o  reduce evaporation and flammability (Clark 1975); 

4) absorbing ammonia w i t h  sorbents such as  act ivated carbon, z eo l i t e s ,  and 

ion exchangers; and 

5) neutra l iz ing the  ammonia in  water spi ' l ls  w i t h  acids such as  hydrochloric, 

phosphoric and/or sul f u r i c  acid (Bauer e t  a1 . 1976). 

5.1 SAFETY IN PRODUCTION 

In production, safety-re1 ated control s a r e  primarily required because of 

equipment f a i l u r e s  i n  the  primary and secondary reformers, compressors, and 

turbines.  The reformers usually f a i l  when the  ca t a ly s t  is poisoned and/or the  

tubes' overheat, 1 eading t o  a material f a i l u r e .  Flange f i r e s  a r e  a problem 

when flammable process gas leaks out  of hot valves and f i t t i n g s  i n to  the a i r .  

These f i r e s  may be precluded by proper scheduled maintenance and the use of 

f lange guards (Sawyer, Will iams, and Clegg 1971 ) . Stress-corrosion cracking ( a )  

of pipes, t r ans f e r  l i n e s ,  and vessels i s  a l so  an occasional problem i n  

" production plants .  

(a)Stress-corrosion cracking i s  the  preferent ia l  .corrosion on a molecular 1 eve1 
i n  a l i n e  o r  crack i n  an area of s t r e s s  (Clark and Crackness 1976). 



Programs t o  minimize these production problems a r e  the  responsi b i  1 i t y  of 
the  design engineer, t he  engineer i n  construction and maintenance, and the  
engineer operating t he  plant .  Plant design, construction methods, and operation 
condit ions a l l  impact the  production sa fe ty  problems. While i t  is essent ia l  t o  
inspect  f o r  developing cracks, an inspection program cannot overcome e r ro r s  i n  

design and construction.  However, many po ten t ia l ly  serious f a i l u r e s  can be 
fo r e s t a l l ed  by adequate operator t ra in ing  t o  insure t ha t  uni ts  a r e  operated 
properly. 

5.2 SAFETY IN STORAGE 

Tl~e s Lurage o f  1 drge quan t i t i es  of ammonia poses several potenti a1 problems 
i ncl udi ng : 

1 ) s t ress-corrosion cracking i n  the  storage tanks becaus,e of improper materials  
.3 .  : 

and welding techniques (Clark and Cracknell , 1976), 

2 )  . s e t t l i n g  o r  heaving of tank f loors  due t o  poor construction methods and 
materials  (Esr ig ,  Ahmad, and Mayo 1974), and 

3) s p i l l  s during ammonia t rans fe rs  (National Research Council 1979). 

Dikes can probably be used t o  contain s p i l l s  from ruptured tanks and are 
e i t h e r  required o r  a standard pract ice  i n  the storage of petroleum products 
and o ther  hazardous l iqu ids .  More expensive double-wall construction o r  o ther  
a l t e r n a t i v e  designs might a l so  be considered t o  reduce hazards, b u t ,  whatever 
t h e  design o r  method, t he  pr inciple  of containing a natural o r  accidental 
re lease  of  ammonia i n to  the  environment, where i t  would flow t o  the  nearest  
water-course, should be considered. Vapor formation occurs simul taneously 
w i t h  t he  re lease  of the  l iqu id  so the  proximity of storage t o  surrounding 
res iden t ia l  areas should be considered. Safe distance f igures  a r e  found i n  

t h e  American National Standard K61.1-1972, subsection 2.5, paragraph 2.5.4, 
"Location of Containers." The container locat ions  l i s t e d  i n  Table 2 comply 
w i t h  K61.1-1972. 

The pressure tanks used f o r  the  storage and delivery of ammonia t o  the  
consumer and farmer may vary i n  capacity from tens of l i t e r s  t o  thousands o f  



Nominal Capacity Line o f  Adjo 
o f  Container . that  mav be B u i l t  on Hiah: Place o f  Ins t i tu t ion  

Over 1 . 9 ' t o  7.6 
(Over 500 to  2,000) 

Over 114 to  379 
(Over 30,000. t o  
100,000) 

( a )  Data from American National Standard K61.1-1972, paragraph 2.5.4. 

l i t e r s  and are  manufactured w i t h  a design pressure (working pressure) o f  about 

1,720 kPa (250 p s i g )  ( t h e  American Soc ie ty  o f  Mechanical Engineers (ASME) 

cons t ruc t i on  code f o r  u n f i r e d  pressure vessels).  Although these tanks a re  

designed f o r  a maximum working pressure . o f  about 1,720 kPa (250 ps ig )  , they 

a re  h y d r o s t a t i c a l l y  tes ted  a t  t he  t ime o f  manufacture t o  about 1.5 t imes the  

design pressure, o r  about 2,580 kPa '(375 ps ig ) .  The i n t e r n a l  ,pressures o f  

s to red anhydrous ammonia i n  these tanks may vary according t o  t h e  temperature. 

The tanks a re  a l so  t o  be equipped w i t h  p r e s s u r e - r e l i e f  valves (American 

Nat ional  Standard K61.1-1972, subsect ion 2.9,. "Safety Re1 i e f  Devices") t o  d i r e c t  

t he  vented mate r ia l  t o  t h e  atmosphere upward and away from the  conta iner .  The 

recommended re1  i e f  device pressures are  g iven i n   able 3. 

American Nat ional  Standard K61 -1-1 972, "Safety Requirements f o r  the  Storage 

and Hand1 i n g  o f  Anhydrous Ammonia," a consensus standard, a1 so covers many o the r  

top ics ,  i n c l u d i n g  f i r s t  a i d  and personal p r o t e c t i o n  equipment and t h e i r  use, 

equipment i d e n t i f i c a t i o n  and marking, opera t iona l  procedures, l o c a t i o n  o f  con- 

t8i ners, var ious k inds  o f  storage conta iners  ( r e f r i g e r a t e d  and por tab le) ,  t rans-  

p o r t  systems mounted on t rucks,  and farm app l i ca t i ons .  



TABLE 3. Star t - to-Discharge P r  s  ures o f  R e l i e f  Devices 1 5  o f  Ammonia Containers a 

Re1 i e f  Pressure, % o f  
Container Design Pressure 

Containers M i  n  i mum Maximum 

API-ASME 

U.S. Coast Guard 

DOT 

as requ i red  by USCG 
regu la t i ons  

as requ l red  by DOT 
regu l  a ' t i  ons 

(a)  Data f rom American Nat ional  Standard K61.1-1972, paragraph 2.9.2. 

The Code o f  Federal Regulat ions (CFR 29-1 91 0: 11 1 ) es tab l  i shed requ i  rements 

f o r  t h e  storage and hand l ing  o f  anhydrous ammonia. Sect ion (a), (1)  "General 

Scope," s ta tes  t h a t  t h i s  standard i s  in tended t o  apply t o  the  design, 

const ruc t ion ,  l oca t ion ,  i n s t a l l a t i o n ,  and opera t ion  o f  anhydrous ammonia storage 

system's b u t  n o t  t o  rnanufact i .~r i  ng o r  r e f r i g e r a t i o n  p l a n t s  whet-c alnrl~or~ia i s  used 
as a r e f r i g e r a n t .  Sect ion  (b), "Basic Rules," deals w i t h  such i tems as t h e  

approval o f  equipment and systems; requirements f o r  const ruc t ion ;  t he  o r i g i n a l  

t e s t i n g  and r e q u a l i f i c a t i o n  o f  non re f r i ge ra ted  conta iners;  non re f r i ge ra ted  and 

r e f r i g e r a t e d  conta iner  marking; conta iner  inst rumentat ion;  p ip ing ,  tubing, and 

fS tti ngs; hose s p e c i f i c a t i o n s ;  s a f e t y  re1  i e f  devices; conta iner  charging; tank 

c a r  unloading p o i n t s  and operat ions;  l i q u i d - l e v e l  gauging devices; conta iner  

p a i n t i  ny; drld electric equipment and w i r i n g .  Subsection (10) o f  t h i s  p o r t i o n  

of t h e  requirements mentions personnel t r a i n i n g  and s p e c i f i e s  personnel protec-  

t i v e  devices i n c l u d i n g  f i r s t  a i d  water supp l ies  f o r  permanent and t r a n s p o r t  

veh ic les ,  excluding farm appl i c a t o r s .  (S ta t i ona ry  storage i n s t a l l a t i o n s  must 
3 have an e a s i l y  access ib le  shower o r  a 0.2 m (50 g a l )  drum o f  water ava i l ab le ,  

and each veh ic le  t r a n s p o r t i n g  ammonia i n  bu lk  must have a conta iner  c a r r y i n g  
3 0.02 m (5  gal ) of water  and a f u l l - f a c e  mask.) Sect ion ( c )  describes systems 



storage systems; Sect ion (e) ,  systems t h a t  use p o r t a b l e  DOT conta iners;  Sect ion ( f )  

tank motor veh i c les  f o r  t h e  t r a n s p o r t a t i o n  o f  ammonia; Sect ion (g ) ,  systems 

mounted on farm veh ic les  o the r  than f o r  t he  a p p l i c a t i o n  o f  ammonia; and 

Sect ion (h),  systems mounted on farm veh ic les  f o r  the  a p p l i c a t i o n  o f  ammonia. 

I n  these sect ions,  s p e c i f i c  p o i n t s  and requirements a re  made concerning the  

sa fe  hand l ing  and movement o f  ammonia t o  minimize o r  e l i m i n a t e  the  hazards 

r e l a t e d  t o  l i q u i d  o r  qaseous ammonia (NRC 1979). 

The p o t e n t i a l  problems faced i n  t he  t r a n s p o r t a t i o n  o f .  anhydrous ammonia 

i n c l u d e  p r i m a r i l y  the  acc identa l  rup tu re  o f  conta iners  du r ing  1 oadi ng; unloading , 
and ' t r a n s i t .  ~ r a n s ~ o r t a t i o n - r e 1  ated ammonia s p i l l  s  have been 1 a rge l y  u n c o n t r o l l  ~d 

due t o  the  acc ident  ' loca t ions .  Cases have been recorded where s p i l l e d  ammonia 
. 

was conta ined w i t h  peat  moss (an ammonia sorbant)  dams and n e u t r a l i z e d  w i t h  

hyd roch lo r i c  ac id .  

The Depar tmento f  Transpor ta t ionorequ i res  MC-330 and MC-331 cargo tanks 

t o . b e  constructed o f  quenched and tempered s t e e l  and requ i res  t h a t  t he  anhydrous, 

ammonia con ta in  a minimum o f  0.2% by weight  o f  water t o  i n h i b i t  s t ress-cor ros ion .  
. $ c r a c k i n g .  The I n t e r s t a t e  Commerce Commission'has t h i s  same requirement f o r  . G! 

ammonia shipped by pipe1 i ne .  





6.0 CONCLUSIONS 

The acc identa l  re lease o f .  subs tan t i a l  q u a n t i t i e s  o f  ammonia has occurred 

a  number o f  t imes, as exempl i f ied  i n  Appendix A. The consequences o f  such 

re leases can be ser ious  concerns and may' increase i n  magnitude i f  s u b s t a n t i a l l y  

g rea te r  q u a n t i t i e s  o f  ammonia a re  produced and used i n  energy appl i c a t i o n s .  

Since gaps c u r r e n t l y  e x i s t  i n  t he  understanding o f  ammonia s p i l l s ,  t h e i r  e f f e c t s  

and consequences need t o  be assessed i n  a  d e t a i l e d  manner. Th is  should i n v o l v e  

t h e  f u r t h e r  development o f  ana l ' y t i ca l  models supported by data f rom f i e l d  

experiments. S p i l l s  o f  ammonia i n  o r  on water warrant  p a r t i c u l a r  a t t e n t i o n .  
3  To date, a l l  experiments have been 1  i m i t e d  t o  0.2 m (50 gal  ) s p i l l s ;  these 

data a r e  n o t  adequate t o  ex t rapo la te  and i n f e r  t he  consequences o f  l a r g e r  s p i l l s .  

Improved a n a l y t i c a l  models a r e  needed t o  descr ibe  the  p a r t i t i o n i n g  o f  ammonia 

i n  water  and a i r  and i t s  subsequent t r a n s p o r t  i n  the  environment. 

The major areas o f  research recommendations presented by the  Nat iona l  

Research Counci l  (Appendix C) a r e  o r i e n t e d  toward 1 )  t he  e f f e c t s  o f  'ammonia 

i n  t r a c e  amounts on the  n i t r o g e n  cyc le,  2)  t he  t r a n s p o r t  and removal o f  ammonia 

i n  t h e  ground/water/atmosphere system, 3 )  i d e n t i f y i n g  new ammonia 'product ion 

methods and feedstocks, and 4) a  f u r t h e r  examinat ion o f  t ox i co logy  and h e a l t h  

e f f e c t s .  The s a f e t y  aspects o f  ammonia use, i n c l u d i n g  f i r e  hazards, need t o  

be assessed. The f o l l o w i n g  t o p i c s  a re  recommended f o r  f u r t h e r  assessment: 

1 )  t he  s e n s i t i v i t y  o f  ecosystems t o  increases i n  t he  environmental ammonia 

1 eve1 s  t h a t  a re  associated w i t h  increased r o u t i n e  and acc identa l  ammonia 

re1  eases; 

2) t he  f i r e  hazards and c o n t r o l  p o t e n t i a l  associated w i t h  ammonia use; 

3 )  methods t o  p r e d i c t  ammonia t r a n s p o r t  and d i f f u s i o n  i n  water  as NH3 .and NHqOH; 

4)  vapor generat ion and d i spe rs ion  o f  ammonia i n  a i r ;  

5 )  s t ress -co r ros ion  c rack ing  i n  ammonia f a c i l i t i e s  and t h e  use o f  c o r r o s i o n  

i n h i b i t o r s  ; 

6)  ammonia hand1 i ng methods and c o n t r o l  s  , p a r t i c u l a r l y  f o r  smal l  -sca le  
, ' 

users; and 

7 )  response procedures fo r  acc identa l  ammonia s p i  11 s  . 



The assessment o f  these t o p i c s  as p a r t  of t he  DOE Ammonia Safe ty  and 

Environmental Cont ro l  Assessment Program would enlarge the  i n f o r m a t i o n  base 

f o r  p lann ing  program a c t i v i t i e s  t h a t  address the  knowledge gaps i n  ammonia 

s a f e t y  and environmental c o n t r o l  . 





APPENDIX A 

ACCIDENTAL SPILLS ' 

Accidental s p i l l  s o f  ammonia occur i n  production, storage, t ranspor ta t ion  . 

and use. This .sect ion inc ludes summary descr ip t ions o f  some o f  these s p i l l s .  . . 

PRODUCTION 

I n  'November ,1975, a metal f a i l u r e  i n  a high-temperature s h i f t  conversion" 

u n i t  occurred a t  the BASF A.G. p l an t  i n  Rotterdam. The accident happened 
3 dur ing r e s t a r t  o f  the 1,300 m /day (340,00Ogal/day) p ian t .  "Hydrogen cracking" 

caused the metal t o  f a i l  a t  a weld i n  the converter vessel. The p l a n t  was 

shut down before any serious. 1 eakage o f  process gas occurred ' (Appl', Feind, and 
. , Liebe, 1976). 

I n  May 1975, ' a  tee i n  the  primary-to.-secondary reformer t r ans fe r  1 i n e  a t  
. . 

~i ammonia , p l an t  i n  Texas ruptured suddenly and v i o l e n t l y .  The 416 m3/day 
. . 

(1 10,000 gal/day) p l an t  was shut down, and no i n j u r i e s  ' resul ted.  The precise 

cause o f  the fa i . l u re  was no t  determined; however, i t  was theori.zed t h a t  severe . . 

erosion o f  the p a r t  cont r ibuted t o  i t s  f a i l u r e  ( ~ s a b e l l  1976). 

I n  January 1976, a 0.3 m (11 i n . )  diameter process-gas. l i n e  f a i l e d  a t  the  . . 

~a'kmland Indust r ies ,  . Inc., p l a n t  i n  Kansas. The gas i g n i t e d  causing a shock 

wave f e l t  6 mi les  awa.y bu t  no i n j u r i e s  were reported.. The f l a s h  f i r e  was . . 

.. ' . .. qu ick l y  ext inguished. A f t e r  shutdown, the carbon s tee l  p ipe was checked and 

found t o  be on ly  75% o f  i t s  o r i g i n a l '  thickness due t o  carbonic ac id  corrosion. 

This r esu l t s  when, dur ing.  ;he coo l ing o f  the process gas, the carbon d iox ide - forms carbonic acid, which a t tacks the  carbon s tee l  pipe. Sta in less  s tee l  

pipe was used as a replacelllent (Pebwoi-th 1976) .' 
I n  1974, an explosion and f i r e  occurred a t  the I r i s h  Ni t rogen L td .  p l a n t  

i n  Arklow, I re land.  Corrosion had caused the ammonia sh i f t . conve rs i on  u n i t  t o  

rupture.  ' The damage was confined mainly t o  the conversion un i t ,  and no one was 

i n j u r e d  (Casey 1975). . 



STORAGE 

A t  t he  H i l l s  Chemicals, Inc.,  p l a n t  i n  Ear ly ,  Iowa, a new 52,000 m' 

(13.5 m i l l i o n  g a l )  low-pressure storage tank was being f i l l e d  when ammonia 

vapor was observed under the  i n s u l a t i o n  dra in .  Vapor leakage was caused by 

two problems: 1 )  co r ros ion  was occu r r i ng  on the  galvanized condu i t  .mounted 

on t h e  foundation, and 2 )  t h e  concrete was s p a l l i n g  i n  areas near ammonia 

vent  po in ts .  When t h e  tank was emptied, p inho le  leaks were discovered and 

repa i red .  The numerous p inholes were a t t r i b u t e d  t o  the  const ruc t ion '  and 

t e s t i n g  a c t i v i t i e s  conducted on the  tank bottom dur ing  the  c o l d  w i n t e r  months . .  

(L ichtenberg 1971 ) . 
3 I n  1970, 208 m (54,000 ga l  ) o f  ammonia were s p i l l e d  a t  G u l f ' s  r e f r i g e r a t e d  

ammonia storage i n  B l a i r ,  Nebraska, w h i l e  the  tank was being f i l l e d  from barges:' 
. . The h igh- leve l  alarm and shutdown system f a i l e d  t o  operate and, as a resu l  ti t.he 

ammonia s p i l l e d  causing a c loud t h a t  spread over the  surrounding area. No 

'residences were evacuated i n  town b u t  school c h i l d r e n  were sent home and several 

farm residences were evacuated a f t e r  they were a l e r t e d  by the  county s h e r i f f  

through a .loudspeaker from a l o w - f l y i n g  plane. Three f i remen were t r e a t e d  f o r  

, , fume i n h a l a t i o n  b u t  no ser ious i n j u r i e s  occurred (MacArthur 1971). I 

3 
. . 

In 1973, a b r i t t l e  f r a c t u r e  caused 65 n-I (17,000 ga l  ) pressure-storage 
3 t a n k  i n  Natal ,  South A f r i c a ,  t o  f a i l  r e leas ing  an est imated 39 m (10,000 981) . . 

, . o f  anhydrous ammonia. The ammonia caused the  deaths o f  18 people.. One 
j 

employee, 45 m f rom t h e  tank, was k i l l e d  o u t r i g h t  by the  b l a s t ;  8 employees 
' 

were k i l l e d  by gas w h i l e  a t tempt ing  t o  escape and th ree others d ied  w i t h i n  ' ,  . I 

a few days as a d i r e c t  r e s u l t  o f  having been gassed. Outside t h e  p l a n t  fence, , 

. . 

f o u r  people d ied  immediately and two o thers  .d ied  several da,ys l a t e r .  Another 

65 r e q u i r e d  h o s p i t a l  t reatment  and an unknown number were t rea. ted by p r i v a t e  

doctors (Lonsdale 1974). 
. . 



TRANSPORTATION 

Between 1971 and 1975, ~ 3 9 ' ~ )  accidents i n v o l v i n g  t r a n s p o r t a t i o n  o r  t rans-  

f e r  o f  anhydrous ammonia were repor ted  t o  the  U.S. Department o f  Transportat ion.  

From 1971 t o  Apr i  1  1977, 61 o f  these accidents caused i , n ju ry  o r  death (NRC 1979). 

Extremely small  q u a n t i t i e s  o f  anhydrous o r  aqua ammonia are  the  predom- 

i n a n t  cause o f  i n j u r i e s  dur ing  t ranspor ta t i on .  These releases commonly r e s u l t  

f rom pressure releases before  a  sa fe ty -va lve  shu to f f ,  caused by e i t h e r  d e f e c t i v e  

o r  a c c i d e n t a l l y  rup tured f i t t i n g  valves o r  by c losures o f  t he  conta iner .  

Usual ly ,  h o s p i t a l i z a t i o n  i s  n o t  requ i red  s ince i n j u r i e s  are  u s u a l l y  l i m i t e d  

t o  eye i r r i t a t i o n ,  minor s k i n  burns, o r  fume i n h a l a t i o n .  

I n  1977, a  hose f a i l e d  w h i l e  t r a n s f e r r i n g  ammonia from a t r u c k  t o  a  
3  76 m storage tank a t  a . f a r m  chemical se rv i ce  s t a t i o n  i n  Cedarv i l le ,  Ohio. 

Water was sprayed on the  hose t o  reduce the  evaporat ion o f  ammonia; t he  water  

subsequently r a n  i n t o  a  nearby creek. Several peat moss dams were b u i l t  down- 

stream t o  b lock  t h e  water, t o  lower and b u f f e r  t he  stream pHy and t o  absorb 

ammonia. Hydroch lor ic  a c i d  was then added t o  the  stream t o  n e u t r a l i z e  the  

e f f e c t  o f  t h e  ammonia. The chemicals k i l l e d  a l l  stream l i f e  w i t h i n  13 k i lometers  

o f  t h e  s p i l l ;  however, t h e  hyd roch lo r i c  a c i d  n e u t r a l i z a t i o n  and peat moss dams 

d i d  reduce t h e  impact. An a f t e r - t h e - f a c t  study concluded t h a t  qu icker  a c t i o n  

cou ld  have,saved more o f  t he  stream and t h a t  a  dam could-have been b u i l t  t o  

prevent  t h e  water from going i n t o  the  creek (Harsh 1978). 

I n  1926, a  0.05 m (2-in,.) l i q u i d  t r a n s f e r  hose b u r s t  w h i l e  a  t r a c t o r - t r a i l e r  

was unloading a t  a  bu lk  s torage p l a n t .  The f a i l u r e  of the  s a f e t y  devices r e s u l t e d  
3  i n  t h e  d ischarge o f  21 m o f  anhydrous ammonia. Nine townspeople were t r e a t e d  

f o r  fume i n h a l a t i o n  and released. Exposure. t o  t h e  fumes a l so  h o s p i t a l i z e d  two 

persons who ass i s ted  i n  t h e  rescue. 

I n  another i nc iden t ,  which i nvo lved  unloading a  tank- t ruck  i n  1971 i n  

Indiana, t h e  d r i v e r  had completed unloading, b l e d  o f f  t he  pressure, discon- 

nected t h e  hoses, and l a i d  them on t h e  ground. While capping the  unloading 

(a)  Data f rom O f f i c e  of Hazardous Mate r ia l s  Operation, U.S. Department o f  Trans- 
po r ta t ion ,  Washington, DC. 



pipe, he a c c i d e n t a l l y  opened the  valve f o r  t he  unloading l i n e .  Anhydrous 

ammonia between t h e  va lve  and t h e  safety '  va lve sprayed him. He ran' t o  a water 

tank and p laced h i s  head and shoulders i n  the  water. By the  t ime a witness 

r a n  t o  him, he was l imp;  he never regained consciousness. He was no t  wearing 

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

' I n  1973, a c y l i n d e r  used t o  se rv i ce  a i r - c o n d i t i o n i n g  equipment, which 

contained 8.3 R, was.being t r a n s p o r t e d . i n  t h g  cargo space o f  a hal f - , ton van 

t r u c k .  The c y l i n d e r  rup tured ( f o r  unknown reasons) as t h e  t r u c k  was moving 

a t  approximately 60 mph on a freeway i n  Industry,  C a l i f o r n i a .  The d r i v e r  

stopped t h e  t ruck ,  opened the  door, and f e l l  ou t .  A l t h ~ u g h  he was attended hy 

highway p a t r o l  and a f i r e  rescue squad, he d ied  e i t h e r  a t  t he  scene o r  on the  

way t o  t h e  h o s p i t a l  . 
A c a t a s t r o p i c  acc ident  i n v o l v i n g  a t r u c k  occurred i n  May 1976 i n  

3 Houston, Texas, when t h e  semi t r a i  1 e r  conta in ing  28.5 m (7,400 gal  ) o f  anhydrous 

ammonia overturned, due t o  the  l a t e r a l  surge o f  t he  l i q u i d  and excessive speed 

o f  t h e  t r u c k  on a curve o f  a freeway overpass, and plunged 4.6 m (15 f t )  t o  

t h e  freeway below. The t r u c k ' s  tank exploded and s p l i t  one o f  t he  overpass 

support columns. A 30-m (100 f t )  h igh  c loud o f  ammonia developed. The 

absence o f  wind under the  overpass prevented t h e  d ispers ion  o f  t he  gas and , 

hampered rescue e f f o r t s .  The danger pe rs i s ted  f o r  approximately 2 1/2 hr .  

F i ve  people d ied  and 178 were i n j u r e d  from i n h a l i n g  the  ammonia fumes. 

Two t r a i n s  were invo lved i n  an accident  i n  Glen E l l yn ,  I l l i n o i s ,  i n  

May 1976. I t  was caused by a f a u l t y  ou ts ide  r a i l  o f  a curved t rack ,  which d i d  

n o t  comply w i t h  federa l  t r a c k  sa fe ty  standards. The l a t e r a l  f o rce  on the 

f a u l t y  t r a c k  caused t h e  locomotive and 27 cars o f  a f r e i g h t  t r a i n  t o  over turn,  

and a second t r a i n  t r a v e l i n g  i n  t h e  same d i r e c t i o n  on an adjacent t r a c k  c o l l i d e d  

w i t h . t h e  d e r a i l e d  t r a i n .  A tank ca r  i n  the  second t r a i n  ruptured, re leas ing  
3 76 m (20,000 g a l )  o f  anhydrous ammonia. The accident  occurred i n  the  e a r l y  

morning. Three thousand res iden ts  were evacuated and kept  away f o r  more than 

16 h r .  There were no deaths, and the  i n j u r i e s  su f fe red  by 15 people were n o t  

ser ious  . 



Anhydrous ammonia was s p i l l e d  f rom a moving tank c a r  o f  a t r a i n  as i t  

t rave led  over  a k i lometer  along t h e  t r a c k  i n  Reese, Michigan, i n  A p r i l  1976. 

The accident  occurred when a t r a i n  uncoupled one o f  i t s  cars onto the  t r a c k  

where a tank car  was being unloaded. The tank ca r  coupled w i t h  t h e  ca r  from 

the  t r a i n ,  so t h e  conductor p u l l e d  the  c u t t i n g  l e v e r  then s igna led t h e  engineer. 

However, t h e  cars f a i l e d  t o  uncouple, and t h e  discharge pipes on t h e  tank c a r  
3 were p u l l e d  away, p u l l i n g  the  hoses apar t  and re leas ing  33 m (8,600 gal ) o f  

ammonia. Local res idents  were evacuated and o n l y  two people were i n j u r e d  

(NRC 1979). 

I n  February 1969, a ca tas t roph ic  t r a i n  acc ident  occurre,d i n  Crete, Nebraska. 

A t r a i n  d e r a i l e d  on a curve and s t ruck  cars on a s i d i n g .  A tank c a r  was f r a c t u r e d  
3 by t h e  impact and 11 m (2,860 gal  ) o f  anhydrous ammonia were released. A t  

6:30 a.m. when t h e  accident  occurred, a temperature i n v e r s i o n  was present  w i t h  

ground fog, mid- level  t h i n  sca t te red  clouds, and no wind. F l y i n g  p a r t s  from 

the  d e r a i l e d  cars and the  b u r s t  tank ca r  'damaged several houses c lose  t o  t h e  

r a i l r o a d .  The houses q u i c k l y  f i l l e d  w i t h  ammonia gas, f o r c i n g  the  res iden ts  

t o  abandon them and t r y  t o  escape. Several res iden ts  o f  o t h e r  houses smelled 

t h e  gas, l e f t  t h e i r  homes, and sought she l te r .  The people who ventured i n t o  

the  vapor c loud without,adequate p r o t e c t i o n  were e i t h e r  k i l l e d  o r  s e r i o u s l y  

i n j u r e d .  F ive  people were k i l l e d  immediately by ammonia, another d ied  l a t e r ,  

and 53 were i n j u r e d  (28 o f  them s e r i o u s l y )  ( P h i l 1  i p s  1970). 

The anhydrous ammonia p i  pe l  i ne o f  t he  b'lid America Pipe1 i ne Company (MAPCO) 
3 ruptured a t  Conway, Kansas, i n  December 1975, and re leased 340 m (88,400 gal  ) 

q f  anhydrous ammonia i n t o  the  atmosphere. The acc ident  was caused by t h e  

f a i l u r e  o f  a remote-contro l led va lve  t o  open and r e l i e v e  excessive pressure 

when the  s t a t i o n  a t  Borger, Texas, began pumping. By the  t ime pumping was 
3 s t o p p ~ d ,  36.6 m (9,500 g a l )  o f  anhydrous ammonia had been pumped i n t o  the .  

l i n e  bu t  t h e  i n d i c a t o r  l i g h t  on the  console i n  Tulsa, Oklahoma, s t i l l  showed 

t h a t  t he  va lve  had n o t  opened. The 0.2 m (8- in . )  p i p e l i n e  ruptured under an 
6 i n i t i a l  pressure o f  a t  l e a s t  8..3 x 10 Pa (1,200 p s i g ) .  A t  t he  t ime o f  t he  

accident,  t he  ground was covered w i t h  snow and,ice, t h e  temperature was near 

-7"C, the  sky was c lea r ,  and t h e  wind was a t  2 t o  5 ms-' . The d r i v e r s  o f  two 

t rucks  on U.S. Highway 56, w i t h i n  a 0.8 km (0.5 mi )  o f  t he  ruptured l i n e ,  
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were injured and hospital ized w i t h  ammonia burns t o  the  eyes, nose, th roa t ,  anc 

lungs. '  The ammonia vapor was v i s i b l e  0.8 km (0.5 m i )  from the  leak,  and : 

i nv i s ib l e  b u t  very i r r i t a t i n g  to  the  eyes, nose, and th roa t  f o r  another 5.6 km 

(3.5 m i ) .  Beyond t h a t  point ,  an ammonia odor was detectable  f o r  another 
6.5 km (4 mi) b u t  d i d  not i r r i t a t e  the  eyes, nose, o r  th roa t .  

According t o  U.S. Coast Guard records from 1971 t o  mid-1977, few accidents 
o r  spi  11 s have occurred t ha t  involved ammo.nia-carryi ng vessels and those on 

record involved tank barges ra ther  than ships.  The s p i l l s  mostly were from the 
leaky f i t t i n g s ,  valves, o r  hoses used i n  t r ans fe rs .  During t h i s  period, only 
one catas t rophic  accident occurred. In October 1974, a barge containing 

3 3 10,600 m (2.7 mil 1 ion gal ) of anhydrous ammonia and 5300 m (1.4 mill ion ga l )  
of bulk urea broke from the  towline during a storm, grounded, and sank of f  
Kekur Peninsula, Baranof Island,  Alaska. The e n t i r e  cargo of anhydrous ammonia 
and urea discharged i n to  the marine environment and the  atmosphere. Some 

2 2 mussels and s t a r f i s h  died, '  and approximately 2.6 km (1 m i  ) of f o r e s t  i n  the  
immediate v i c in i t y  was l a i d  waste by ammonia fumes, b u t  no humans were exposed 
t o  t he  s p i l l  (NRC 1979). 

Reports of small del ivery o r  nurse tanks overturning on the  highway o r  
accidents involving o ther  vehicles can be found in  newspapers and pol i c e  records, 

b u t  these  accidents usually cause l i t t l e  danger and few in ju r i e s .  In most 
ins tances ,  only t he  d r iver  o r  people engaged i n  the  rescue o r  cleanup were 
involved. S t a t i s t i c s  on such accidents appear t o  be i~nohtainable.  

In agr icul tura l  a reas ,  local  doctors have been seeing the  r e su l t s  of 
on-the-farm exposure of farmers t o  ammonia. Reports of accidental exposure 
t o  a minimal amounts of ammonia ( a  spray of l iqu id ,  ruptured hose, leaky valve, 
e t c .  ) have i nvol ved eyesight 1 oss , respira tory problems, and skin burns .  

A .  40-year-01 d employce of an anhydrous ammonia d5 r . t r i  but1 ng company was 
injured while t rans fe r r ing  l iqu id  from a r a i l  c a r  t o  a nurse tank. The 

employee was standing on the  s i de  walkway of the  r a i l  car .  The nurse tank 
f i l l e d  more rapidly  than expected and, before the  employee real ized how f u l l  



i t  was, t h e  sa fe ty  re1 i e f  va lve emi t ted  a spray o f  ammonia. (Th is  valve i s  

designed t o  prevent  t h e  tank f rom being o v e r f i l l e d ;  i t  r e l i e v e s  a t  85% o f  capa- 

c i t y  t o  ensure t h a t  t he re  i s  space f o r  t he  anhydrous ammonia t o  expand when 

t h e  temperature r i s e s .  ) The v i c t im ,  who was standing about 2 m above the  valve, 

was sprayed on t h e  face and chest. He immediately jumped t o  the  ground and 

washed h i s  face i n  a water tank t h a t  was on the  premises f o r  such emergencies. 

He was taken t o  a l o c a l  hosp i ta l  b u t  qu. ick ly  t r a n s f e r r e d  t o  a l a r g e r  h o s p i t a l .  

Although h i s  f a c i a l  burns were n o t  extremely ser ious and both eyes were 

unaffected, pulmonary edema and pneumonitis r e s u l t i n g  from i n h a l a t i o n  developed 

q u i c k l y  as 'we l l  as in f lammat ion and edema o f  t he  upper airways. A tracheostomy 

was performed, and a s p i r a t i o n  was necessary. Treatment inc luded pressur ized 

oxygen, aminophyl l ine, and several a n t i b i o t i c s .  The p a t i e n t  recovered gradua l ly  

and was discharged a f t e r  11 days i n  t h e  h o s p i t a l  w i thou t  res idua l  l ung  damage 

(NRC 1979). 

A 17-year-old farm boy who app l i ed  f e r t i l i z e r  f o r  a commercial concern 

was i n j u r e d  w h i l e  t r a n s f e r i n g  aqua ammonia (25% ammonia i n  water) .  He and 

h i s  employer were i n s t a l  1 i n g  a new t r a n s f e r  pump when t h a a c c i d e n t  occurred. 

With t h e  new pump i n  place, they s t a r t e d  t o  move t h e  l i q u i d  from the nurse 

tank t o  the  a p p l i c a t o r  tank. One hose had n o t  been t igh tened s u f f i c i e n t l y  

and began t o  leak.  Without s h u t t i n g  o f f  the'  machine, the  boy grasped the  

hose and began t o  r o t a t e  i t  t o  make a t i g h t  connection. As he d i d  so, t he  

opposi te end o f  t h e  hose f l i p p e d  o u t  o f  t he  a p p l i c a t o r . t a n k  and sprayed 

him w i t h  several l i t e r s  o f  aqua ammonia. He was knocked down b u t  d i d  n o t  

panic; he scrambled t o  h i s  t r a c t o r  and used h i s  j u g  o f  water t o  wash h i s  

eyes. He then ran  65 m ( ~ 2 0 0  f t )  t o  a neabby creek and immersed h imse l f ,  

b u t  he d i d  n o t  remove h i s  ammonia-soaked c l o t h i n g .  He noted some t i gh tness  

o f  h i s  t h r o a t  du r ing  t h e  f i r s t  few minutes a f t e r  t he  accident .  A f t e r  being 

d r i v e n  home by h i s  employer, he removed h i s  c l o t h i n g  and rested.  He soon 

not iced, however, t h a t  he had received burns t o  the  but tocks from con tac t  

w i t h  h i s  c l o t h i n g  du r ing  t h e  3 km ( ~ 2  mi )  r i d e  home. Taken t o  a l o c a l  hos- 

p i t a l ,  t h e  v i c t i m  was t r e a t e d  f o r  second-degree burns and recovered completely 

w i t h i n  a few days. No eye i n j u r i e s  were sustained. 



A 36-year-old manager o f  an anhydrous ammonia r e t a i l  operat ion was i n j u red  

i n  a farmer's f i e l d  t o  which he had been summoned because of improperly 
3 func t ion ing  equipment. The farmer was using 3.8 m (1,000 gal ) nurse tank 

connected by d i r e c t  supply t o  a seven-.row t o o l  bar app l ica tor .  . Anhydrous 

ammonia runs from the  nurse tank through a hose and quick-coupl ing device t o  . 

a f l ow  regu la to r  on the t o o l  bar and from there ou t  through the i nd i v i dua l  
' 

knives i n t o  the  ground. Since the ,coupl.ing device had been leaking, the 

nlailayer i n s t a l l e d  a new one. Leakage occurred again. When the new device 

was - t es ted  by opening the l i q u i d - o u t  valve a t  the supply tank and permi t t i ng  , 

ammonia t o  pass through th,e hose, the man closed the l i q u i d - o u t  valve and 

attempted t o  make a t i g h t e r  connection by j i g g l i n g  t he  coupler. The coupler 

f l ew apart,  spraying him i n  the face w i t h  the anhydrous ammonia t h a t  had 

remained under pressure i n  the po r t i on  o f  the hose between the coupler and .,. 

f l ow  regu la tor .  Muscle spasms i n  h i s  eye1 i d s  prevented him from seei'ng c ' lear ly  

as he 'got  away from the escaping ammonia stream. The farmer who was w i t h  him 

a t  the  t ime took him t o  the rea r  o f  the nurse tank and helped him pour a 202 

( 5  g a l )  emergency water supply over h i s  face. He washed w i t h  water from a 

Thermos b o t t l e  wh i le  being d r i ven  40 km (25 mi)  t o  a doc to r ' s  o f f i c e  where 

h i s  eyes were i r r i g a t e d  f o r  several minutes. During the washing, the v i c t i m  

had concentrated on the l e f t  s ide o f  h i s  face, be l i ev i ng  t h i t  on ly  t h a t  t h i s ,  

' was t he  p a r t  a f fec ted.  His r i g h t  eye sustained greater  damage because i t  had 

a1 so been sprayed and was. somewhat neglected. I r r i t a t i v e  cor i junct iv i  t i  s and 

superf  i c i  a1 . corneal u l  c e r a t i  on resu l  ted; second-degree f a c i  a1 burns were 

a lso  sustained. Palpebral edema o f  the l e f t  eye developed . to  such magnitude 

t h a t  the  eye swelled shut several t imes dur ing the fo l lowing week. Recovery 

took a week. 





APPENDIX B 

AMMONIA UNITS CONVERSIONS AND PROPERTIES 

'Tables B.l and B.2 a re  presented t o  f a c i l i t a t e  u n i t s  conversions among 

ammonia mass/volume r e l a t i o n s h i p s  and var ious pressure u n i t s .  Table B . l  assumes 

t h a t  t h e  dens i t y  o f  ammonia i s  0.7 g cm-3 a t  -33OC. 

Table 8.3 presents a l i s t  o f  t he  p roper t i es  o f  ammonia (NH3). 

TABLE B.1. Un i t s  Conversions f o r  Anhydrous Ammonia a t  -33°C 

M e t r i c  3 L i t e r s  . m Tons kg Tons Gal 1 ons 
., . 1 o - ~  L i t e r s  1 7 0.7 7.7 x 0.26 

m 3 l o 3  1.43 .:, 0.7 700 0.77 260 

1428 1.43 1 l o 3  1.10 M e t r i c  377 
. Ton 

Kg 1.43 I . ~ ~ x I o - ~  1 1 . 1  x 10-3 0.38 
Ton 1299 1.3 0.91 909 1 324.7 

Gal 1 on 3.79 ' 3.79 x 2.65 x 1 0 ' ~  2 . 6 5 :  2.91 X I O - ~  1 

TABLE 8.2. Un i t s  Conversions f o r  Pressure 

Atmosphere p s i g  ~ m - '  

Atmosphere 1 14.70 1.01 l o 5  
~ s i g  6.8 x 1 6.9 l o 3  
Pa 9.9 1.45 1 



TABLE 8.3. Propert ies o f  Ammonia 

Molecular Weight 

L i qu id  Density (-33OC; 1 atm) 

Vapor Density (-33OC; 1 atm) . 

B o i l i n g  Poin t  

F l  amrnabi 1 i t y  L im i t s  

I g n i t i o n  ~ e m ~ e r a t u r e  

Heat o f  , , ~ a ~ o r ' i z a t i o n '  (-33OC; 1 atm) 

Special Heat a t  Constant Pressure (25OC) . 

Heat o f  Formation (25OC) 

Heat o f  So lu t ion (25OC) 

17.032 - '  

682.5 kg m-3 

0.84 kg my3 

-33OC ( - 2 8 " ~ )  

16 t o  25% 

850°C 

5,581- ca l  /mole 

8.52i '  cal/mole ( O C )  

-1 1,040 ca l  /mol e 

-.7,290 cal/mol e 



APPENDIX C 

NATIONAL RESEARCH COUNCIL RECOMMENDATIONS 

ON AMMONIA RESEARCH .> . 
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NATIONAL RESEARCH COUNCIL RECOMMENDATIONS ON AMMONIA RESEARCH 

The National Research Council (NRC 1979) has provided an exce l len t  review 

o f  the medical and b i o l og i ca l  e f f ec t s  o f  ammonia, which i s  valuable in' assess- 

i n g  the increased energy-related uses o f  ammonia. The recommendations suggested 

i n  t h i s  study are reproduced here.as a con t r ibu t ion  t o  t h i s  in t roductory  repor t .  

It i s  for tunate t h a t  these recommendations are ava i lab le  f o r  guidance even 

though the p r i o r i t i e s  must be modi f i e d  and the recommendations supplemented t o  

s a t i s f y  the mission o f  the DOE Ammonia Safety and Environmental Control Assesse- 

ment Program. 



Recommendations 

It is easy to make recommendations, particularly for research. If all 
recomnlendations of all committees were given equal priority, nothing 
would happen. We have therefore placed our recommendations into two 
categories; the more urgent of these are printed in italics. The word 
"urgent" is used in a special sense: italicized recommendations are those 
of broad cu'rrent importafice as well as those that deal with subjects in 
which there is substantial public interest. In addition, italics are used for 
recommendations that involve important questions or uncertainties about 
potential health or environmental effects. The nonitalicized recommenda- 
tions are not less real, but they encompass narrower subjects, and those 
with primary interest in them may be groups, individuals, or agencies 
with objectives different from those of the Environmental Protection 
Agency. Other broad environmental recommendations are nonitalicized 
because the Subcommittee feels that although the questions raised are of 
interest, the environmental problems addressed are of less immediate 
public importance. 

To illustrate: sections on the nitrogen cycle and denitrification are 
italicized because there is at the moment a public question of whether or 
not fertilizer application, followed by denitrification, leads to ozone 
depletion. A definitive answer ^cannot yet 'be given. so relatively high 
priority is attached to acquiring information on the subject. However, 
although studies of the inflammatory response to ammonla burns of the 
eye are of great importance to trot11 patient and doctor, they are of less 
general public interest and are perhaps better addressed by more spe- 
cialized agencies. 

* ,  

NITROGEN CYCLE . . . . . . 
, . 

The evaluation of the intc&ela(~on.rhip of ammonia and ammoniun~ rela- 
tive to other components and processes in the nitrogen cycle necessitates 
more qrranritarive iqformation bn a number of processes and reactions. 

- .  Particular needs are: . ,, . . , . 

I .  Global figures on nitrogen fmation by all biologic and other 
processes in terrestrial and oceanic environments. 

2 .  Esrhration oJ the amount ofammonia produced and volatilized from 
tidal areas, estuaries, and marshland. 
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3. Detcwiination of the cor~iparative signiJcance of nitrification and 
de~iirri/icution as sottrces of nitrous oxide on land and in the sea. 

4. Accurate cstiniutes of the .emission, nro vement, and degradation of 
atrinronia in the utmosphere. 

GENETIC hlANlPULATlON OF PLANTS FOR NITROGEN FIXATION 

Research in genetic maniptilalion of .plants to insert nitrogen-/iring genes 
sholtld continue to he firrsued actively. although success is bp no means 
etisured. I n  arldirion. the sitrvey. of e.~isting species should continue: sso1,ie 
strains of Rhizobium conipete better in  a particular soil than other 
strains. Understanding the basis of soil-plant interaction would iniprove 
chances for the developnient of more usc$rl agricult~rral strains. Thou- 
sands of duferent species of legumes grow wild around the world. I t  is 
ir~iportant that these be screened to determine their vahre for food and 
fgr enriching poor soils. 

Additional information is needed regarding denitri/ication. This process 
can result, ulriniatr1v. in the production of nitrous oxide Jronl nitrogen 
fertilizer. Amlospheric nitrous 'oxide concentrarions sholrld be monitorrd, 
and field, aqlratic, and waste-disposal sources should he evahtated as 
nirrorrs oxide sources. The rates of.natural processes of nitrous o.virle 
production and destruction should be better assessed. 

ATMOSPHERIC TRANSFORMATIONS 

Several subjects should be explored further to improve our understanding 
of the physical and chemical transformations of ammonia in the 
atmosphere. More specifically. the following studies are recommended: 

1. Kinetic arid mechanistic sltrdies o/.the atknonia-ni~i ic o.ulde-qxygen 
system should be directed to establishing whether destnrction o/ 
aninionia in the artnosphere represents a source of nitric oxide or a 
sink far nitric oxide. The rate constants for the reaction of the aniino 
radical with oxygen and nitric oxide should be established. 

2. To understand better the formation and fate of acid ra'in and of 
ammonia-containing .particles, the dynamics of ammonia gas-to- 
particle conversion processes should be further investigated. This 
would require field measurements of aerosol and particulite 
concentrations and study of the thermodynamics and physics of 

. . aerosols. 
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3. The processes for thc removal of ammonia I'rom the troposphere 
should be batter described. Thesc processes include reactions of 

, 
gaseous ammonia with receptors and washout as particular ammo- 
nium-containing materials. 

4. Global nitrogen budgets for the troposphere should be refined to 
include a broad spectrum of often-neglected nitrogen compounds. 

WATER 

Th? capability of monitoring ammonia in surface and ground waters in 
the United States is inadequate for obtaining good descriprons of 
ammonia concentrations in  various regions. Such information should be 
obtained. mapped (with available computer mapping techniques), and 
utilized in combination with mapping of rainfall data, to show nation- 
wide trends in  ammonia concentrations. 

The growth of organisms in coastal waters is nitrogen-limited. A 
knowledge of nitrogen budgets in wetland areas would improve our 
understanding of life in coastal waters. 

Reservoirs can cause stratification of ammonia concentrations in 
surface waters. The effect of this phenomenon on plants, animals, and 
nitrifying bacteria should be assessed. 

PRODLJCUON AND USES OF AklRIONIA 

An?nrotiia production requires a sorrrce of energy and of hydrogen. 
Natural gas can jirrnish both and can be both afuel and a feedsrock. The 
fhortage of natural pas has led to sttrdies of altrrnnfive Jeedsrocks fop 
amtnonia production. / I  is recomnrended thnt prisrity he cirlert to o 
search /or potential feedstocks that will minimize pollution prohlen~s or 
.taf~tjr hazards during arrrn~onia prod~tctiun and that will permit industry 
to meet pollution abutenlent and sajkty srandnrds wirh relat~vely low 
capital invesfment. Naphtha and electrol~~tic hyclrogen are feedstocks 
that create envirnnmental problenrs con~parable with rht)sr relared to 
natural gas. Other feedsrochs should be sought. No changes in current 
air.pollution standards are considered rlectrssary for emlsslon liom 
ammonia plants that use natural gas as a feedstock and natural gas or 
light fuel oil (No. 2)  as fuel for the reformers. 

At modern ammonia plants, about 972 kg nf water co~~derisate is 
obtained per tonne of ammonia produced. The condensate contains about 
1 kg of ammonia per tonne of ammonia produced. Effluent guidelines 
limit the amount of ammonia that can be discharged, and about 98% of 
the ammonia must be removed before the effluent can be discharged as a 
waste. With present water trcatmcnt technology, ammonia-plant 
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condensate is steam-stripped, and ammonia removed from the 
wastewater is emitted into the air. It ntay be possible to recycle rhe 
coridet~sote in the animoriia-platit process anti thereby elit~iinare eniission 
oj' aninionia to th; air. Furrhermore, rec.vc1in.q ,he condensate would 
Jecreasc~ the cons~iniption of energy in the steam-strippitrg operation. It 
is rrconiniended rhat studies be linderraken to investigarc~ recjr-littg oj' /he 
anit?rotlia-platit contiensatr in rhe process. 

Of all ammonia losses from production and application in industry 
and agriculture, the major portion occurs during the direct application of 
ammonia to soil. Although this process is relatively efficient (only 5% of 
ammonia applied is lost to air),. the loss accounts.for 60% of the total 
industrial-agricultural loss. For resource conservation, efforts should be 
directed toward reducing further the loss of ammonia during production, 
distribution, and application. The amount of total nitrogen lost in air and 
groundwater when nitrogen fertilizers are applied to the soil is'about 8 
times as much as the loss, as am'monia, during the production and dis- 
tribution of fertilizers. The nitrogen losses in air and groundwater result 
from denitrification and leaching, respectively, of soil nitrogen. It is. 
reconlniended that major efforr be directed toward developnienr oJ 
iniproved nirrogen fertilizers thar are less susceptible ro such losses. This 
should be purr of a continuing effort to improve agriculrural practices 
and to decrease nitrogen losses in air and groundwarer. 

AMMONIA VOLATILIZATION FROM ANIMAL WASTES 

Methods should be developed to reduce the volatilization of ammonia 
from feedlot surfaces to conserve nitrogen for agricultural use. Study of 
the ammonia flux from feedlot areas into surface water and plant leaves 
would provide useful background data. 

ATMOSPHERE 

Polluted air contains. particles and droplets that in turn contain nitrate 
and sulfate, which may constitute a health hazard to human populations 
in urban areas and contribute significantly to the reduction of visibility. 
Some of these particles contain ,ammonium ion, but i t  is not known 
whether the ammonium moiety lessens or heightens toxicity. Present evi- 

. dence suggests that ammonia lessens toxicity. Furthermore, particulate 
ammonium, sulfate, and nitrate compounds may affect the radiative cli- 
mate of the earth and are directly involved in acid-rain precipitation. 

Ammonium-containing  articles have received more limited atten- 
tion than other substances in air-pollution research. Specific recom- 
mendations related to the atmospheric concentrations of ammonia are as 
follows: 



I. . / \n  improved inventory of ammonia emission from stationary and 
automotivc. sources should he developed. 

2. Methods should be developed or refined for the routine measurenicnt 
of ambient' ammonia at parts-per-billion ,conccnlrations. These 
methods should be suitable for'.continuous measurement of ambient 
ammonia irs part of ii liniited monitoring network. 

3 .  Sinrulranc*ous nreasrtreniertr,~ 01' amt~tonia and of pcjrricrrlnre 
hyirogett (aciriiry), o~nnto~tiuni. sul/brr. and nirrure cottrcJnr crrcl 
tieeded to ehrci(1ure firrrher the role qf a~trnlonio in rhe f b n ~ r a r i o ~  of 
parricrrlare antntonitrnt. nirrate. and sulfurc~ and to fort~rulare 
inrprovrrl srrcrrcJgies Jbr the control o,f rhew ntcjjor i~torgatiic. 
po1l~crn1rr.s. 

IDI.AN'T AhlMONlA FIXATION 

Plants may play a role i n  the absorption of ammonia and inimonium 
aerosols. Research is needed to distinguish gaseous and particulate 
components in the cycling of ammonia between the atmosphere and 
vegetation. 

OCEANS 

Ammonia is important in the nitrogen dynamics of coastal waters. 
hfunicilral sewage effluent is a major source of ariinionia in these waters. 
The effects of municipal sewage on the nitrogen economy of coastal 
waters should be exanlined. 

Ammonium fluucs :lcross the sediment-wutcr intcrfacc slruuld be 
meast'ired for the r;inpc of sedimentnry conditions found i l l  cuustal water. 

TOXICOLO(;Y AND t1):AL'rH EFFECTS 

Despite much effort. the metabolic basis of ammonia toxicity is insuffi- 
ciently understood. Sound research in this area should be encouraged. 
The hasis of hepatic coma should continue to be stirdic-rt, and the func- 
t~onal imporrance of depletion of citric acid-cycle intermediates and ATP 
depletion should be examined. The possible role of ATPass. acelyl- 
chulin,e. and other neuroiransmittsrs requires further investigation. 

Thc trc;lln.~enl of UPCU t ~ ~ i c i t ~  In rurainants is no! as el'lkctiye s 
could he desired. and additional studies are needed on the causes of.death 
due to urea feeding or rumen bmmonia production. 

Both short- and long-term tolerance limits for ammonia in fishes 
should be ist;~blishc.d, w that guidelines can be developed for safe 
soncor~trations in riaturul waters. 
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.Proper ventilation and waste management can prevent the' buildup 
of an1monia.in the arnbiint air in confined livestock facilities. Informa- 
tion about proper technical construction and utilization is available and 
should be disseminated to livestock producers. 

Bats can tolerate extremely high concentrations of atmospheric 
ammonia; their mechanism of tolerance should be studicd in the hope 
that the information could be used to protect more sensitive .species, 
including man. 

Animal studies of pulmonary effects have been limited in 'number 
and sometimes inadequately controlled. Additional studies of physiologic 
and biochemical effects of ammonia on pulmonary ultrastructure and 
function would therefore be useful. 

Studies of late'sequelae of acute toxic inhalation of ammonia and of 
responses to chronic low exposure to ammonia need to be perforined. 
Ammonia needs to be investigated as a sole pollutant and in mixtures 
with other pollutants, such as carbon monoxide, nitrogen oxides, sulfur 
dioxide, and hydrogen sullide. Because studies of the synergistic effects 
of various combinations of pollutants at various concentrations could 
involve a large number of permutations and require a tremendous expen- 
diture of effort and resources, these studies should be selected and 
designed carefully. Available empirical observations on man suggest that 
gaseous ammonia as encountered in air pollution adds little Lo the 
toxicity of other pollutants. Thus. it appears appropriate to suggest here. 
as well as for some of the recommend:~tions to follow. that such studies 
be preceded by careful, well-controlled epidemiologic surveys. These will 
permit proper identification of t h  ,problem, if present, and of the specific 
combinations of pollutants that need be investigated. The following sub- 
jects warrant evaluation to determine threshold and safe limits for acute 
and chronic exposure to ammonia (alone or with carefully selected 
synergists) with respect to age: 

1 .  Functional changes ol: the terminal airways, i.e., frequency- 
dependent compliance. closing volume, and flow ratcs.at low lung 
volume. 

2. Structural changes. as studied by ultrastructural techniques. scanning 
electron microscopy. autoradiographic techniques of cell turnover in 
the lung and bronchial tree, and electron microscopic traccr studies 
of ,pulm,ongry capillary permeability. 

3. Biocherniial changes in vi\w and in vitro, particularly with respect io 
collagen and elastin metabolism: mucin production; protein. car- 
bohydrate, and lipid (surfactant) metabolism; histamine and 
serotonin. rel~ase; lysosomal cnzylile alterations: and effects on other 
enzyme systems. 



4. Changes in  lung defenses, as manifested by changes in  huliioral and 
cell-mediated inin~unologic function, macrophage function. and in 
vibw and itr viiro responses to bacterial and viral challenge. 

The continued study of metabolic ammonia toxicity and of hepatic 
. encephalopathy should be encouraged to elucidate the various intracere- 

bra1 biocheniical mechanisms and to assess their significance for human 
hepatic coma and other types of ammonia intoxication. 

The initiation and perpetuation of the acute inllamniatory response 
t o  ammonia kyrns of the eye should be studied further. Study is also 
needed of the various ocllulnr interactiur~s th;lt result i n  protearc degradn.. 
t l o ~  of Ll~e cornea and of the question of why ammonia-burned eyes are 
sldw to epithelialize. 

Iblonitoring of the industrial environment and workplace should 
cdntinue to accumulate accurate measurements of ammonia in air and. if 
necessary, to refine industrial'standards. 

Additional well-controlled human inhalation studies should be 
conducted. They should last at least a few hours and should include 
monitoring of such metabolic and respiratory characteristics as blood 
urea nitrogen. urinary urea nitrogen, serum and urinary ammonia, clos- 
ins volume, frequency-dependent compliance, alveolar-arterial oxygen 
gradient. maximal midexpiratory flow. and .flow ratcs at low lung 
volunies. 

Epidmriologic studic~s on selec-red industrial-rrrral populalions 
ckronicollv erposrd lo accirrate(v ntoniiorrd antnzottia co~rcetrirurion are 
recw~rttrended. Other air pollutants. if  present, should be identified and 

, nionitorcd. Detailed and'accurate epidemiologic histories and tcsts of 
respi'ratory and metaholis characteristics arc ncccssai.j, aucl thcre should 
be well-studied control group!;. Sinokcrs and nol~srnokcrs should be 
specifically iuentified because the effect of cigarette smoke may obscure 
the effccts of air pollurants. The incidence of neoplasm in the group 
should also be determined. 
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SUMMARY 

The.future uses o f  ammonia as an energy mater ia l  are under study as p a r t  

o f ' t h e  ammonia safe ty  and environmental cont ro l  assessment being performed by 

PNL. The repor t  presents a general overview o f  ammonia charac te r i s t i cs  and 

provides a perspective on i t s  po ten t ia l  use as a f ue l .  S i gn i f i can t  conclu- 

sions are t h a t  ammonia may be an important hydrogen storage medium as pa r t  

o f  a f u tu re  hydrogen fueled economy and may be producible a t  low cost  from 

inexhaust ib le resources. 



1 .0 INTRODUCTION 

Ammonia i s  a ,  1 iquef ied energy material. I t  has been iden t i f i ed  as a 

topic f o r  analysis i n  the LGF Safety and Environmental Control Assessment 

Program because o f  i ts potent ia l  as a d i r e c t  .energy source i n  supplementing 

o r  rep1 acing hydrocarbon' fue l  ' use and i ts uses i n  a1 terna t i v e  energy technology 

(e.g., as a heat t ransfer medium). This repor t  describes and assesses the 

u t i l i z a t i o n  o f  aninonia as :a ' fue l .  

Because o f  decl in ing  domes t i c  o i l  production and 'an increasing dependence 

on imported o i l ,  a1 ternat ive fue ls  have been studied f o r  energy use i n  trans- 

portation, process industries, and e l e c t r i c  power generation. However, ex is t ing  

research projects have no t  deal t spec i f i ca l l y  wi th  the 'benefits or problems of 

ammonia fue l  u ti 1 i za t ion. Therefore, our present knowledge i s  based on experience 

a i d  invest igat ions tha t  a rk  mostly ten o r  more years old. This r e p o r t  i s  

designed to  present a general overview on the character is ti,^^ o f  amnonia as 'a .,. 

f u e l  and t o  .provide a perspective on i ts potent ial .  
. 

. 
. . 

. . ' .  
. . 

. , The repor t  which. fol lows describes the physical characteris t i c s  of amn&ia . . 

as a f u e l  and discusses i ts  sui  t a b i l  i . t y  through a h i s to r i ca l  perspective, a 

review o f  factors favorable to i t s  use,. and a descr ipt ion o f  actual: use i n  
' 

various types o f  engines. Addi t ional  sections describe the. potent ia l  f o r  ' 
a l te rna t ive  . . amonia fuel blends, the environmental impacts b f  i t s  use, a com- 

parison o f  +on la fue l  use to tha t  o f  hydrogen, and a b r i e f  discussion of 

the a v a i l a b i l i t y  and costs o f  a m n i a .  
. ,. 

. . 
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2.0 AMMONIA FUEL CHARACTERISTICS 

A t  standard condit ions,  anhydrous ammonia i s  a color less  gas w i t h  the 

chemical formula NH3. A t  a temperature of 21°C (70°F) and a pressure of 900 kPa 
3 (129 ps ia ) ,  ammonia will  become a l iqu id  w i t h  a density of 616 kg/m3 (38 1b / f t  ) .  

Ammonia burns readi ly  i n  oxygen, but combustion i n  a i r  without a c a t a l y s t  i s  

more difficu.1 t. When heated i n  the presence of a c a t a l y s t  t o  48Z°C (900°F) o r  

above, ammonia decomposes i . n to  hydrogen and n i  trogen. Ammonia i s  sometimes 
used as  a source of hydrogen, such as  i n  portable welding un i t s ,  because a 

volume of li.quid ammonia will  y ie ld  more hydrogen than will  an equal volume of 

compressed hydrogen gas. Addi tional propert ies of .anhydrous ammonia a r e  pro- 

vided i n  Table 1 .  (a ) '  Note t h a t  the ne t  heating value o f  ammonia i s  4445 kcallkg 

(8,000 Btu/lb) compared to a heating value of 10,557 kcallkg (19,000 Btullb) 

f o r  gas01 ine. This indicates  t h a t  f o r  equal combus t ion e f f j c i enc i e s ,  approximately 

2.4 times more ammonia will  .be needed to equal the energy output of gasoline. 

The vapor pressure of 1 iquid ammonia- ranges from 138 kPa (20. psig) to  

1,725 kPa (250 psig) over the temperature extremes of -2g°C (-20°F) to 43O.C 

(1 10°F), . respectively.  This indicates tha.t an automobile storage tank would' 

have to  be pressurized to approximately 1,725 kPa (250 psig) to  maintain the , 

ammonia i n  l iqu id  form. The flammability c h a r a c t e r i s t i c s  of ammonia i n  a i r  

and oxygen a t  atmospheric pressure. a r e  shown i n  Figure 1. 

(a)A comprehensive updated compi l a  t i  on of the thermodynami c propert ies of ammonia 
has recent ly  been prepared by the National Bureau of Standards (Haar 1978). 



TABLE 1 . Physicochemical Properties o f  Anhydrous Ammonia (Pangborn, 1974) 

chemical Formula 
~ o l e c u l a r  Weight 

NH3 
17.031 

Me1 t i n g  Point  -77.7OC (-108OF) 

Normal Bo i l i ng  Point  (NBP) '~ )  -33.4OC (-28OF) 

Density a t  Normal Bo i l i ng  Point  

Vapor 

~ i q u i d  

Heating Value, L iqu id  

Lower Heating Value 4 4 5 0  k'cal /kg ('4,000 B t u / l  b) 

Lower Heating Value ( a t  21°C o r  70°F) %2700 kcal/R (40,600 ~ t u / g a l )  
. . 

Products of Combustion, L iqu id . 

Heat o f  Vapori zation a t  NBP 325 kcal/kg (591 Btu/lb) 

Flammable L imi ts  i n  A i r  16-27 vol . % 

Au to ign i  ti on Temperature 651 "C (1  204OF) 

Stoichiometric Mixture (kg a i r /kg fue l )  6.1 

Research Octane Number 130 

C r i t i c a l  Data 

C r i  t i c a l  Temperature 55.6OC (1 32°F) 

C r i t i c a l  Pressure 

C r l  ti cal Densi ty 

11,200 kPa (1632 psia) 

235 kg/m3 (14.7 1b / f t3 )  

-. .- 

(a)At atmospheric pressure (14.7 psia). 
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3 .o SUITABILITY OF AMMONIA AS FUEL 
. . . . 

" I' ' : 1';. 
. , .  . 

. . : ;  i 
: f i  

been considered and used as a f ue l  p r ima r i l y  

engines. This sect ion provides an h i s t o r i c a l  perspective on the use o f  ammonia 

as a f ue l ,  a reassessment o f  such use under cur rent  energy and environmental 

constra ints,  and a descr ip t ion o f  i t s  performance charac te r i s t i cs  f o r  various 

engine a1 t e rna t i  ves. 

HISTORICAL BACKGROUND 

The p rac t i ca l  use o f  l i q u i d  anhydrous ammonia as an engine f ue l  dates 

back t o  the mid-30s when a Swiss- I ta l ian company (Ammonia Casale) appl ied 

f o r  several patents (Montagne 1938, Frejacques 1941 , Ammonia Casal'e 1935, 

Ammonia Casale 1936). During World 'war I 1  ammonia was occasional ly  used i n  
i 

Europe.with remarkable success as f u e l  i n  buses f c r  pub l i c  t ranspor ta t ion 

(Eg lo f f  and Alexander 1944). For example, a f l e e t  o f  about 100 buses was 

operated i n  Brussels wi thout  a major accident dur ing 1942-1 943 (Kroch 1945). 

However, since ammonia i s ,  i n  many respects, i n f e r i o r  t o  gasoline, and s ince 

gasol ine became very cheap and abundant i n  the f i r s t  two decades a f t e r  the war, 

no f u r t h e r  considerat ion was given t o  'ammonia ams an engine f ue l .  I n  the mid-60s 

' the U.S. Army Mater ia l  Command, as pakt  o f  i t s  "energy, depot" concept, became 

in te res ted  i n  f i nd i ng  a .syn the t i c  f ue l  which could be produced w i t h  the energy 

from mobile nuclear reactors (Rosenthal 1964, Grimes 1964). The u l  t imate pur- 

pose o f  t h i s  concept was t o  increase the Army's m o b i l i t y  i n  the case o f  .an 

overseas war. Studies ( ~ e a r s a l  1 1967) ind icated t h a t  ammonia.would be a 
J 

more su i t ab le  f u e l  f o r  t h i s  purpose t h a n  a l t e rna t i ve  f ue l s  such as hydrogen, 

hydrazine, and H202. (a)  I n  t h a t  scheme, nuclear energy would  be used t o  

synthesize ammonia from a i r  and water. An t i c ipa t ing  the f u t u r e  a v a i l a b i l i t y  

of l a rge  blocks of low-cost nuclear power, an AEC. study i n  1968 pred ic ted 

production o f  ammonia from the e l e c t r o l y s i s  o f  water a t  pr ices competi t ive 

w l  t h  those o f  co'mmerclal methods (B lou in  1968). 

)Factors concerned w i t h  physical  and chemical propert ies,  hand1 i n g  , storage, 
and dispensing of the f o u r  fiuels l e d  t o  the choice o f  ammonia as the f u e l  
with the greatest  po ten t ia l .  , 



Around 1970 the Army abandoned ' i t s  mobi 1 e nuclear reac to r  development 

e f f o r t  and the  "energy depot" p r o j e c t  was a lso terminated.   ow ever, many o f  

the  research r e s u l t s  obtained by the  var ious contractors a t  t h a t  t ime remain 
. 

. 

v a l i d  and can be usefu l  i n  eva luat ing the prospects o f  using ammonia i n  various 

types o f  combustion engines. 

H i s t o r i c a l l y ,  ammonia f l ~ e l  u t i l  i z a t i o n  has been t i e d  t o  actual  o r  expected 

shortages i n  f o s s i l  fue ls ,  p a r t i c u l a r l y  dur ing p o l i t i c a l  ' c o n f l i c t s .  Foss i l  

f u e l  shortages may make ammoniaan a t t r a c t i v e  f ue l  i n  the f u t u re  because i t  

provides a means o f  channeling o r  convert ing energy from l a rge  scale a1 terna- , 

t i v e  energy developments (e.g., fus ion)  : i n t o  a convenient, f ue l  f o r  small scale 

uses such as t ranspor ta t ion .  . . 
. . \ . .  . . . .  

Another s i g n i f i c a n t  fac' tor f o r  consider ing ammonia ,as a f ue l  i s  the reduced 

environmental impact. Ammonia i s  a non-carbonaceous, f u e l  . unl i ke f oss i  1 f ue l  s ' ,  

such as o i l  ,' coal, and natura l  gas.' 'This,  charac te r i s t i c ,  . . along w i t h  the  Tack . 

of contaminants such'as s u l f u r  oxides and t race  elements, al lows cleaner com- . ' ,, . , 
. . 

bus t ion w i thou t  atmosph.eric emissions o f  CO, C02, s u l f u r  oxides and ' t race  , 
, . 

elements. Ammonia 'can be produced e l t h e r  from water w i t h  energy from nuclear I 

... 
o r  o the r  sources o r  from f o s s i l  f u e l  feedstocks (natura l  gas o r  coal ) . I n ,  . - .  

I 
, . 

e i t h e r  case the  need t o  a c t u a l l y  burn any. f oss i l  f ue l  :would.: be e l  iminated, 

thus l i m i t i n g  atmospheric impacts. 
. . 

The choice o f  a1 t e rna t i ve  non-carbonaceous f ue l s  i s  v e t y  l i ' m i  t ed  w i t h  the 
, . -  . . . . 

, on ly  s i g n i f i c a n t  choices being hydrogen and ammonia. ' ~ ~ d r a z i n e  has a1 so been. . . , . . . 

considered as an a1 t e r n a t i  v e  f ue l  (Schmidt 1975) : but ,  cu r ren t  t&hnologies 

have no t  been ab le  t o  produce i t  eionomical l y  . o n l y  :hydrogen i s  :presently '  . ' . .'' 

g iven serious considerat ion and i wide1 y, prbmoted as the f u e l  o f  the fu tu re .  
. . 

~mmonia has been suggested as a source o f  hydrogen; (Graves e t  a l .  1975)  but' 
as w i l l  be shown below, i t  has po ten t i a l  as, f u e l  on i t s  own mer i t s  (Buckley. 

and Husa 1962; Garner 1976). i 



r e s u l t s  when us ing ammonia as a f u e l .  By expending energy, ammonia can be 

produced from t h e  N2 and Hz contained i n  a i r  and water. During combustion, 

ammonia r e v e r t s  back t o  N2 and Hz ( a i r  and water) and g ives o f f  an equ iva lent  

amount o f  energy. Thus ammonia can be regarded as a medium f o r  energy storage 

( i  . e. , on balance on ly  an exchange o f  energy i s  t a k i n g  p lace w i t h i n  t h e  cyc le )  . 

be used both i n  i n t e r n a l  and ex terna l  combustion engines, as we l l  as i n  d i r e c t  

and i n d i r e c t  f u e l  c e l l s .  The f o l l o w i n g  w i ' l l  present a summary o f  t h e  p resen t l y  

known experience w i t h  ,ammonia when used as a f u e l  i n  a l t e r n a t i v e  combustion 

engines and f u e l  c e l l s .  

Theore t ica l  and experimental i nves t i ga t i ons ,  main ly  by t h e  U n i v e r s i t y  o f  

t C a l i f o r n i a  a t  Berkeley, Southwest Research I n s t i t u t e ,  and General ?!otors, us ing  
I 

I 
ammonia i n  a standard Ot to  o r  spark i g n i t i o n  engine had the  f o l l o w i n g  r e s u l t s  

1 (Hodgson J 974; Cornel i us, Hue1 lmantel and M i  t che l  1 1964; Gray e t  a1 . 1966; 
1 

Starkman e t  a1 . 1966) : . . 

e ~mmonia can be used successfu l ly  a t  comparable gaso l ine  engine compression 

r a t i o s ,  i f  int roduced as a vaDor P a r t i a l l y  decom~osed t o  hvdroaen and 

f u e l  " t o  i n i t i a t e '  t h e  ammonia combustion. ' L i t t l e  engine m o d i f i c a t i o n  

i s  necessary o the r  than a means f o r  f l o w  c o n t r o l  o f  t he  ammonia and 

adjustment o f  t he  spark t im ing.  

8 I nd i ca ted  engine output  w i t h  ammonia i s  reduced t o  approximately .70%, b u t  

never more than 77% o f  t h a t  w i t h  hydrocarbon f u e l .  The 77% performance, 

a t h e o r e t i c a l  maximum, could n o t  be 'accomplished i f  the  ammonia . is p a r t i a l l y  

decomposed before i n t r o d k t i  on t o  t h e  c y l  i nders . Experiments w i t h  

p a r t i a l  decomposition y i e l d e d  an output  o f  s l i g h t l y  over 70%. 
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Energy and the  Hydrogen are  Supplied by Natura 7 Gas.) 



Specific fuel using ammonia i s  increased essentially by a 

factor of 2 over that of hydrocarbons. 

e Ammonia i s  generally di f f icul t  to ignite, , especially a t  low temperatures 

a1 though the presence of hydrogen or other "pi1 ot  fuel s" (e.g., gas01 ine) 
el ihinates this  problem. Hydrogen concentration in the fuel feed i s  a 

cri t ical  factor for successfu~ operation on ammonia as fuel. Minimum 
concentrations appear t o  be 4 to 5% by weight a t  intermediate engine 
speeds (around 1800 rbm). 

e Engine performance rapidly fa1 1 s i f  iess than minimum concentrations of 
' 

hydrogen are used. This seems to relate to the self-generating character 
of the ammonia decomposition during the compression and combustion processes. 

o Performance factors such as those influenced by engine speed, spark timing, 
and manifold pressure are not significantly different when using ammonia 

fuel rather than hydrocarbon fuel,  as long as minimum amounts of hydrogen 
are inducted as a part of the fuel flow. 

e Ca1,culations have indicated that engine output with ammonia would.exceed 

that with hydrocarbons i f  the ammonia could be introduced into' the cylinder 
as a liquid. 

Supercharging ( i  .e., introduction of the combusti,on a i r  a t  above atmospheric 
pressures) was demonstrated and resul ted in subs tanti a1 ly improved engine 
performance. 

e Compatibility of ammonia and i t s  combustion products with engineering 
materi a1 s and 1 ubri cants presqnted no subs tanti a1 probl ems. 

3 . 3 . 2  Diesel Engi nes 

The use of ammonia in compression ignition (diesel ) engines was also 
investigated for the "energy depot" study (Rosenthal 1964, Gray e t  a1 . 1966) 
and la te r  studies (Bro and Pederson 1977). The results generally parallel 
those obtained for Otto engines, presented above. In particular: 

(a)"Specific fuel consumption" i s  defined as the fuel consumed per unit of work. 

.. 



D i f f i c u l t i e s  occur because o f  poor s e l f - i g n i t i o n  q u a l i t i e s .  Re la t ive  t o  

o the r  f ue l s  the octane r a t i n g  o f  ammonia i s  "cry h igh (about 130), bu t  

i t s  cetane r a t i n g  ( i . e . , . i g n i t i o n  q u a l i t y )  i s  low. (a )  Theoret ica l ly ,  a  

compression r a t i o  o f  35 would be necessary f o r  s e l f - i g n i t i o n ,  bu t  t h i s  

i s  we l l  beyond the  cu r ren t  p rac t i ce .  (An a t t emp t -o f  d i r e c t  i n j e c t i o n  o f  

l i q u i d  ammonia i n t o  a  specia l ly-prepared t e s t  engine w i t h  a  30 t o  1  

compression r a t i o  was no t  successful ) . s here fore, an independent source o f  

i g n i t i o n  must genera l ly  be provided such as i n j e c t i o n  o f  a small amount 

o f  regu la r  d iese l  f u e l  ( p i l o t  fuelo) (Brv ar~d  Pederson 1997, Pearsal l  1967) 

o r  use o f  a u x i l i a r y  spark o r  glow c o i l  i g n i t i o n .  With such modi f ica t ions 

d iese l  engines have been successfu l ly  operated on ammonia a t  normal com- 

pression r a t i o s  ( ~ i  11 i s ,  Pangborn and Vyas 1975; Starkman, James and 

Newhall 1967). 

Once ign i ted ,  ammonia f ue l  was found t o  have slow flame speed (again 

i nd i ca ted  by i t s  low cetane r a t i n g ) .  Therefore, advanced i n j e c t i o n  

t im ing  o f  the f u e l  i s  required, which r e s u l t s  i n  some engine power loss .  

The t heo re t i ca l  p red ic t ions  o f  d iese l  engine performance w i t h  ammonia as 

a  f u e l  have genera l ly  been confirmed by actdal  tes ts .  The maximum thermal 

e f f i c i e n c y  o f  a  d iese l  engine w i t h  ammonia was found t o  be 51% versus 45% 

w i t h  regu la r  d iese l  f u e l  (Pearsal l  1967). 

On a  weight basis, f ue l  consumption was found t o  be about 2  1/2 times higher 

f o r  ammonia than f o r  regu la r  d iese l  f u e l  (Starkman, James and Newhall 1967), 

due mainly t o  the lower heat ing value o f  ammonia. 

Diesel  engines running on f o s s i l  f ue l s  must r e s t r i c t  t h e i r  f u e l - a i r  r a t i o  

t o ' abou t  0.7 o f  s to i ch iomet r i c  cond i t ions because o f  the smoke-exhaust 

problems. Ammonia combustion a1 1  ows smoke-free operat ion up ' t o  s tn i ch io -  

me t r i c  condi t ions.  This f o r  h igher output  and more e f f i c i e n t  

operat ion o f  the  engine, which has been confirmed i n  more recent  t e s t i n g  

(Bro and Pederson 1977). 

(a)Normally, as a  f u e l ' s  octane r a t i n g  goes up, i t s  cetane r a t i n g  goes down 
(Tay lor  1977). 



When compared w i  t h  other subst i  t u t e  f ue l s  (methane, methanol , ethanol ) 

f o r  d-iesel engines, the main drawback o f  ammonia was considered t o  be 

the emission o f  unburned NH3 because o f  i t s  object ionable odor (Bro and 

Pederson 1977). 

3.3.3 .Gas Turbines 

The performance o f  ammonia as a fue l '  f o r  gas tu rb ine  appl ica t ions has a lso  

been t heo re t i ca l l y  predicted (Newhall -and Starkman 1966) and experimental l y  

v e r i f i e d  i n  connection w i t h  the "energy depotN study (Verkamp, Hardin and 

W i l l  iams 1967; P r a t t  and Starkman 1967). =The theore t i ca l  resu l  t s  ind ica te  

t ha t ,  on the basis o f  power output  and e f f i c iency ,  ammonia i s  super ior  t o  

hydrocarbons by about 10%; bu t  poorer by a f a c t o r  .of' 2 1/2 on the basis of 

spec i f i c  f ue l  consumption (Newhall and Starkman 1967). The l a t t e r  facet  i s  

p r ima r i l y  due t o  the lower heat o f  combustion o f  amm0ni.a versus hydrocarbon 

f ue l s  (e.g., 8000 B tu / l  b f o r  ammonia versus 18,400 .Btu / lb  f o r  JP-4 fuel.). 

Again, as i n  the case o f  automobile and d iese l  engines, a much higher i g n i t i o n  

energy i s  required f o r  ammonia than f o r  hydrocarbon fuels,  bu t  t h i s  may be 

eas i l y  overcome by the use o f  a p i l o t  f ue l  o r  by p a r t i a l l y  decomposing the 

amnonia. 

NH3 flame s t a b i l i t y  l i m i t s  were found t o  be  q u i t e  low. Therefore, ammonia 

( e i t h e r  as a. l i q u i d  o r  i n  vapor form) .cannot serve as a. d i r e c t  subs t i t u t e  f o r  

hydrocarbons i n  gas turb ine burners t ha t  are optimal ly '  s i  zed f o r  hydrocarbon 

fuels. However, a t  28% d issoc ia t ion  i t  i s ,  qu i  t e  su i tab le  f o r  such a purpose. 

Also, i f  the burner i s  optimized for  ammonia combustion, ammonia can be burned 

i n  them d i r e c t l y  (Verkamp, Hardin and ~ i l  liams 1967). I t  has been shown t h a t  

various ca ta lys ts  can be used fo r  p a r t i a l  ' ammonia d issoc ia t ion.  An ammonia 

d issoc ia to r .  has been tested by General Motors ( A l l  ison), .which u t i l i z e s  the 

engi ne exhaust heat t o  vapori ze the 1 i & i d  ammonla and s imul taneously provide 

the thermal energy f o r  the d issoc ia t ion  (Verkamp, Hardin and W i  11 iams 1967). 

So lar ,  a major U.S. gas turb ine manufacturer, tested f u l l - s i  ze ammonia-fueled 

gas turb ine engines f n connection w i t h  the U.S. Arqy's "energy depot" pro jec t .  

It was found t h a t  t h e i r  combustion e f f i c i enc ies  were comparable t o  those , 

equipped w i t h  equivalent  hydrocarbon combuptors (Faehn 1966). 



Even though i t  has no t  been s p e c i f i c a l l y  v e r i f i e d  i n  tes ts ,  i t  can be 

assumed t h a t  ammonia could be used as f u e l  i n  any other external  combustion 

engine (such as Rankine and S t i r l i n g  cyc le  engines) w i t h  s i m i l a r  r esu l t s  as 

i n  gas turbines.  

3.3.4 Rocket Engines 

The t h e o r e t i c a l l y  h igh  s p e c i f i c  impulse o f  ammonia when reacted w i t h  l i q u i d  

oxygen o r  l i q u i d  f l u o r i n e  gives i t  great  po ten t i a l  as a  l i q u i d  rocket  f ue l .  The 

performance o f  ammonia i s  on ly  s l i g h t l y  l ess  than t h a t  o f  hydrazine w i t h  the 

same ox id izers ,  and t he  cos t  and a v a i l a b i l i t y  make. i t  more a t t r a c t i v e .  Mixtures 

o f  ammonia and hydrazine have been proposed f o r  use because they have physical 

p roper t ies  super ior  t o  e i t h e r  fuel alone. However, since the mid-60s sol i d  

rocke t  f u e l s  have genera l ly  been pre fer red mainly because o f  t h e i r  s i m p l i c i t y  

and higher r e l i a b i l i t y .  The North American Av ia t ion  rocket  plane X-15 i s  the 

on l y  veh ic le  known t o  have employed anhydrous ammonia as a  p rope l lan t  

(Baumei s t e r  1967, Gubi t z  1960). 

3.3.5 Fuel Ce l l s  

Since fuel c e l l s  ho ld  the promise of very e f f i c i e n t  (up t a  90%) energy 

conversion, var ious fuels have been considered and tes ted f o r  f ue l  c e l l  

app l ica t ions (SAE J. 1968, Oniciu 1976). As i s  shown i n  Figure 3 ,  ammonia i s  

one o f  the  more promising fue ls .  It can be used e i t h e r  i n  d i r e c t  o r  i n d i r e c t  

f u e l  c e l l  s  as a  source o f  hydrogen o r  hydrazine, which are  both excel l e n t  f ue l s  

f o r  fuel c e l l s .  However, publ ished r e s u l t s  on the use o f  ammonia i n  f ue l  c e l l s  

a re  scarce. 

I n  connection w i t h  the  "energy depot" pro jec t ,  All is-Chalmers b u i l t  and 
operated 50-cel l  ammonia ba t t e r i es  bu t  the operat ing data are no t  p u b l i c l y  

ava i l ab l e  (Grimes 1964, Liebhafsky and Cairnes 1968). These were i n d i r e c t  c e l l s  

which operated on hydrogen generated by the d i ssoc i a t i on  o f  ammonia. The 

r e s u l t i n g  equipment was q u i t e  bulky and apparently uneconomical, s ince p a r t  o f  

the  f u e l ' s  energy had t o  be used f o r  i t s  f u l l  d issoc ia t ion.  A t  t h a t  t ime 

(1 963) the d i r e c t  use o f  ammonia i n  low temperature c e l l s  had n o t  been proven 

successful.  Later ,  a  G.E. p ro j ec t  (Simons and Cairnes 1968) showed t h a t  



FIGURE 3. Source o f  P r inc ipa l  Fuels f o r  Use i n  Fuel Cel l  s 

d i r e c t  ammonia-oxygen o r  a i r  c e l l  s could be operated between 25°C (77°F) and 
2 140°C (284°F). Electrodes , however, had t o  .contain plat inum (about 2 :5 mg/cm ) , 

2 and power dens i t ies  were 1 im i ted  t o  about 50 mi l l iwa t t / cm . A Swedish company 

has b u i l t  and tes ted a 50 k~ammon ia  ' fuel c e l l  f o r  submarine use (SAE J. j968). 

Current f ue l  c e l l  technology i s  no t  y e t  economical f o r  most appl icat ions;  

and methanol fue l  i s  general ly  pre fer red since i t  i s  ( i n  comparison t o  ammonia) 

less t o x i c  and T i q u i d ' a t  ambient temperatures and pressures. Present development 

o f  fue l  c e l l  technology i s  .d i rected towards d i r e c t  and e f f i c i e n t  use o f  

f oss i  1 f ue l s  andiammonia may' not  be reconsidered unless these fue ls  becomeb 

scarce and too expensive. 
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AMMONIA AND ACETYLENE - A POTENTIAL FUEL BLEND 

A t  the same t ime when ammonia was used as a subs t i tu te  f ue l  i n  automobiles 

( d u r i n g  World War 11), the so lu t i on  o f  acetylene (C2H2) i n  ammonia was a lso  

tes ted (p r ima r i l y  i n  France and I t a l y )  f o r '  the same appl i c a t i o n  (Kroch 1945, 

Frejacques 1941 , Kuf fera th  1941 , ' ~ l  aude 1941 , Frejacques 1944). such a mix ture  

was expected t o  'show be t t e r  i g n i t i o n  charac te r i s t i cs  than ammonia alone, s ince 
, m acetylene has a much wider i g n i t i o n  range i n  a i r  (2.5 t o  81 vo l  .%) than ammonia 

. (16 t o  27 vol.%) and also, acetylene has the highest  heat o f  combustion (on 

' a volumetric basis) of any gaseous fuel (979 kcal/m3 [ l l O  ~ t u / f t ~ ] )  o f  s to ich io -  

met r ic  a i r  mix ture  a t  18OC and atmospheric pressure, (Taylor  1977)). Acetylene 

could be used by i t s e l f  as an automotive f ue l  i f  i t  were no t  so d i f f i c u l t  t o  

store.  When 1 iquef  led, ; i  t can, decompose and explode very ,< io l  ent ly ,  s ince i t s '  
, . 

unstable molecules can spl  i,t exothermally i n t o  hydrogen and carbon. However, 

when dissolved i n  a su i tab le  l i q u i d  agent such as acetone, methanol o r  amnonia, 

i t  becomes much safer  t o  handle because i t  cannot explode under these condi t ions.  
" .  

~ e s t s  have shown tha t  a l i q u i d  mix ture  (78% NH3 and 22% CZH2 by weight) a t  

1 S°C (54OF) a'nd 11 1 k.Pa (1  61 psig)  produces a vapor mix ture  which i s  not.: 

explosive, and i s  we l l  . su i ted  as a f u e l  i n  standard automobile engines .. A 

C i  trogen engine produced 45 hp w i t h  t h i s  f u e l  compared t o  50' hp when i t was 
' .. ,' r un  on gasol ine (Kuf fera th  1941). 

A recent experimental study (Hi lden and Stebar 1979) by General Motors 

Research 1 abs again came t o  the conclusion t h a t  acetylene by i t s e l f  i s  .not a 

su i tab le  automobile fuel, bu t  a mixture o f  ammonia and acetylene might  we l l  

be. Apart from safe ty  considerations, the technical  reason given was that ,  

w i t h  pure acetylene, knock-i nduced p r e i g n i t i o n  occurred e i t h e r  w i t h  compression , 

r a t i o s  above 6 o r  w i t h  f u e l - a i r  mixtures r i c h e r  than 0.69 f u e l l a i r  r a t i o  of 

sto ichiometr ic .  I n  recent tes ts  a t  the I n s t i t u t e  o f  Gas Technology, calcium- 
' 

I 

carbide was successful ly manufactured using sun1 igh t ,  as a possib le f u t u r e  

source o f  acetylene (Coal Research and Development 1980). 
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5.0 ENVIRONMENTAL IMPACT OF AMMONIA COMBUSTION 

Processing and combustion of foss i l  fue ls  continues to  be the principal 
source of a i r  pollution. W i t h  the anticipated greater reliance on domestic 
coal, i t  i s  possible tha t  the problem wi l l .  become .worse. I t  has been suggested 
tha t  ammonia be substi tuted on a large sca1.e fo r  foss i l  fue ls  (Green 1967). 

Since the main combustion products of ammonia a re  water and nitrogen, the 
most common atmospheric pol lutants  ( i  . . , unburned hydrocarbons,. CO, NOx, 

p'articul a tes ,  SOp, and C02) could potential ly  be reduced. Some pol 1 utants can 
be peduced by sui tab1 e ,  a1 though expensive, exhaust gas scrubbing procedures, 
but there i s  l i t t l e  hope to  diminish the vast  quant i t ies  of C02, which are  
main combustion products of a1 1 carbonaceous fuels  . Recently, the National 

Research Council has concluded, as a r e su l t  of a special study, tha t  the global 
carbon dioxide buildup will represent a s ignif icant  problem f o r  the future 
(The Energy Daily 1980). For th i s  reason, the u t i l i za t ion  of more noncarbonaceous 
fue ls ,  such as ammonia, could provide a beneficial means of energy generation 
i n  which the foss i l  fue ls  a re  not burned d i rec t ly ,  but serve as  raw materials 
f o r  the synthesis of the clean fuel (ammonia); T h i s  process could be made 

more economical by the use of nuclear energy to  synthesize ammonia from water 
and atmospheric nitrogen. The most rewarding application of th i s  scheme would 
be the use of ammonia as automotive fue l ,  since the cleanup of combustion gases 
i s  more inef f ic ien t  on a small scale than i t  i s  in larger  combustion sources. 

. Since the l a t e  19605, i t  has become c lear  that,NOX i s  one of the most 
obnoxious types of a i r  pollution caused by automobiles. I t  mrght be suspected 

t h a t  the combustion of ammonia in automobile engines could also contribute to  
NOx pollution, even though the combusti.on products of ammonia a re  ideally water 

, and nitrogen. This question has been investigated i n  several studies 

(Graves and Hodgson 1975, Hodgson 1973, Hodgson 1974, Garner 1976, Starkman 
e t  a1 . 1970). Based on chemothermodynami c analysis , the formation of oxides 

of nitrogen in ammonia combustion should be much lower than tha t  of any other 
known fuel (starkman e t  a1 . 1970), except hydrogen. However, this 'was not 

fu l ly  confirmed in early experiments (sawyer e t  al.. ,1968, Starkman e t  a1 . 1966). 
in  which lean ammonia a i r  mixtures produced htgher NOx concentrations than were 



theore t i ca l  l y  predicted. A t  s to ich iometr ic  f u e l / a i r  r a t i o s  and higher, the 

theore t i ca l  r e s u l t s  were substant iated and'more recent,-independent t es t i ng  has 

shown a be t t e r  agreement w i t h  theory (Graves .and Hodgson 1975, Hodgson 1973). 

NOx emissions were below 100 ppm f o r  f ue l  r i c h  ammonia-air mixtures (contrary 

t o  r e s u l t s  o f  the ' e a r l i e r  studies),  concentrat ions were general ly  lower than 

those produced when us.i ng gas01 i ne. 

Obviously, ammonia combustion cannot generate unburned hydrocarbon po l lu -  

tion, b u t  i t  can and does produce unburned ammonia i n  the exhaust gases (Graves 

and Hodgson 1975). Tests have ind icated t h a t  ammonia concentrations' o f  15,000 ppm 

have been detected i n  the exhaust. Most o f  t h i s  ammonia could be e l  iminated 
by su i t ab le  c a t a l y t i c  reactors,  b u t . t h i s  would add t o  the complexity o f  the 

sys tem. 

Since ammonia i s  a r e l a t i v e l y  l i g h t  gas (molecular weight 17 compared t o  

29 f o r  a i r ) ,  i t  i s  expected t o  r i s e  i n i t i a l l y  w i t h i n  a q u i e t  atmosphere u n t i l  

concentrat ions become low enough t h a t  buoyant forces are balanced by turbulence. 

Generally, therefore, no heavy accumulations a t  ground l eve l  are ant ic ipated.  

A serious safe ty  problem may ar ise,  however, i n  underground tunnels, where 

e x i s t i n g  v e n t i l a t i o n  may be inadequate, p a r t i c u l a r l y  i f  a major s p i l l  develops 

(e.g., as a r e s u l t  o f  a f ue l  tank rupture) .  There i s  general ly  l i t t l e  concern 

about bu i l d i ng  up excessive ammonia l eve l s  i n  the atmosphere, s ince the oceans, 

the s o i l ,  the ra in ,  and even green p l an t  leaves absorb ammonia q u i t e  read i l y .  

Simple ox idat ion i n  the atmosphere i t s e l f  removes on ly  about 5% o f  the ammonia 

by convert ing i t  i n t o  NO ' ( ~ o e t t ~ e r  e t  a1 . 1978). For p lants  and so i  1, even a 
bene f i c i a l  f e r t i l i z i n g  e f f e c t  has been shown. According t o  Hutchinson e t  a l .  

(1972) the importance o f  such an e f f e c t  "has been vas t l y  underestimated i n  the 

past." The po ten t ia l  environmental hazards from atmospheric ammonia are s t i l l  

l a r g e l y  unknown (Temple e t  a l .  1979). So fa r ,  most o f  the atmnspheric ammonia 

i s  produced by organic means (an estimated 80% alone from animal excrements), 

and i t s  l e v e l  has stayed a t  a f a i r l y  constant equ i l fb r ium (Boettger e t  a1 . 1978, 

S6Cerl und 1976). 



6.0 AMMONIA VERSUS HYDROGEN 

The only s i g n i f i c a n t  noncarbonaceous f ue l s  are amoni a and hydrogen. 

There has been a la rge  research and development e f f o r t  over, the l a s t  decade- 

t o  promote hydrogen as an a l t e rna t i ve  f u e l  (~asazza e t  a l ;  1975, Donne11 e t a l .  

1979, Hydrogen Fuel 1980, Hydrogen - Future Fuel 1979, Hurray 1972, NRC 1979). 

A1 though there are many s i m i  l a r i  t i e s  i n  t h e  propert ies o f  hydrogen and amnonia 

as fuels,  very few studies have been made t o  promote u t i l - i z a t i o n  o f  ammonia. 

D i  f f erences between hydrogen and amnoni a are compared be1 ow. 

o Neither hydrogen nor amnonia are primary energy sources, bu t  are synthet ic  

f ue l s  commonly produced from water and a i r  (our most amp1 e mater ia l  

resources) o r  from hydrocarbons i n  ce r ta i n  endothermic processes. Hydrogen, 

however, i s  easier  t o  produce than ammonia. 

During combustion under idea l  condit ions, ammonia y i e l d s  .water and nitrogen; 

hydrogen y i e l d s  water. Thus, both f ue l s  are b a s i c a l l y  "clean" f ue l s  

ec016~ i ca l  ly . Under actual condit ions, however, ammonia combustion a1 so 

y i e l d s  some unburned NH3 and NO,, wh i le  hydrogen combustion y i e l d s  some 

NO, (Murray 1972). 

a The gravi-metric heating r a t e  o f  hydrogen i s  the highest o f  a l l  fuels,  

28,728 kcal /  kg (51,700 Btu/ l  b)  , whereas the gravi-metr ic heating r a t e  
o f  ammonia i s  only moderate, 4490 kcal/kg (8080 Btu/ l  b). However, the 

3 3 volumetric heating r a t e  o f  l i q u i d  hydrogen,. 0.23 x (47 kcal/m [5.6 B t u / f t  I) ,  
3 3 i s  lower than t h a t  . o f  ammonia, 0.31 x (47 kcal/m C5.6 B t u / f t  1) (Hodgson 

1974), and f o r  p rac t i ca l  purposes, .a h igh volumetric r a t e  i s  usual ly  more 

important, since a 1 arge storage vol.ume enta i  1 s a. 1 arge ( i  . e. , heavy) 

vessel. 

Storage o f  hydrogen i s  most compact i n  l i q u i d  form, bu t  t h i s  requires a 

temperature o f  -256OC (-42g°F) ; close t o  absolute zero. Storage o f  1 i q u i d  

ammonia. i s  possible a t  -35OC (-31°F) a t  atmospheric pressure and a t  room 

temperature,, 21 "C (70°F), a t  840 kPa (1 29 ps ig)  . Storage o f  hydrogen i n  

the form o f  1 i q u i d  ammonia i s  more compact(a) than any other  form o f  

(a)Addi t i ona l  ly, gaseous hydrogen can be. dtssolved i n  1, iquid ammonia t o  a 
1 i m i  ted degree (Wi ebe 1934). It i s  no t  known whether t h i s  . feature has ever 
been p r a c t i c a l l y  exp lo i ted f o r  combustion improvement. 
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hydrogen storage. Loss from storage i s  practically unavoidable fo r  l iquid 
hydrogen (about 5% a day) even w i t h  the most elaborate insulation system, 
whereas, i - t  can be kept extremely l.ow without serious problems f o r  ammonia. 

H z  o r  NH1 vapors escaping from the stored fuels  a re  both unsafe. Ammonia 
vapors in contrast  to hydrogen a re  toxic in large concentrations, b u t  

hydrogen vapors a re  f a r  more flammable i n  mixtures w i t h  a i r .  Moreover, 
hydrogen a i r  mixtures a re  more easi ly  detonated than ammonia which is 
hard to  igni te  and almost impossible to  detonate. This makes ammonia 
a safer  and more easi ly  handled fuel .  Also, there i s  a much larger 
practical experience available with ammonia than with hydrogen. 

I t  has been shown tha t ,  both hydrogen and ammonia can be used i n  pract ical ly  

a1 1 types of combustion engines without major modifications. However, 
combustion i t s e l f  i s  more easi ly  accomplished with hydrogen than with 
ammonia. This is  a r e su l t  of the required ignition energy, which is 8mJ 
f o r  ammonia and only 0.2mJ f o r  hydrogen (Harris and MacDermott 1977). 

Proponents of the ."Hydrogen E~onomy~~ concept have l i s t ed  a number of reasons 
why they believe tha t  hydrogen i s  superior even . t o  e l ec t r i c i ty  as an energy . . -  - . . 

form in  many applications,  perhaps f o r  half of our energy needs (Casazza e t  a l .  
1975). Many of these a re  applicable to  ammonia use. 

1. Hydrogen i s  cheaper and less  unsightly to  transmit over long distances 
via underground pipelines. This should be equally t rue f o r  ammonia 
pi pel ines, of which several l'arge long distance (more .than 1,000 
miles) pipe1 ines have already been used both i n  the USA and USSR:. 

2. On a large . . scale,  .hydrogen energy can be stored f a r  :more easi ly  than 
e lec t r ica l  energy. T h i s  i s  s t i l l .  easier  and safer  fo r  ammonia f o r  reasons .. 

given above. 

3 .  Hydrogen can be used as fuel i n  most- domestic and industrial  natural 
gas burning equipment with only relat ively minor modifications. T h i s  

.would generally be t rue for  ammonia also. A hotter flame wouldbbe 
available w i t h  hydrogen than with ammonia, since ammonia burners would 

require a ca ta ly t ic  ammonia cracking device of some sor t .  In t h i s  
-respect, ammonia i s  infer ior  to hydrogen. 



4. Hydrogen can be produced from coal and nuclear energy, and is not necessarily 

' dependent on imported o i l  o r  g'as. This i s  equally t rue fo r  ammonia. 

5. Hydrogen, generated by nuclear power, can be used d i rec t ly  to  replace 
coal or coke fo r  s teel  making or  to  upgrade cer tain foss i l  fuels  or 
low-Btu gases. In t h i s  respect ammonia, except as a ca r r i e r  of hydrogen, 
would hardly be suitable.  

6. Burning hydrogen and oxygen together $s conceptually the simplest or  most 
d i r ec t  way of producing the huge amounts of processed steam required by 
industry. Obviously, this i s  not a strong reason f o r  promoting the 

hydrogen'economy, b u t  bas ica l ly , the  same approach could be taken w i t h  ' 

' 

ammonia. 

7.  Hydrogen i s  an excellent fuel fo r  a l l  .types of internal and external com- 
bustion engines because of i t s  g rea te r  efficiency and very clean exhaust. 
To a large degree, this i s  a lso t rue f o r  ammonia. In f ac t ,  the U.S. 

Army in i t s  "energy depot" project preferred ammonia over hydrogen as 
the fuel fo r  combustion engines, 

Since so many reports have been written in the l a s t  few years on the 
potential use of hydrogen,as automobile fue l ,  this l a t t e r  point deserves some .: 

addttional discussion. Even though hydrogen has been demonstrated by proto.type 
test ing to  be a sui tab1 e engine fuel with highly desjrable characteristics, '  
(such as clean exhaust), i t  has major drawbacks. (Hydrogen Fuel 1980). There . . ' 

are. doubts about safe  fuel ing , operation; garaging and maintenance of cars,  
of the i r  suscepti'bil i ty to coll  ision damage and the consequences of substantial  
l iquid hydrogen s p i l l s .  Hydrogen leaks more readily and rapidly than any 
other substance and i s  flammable under a very wide range of hydrogen/air.ratios . . 

and i t  also detonates qui te  easi ly .  When stored in a metal hydride instead 

o f . a s  a l iquid hydrogen, most of i t s  advantages, based on 'high specif ic  energy 
content a re  los t .  I t  has a1 so been pointed out t h a t  a infra-structure 

f o r  producing, transmitting and dis t r ibut ing l iquid hydrogen would be needed,' . '  

which can be expected to  require high capi tal  c o s t  outl'ays and long time delays ' . 

( ~ ~ d r o g e n  Fuel 1 980) . 



In contrast ,  ammonia does not possess the above drawbacks, a t  l eas t ,  not 
t o  the same extent. I t  i s  therefore not understandable why hydrogen as a 
fu ture  fuel is widely promoted whereas arrimonia i s  presently not considered a t  
a l l .  The most l ike ly  explanation appears to  be tha t  the potential use of 
ammonia as a subs t i tu te  fuel i s  just too unknown, even within the technical 
comuni ty . 

An additional point can be made on proposals to  use ammonia as a form of 
hydrogen storage (Graves, Hodgson, and Tennant 1975). This appears to  be 
preferable from an energy conservation viewpoint t o  storing hydrogen in l iquid 
form. Even with the most modern 1 iquefaction equipment (Baker and Shaw 1978) 
about 5kWh of energy has to  be expended to  1iquef.y 1 pound of hydrogen. To 
proiuce 1 pound of amnonia, an energy of only about O.4kWh has t o  be expended 
(Barnett and Wilson 1960). However, since 1 pound of l iquid hydrogen contains 
about 6 times as  much energy as 1 pound of ammonia (Gregory and Rosenberg 1973), 
the r a t i o  of 0.4/5 must be multiplied by 6 i n  order to  compare the eff ic iencies  

of the two processes. Thus, the energy costs involved i n  1 iquefying hydrogen 
a r e  twice the cos t  of producing ammonia. The capital  costs of a hydrogen 
liquefaction plant i s  also considerably higher than f o r  an amnonia manufacturing 
plant  (both plants based on an equal energy output). 
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7.0 AMMONIA AVAIL'ABILITY AND COST ' 

Most ammonia manufactured today throughout the world i s  derived from 

.natural gas, which serves both as f ue l  ( i  .e., as energy source) and feedstock 

( i  .e., hydrogen source). This i s  expected t o  remain so unless natura l  gas 

be,comes more scarce. The major o i l -producing countr ies apparently now have 

more natural  gas ava i lab le  than they can s e l l  f o r  d i r e c t  energy use (e.g., 

,through pipe1 ines and as LNG). Thus; there ex is ts  a worldwide oversupply 
7 ' (about 10 tons per year) o f  ammonia, which i s  no t  expected t o  disappear 

u n t i l  the. mid-1980s (Watt 1979). This has depressed the cost  o f  amnonia over 

the  l a s t  years. Whereas i n  1975 the p r l c e  was between $200 and $400 per ton 

(Phi 1 pot  and Leonard 1979), imported ammonia dropped t o  below $1 0 0  per, ton  

i n  mid-1979 (del ivered a t  U.S. Gul f  Coast por ts) .  I n  pa r t i cu la r ,  cheap 

ammonia supplied by the USSR was a major con t r ibu t ing  f ac to r  i n  t h i s  develop- 

ment. As a resu l t ,  a number of U.S. ammonia ( ' f e r t i l i z e r )  manufacturers could 

no 1 onger ,compete and 'went ou t  o f  busi ne.ss . ' I n  October 1979, the In ternat iona l  

Trade Commission recommended, therefore, t h a t  import r e s t r i c t i o n s  be placed on 

ammonia from the USSR. However, t h i s  recommends t i o n  was overrul  ed by President 

Carter (1979). His decis ion s t i l l  stands and has not 'been af fec ted by U.S. 
6 responses t o  the Soviet  invasion o f  Afghanistan. Accordingly, 10 tons o f  

ammonia can be imported t o  the U.S. from the USSR dur ing 1980. I n  the future,  

t h i s  l i m l t  i s  scheduled t o  r i se .  U.S. manufacturers can present ly produce 

ammonia economically a t  about $130 t o  $140 per ton, s ince natural  gas i n  the 

United States i s  no longer a surplus .commodity. Under the present circumstances 

i t  might, therefore, be economically j u s t i f  iab1.e t o  .import amnonia fo r .  use as 

fuel.. 

A t  a p r i c e  o f  $1.18 per gallon, gasol i n e  (energy density: 19,000 B tu / l  b) , 
4 produces 10 x 10 Btu per do l la r ,  whereas a t  a p r i c e  o f  $100 per ton ammonia 

4 produces 17.6 x 10 Btu per do l l a r .  Thus, under these condi t ions ammonia i s  
( 4 .  a 1 ess expensive f u e l  than gasol i ne. 

. ., 
- r  '. 

I t  can be expected, though, that, the s o v i e t  union w i l l  no longer s e l l  the 1 -  

. a m n i a  a t  $100 per ton, since i t  could -eas i ly  obta in  $140 per ton and s t i l l '  , ,  

. . 

. * 

(a)A f ac to r  f u r t h e r  supporting t h i s  contention 5s t h a t  combustion b f  amonla . .. . 
i s  more e f f i c i e n t  than gasol ine (see above). " .  

-. ,. 
. . . . 
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be competitive i n  the U.S. In other countries, where gasoline prices range 
between $2and $3 per gallon (and occasionally even higher), ammonia may s t i l l  
be more economical. As mentioned above, ammonia prices have been varying 
widely in  the l a s t .  decade. This has induced many companies throughout the 
world to  make ammonia production independent of natural gas supplies and base 
i t  on domestic coal resources. Belatedly, . i n  the U'.S. the Tennessee Valley 
Authority (TVA) operated National Ferti 1 izer  Development Center i s  joining in 
t h i s  development (Burnett 1979). A'225 ton-per-day r e t ro f i t t ed  ammonia plant 
i s  under construction ( fo r  completion i n  mid-1980), u s i n g  U.S. developed tech- 
nology (Texaco process) f o r  coal gasification. As of .  mid-1979, the ammonia 
from such a plant would have to se l l  fo r  $147 per tnn tn  make i t s  operation 
prof i tab1 e (C & EN. 1979). 

Another basic energy source, which has much appeal f o r  ammonia production, 
i s  nuclear energy (Green 1967, Blouin 1968, Corneil e t  a l .  1977, Cast and 
Percival 1977, Gregory and Rosenbevyj 1973). Using nuclear energy ammonia can 
be synthesized from water and air. These two basic resources can be t ruly 
considered inexhaustible, since upon combustion ammonia will revert  back t o  

water and a i r .  Indeed, when fusion reactors become viable a t  some time in the 
future,  and when fossi  1 fuel suppl i e s  have essential  ly  been exhausted, ammonia 
and, possibly, hydrogen might be the only practical fuels  tha t  a r e  available 
fo r  use i n  transportation (Isaacs e t  a l .  1978). 

Nucl ear reactors have a1 ready been proposed for  providing the process 

heat required f o r  synthetic fuel production from coal (Pieroni e t  a1 . 1964, 
Wel nberg 1967, Vrabl e 1979). For hydrocarbon fuel synthesis, however, tempera- 
tures  i n  the range from 871°C (1600°F) to  164g°C (3000°F) a r e  required, which 
i s  well beyond the 1 imitations of present materials in nuclear reactors. Process 
temperatures f o r  ammonia synthesis a re  much lower (around 540°C) ; therefore, 
h i g h  teil~perature gas-cooled reactors of present design could be used f o r  this 

purpose. (Even standard Light Water Reactors would be sui table. ) Whereas 
the  U.S. development of High Temperature Reactor techno1 ogy (by General Atomics) 
has been severely curtai led since 1975, the Germans are  s t i l l  actively pursuing 
i t  and a re  now unquestionably the technical leaders i n  t h i s  f i e ld .  Ammonia 

production has been specif ical ly  mentioned as one of the many possible appl ications 



of such reactors (Farbman and Brecher 1975). Various biochemical processes 

have also been proposed which would allow the synthesis of ammonia from a i r  
and water a t  ambient pressures and temperatures (Kovaly 1979). A similar,  

but non-biochemical, process i s  said to  generate ammonia by passing water and 
nitrogen over a ca ta lys t  in the presence of sunlight. Even though the yields  

from such processes are  s t i J l  quite low, there i s  some hope tha t  they can be 

increased, thus providing means fo r  low-cos t production of ammonia from just 
a i r ,  water, and solar  energy. 
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8.0 CONCLUSIONS 

Ammonia appears t o  provide a v iab le  a l t e rna t i ve  f ue l  from several vantage 

points:  

Environmental Compati b i  1 i ty - Being a noncarbonaceous fuel ,  a i  r pol  1 utants 

resu l  t i n g  f rom,/arnmonia combus t i o n  would be reduced over those from com- 

parable f o s s i l  fuels,  p a r t i c u l a r l y  i f  the ammonia was produced using 

water and nuclear,energy. Even w i t h  f o s s i l  feed stocks, ammonia use ' I 
would reduce ove ra l l  p o l l u t a n t  emissions by a l lowing f o s s i l  f ue l s  t o  be 

converted t o  a noncarbonaceous form i n  la rge  e f f i c i e n t  p lants  wi thout  

combusti,on before use. 

safety - Ammonia has advantages i n  storage and t ranspor t  over hydrogen 

due t o  i t s  lower f lammabi l i ty  and i t s  h igh dens i ty  s t o r a b i l i t y  a t .near  

atmospheric condi ti ons . 
Fuel Character is t ics  - Ammonia can replace gas01 ine. o r  d iese l  fue ls  

r equ i r i ng  on ly  s l i g h t  modi f icat ions t o  engines. This would provide a 

f u e l  a l t e r n a t i v e  i n  times o f  hydrocarbon-fuel shortages and al low ,con- 

vers ion o f  energy from other  la rge  scale a1 t e rna t i ve  systems (such as 

fusion) i n t o  a convenient f u e l  f o r  small users ( i .e.,  t ranspor ta t ion) .  

Economics - Pr ice f l uc tua t ions  i n  hydrocarbons and ammonia and world 

i n s t a b i l i t y  make pro jec t ions d i f f i c u l t ,  bu t  ammonia has v i a b i l i t y  as an 

, a l t e rna te  f u e l  i n  the near f u tu re  and great  promise as a long-term con- 

venience f ue l  ava i lab le  from nuclear technologies. It a1 so appears t o  

be more economical as a means o f  s t o r i ng  hydrogen than a l t e r n a t i v e  high 

pressure o r  cryogenic hydrogen storage systems. 

Ammonia does have drawbacks i n  i t s  combustion performance when compared 

w i t h  hydrocarbon f ue l s  (Section 3.2) bu t  these can be overcome; perhaps through 

the use o f  acetylene/ammonia mixtures. It a lso i s  a t o x i c  mater ia l ,  bu t  

extensive use would no doubt provide, the necessary experience i n  overcoming 

i t s  safety problems. Before extensive use, however, research would be required 

i n  the safe ty  aspects o f  storage and hand1 i n g  f o r  automotive use and i n  the 

loca l  impacts o f  unburned ammonia i n  confined spaces such as urban s t r e e t  canyons. 
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EXECUTIVE SUMMARY 

' ~ t  the request o f  the Environmental control  Technology Div is ion o f  the ' 
, ..' 

U.S. Department o f  Energy (DOE) the Los Alamos Sc ien t i f i c  Laboratory (LASL) 

has conducted a 2-112 year assessment program (ending September 1979) on 

concerns i n  hydrogen safety ' and environmental control  . This assessment . 
v ( l )  produced a current status base f o r  the areas covered by the summary report, 

.. . 
including : transmission o f  gaseous hydrogen by pipe1 ine, transport o f  

l i q u i d  hydrogen, hydrogen embrittlement o f  metals, safety regulations, 

and environmental aspects o f  hydrogen production and.:use. Detai ls o f  
,>:. 

previous work a r e  published i n  the f i r s t  status repor t  (Report U, DOEIEV- 
q 

.* . 
0036). The assessment found tha t  hydrogen w i l l  be used ever increasingly ' 

. . 

i n  closer proximity t o  the ,general publ i c ,  even i f  hydrogen has 1 i t t l e  . . . . 
. . . .. 

..: . . $. 
.. < 

impact on new energy markets. Because o f  t h i  s, the 'need continues for an"' ' .; . .:.. 

ongoing assessment 'program I n  hydrogen safety and environmental control. . 
The cost o f  the proposed program i s  estimated t o  be one m i  11 ion'. do1 l a r s  :. 
f o r  a four year e f f o r t  (an average o f  $250,000 per year). The summary . . 

report  on the Hydrogen ,Assessment Program (LA-8225-PR) out l ines s.uch a 

coordinated program and inc ludes i n  dppendices a repor t  on some o f  the . '. . .. 

de ta i l s  o f  the assessment program conducted by LASL. 

The proposed program has been developed t o  provide an ongoing 

assessment o f  hydrogen safety and environmental control .  As hydrogen 

use and' i t s  publ i c  interact ions continue t o  expand, new concerns are 

i den t i f i ed  and o ld  ones loom larger. These are ident i f ied ,  together w i th  

a coordinated program f o r  resolving them. The program contains elements 

o f  assessment and analysi s i n  the f o l  1 owing areas : hydrogen production 

methods, especial ly themchemical  and coal gas i f i ca t ion  processes; 

storage methods, including l iqu id ,  hydrides, high pressure gas, and gas i n  

underground chambers; transport and transmission; end uses, including 

vehicular and space heating; and understanding the dispersion, ign i t ion ,  

and e f fec ts  o f  large scale releases o f  gaseous or  l i q u i d  hydrogen. 



Regarding hydrogen product ion,  the assessment p o i n t s  o u t  t h a t  t h e  ,areas 

o f  new thermochemical processes and coal  g a s i f i c a t i o n  are  ones need.i ng 

f u r t h e r  work on p o t e n t i a l  emissions and t h e i r  e f f e c t s  on the environment,' . . 

t h e i r  c o n t r o l  and d i s p o s i t i o n .  

Hydrogen storage systems inc lude  cryogenic 1 i q u i d ,  metal 1 i c  o r  chemical 

hydrides, and compressed gas i n  c y l i n d e r s  a t  h igh  pressure, o r  i n  underground ,.: 

. . 
chambers a t  low pressure. Safety and environmental f ea tu res  o f  these ~ . . 

n1u.s t be assessed f o r  gener ic  and s p e c i f i c  l oca t i ons .  

Safety i n  t he  t r a n s p o r t  o f  inc reas ing  amounts o f  hydrogen as compressed 
. . 

gas, metal  hydride, o r  cryogenic l i q u i d  requ i res  cont inued assessment and 

ana lys i s .  Especial  l y  needed a r e  r e l a t i v e  assessments comparing hydrogen . . , - ' . . . 
w i t h  na tu ra l  gas and l i q u e f i e d  na tu ra l  gas. As s p e c i f i c  proposals a re  . .  

made f o r  the i n t r o d u c t i o n  o f  hydrogen i n t o  n a t u r a l  gas , p i p e l i n e  systems, ; 

f u r t h e r  d e t a i l e d  quest ions a r i s e  concerning compressors, p ipes , leaks ' .and 
. .  . 

associated. hazards. . . 

The program o u t l i n e d  f o r  assessing end uses o f  hydrogen i n c l u d e s ' t h e  : '  . , 

f o l l o w i n g :  p o l l u t a n t  emissions and novel methods of c o n t r o l  f o r  i n t e r r i a l  . . :. ' 

. . 

combustion engines; environmental e f f e c t s  o f  emissions o f  water i r i  cdmbi - ,.' 

n a t i o n  w i t h  o the r  p o l l u t a n t s  from h i g h - f l y i n g ,  hydrogen-fueled a i r c r a f t ;  

safety of hydrogen-fueled veh ic les ;  and p o l l u t a n t  emissions and e f f e c t s  
. . 

f rom hydrogen consuming equipment i n  homes and i ndus t r y .  . . 

. . . . .  
. . 

The f i n a l  major, and most expensive, element o f  needed assess,ment. . i~ '\.. 

of e f f e c t s  o f  l a r g e  sca le  s p i l l s  o f  l i q u i d  o r  gas. Th is  inc ludes  work ' t o  

understand b e t t e r  t he  d i spe rs ion  and i q n i t i o n  o f  combustible; hydrogen".'. 

m ix tu res .  
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