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Tank c a r s  containing flammable l i que f i ed  compressed gas ladings have 
been involved i n  many acc idents  involving death,  i n j u r y ,  and l a r g e  amounts of 
property damage. The los ses  have genera l ly  occurred following puncture of  a 
tank i n  a derai lment  o r  from rough handling i n  terminal  opera t ions .  Subsequent 
i g n i t i o n  of  escaping l ad ing  f requent ly  has r e su l t ed  i n  the  development of  a 
general  conf lagra t ion ,  o f t e n  accompanied by t h e  v i o l e n t  rupture  and rocket ing 
of  o t h e r  fire-exposed pressure  tank cars .  This repor t  provides t h e  b a s i s  fo r  
def in ing  p r a c t i c a l  and economical s a f e t y  improvements and i d e n t i f i e s  t h e  s a f e t y  
research  gaps which must be c losed  before a prototype tank c a r  can be designed 
t o  optimal safety/economic cons idera t ions .  Increased s a f e t y  can be r e a l i z e d  
by decreasing t h e  p r o b a b i l i t y  of  an i n i t i a l  puncture, and/or decreasing t h e  
p r o b a b i l i t y  of subsequent tank ruptures  o f  o t h e r  c a r s  from f i r e  exposure. 
S ix  a r e a s  were given p a r t i c u l a r  cons idera t ion  because of t h e i r  g r e a t e r  poten- 
t i a l  f o r  success f o r  112A/114A s e r i e s  tank ca r s .  These were: 1) opera t ional  
changes, 2) head s h i e l d s ,  3) modified couplers ,  4) thermal i n s u l a t i o n ,  5) tank 
ma te r i a l  changes, and 6) s a f e t y  r e l i e f  system modif icat ions.  

liead s h i e l d s  and modified couplers were found l i k e l y  t o  be "cost-  
bene f i c i a l . "  The expense/loss reduct ion break-even po in t s  a s  a funct ion o f  
coat ing l i f e  were determined f o r  thermal s h i e l d  ma te r i a l s .  A s a f e t y  r e l i e f  
valve, which is ac tua ted  by excessive lad ing  temperature and then remains open 
u n t i l  reduction t o  ambient pressure,  was found t o  have high p o t e n t i a l  f o r  being 
c o s t  bene f i c i a l .  

Other tank c a r  research  i s  reviewed and an improved thermal model f o r  
ca l cu la t ing  t h e  e f f e c t s  on a tank c a r  exposed t o  f i r e  is presented.  I t  was 
found t h a t  f u l l  s c a l e  f i r e  t e s t  r e s u l t s  confirmed e a r l i e r  analyses ind ica t ing  
s u b s t a n t i a l  underestimation i n  e x i s t i n g  design c a l c u l a t i o n s  of p o t e n t i a l  heat  
loadings t o  fire-exposed ca r s .  

In  genera l ,  economic impact of mandated changes i n  over-the-road and 
te rminal  opera t ing  procedures may be expected t o  be  g r e a t e r  than t h a t  of a 
c a r  design change t o  achieve t h e  same s a f e t y  ob jec t ive .  Neither  change may 
be "cos t -benef ic ia l"  when t h i s  term is i n t e r p r e t e d  t o  mean zero negat ive  
impact on c a r  p r o f i t a b i l i t y  o r  commodity t r a n s p o r t  cos t .  On t h e  o t h e r  hand, 
it was found t h a t  a modif icat ion increas ing  t h e  c o s t  o f  a tank c a r  by 10 per-  
cent  tends t o  inc rease  t h e  de l ivered  cos t  of  LPG, f o r  example, only  on the  
order  of  0.5 percent .  Therefore,  s u b s t a n t i a l  expenditures  could be made f o r  
c a r  improvements with r e l a t i v e l y  l i t t l e  -- but  not zero -- o v e r a l l  economic 
impact. 

Subs tan t i a l  improvements i n  c a r  s a f e t y  appear t o  be f e a s i b l e  without 
r e s o r t  t o  t h e  use of  e x o t i c  ma te r i a l s  o r  f a b r i c a t i o n  techniques which could 
not  be accommodated by e x i s t i n g  tank c a r  manufacturing f a c i l i t i e s .  
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SUMMARY AND CONCLUSIONS 

The broad ob jec t ives  of t h i s  research e f f o r t  were t o :  

1. Provide t h e  b a s i s  f o r  defining p r a c t i c a l  and economical s a f e t y  

improvements which can be e i t h e r  r e t r o f i t t e d  t o  in - se rv ice  tank c a r s  o r  incor-  

porated i n t o  t h e  design and manufacture of new tank ca r s ,  and 

2. Define t h e  s a f e t y  research  gaps which must be remedied before 

a prototype tank c a r  can be designed t o  optimal safety/economic considerat ions.  

The g rea te s t  accident  lo s ses  involving tank c a r s  have occurred f o r  

c l a s s  112A/114A c a r s  containing compressed l ique f i ed  gas lading. The losses  

have genera l ly  occurred following a puncture i n  a derailment o r  o the r  abnormal 

operat ion.  The lading flowing out  of the  puncture may be subsequently ign i t ed  

and tile r e s u l t i n g  f i r e  causes damage i n  the  surrounding area .  I f  t h e  i g n i t i o n  

occurs a f t e r  considerable amount o f  lading has been dumped and vaporized, t h e  

damage a r e a  can be extensive.  Often t h e  f i r e  hea t s  one o r  more tank c a r s  t h a t  

have remained i n t a c t  during t h e  i n i t i a l  accident .  Af ter  a time interval . ,  t h e  

heated tanks N p t u r e ,  g r e a t l y  increas ing  t h e  s e v e r i t y  and a rea  of damage. 

This r epor t  examines poss ib le  methods of increas ing  s a f e t y  of tank ca r s .  

Increasing t h e  s a f e t y  o f  tank ca r s  can be accomplished by two means: decreasing 
the  p robab i l i ty  o f  puncture o r  decreasing t h e  .probabi l i ty  o f  subsequent tank rup- 

t u r e s  o f  o ther  c a r s  a f t e r  a puncture and f i r e .  S ix  areas  wi th in  these  two broad 
ca tegor ies  were given p a r t i c u l a r  cons idera t ion  because of t h e i r  g rea te r  p o t e n t i a l  

f o r  success. These are: 1) opera t ional  changes; 2) head sh ie lds ;  3) modified 

couplers;  4) thermal insu la t ion ;  5) tank mater ia l  changes; and 6) s a f e t y  r e l i e f  

valve modif icat ions.  

Operational Changes 

Rela t ive  t o  operat ional  changes, it was concluded t h a t :  



Reductions i n  authorized speeds f o r  t r a i n s  carrying hazardous 

commodities by tank c a r  would, i n  t h e  ove ra l l  p i c t u r e ,  reduce 

t h e  frequency of severe acc idents .  

Cost e f f ec t iveness  of reduction i n  speed i s  highly va r i ab le  with 

respect  t o  route .  Many cases would not show adoption t o  be 

cos t  bene f i c i a l .  Individual  considerat ion of cases would be 

required.  

Adoption of a general  r u l e  r equ i r ing  t h e  use of "buffer  cars"  

between hazardous mater ia l  laden tank c a r s  i s  not indica ted .  

Operational r e s t r i c t i o n s  a f fec t ing  standard p r a c t i c e i n  terminal  
opera t ions  w i l l  tend t o  be an expensive option when compared with 

c a r  design changes t o  obta in  t h e  same l e v e l  of safety.  

Head Shie lds  

liead s h i e l d s  a r e  sh ie lds  loca ted  a t  t h e  ends of tank c a r s  t o  reduce 

the  p robab i l i ty  of head puncture. Cost bene f i t  analyses were developed f o r  

iiead sl l ie lds and t h e  o t h e r  modifications considered i n  t h i s  repor t .  The cos t  

bene f i t  analyses a r e  based on published accident  l o s s  da ta ,  estimated e f f e c t i v e -  

ness of the  modification i n  reducing accident  lo s ses ,  est imated cos t  o f  the  

modification, expected l i f e  of t h e  modification, and expected c a p i t a l  r e tu rn .  

ilead s h i e l d s  were found t o  be cos t  bene f i c i a l .  In t h i s  and subsequent cos t /  

bene f i t  analyses,  it was found t o  be more r e a l i s t i c  t o  increase  published l o s s  

d a t a  by 25 percent  based on a thorough re-evaluat ion of f i v e  accidents  chosen 

t o  be r ep resen ta t ive  of a range of d o l l a r  lo s ses  p e r  accident .  The ana lys i s  

shows t h e  economic bene f i t  o f  head s h i e l d s  t o  be $577 f o r  new c a r s  and $375 f o r  

e x i s t i n g  c a r s  a t  a cos t  of c a p i t a l  assumption o f  10 percent .  (The economic bene- 

f i t  is t h e  amount t h a t  could be spent  on a modification and be paid back, including 

i n t e r e s t ,  from the  reduction i n  accident  lo s ses  minus the  cos t  of the  modifica- 

t ion . )  If the re  were no c a p i t a l  recovery allowance, the  reduction i n  losses  

minus the  cos t  of t h e  s h i e l d  would be $2408 f o r  new c a r s  and $2134 f o r  e x i s t i n g  

ca r s .  



The r e s u l t s  of t h e  head s h i e l d  cos t /benef i t  ana lys i s  a re  d i f f e r e n t  

from o the r  published r e s u l t s  pr imar i ly  because o f  a r e d i s t r i b u t i o n  o f  accident  

d o l l a r  losses .  Previously, accident d o l l a r  losses  had been assigned t o  t h e  

tank element t h a t  f a i l e d .  That is, i f  during a n  accident ,  a tank head was 
-~ . 

. .. punctured with a r e s u l t i n g  l o s s  of lading and subsequent f i r e ,  the  damage 

caused by the  l o s t  lading was assigned t o  t h e  category o f  head puncture. 

S imi lar ly ,  i f  t h e  tank s h e l l  was punctured, t h e  losses  were assigned t o  t h e  

category of s h e l l  puncture. Using t h i s  r a t i o n a l e  with t h e  r e l a t i v e l y  small 

amount of h i s t o r i c a l  da ta  avai lable ,  r e s u l t s  i n  t h e  conclusion t h a t  s h e l l  
punctures which accounted f o r  only 18 percent of the  lading s p i l l s  were respon- 

s i b l e  f o r  68 percent of t h e  d o l l a r  losses .  The h i s t o r i c a l  d a t a  a r e  too l imi ted  

t o  provide t h e  co r rec t  d i s t r i b u t i o n  o f  losses  between head and s h e l l  punctures. 

I f  enough tank c a r  acc idents  were inves t iga ted  over a long period of time, t h e  

d o l l a r  l o s s  d i s t r i b u t i o n  would be expected t o  match t h e  puncture d i s t r i b u t i o n ,  

inasmuch a s  s h e l l  punctures do no t  inherent ly  produce more c o s t l y  losses  than 

head punctures. Supporting evidence is presented i n  t h e  main body of t h i s  

repor t  ind ica t ing  t h a t  d o l l a r  losses  a r e  s t rongly  r e l a t e d  t o  puncture d i s t r i b u -  

t i o n  f o r  a more extensive s e t  of d a t a  including a l l  c l a s s e s  o f  tank cars.  

Modified Couplers 

Couplers a r e  the  puncture source f o r  the  majori ty o f  head punctures. 

Modified couplers have been proposed which prevent v e r t i c a l  disengagement during 

a derailment o r  o ther  abnormal operat ion condit ion and thereby reduce p robab i l i ty  

of head punctures. The cos t /benef i t  ana lys i s  of modified couplers  a l s o  requi res  

a r e d i s t r i b u t i o n  o f  losses  from previously published repor t s .  The economic bene- 

f i t  of modified couplers depends on the  b a s i s  o f  comparison. Both type E and 

type F couplers have been used on tank ca r s .  Modified E and F couplers were found 

t o  be cos t  b e n e f i c i a l  compared t o  e i t h e r  s tandard E o r  F couplers.  For example, 

the  economic benef i t  of modified type E couplers compared with standard type E 

couplers was found t o  be $491 f o r  cos t  o f  c a p i t a l  assumed t o  be 10 percent .  A t  

zero i n t e r e s t  r a t e ,  the  n e t  savings would be $833. 



Thermal Insula t ion  

Thermal insu la t ion  may be applied t o  the ,  outs ide  of a tank t o  pre- 

vent o r  delay overheat ing and overpressur iza t ion  o f  a tank exposed t o  f i r e  

which could lead  t o  tank rupture  and g r e a t l y  expanded damage area.  Two types 

o f  thermal i n s u l a t i o n  have been considered: s t e e l  jacketed insu la t ion  a s  pre- 

s e n t l y  used on type 105A c a r s  and proposed thermal s h i e l d  coat ings  t h a t  a r e  

applied d i r e c t l y  t o  t h e  ou t s ide  of t h e  tank. Thermal s h i e l d  coat ings  have been 

proposed because of t h e i r  poss ib le  o v e r a l l  lower cos t .  Because thermal s h i e l d  

coat ings  a r e o n l y  i n  t h e  proposed s t age ,  t h e i r  cos t ,  e f f ec t iveness ,  and l i f e  

expectancy a r e  not  known. Therefore, t h e  cos t /benef i t  ana lys i s  considered these  

f a c t o r s  parametr ical ly.  The best  es t imates  of the  i n i t i a l  cost  o f  thermal 

s h i e l d  coat ings  which would not cause any increase  i n  l i f e t i m e  opera t ional  c o s t s  

a r e  given i n  Table 1. 
Table I 

BEST ESTIMATES OF "JUSTIFIABLE" COST OF 100% EFFECTIVE 
THERMAL SHIELD COATINGS'ON 112Al114A TANK CARS 

. . 
This " j u s t i f i a b l e "  cos t  is t h e  amounr. t n a t  could be spent  today on a thermal 

s h i e l d  coat ing  r e s u l t i n g  i n  s u f f i c i e n t  savings over t h e  l i f e  of t h e  coat ing t o  
. . . . 

repay both app l i ca t ion  and i n t e r e s t  c o s t s  on t h e  assumption t h a t  t h e  coat ing 

is completely e f f e c t i v e  i n  preventing f i r e  damage due t o  t h e  tank car .  ."Just i -  

f i ab le"  cos t  only r e l a t e s  t o  t h e  cos t  t h a t  is economically j u s t i f i a b l e  i n  

comparison with present  condit ions.  J u s t i f i a b l e  cost  is not a funct ion o f  

s o c i a l  consequences nor does it consider  t h e  poss ib le  a l t e r n a t i v e  of the  

increased shipping cos t s .  The ana lys i s  a l s o  app l i e s  f o r  conventional jacketed 

insu la t ion  except t h a t  t h e  savings due t o  t h e  lack o f  add i t iona l  corrosion 

LIFE OF 
THERMAL SHIELD, 

Y RS. 

1 

5 
10 

15 
30 

"JUSTIFIABLE COST." $ 

10% INTEREST 
RATE 

429 
1772 
2850 

3504 
4284 

0% INTEREST 
RATE 

451 
2255 
4510 
6755 

13,530 



pro tec t ion  would not be r ea l i zed .  Conventional jacketed insu la t ion  would then 

only be j u s t i f i e d  if it were l e s s  cos t ly ,  o r  if the  l i f e  o f  t h e  s h i e l d  were 

expected t o  be longer,  o r  i f  the  e f fec t iveness  were g r e a t e r  than f o r  thermal 

s h i e l d  coat ings.  Longer s h i e l d  l i f e  f o r  conventional in su la t ion  has been found 

t o  be obtained when compared with coat ings t e s t e d  t o  da te .  Because t h e  p r a c t i -  

c a l  appl ied  thickness may be g rea te r ,  jacketed insu la t ion  would probably provide 

g r e a t e r  thermal p ro tec t ion  and, the re fo re ,  e f f ec t iveness  more c lose ly  approaching 

100 percent .  For jacketed insu la t ion ,  t h e  b e s t  es t imate  of " j u s t i f i a b l e "  cos t  

a t  100 percent  e f f ec t iveness  would be $2907 f o r  30 years  s h i e l d  l i f e  a t  10 per-  

cent  i n t e r e s t  r a t e .  A t  zero i n t e r e s t ,  the  corresponding value would be $9180. 

Tank Material  Changes 

A change i n  tank mater ia l  was examined as  a poss ib le  so lu t ion  on 

th ree  bases. F i r s t ,  a h igher  s t r e n g t h  tank material  would r e s i s t  puncture more 

e f fec t ive ly .  Second, a change i n  mater ia l  might prevent propagating f a i l u r e s .  

Third, a mater ia l  with more high temperature s t r eng th  would r e s i s t  rupture t o  

a h igher  temperature-pressure l i m i t  and, the re fo re ,  be more e f f e c t i v e  i n  pre- 

venting rupture.  However, t h i s  modif icat ion was found t o  provide only minor 
'' 

benef i t  r e l a t i v e  t o  cos t  compared t o  the  o the r  poss ib le  modifications. 

Safe ty  Relief Valve Modifications 

To prevent tank c a r  rupture  during f i r e  exposure, modified s a f e t y  

r e l i e f  valves could be u t i l i z e d  t o  prevent  excessive i n t e r n a l  tank pressure .  

Increased a r e a  valves and modif icat ions t o  insure  vapor discharge were con- 

s idered  a s  poss ib le  methods of  maintaining tank pressure  a t  l e a s t  a t  t h e  speci -  

f i e d  design pressure  but tanks  could s t i l l  f a i l  a t  t h i s  pressure  ad high tank 

temperatures. The most v iable  valve modification was found t o  be a valve which 

is ac tua ted  by excessive lad ing  temperature and then remains open t o  r e l i e v e  

the  tank pressure  t o  ambient, thereby preventing rupture.  The j u s t i f i a b l e  

cos t  of  a valve system which would be 100 percent e f f e c t i v e  i n  preventing los ses  

from f i r e  exposure would be $2907. Additional s tud ies  a r e  required f o r  de te r -  



mining the  ef fec t iveness  and cos t  of t h i s  system, but it appears t o  have a 

high po ten t i a l  a s  a cost  benef i c i a l  modification. 

Economic S e n s i t i v i t y  

In determining an upper bound consis tent  w i t h  a v iable  service ,  a 

s e n s i t i v i t y  study was performed t o  determine t h e  e f f e c t  o f  increased tank c a r  
cos t  on t h e  del ivered  p r i c e  of the  shipped commodity even if t h e  ca r  modifica- 

t i o n  were not s t r i c t l y  cos t  benef i c i a l .  This study was l imited t o  t h e  shipment 

of LPG a d is tance  o f  approximately 800 miles i n  112A340W type cars .  The conclu- 

s ion  is t h a t  f o r  a tank c a r  carrying only LPG, a 10 percent increase i n  t h e  tank 

c a r  cos t  would produce only an 0.5 percent increase i n  t h e  de l ivered  cos t  of 

LPG. Since LPG is  ~ r o b a b l y  t h e  lowest ~ r i c e d  commodity t o  be shipped i n  t h e  
noninsulated pressure ca r s ,  t h i s  0.5 percent represents  an upper bound on 

p r i c e  increase.  S imi lar  conclusions woudd be obtained f o r  t r i p s  of d i f f e r e n t  

lengths. 

S u ~ p o r t i n g  Studies  

This r epor t  reviews the  thermal research on tank ca r s  t h a t  has been 

conducted a t  Calspan and o t h e r  f a c i l i t i e s .  Improvements have been made i n  the  

Calspan tank c a r  thermal model which was previously developed. The thermal 
model represents  a tank c a r  enveloped by f i r e  e i t h e r  upright  o r  r o l l e d  over a t  

any angle. The tank c a r  geometry i s  described by inputs  f o r  i ts  length, d ia-  

meter, s h e l l  thickness,  number of r e l i e f  valves,  t h e i r  pos i t ion  along the  tank. 

t h e i r  flow area,  discharge c o e f f i c i e n t ,  and the  tilt o r  r o l l  angle from t h e  

v e r t i c a l .  In addi t ion ,  i f  external  insu la t ion  is present ,  it is spec i f i ed  by 

its thickness,  thermal conductivi ty (which may be varied with temperature) and 

the  product of dens i ty  and s p e c i f i c  heat .  

The heat  input  from the  f i r e  is described by inputs  f o r  i ts  tempera- 

tu re ,  emissivi ty,  and the  heat  t r a n s f e r  coe f f i c i en t  f o r  convective heat ing.  

These q u a n t i t i e s  may be var ied  around the  tank. Heat input t o  t h e  lading is 

described f o r  l iqu id  and vapor separa te ly  by a heat t r a n s f e r  coe f f i c i en t .  



Liquid hea t  t r a n s f e r  c o e f f i c i e n t s  a re  computed by equat ions t h a t  represent  

curve f i t s  t o  experimental da t a ,  and a r e  v a l i d  f o r  propane only.  

The model computes hea t  pene t r a t ion  t o  t h e  lading,  which r e s u l t s  i n  

a computed r i s e  i n  temperature of  t h e  ex te rna l  i n s u l a t i o n ,  i f  any, t h e  tank s h e l l ,  

the  vaporized lad ing ,  and t h e  l i q u i d  lading.  In computing t h e  ex te rna l  hea t ing ,  

heat is r e rad ia t ed  t o  t h e  f i r e  a t  increas ing  r a t e ,  and convective heat ing decreases 

a s  t h e  o u t e r  su r face  temperature r i s e s ,  r e s u l t i n g  i n  a reduced hea t  penetra-  

t i o n  t o  t h e  lading.  The s t e e l  of  t h e  s h e l l  is described by burs t  pressure  

t a b l e s  t h a t  a r e  based upon u l t ima te  s t r eng th ,  and a r e  prepared by ca l cu la t ing  

bu r s t  pressure  from simple t h i n  s h e l l  r e l a t i o n s .  The main body of  t h i s  r epor t  

f u l l y  descr ibes  t h e  model and t h e  Appendix includes a program l i s t i n g .  

One-f if th  s c a l e  and f u l l  s c a l e  t e s t s  o f  tank c a r s  exposed t o  f i r e s  

have been conducted by t h e  Naval Ordnance Laboratory and t h e  B a l l i s t i c  Research 

Laboratories .  I n  a l l  of these  t e s t s ,  a f u l l  s i z e  s a f e t y  r e l i e f  valve was used. 

Tl~e  most s i g n i f i c a n t  observat ions made form t h e  da ta  of  these  t e s t s  a r e :  

1. The heat  f l u x  t o  a f u l l - s c a l e  tank from a JP-4 f i r e  was of  
2 t h e  order  of 25,000-35,000 But/:ft h r  t o  t h e  wetted su r face  o r  roughly 4 t imes 

. . . .  , $  :, . . . 

t h a t  assumed i n  t h e  AAR S p e c i f i c a t i o n s f o r  Tank Cars determined from Q = . . .  . ,  . . :., , , .  . . . ,  ; , .  . 
0.82 . . j .  

34.500A . 

2 .  The r e l i e f  valve had i n s u f f i c i e n t  vapor flow capaci ty  t o  l i m i t  

t n e  tank pressure  t o  306 p s i g  a s  required by t h e  s p e c i f i c a t i o n s  o r  t o  below 

t h e  tank t e s t  pressure  (340 p s i g ) .  

3.  Vapor flow r a t e s  of  t h e  valve were about a s  predic ted .  

4 .  A tank f a i l e d  a t  about t h e  pressure-temperature condit ions i n d i -  

ca ted  by un iax ia l  s t r e n g t h  da ta .  

5 .  There was cons iderable  temperature s t r a t i f i c a t i o n  within t h e  

tank before  valve opening. This  caused va lve  opening sooner than f o r  uniform 



temperature condit ions.  Af ter  valve opening, sa tu ra t ion  condit ions general ly 

prevailed.  The thermal model does not  include provision f o r  s t r a t i f i c a t i o n  and 

therefore  does not  c a l c u l a t e  c o r r e c t l y  before valve opening. 

Areas Requiring Further  Research 

Technology p resen t ly  e x i s t s  f o r  building a prototype tank ca r  t h a t  

i s  s u b s t a n t i a l l y  s a f e r  than those p resen t ly  i n  use and t h a t  i s ,  o r  i s  nearly.  

cos t  benef ic ia l .  liead s h i e l d s  could be i n s t a l l e d  t o  reduce punctures and 

jacketed insu la t ion  s i m i l a r  t o  t h a t  on type 105A c a r s  could be used t o  reduce 

q t u r e  of c a r s  exposed t o  f i r e .  However, even more optimal designs could be 

formulated a f t e r  addi t ional  research. The ex te rna l  and i n t e r n a l  e f f e c t s  of a 

tank c a r  have not  been completely defined. I n  p a r t i c u l a r  the  e f f e c t s  o f  high 

heat  f luxes  over small a reas  (torching) have not been determined. Also, t h e  
e f f e c t  of temperature s t r a t i f i c a t i o n  within t h e  lading has not been f u l l y  

assessed. Very l i t t l e  has been experimentally determined r e l a t i v e  t o  s a f e t y  
r e l i e f  valve operat ion while flowing LPG vapor o r  l i q u i d  i n  a s i t u a t i o n  s imi lar  

t o  t h a t  experienced i n  a f i r e .  The ac tua l  valve opera t ional  mode is not known. 

Testing of modified couplers and head sh ie lds  under dynamic condit ions and 

extensive analyses a r e  requi red  t o  f u l l y  assess  t h e i r  performance under 

derailment conditions. The main t h r u s t  of research on thermal s h i e l d  coatings 

should be d i rec ted  t o  evaluat ing  t h e  a b i l i t y  of low cos t  coatings t o  withstand 

ten  years  o r  more of r a i l road  type se rv ice  and s t i l l  be a b l e  t o  provide s ign i -  

f i c a n t  insu la t ion  i f  involved i n  a f i r e .  



I. INTRODUCTION 

Tank c a r s  have been under e f f e c t i v e  Federal regula t ion  s ince  July  1, 

1927, when the  I n t e r s t a t e  Commerce Commission issued a s e t  of spec i f i ca t ions  

f o r  "Tank Cars Handling Explosives, and Other Dangerous Commodities." The 

ca r ,  which on t h i s  da te  became the  ICClOS c l a s s  ca r ,  had been o r i g i n a l l y  speci-  

f i e d  i n  1918 by the  Master Car Builders '  Association (MCBA). 

The tank had an espec ia l ly  heavy construct ion and was developed t o  

t r anspor t  v o l a t i l e  flammable products whose p roper t i e s  were such as  t o  involve 

danger of l o s s  of l i f e  i n  t h e  event of rupture. The outstanding fea tu res  of 

these  c a r s ,  o the r  than t h e i r  rugged mechanical construct ion,  was the  requirement 

t h a t  they have a t  l e a s t  2 inches of insu la t ion  covered by a jacket of 1/8 inch 

th ick  s t e e l .  

In the  ea r ly  1930's. t h e  shipment of l ique f i ed  compressed hydrocarbon 

gases were confined t o  these  s p e c i a l l y  designed tank cars .  The shippers,  however, 

began looking f o r  a tank c a r  designed t o  t h e  c h a r a c t e r i s t i c s  of t h e i r  products. 

A s  a r e s u l t ,  a new c l a s s  of c a r s  was speci f ied ,  I C C  105A200 t h r u  I C C  105A600 

c a r s ,  which allowed minimum p l a t e  thickness, s a f e t y  r e l i e f  valve s tar t - to-discharge  

pressure,  t e s t  pressure,  e t c .  t o  be var ied  d i r e c t l y  with tank design pressure. 

A l l  of these  c a r s  . and i n  p a r t i c u l a r  t h e  105A300, which was t o  t ranspor t  

l ique f i ed  petroleum gas (LPG), s t i l l  requlred a minimum thickness o f  2 inches 

of insulation and the  1/8 inch s t e e l  jacket .  

The d r i v e  f o r  economy led  t o  still another  change i n  these speci f ica-  

t i o n s  about 1960. This  c a r  s p e c i f i c a t i o n ,  f o r  the  112A400W s e r i e s  ca r ,  was an 

outgrowth of t h e  105A400 spec i f i ca t ion  except the  removal of the  requirement 

f o r  insu la t ion .  Concurrently, changes in  o the r  governing spec i f i ca t ions  allowed 

the  removal of expansion domes, s i d e  running boards, and an increase i n  t h e  

allowable weight on t h e  r a i l s .  (Ser ies  114A c a r s  a r e  s i m i l a r  t o  112A ca r s  

except f o r  valving and these  two s e r i e s  of c a r s  w i l l  be t r e a t e d  a s  one.) 

These changes, ac t ing  together ,  allowed c a r  capacity i n  se rv ice  t o  reach f i r s t  



20,000 t o  30,000 gal lons and then on a prototype bas i s  50,000 t o  60.000 gal lons.  

The Department of Transportat ion has s ince  s e t  limits of 34,500 gal lons and 

263.000 pounds t o t a l  r a i l  weight. 

Tank c a r s  carrying flammable ladings have been involved i n  numerous 

accidents  over the  years. P a r t i c u l a r l y  s ince  the  advent o f  c l a s s  112A/114A cars ,  

the  amount of d o l l a r  losses  a s  a r e s u l t  o f  tank ca r  involvement i n  accidents  

have been subs tan t i a l .  The Railway Progress I n s t i t u t e  (RPI) and the  Association 

of American Railroads (AAR) have undertaken a cooperative program t i t l e d  Rail- 

road Tank Car Safe ty  Research and Tes t  Projec t .  The RPI/AAR has determined 

t h a t  t h e r e  were 3853 tank c a r s  damaged i n  2321 accidents  i n  t h e  United S t a t e s  

and Canada during the  s i x  year  period 1965 through 1970: I t  was determined 

t h a t  t o t a l  losses  due t o  mechanical damage of tank c a r s  were more than $23,000,000 

and t o t a l  losses  due t o  f i r e s  from tank c a r  ladings were over $15,000,000. 

(rhese values a r e  not necessa r i ly  add i t ive  because some of t h e  f i r e  losses  

were i n i t i a t e d  by mechanical damage.) The l a r g e s t  accidents  reported were a t  

Laurel, Mississippi ,  January 25, 1969, $7,800,000, and Crescent City, I l l i n o i s ,  

June 21. 1970. $1,900,000. Since t h e  time of t h e  RPI/AAR repor t ,  t he re  have 

been severa l  acc idents  each r e s u l t i n g  i n  losses  o f  mi l l ions  o f  do l l a r s .  

The following sequence of events  t y p i f i e s  an accident  involving a 

tank c a r  with compressed l ique f i ed  gas lading which r e s u l t s  i n  l a rge  d o l l a r  

losses .  During a derailment o r  o t h e r  abnormal occurrence, a tank ca r  is 

punctured and the  lading is subsequently ignited.  The f i r e  causes some damage 

i n  the  surrounding a rea  and heats  one o r  more tank c a r s  t h a t  have remained 

i n t a c t  during t h e  i n i t i a l  accident .  The tank c a r s  t h a t  a r e  heated by t h e  f i r e  

r eac t  a s  follows. A s  t h e  lading increases i n  temperature, it expands and 

tends t o  f i l l  t h e  u l lage  space with l iqu id .  After  t h e  u l lage  space i s  f i l l e d ,  

the  l iqu id  continues t o  expand and fo rces  open the  s a f e t y  r e l i e f  valve with 

which each tank must be equipped. On f u r t h e r  heat ing,  t h e  s a t u r a t i o n  pressure 

of the  lading reaches the  s tar t - to-discharge  pressure of t h e  r e l i e f  valve and 

t h e  l i q u i d  l e v e l  recedes a s  lading is  released.  While t h e  lading is being 

heated, t h e  tank s h e l l  is a l s o  increasing i n  temperature. Because of t h e  low 

heat  t r a n s f e r  coe f f i c i en t  from the  tank s h e l l  t o  gaseous por t ions  of the  lading, 



t h e  por t ions  of the s h e l l  i n  contac t  with gaseous lading increase  i n  temperature 

a t  a f a s t e r  r a t e  than por t ions  of  t h e  s h e l l  i n  contac t  with l i q u i d  lad ing .  I f  

a t  any time during the  heat ing,  the  s t r e s s  i n  the  s h e l l  due t o  i n t e r n a l  pressure ,  

and t o  a  small degree thermal s t r e s s ,  exceeds the  s t r eng th  c a p a b i l i t y  of the  

s h e l l  mater ia l  a t  temperature, t he  tank w i l l  f a i l .  Tank f a i l u r e s  have o f t en  

taken the  form of  la rge ,  r ap id ly  propagating cracks with l a rge ,  near ly  ins tan-  

taneous, r e l ease  of  burning lading. A s  t h e  pressure  i s  re leased ,  la rge  amounts 

o f  lading a r e  converted t o  the  gaseous s t a t e .  The r e s u l t  has been t h a t  por t ions  

of tanks weighing tons  have rocketed hundreds o f  f e e t  with r e s u l t i n g  physical  

des t ruc t ion  and f i r e  spread. Even without rocket ing,  the  a rea  of  damage 

increases  g r e a t l y  when a tank ruptures .  

The Federal Railroad Administration (FRA) of  the  U.S. Department of  

Transportat ion (DOT) has undertaken a research  e f f o r t  t o  improve t h e  s a f e t y  of 

moving hazardous l ique f i ed  compressed gases. Five phases a r e  contemplated with 

t h e  end r e s u l t  being t h e  s p e c i f i c a t i o n  o f  a  sa fe  and economically p r a c t i c a l  

tank ca r .  The broad ob jec t ives  o f  t h e  first phase of  the  research e f f o r t  were 

to: 

1. Provide t h e  bas i s  f o r  def in ing  p r a c t i c a l  and economical s a f e t y  

improvements which can be e i t h e r  r e t r o f i t t e d  toc in-service tank c a r s  o r  incor-  

porated i n t o  t h e  design and manufacture of  new tank ca r s ,  and 

2 .  Define t h e  s a f e t y  research  gaps which must be remedied before 

a  prototype tank c a r  can be designed t o  optimal safety/economic cons idera t ions .  

To c a r r y  on t h i s  e f f o r t ,  a  multiphased program was developed which can be out- 

l i ned  i n  the  following four  ca tegor ies .  

1. Review tank c a r  design spec i f i ca t ions  and codes along with 

opera t ional  procedures t o  determine the  f e a s i b i l i t y  of  changes t o  improve tank 

c a r  sa fe ty .  



2. Thoroughly review the ongoing research programs of the FRA and 

RPI/AAR. 

3 .  Determine those design changes which can be applied either to 

existing cars, as a retrofit item, or incorporated into new car designs and 

which will improve safety on a cost beneficial basis. 

4. Specify those technical areas in which further research sliould 

be accomplished before decisions can be made on the final configuration of the 

prototype tank car. 

The program was later increased to include three specific additional 

tasks. These three tasks are listed below. 

1. Perform a cost/benefit analysis for head shields applied to 112A/ 

114A tank cars. 

2. Review existing practice on design of tank cars and shipment of 

liquid ethylene. Also formulate and investigate the effectiveness of modifica- 

tions to shipping regulations and tank car design specifications. 

3 .  Perform a cost/benefit analysis of thermal shield coatings applied 

to 112A/114A tank cars. Three reports were issued covering these tasks (Ref. 

2. 3, and 4). 

Auxiliary tasks were completed simultaneously with the primary tasks 

listed above. These included: a literature review, a bibliography of which 

can be found in Appendix A, briefings and communications with several organiza- 

tions. 



11. DESIGN AND OPERATIONAL FACTORS 

The purpose of this section is to establish, prior to recommending 

improvements, the effects on load factors of varying tank car design and opera- 

tional parameters. The analysis has been divided into two general areas: 1) 

tank car design factors, and 2) operational aspects related to tank car safety. 

A. Tank Car Design Factors 

When considering design changes for safety, or other considerations, 

it is necessary to review governing factors which may limit the freedom or 

direction of change. Some of the important factors are: 

the physical and chemical properties of the lading; 

structural materials and fabrication technology available 

at reasonable cost; 

physical limitations--dimensional and weight--required to 

operate on the U.S. rail system; 

the operating environment. 

The operating environment will be considered later, while for the 

moment, the discussion will be centered on the physical limitations. 

There is a body of codes, specifications and design practices for 

tank cars. Title 49 of the Code of Federal Regulations, Part 179, contains the 

DOT specifications for tank cars handling hazardous commodities. These regu- 

lations are republished in tariff form (currently as part of R. M. Graziano's 

Tariff #29). Title 49 CFR, Part 179, incorporates by reference, portions of 

the AAR Specifications for Tank Cars. The latter document is also the con- 

trolling standard for tank cars handling non-regulated commodities. By virtue 

of the fact that portions of the AAR Specifications have the status of law, and 

also that many cars have been constructed to AAR Specifications alone under the 



s p e c i a l  permit provis ions  o f  DOT regula t ions ,  t h e  AAR Spec i f i ca t ions  have 

major design inf luence  on ca r s  handling hazardous commodities a s  well. 

The AAR Tank Car Spec i f i ca t ions  incorpora te  by reference  por t ions  

o f  t h e  AAR Spec i f i ca t ions  f o r  Design, Fabricat ion,  and Construction o f  Fre ight  

Cars. The l a t t e r  document (commonly c a l l e d  simply "the Design Manual") contains 

dimensional, weight, and s t r e s s  allowables. 

The Hazardous Materials  Regulation Board o f  t h e  Department o f  Trans- 

po r t a t ion  i s  t h e  channel by which r ev i s ions  t o  the  Hazardous Materials  Regula- 

t i o n s  (49 CFR 170-195), which includes tank c a r  spec i f i ca t ions ,  a r e  promulgated. 

The bulk o f  regula ted  commodities shipped by tank ca r s  move i n  four  

c l a s s e s  o f  cars: 

103 - "non-pressure" service--expansion dome, f u l l  underframe 

111 - "non-pressure" service--domeless, majori ty s t u b - s i l l  

105 - pressure serv ice- - insula ted ,  f u l l  underframe 

112 and 114 - pressure  service--non-insulated, s t u b - s i l l  

In t e n s  of recent  cons t ruc t ion ,  t h e  111 and 112 s e r i e s  c a r s  predomi- 

nate.  The 112 s e r i e s  ca r s  have been involved i n  most of the  very high cos t  

acc idents  and have the re fo re  received t h e  majori ty o f  a t t e n t i o n  with respect  

t o  adequacy o f  design. 

O f  t he  p o t e n t i a l  s a f e t y  improvements which have been considered f o r  

appl ica t ion  t o  tank ca r s ,  thermal s h i e l d s ,  head sh ie lds ,  and modified couplers  

have been o f  p a r t i c u l a r  i n t e r e s t .  Examining some o f  t h e  design cons t r a in t s  t h a t  

must be considered, we w i l l  first consider  capaci ty  limits, both volume and 

weight. 

Figure 1 i l l u s t r a t e s  volume and weight l i m i t a t i o n s  by c a r  c l a s s  and 

lading.  In addi t ion  t o  general r e l a t i o n s h i p s ,  s p e c i f i c  examples o f  indiv idual  

c a r s  s e l e c t e d  from t h e  Railway Equipment Register  o r  the  Car and Locomotive 



CAR CAPACITY I N  THOUSANDS OF POUNDS 
IGROSSRAIL LOADLIMIT LESS LIGHT *EIGHT OF CAR 

OR LIMIT IMPOSED BY AUTHORIZED FILLING DENSITY OF LADlhO! 

Figure 1 TANK CAR VOLUME AND WEIGHT LIMITATIONS BY CAR CLASS AND LADING 



Cyclopedia, t yp ica l  of a c a r  c l a s s ,  a r e  p l o t t e d .  F i l l i n g  dens i ty  i s  expressed 

a s  the  percent  o f  t h e  weight o f  a f u l l  c a r  o f  water t h a t  may be loaded. 

P r inc ipa l  bounding condit ions f o r  both weight and volume o f  c a r s  b u i l t  

a f t e r  November 1970 handling regulated commodities a r e  the  l ega l  requirements 

imposed by 49 CFR 179.13. This paragraph s t a t e s  t h a t  a volume l i m i t a t i o n  o f  

34,500 ga l lons  and a gross weight on r a i l  of 263.000 lbs .  apply. These boundaries 

appear i n  Figure 1. The e f f e c t  o f  t h e  gross weight r e s t r i c t i o n  i n  terms of . 

cargo car ry ing  capaci ty  f o r  s t e e l  c a r s  i s  approximated by t h e  l i n e  i d e n t i f i e d  

a s  " typica l  range o f  c a p a c i t i e s  f o r  s t u b - s i l l  non-pressure c a r s  with 100-ton 

trucks." (Nominal 100-ton t rucks  have a gross  load l i m i t  of 263,000 lbs ;  see  

Figure 1 f o r  o the r  t rucks.)  Heavier wal ls  f o r  pressure  ca r s  would r e s u l t  i n  

a s l i g h t  s h i f t  i n  t h i s  l i n e  towards reduced capaci ty ,  with t h e  s lope of t h e  

l i u e  unchanged ( f o r  c i r c u l a r  c ross  sec t ions ) .  

B. Capacity Limitations f o r  Aon-Pressure Cars 

Referr ing again t o  Figure 1, observe t h e  i n t e r c e p t s  of t h e  l i n e s  

i d e n t i f i e d  "Acetone" and "Ethylene Di-Chloride" with t h e  previously described 

"Typical Range . . . 100 ton-trucks" l i n e .  Ethylene d i -chlor ide  i s  a mater ia l  

r ep resen ta t ive  o f  t h e  h ighes t  dens i ty  l iqu ids  handled by tank ca r s .  Acetone 

is t y p i c a l  i n  terms of dens i ty  of a broad range of hydrocarbon l i q u i d s  handled 

by tank car ,  and rep resen ta t ive  of one o f  the  lower dens i ty  ma te r i a l s  hauled. 

Therefore, v i r t u a l l y  a l l  regula ted  commodities handled i n  111 s e r i e s  c a r s  a r e  

sharply  weight l imi t ed  r a t h e r  than volume l imi ted .  Cars b u i l t  w i l l  t y p i c a l l y  

have a volumetric capaci ty  y ie ld ing  c lose  t o  t h e  gross r a i l  load l i m i t  when 

f i l l e d .  Therefore, r e t r o f i t  programs f o r  e x i s t i n g  111 s e r i e s  c a r s  requi r ing  

s u b s t a n t i a l  s t r u c t u r e s  would l i k e l y  r e q u i r e  reductions i n  cargo volume t o  

accommodate e x t r a  weight, an economic penal ty  which would have t o  be taken 

i n t o  account. 

There a r e  a number o f  111 s e r i e s  c a r s  i n  operat ion with 125-ton t rucks  

(highest  capaci ty  4-wheel t ruck) ,  and some with 150-ton 6-wheel t rucks ,  o r  8- 

wheel span-bolster  arrangements. These c a r s  were e i t h e r  i n  s e r v i c e  before 



November 1970 and/or were designed f o r  non-regulated commodities. They a r e  

products of the  d r ive  f o r  economics associa ted  with higher  u n i t  loadings. 

Reductions i n  cargo volumes would a l s o  apply t o  new 111 s e r i e s  c a r s  

incorporat ing weight addi t ions .  This reduction could not be o f f s e t  by f ab r i ca -  

t i n g  t h e  c a r s  of s t ronger  mater ia ls .  These ca r s  p resen t ly  approach c r i t i c a l  

buckling limits; the re fo re ,  increased t e n s i l e  p roper t i e s  would be of l imi ted  

value. Note t h a t  we a r e  not  ind ica t ing  t h a t  reductions i n  cargo volume would 

be, by d e f i n i t i o n ,  economically untenable. The e f f e c t  must be considered, 

however. 

Design changes involving moderate changes i n  physical  dimensions 

would not i n  general  prove a ser ious  problem with non-pressure ca r s .  This i s  

discussed i n  f u r t h e r  d e t a i l  l a t e r .  

C.  Capacity Limitations f o r  Pressure Cars 

Vinyl chlor ide ,  anhydrous ammonia, and l ique f i ed  petroleum gas (LPG)., 

e.g.. propane, c o n s t i t u t e  t h e  t h r e e  p r i n c i p a l  hazardous commodities handled i n  

llZA/114A s e r i e s  pressure  cars .  Examining Figure 1, we f ind  t h a t  ammonia and 

propane a r e  s i g n i f i c a n t l y  volume l imited.  Therefore, weight addi t ion  f o r  r e t r o -  

f i t  o r  new c a r  design would not e f f e c t  u n i t  volume c a r r i e d  on these  commodities. - 
Vinyl chlor ide ,  on t h e  o the r  hand, is severe ly  weight l imi ted  by t h e  100-ton 

t ruck  r e s t r i c t i o n .  A pre-1970 llZA340W c a r  with 125-ton t rucks  was l imi ted  t o  

a gross load l i m i t  of 315.000 lbs ,  whereas new vinyl  ch lo r ide  c a r s  a r e  r e s t r i c t e d  

t o  263,000 lbs .  That is, a new 112A340W c a r  f o r  v inyl  ch lo r ide  would be required 

t o  ca r ry  52,000 lbs .  l e s s  v inyl  ch lo r ide  than a pre-1970 llZA340W c a r  with 125- 

ton  trucks.  Therefore, t h e  economics of car ry ing  v inyl  ch lo r ide  i n  112 c a r s  

has a l ready been s t rongly  s h i f t e d ,  even without considering design changes. In 

t n e  case  of v inyl  ch lor ide ,  a v i a b l e  a l t e r n a t i v e  c a r  design is cur ren t ly  ava i l -  

ab le  i n  the  o l d e r  105AZOOW configurat ion.  In t h e  105A200W, a l a r g e r  por t ion  of 

t h e  volume could be u t i l i z e d  without exceeding the  263.000 l b .  gross load l i m i t .  

No cu r ren t  proposals f o r  design changes o r  r e t r o f i t  programs would have anything 

l i k e  the  e f f e c t  of a 26-ton reduction i n  payload. 



Although adding weight, fo r  example in  the form of head shields,  t o  

ll2A/114A cars used in  LPG and/or ammonia service does not present a serious 

problem, dimensional l imitations could be a serious factor  with regard t o  the 

addition of some form of thermal shielding over the shel l  area. Inspection of 

the basic dimensional constraints required t o  operate on the United States  r a i l -  

road system and comparing them with the diameter-length-volume relationships 

tha t  apply t o  tank cars  brings t h i s  into  sharper focus. 

Rail cars bu i l t  conforming t o  Plate "B" l imiting dimensions of the 

AAR Design Manual may operate in  unrestricted interchange service. New tank 

cars are  fabricated t o  f a l l  within the Plate  "B" l imiting dimensions o r  the 

more generous limiting out l ine  of Plate "C" fo r  res t r ic ted  interchange service. 

Figure 2 shows the basic Plate "C" l imiting out l ine  for  r a i l  cars. Cars fab- 

r icated t o  Plate "C" dimensions can operate on approximately 95 percent of U.S. 

r a i l  mileage. Figure 3, ident i f ied as  Plate C-1,  defines reductions in  maximum 

car  width required for  cars  with truck centers longer than those of the "base" 

cat. This is t o  accommodate swingout of the center of the  car on curves, which 

otherwise could foul adjacent s t ructures  o r  track.  Plate "D" of the design 

manual, not shown, is u t i l i zed  t o  es tabl ish limits for  car  end overhang. The 

l a t t e r  is not usually a controll ing factor  i n  tank car  design. The maximum 

width reduction f o r  increased truck centers (hence, longer cars) is very 

important, however. 

Figure 4 plots  the  volume of a one-foot longitudinal segment.of a 

tank car  she l l  as a function of she l l  diameter. Intercepts are shown indicating 

the approximate maximum car  length t h a t  can be b u i l t  fo r  a given diameter. We 

w i l l  discuss extreme width res t r ic t ions  for  long cars  i n  more d e t a i l  a f t e r  

reviewing ll2A/114A se r i e s  car  designs currently i n  existence. 

I n i t i a l  l l 2 A  s e r i e s  cars were of what is commonly referred t o  as  a 

"whalebelly" design, with the larger  diameter center section eccentric t o  the  

end tubs. Subsequent revision of the AAR design manual permitting higher cen- 

t e r s  of gravity for  loaded cars  allowed construction of 112A se r i e s  cars with 

a constant c i rcu la r  cross section. This design, sometimes referred t o  as the  



FOR SPECIFIC RESTRICTED AREAS SEE "RAILWAY LINE CLEARANCES 

LIMIT CAR CONDITIONS 

CARS MAY BE CONSTRUCTED TO AN EXTREME WIDTH OF 10'4" 
AND TO THE OTHER LIMITS OF THIS DIAGRAM WHEN TRUCK 
CENTERS DO NOT EXCEED 46'3" AND WHEN, WlTH TRUCK 
CENTERS OF 46'-3". THE SWINGOUT AT ENDS OF CAR DOE% 
NOT EXCEED THE SWINGOUT AT CENTER OF CAR ON A 13 
CURVE, A CAR TO THESE DIMENSIONS IS DEFINED AS THE 
BASE CAR. 

WHEN TRUCK CENTERS EXCEED 46'.3" CAR WIDTH FOR 
ENTIRE CLEARANCE OUTLINE SHALL BE REDUCED TO 
COMPENSATE FOR THE INCREAgED SWINGOUT AT CENTER 
AND/OR ENDS OF CAR ON A 13 CURVE SO THAT THE 
WIDTH OF CAR SHALL NOT PROJECT BEYOND THE 
CENTER OF TRACK MORE THAN THE BASE CAR. 

MAXIMUM CAR WIDTHS FOR VARIOUS TRUCK CENTERS. AT CENTER 
OF CAR, ARE SHOWN ON PLATE C.1. MAXIMUM CAR WIDTH AT 
LOCATIONS OTHER THAN CENTER OF CAR ARE SHOWN ON 
PLATE D. 

CARS WlTH RAIL LOADS IN EXCESS OF 66,750 LBS. PER 
AXLE CANNOT BE OPERATED IN  UNRESTRICTED INTERCHANGE. 
HOWEVER, THEY MAY BE PERMITTED UNDER CONTROLLED 
CONDITIONS WHERE SPECIAL AGREEMENT HAS BEEN REACHED 
BETWEEN PARTICIPATING RAILROADS TO SO HANDLE. 

N 
4 

I r L  

THE 2.314" ABOVE TOP OF RAIL IS ABSOLUTE MINIMUM 
UNDER ANY AND ALL CONDITIONS OF LADING, OPERATION, 
AND MAINTENANCE. 

Figure 2 - EQUIPMENT DIAGRAM FOR LIMITED INTERCHANGE SERVICE 
(WILL CLEAR OVER 95% OF TOTAL MILEAGE) STANDARD 
PLATE C 
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Figure 3 - NOTE: FOR USE WlTH PLATE "C"- PLATE C-1 
MAXIMUM WIDTH OF CARS WlTH VARIOUS TRUCK CENTERS STANDARD 
ASSOCIATION OF AMERICAN RAILROADS MECHANICAL DIVISION 
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128" ABSOLUTE WIDTH LIMIT FOR RAIL CARS 
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CAPACITY I N  GALLONS PER FOOT OF LENGTH 

Figure 4 - VOLUME OF TANK CAR CIRCULAR SEGMENT PER FOOT OF LENGTH 



"hot dog" configurat ion permits economies i n  f ab r i ca t ion .  These two bas ic  

designs need t o  be considered i n  any r e t r o f i t  program. Taking one p a r t i c u l a r  

c a r  of each type, we can examine the  problem of  adding a thermal sh ie ld .  

Example One: GATX 112A340W - "whalebelly" 

Length over s t r i k e r s :  64'8-1/2" 

O.D. o f  end sec t ions :  -106" 

O.D. of mid sect ion:  -120" 

Truck centers :  53'9-1/2" 

Taking our l imi t ing  dimension from P l a t e  C-1  (Figure %,we f ind  t h e  

extreme width l i m i t  is 123". Therefore, only 1-1/2" maximum thickness is 

ava i l ab le  a t  t h e  hor izonta l  mid-line o f  the  ca r  f o r  applying a thermal sh ie ld .  

Referring t o  Figure 2, l i t t l e  problem e x i s t s  with respect  t o  t h e  remainder of 

t h e  c a r  ou t l ine .  

Example Two: GATX 112A340W - "hot dog" - 33.500 gal lon 

Length over s t r i k e r s :  63'4" 

Outside diameter: -120-1/4" 

Truck centers:  52'4-1/2" 

From Figure 3, we determine the  maximum width allowable t o  be 124". 

Therefore, approximately 1-7/8 inches th ickness  i s  ava i l ab le  f o r  a thermal sh ie ld  

a t  t h e  l ~ o r i z o n t a l  mid-line f o r  a c a r  designed according t o  P l a t e  C. To conform 

t o  the  l imi t ing  dimensions of P la t e  B,  l e s s  than 0.5 inch of thermal s h i e l d  

would be a v a i l a b l e  f o r  t h i s  car .  I t  should be noted t h a t  t h e r e  a r e  va r i a t ions  

from bu i lde r  t o  bui lder ,  and i n  groups of c a r s  from a given bui lder .  Therefore, 

t he  dimensions given can be considered typ ica l ,  but not absolute.  

Considering new c a r s ,  one could pos tu la t e  a reduction i n . s h e l 1  diameter 

t o  accommodate a thermal s h i e l d ,  p lus  an increase  i n  length i n  an attempt t o  

hold t h e  u n i t  volume equal t o  current  design. From Figure 4 we can determine 

t h a t  a reduction o f  one inch i n  diameter requi res  over a foot  of add i t iona l  



l ength  t o  maintain volume. Unfortunately, however, a s  we extend t h e  length,  

we can see from Figure 3 t h a t  t h e  allowable outs ide  diameter of  t h e  c a r  must 

be reduced of  t h e  order  of  0.8 inch i n  diameter per  foot  of added length i f  

t ruck  pos i t i on  r e l a t i v e  t o  the  end of t h e  c a r  is considered cons tant .  There- 

f o r e ,  t h e  lengthening technique i s  not  v i a b l e  a s  a means of  securing space f o r  

thermal sh i e ld ing  given a c i r c u l a r  c ross  sec t ion .  

Non-circular c ros s  sec t ions  have been u t i l i z e d  i n  pas t  experimental 

app l i ca t ions  t o  secure very l a rge  c a p a c i t i e s  i n  pressure  c a r s ,  but  t h e  f ab r i ca -  

t i o n  technique is more expensive. Iiowever, a scheme of  non-c i rcu lar  i n su la t ion  

while maintaining t h e  same c i r c u l a r  tank i s  discussed below which e l iminates  

much of  the  added expense of  non-circular  c ross-sec t ions  but  provides s i g n i f i -  

cant i n su la t ion  pro tec t ion .  

To maintain c a r s  t o  approximately t h e i r  present  mid-plane dimension 

while providing s i g n i f i c a n t  i n su la t ion  p ro tec t ion  r equ i re s  t h a t  t h e  i n s u l a t i o n  

be of  non-c i rcu lar  geometry. A poss ib l e  conf igura t ion  i s  shown i n  Figure 5. 

Away from the mid-plane of  t h e  ca r ,  it would be poss ib l e  t o  increase  t h e  insu- 

l a t i o n  th ickness  a t  t h e  s i d e s  because of t h e  decreased swingout. For example, 

a t  t h e  t ruck  cen te r s  of t h e  "hot dog" c a r  described above, about 9 inches of  

th ickness  a re  a v a i l a b l e  f o r  i n su la t ion .  However, it i s  assumed t h a t  t h e  d i f f i -  

c u l t y  of forming t h e  complex shape requi red  t o  obta in  maximum allowable insu- 

l a t i o n  th ickness  e l iminates  a conf igura t ion  with varying cross-sec t ions  from 

cons idera t ion .  

For a c a r  of  uniform cross-sec t ion  a s  shown i n  Figure 5, ca l cu la t ions  

ind ica t e  t h a t  1 inch of  i n s u l a t i o n  with a thermal conduct iv i ty  o f  0.1 Btu/hr 

f t O ~  would be s u f f i c i e n t  t o  reduce t h e  hea t  input  t o  t h e  t a n k  s o  t h a t  t h e  present  

valve (as  s p e c i f i e d  f o r  an uninsula ted  car )  would have s u f f i c i e n t  flow capaci ty  

t o  prevent  pressure  buildup i n  a tank during a f i r e .  The in su la t ion  would a l s o  

have the e f f e c t  of tending t o  prevent high tank wall temperatures i n  a reas  i n  

contac t  with the  vapor space. 



JACKET, 11 GAGE 
(MANUFACTURERS' STANDARD 
GAGE, 0.1196 IN.) 

INSULATION 

\ 

Figure 5 POSSIBLE INSULATION TECHNIQUE FOR 33.500 GALLON 112A 
TANK CARS WITHOUT INTERNAL VOLUME REDUCTION 



D. Materials  of Construction 

Although mater ia ls  of cons t ruc t ion  a r e  discussed i n  more d e t a i l  e l s e -  

where i n  t h i s  r epor t ,  it i s  appropriate  t o  have a capsule discussion regarding 

some items of current  p r a c t i c e  with respect  t o  design l imi t a t ions .  

The majori ty of new pressure  tank c a r s  a r e  ~ 0 n S t ~ c t e d  o f  TC-128 

s t e e l ,  a carbon-manganese s t e e l  s i m i l a r  i n  spec i f i ca t ion  t o  ASTM A612. A 

t y p i c a l  s t e e l  f o r  111 s e r i e s  c a r s  would be t h e  l e s s  c o s t l y  (by approximately 

15 percent) A515 Grade 70. The bas ic  t e n s i l e  and y i e l d  s t r eng th  p roper t i e s  of 

these s t e e l s  approach t h e  maximum t h a t  can be e f f e c t i v e l y  u t i l i z e d  i n  s t u b - s i l l  

design f o r  t h e  respect ive  pressure l e v e l s  involved. T h i s  i s  due t o  buckling 

being a con t ro l l ing  f a c t o r .  Therefore, r e l a t i v e l y  l i t t l e  i s  t o  be gained from 

the  s t r eng th  standpoint i n  considering spec ia l  a l loys  o r  o the r  metals.  In 

terms of high temperature p roper t i e s ,  gains can be made with s u b s t i t u t i o n s  of 

o the r  metals o r  a l loys .  Using i n s u l a t i o n ,  however, i s  more a t t r a c t i v e  from the  

s tandpoint  of performance and probably economics. A major bene f i t  from 

insu la t ion  is  l imi t ing  heat  input i n t o  a c a r ,  hence l imi t ing  s a f e t y  r e l i e f  

requirements f o r  r e l ease  o f  hazardous contents .  

Low temperature p roper t i e s  can be improved, considering both cu r ren t ly  

used s t e e l s ,  o r  s u b s t i t u t e  a l l o y s .  Normalizing TC-128 t o  improve low tempera- 

t u r e  p roper t i e s ,  now only required f o r  l i q u i d  carbon dioxide se rv ice ,  would add 

approximately $600 t o  ll2A340W c a r  cos t  ( s h e l l  and head). 

A p o t e n t i a l  s u b s t i t u t e  s t e e l ,  a low carbon-manganese, molybdenum, 

columbium a l l o y  developed o r i g i n a l l y  fo r  a r c t i c  p ipe l ines ,  has excel lent  low 

and high temperature p roper t i e s ,  and has good weldabi l i ty .  This  material  

would add approximately $3000 t o  t h e  cos t  of a 112A340W car .  Cost /benefi t  

r e l a t ionsh ips  a r e  developed i n  Sect ion IIIE. 

E. Operational Aspects Related t o  Tank Car Safe ty  

We have previously discussed a number of equipment r e l a t ed  f a c t o r s  



of importance t o  tank car  safety. Turning now t o  some of the operational factors,  

we w i l l  f i r s t  review br ie f ly  r a i l  accident history. 

In the decade of the 1960's division of accidents by causes, consider- 

ing only negligence of employees, defects i n  equipment, and defects or improper 

maintenance of way and s t ructures  was approximately: 

Negligence: 38% 

Equipment: 42% 

Maintenance of Way: 20% 

In recent years the maintenance of way related accidents have increased. 

Consider the 1972 derailment history of the s t a t e  of Iowa as a microcosm of the 

national problem. There were 346 reportable derailments i n  1972, an increase 

of 120 over 1971 (Reference 5). Equipment fa i lures  accounted for  approximately 

22 percent of the derailments and 30 percent of the damage. Failures re la ted 

t o  maintenance of way and s t ructure  accounted for  52 percent of the derailments 

and 59 percent of the t o t a l  damage. Four railroads account for  the majority 

of ton-miles hauled in  Iowa, the Rock Island (CRIGP). Northwestern (C&NlV), 

Milwaukee (CMSt.P&P) and the Burlington Northern. Reported derailments f o r  

each i n  1972, as  reported i n  the Federal Annual Summary of Railroad Accidents 

Bulletin, are  as  follows: 

Inasmuch as the amount of ton-miles hauled per year i s  of the same 

order for  these railroads,  it appears t ha t  factors other than ton-miles 

governed the reportable derailments. I t  is also of in te res t  t o  note tha t  BN 

for  which the fewest derailments are  a t t r ibuted is the most prosperous of the 

four. 

" " S u m m a r y o f  Accidents on Railroads i n  the United States," Inter- 
s t a t e  Commerce Commission. Calendar years 1960-1969. 
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The p o i n t  o f  t h e  d i s cus s ion  i s  t h a t  de ra i lment  must be  cons idered  a 

p a r t  o f  t h e  tank car environment,  and t h a t  t h e r e  i s  l i t t l e  reason  t o  expect  

immediate r e l i e f  from t h e  problem, as it i s  mu l t i - f a ce t ed .  Changes i n  t ank  

c a r  des ign  t o  ame l io r a t e  t h e  e f f e c t s  o f  an acc iden t  have been d i scussed .  Such 

changes r e q u i r e  s u b s t a n t i a l  l eng th s  o f  time t o  implement. Many o p e r a t i o n a l  

changes,  on t h e  o t h e r  hand, could be implemented r a p i d l y .  A s  wi th  equipment 

a l t e r a t i o n s ,  t h e  ques t i ons  a r e  how e f f e c t i v e  w i l l  t h e  change be,  and what w i l l  

it c o s t .  

Two obvious areas o f  o p e r a t i n g  p r a c t i c e  t o  be  examined are speed and 

spac ing .  The p o s i t i o n  o f  t h e  Assoc ia t ion  o f  American Ra i l roads  (AAR) has  been 

adamant a g a i n s t  imposed speed r e s t r i c t i o n s  f o r  t r a i n s  c a r r y i n g  hazardous commo- 

d i t i e s  by tank  car. S i m i l a r l y ,  t h e y  have opposed r e g u l a t i o n s  w i th  regard  t o  

spac ing  o f  t ank  cars c a r r y i n g  hazardous commodities w i th in  a t r a i n .  T h e i r  

ob j ec t i ons  have been two-fold:  (1) adopt ion  would i n c r e a s e  hazard r a t h e r  t han  

decrease  it, and (2) adopt ion  would be c o s t l y .  Page f i v e  o f  Reference 6 

develops  some o f  t h e  arguments t h e  AAR has  made i n  t h e  p a s t .  A more r ecen t  

communication t o  t h e  NTSB from t h e  AAR r e l a t i v e  t o  ra i l  s a f e t y  i s  given i n  

Reference 7.  Examination o f  AAR o b j e c t i o n s  l e a d s  t o  t h e  conc lus ion  t h a t  many 

arguments t o  t h e  e f f e c t  t h a t  hazard would be i nc r ea sed  l a c k  v a l i d i t y .  On t h e  

o t h e r  hand, t h e r e  i s  cons ide r ab l e  suppor t  f o r  t h e i r  a s s e r t i o n s  w i th  r e s p e c t  

t o  c o s t s .  Before de lv ing  f u r t h e r  i n t o  t h e s e  p o i n t s ,  a review o f  e x i s t i n g  

r e g u l a t i o n s ,  both  vo lun t a ry  and mandatory, wi th  r ega rd  t o  speed and spac ing ,  

is i n  o rder .  

The Assoc ia t ion  of American Ra i l r oads ,  p r i n c i p a l l y  through t h e  Bureau 

of  Explos ives  (B of  E ) ,  i n d i v i d u a l  r a i l r o a d s ,  and t h e  Federa l  Government have 

promulgated a g r e a t  d e a l  o f  r e g u l a t i o n s  w i t h  r e s p e c t  t o  packaging, l a b e l i n g ,  

load ing  and unloading p r a c t i c e s  f o r  hazardous commodities. Over t h e  road  

ope ra t i ng  p r a c t i c e s  have been p r i n c i p a l l y  t h e  p rov ince  o f  t h e  i n d i v i d u a l  rai l-  

roads ,  however. Some Federa l  Regula t ions  e x i s t  i n  t h i s  area, many der ived  from 

B o f  E recommendations. They are conta ined  i n  49 CFR 174. Excerp t s  from t h e s e  

r e g u l a t i o n s  a p p l i c a b l e  t o  t ank  car t r a n s p o r t  a r e  appended. Of p a r t i c u l a r  i n t e r e s t  

i s  Paragraph 174.589. ( i )  and ( j ) ,  cover ing  p o s i t i o n  i n  t r a i n s  o f  p lacarded  

loaded t ank  cars. 
2 7  



" ( i )  Posi t ion i n  t r a i n  of loaded placarded tank car .  In a f r e i g h t  
t r a i n  o r  a mixed t r a i n ,  except a t r a i n  Consisting e n t i r e l y  o f  placarded loaded 
tank c a r s  and a s  provided i n  paragraph (j)  of t h i s  sec t ion ,  a placarded loaded 
tank c a r  s h a l l  when t h e  length of t h e  t r a i n  permits,  be not  nearer  than the  
s i x t h  c a r  from t h e  engine, occupied caboose o r  passenger car.  

(1) When the  length of the  f r e i g h t  t r a i n  o r  mixed t r a i n  w i l l  not 
permit it t o  be so  placed, it s h a l l  be not nearer  than the  second c a r  from the  
engine, occupied caboose o r  passenger car .  

(2) When t ranspor ted  i n  a f r e i g h t  t r a i n  engaged i n  "pickup" o r  
"setoff l l  serv ice ,  a placarded loaded tank c a r  s h a l l  be not  nearer  than t h e  
second c a r  from both engine o r  occupied caboose. 

( j )  Separating loaded tank ca r s  placarded "Dangerous" from o t h e r  
ca r s  i n  t r a i n s .  In a f r e i g h t  t r a i n  o r  mixed t r a i n  e i t h e r  s tanding o r  during 
t r anspor ta t ion  thereof,  a placarded loaded tank c a r  must not  be handled next 
to: 

(1) Occupied passenger c a r ,  o the r  than ca r s  occupied by gas handlers 
and authorized personnel accompanying shipment. 

(2) Occupied combination ca r ,  o the r  than c a r s  occupied by gas.handlers 
and authorized personnel accompanying shipment. 

(3) Any c a r  placarded "Explosives." 

(4) Engine o r  occupied caboose, (except when t r a i n  cons i s t s  only 
of placarded loaded tank cars) .  

(5) Any c a r  placarded "Poison Gas" o r  "Flammable Poison Gas." 

(6) Wooden under-frame c a r  (except on narrow gauge ra i l roads ) .  

(7 )  Loaded f l a t  ca r ,  o t h e r  than s p e c i a l l y  equipped ca r s  i n  t r a i l e r -  
on- f l a t - ca r  se rv ice  o r  f l a t  ca r s  loaded with automobiles, t rucks,  o r  t r a i l e r  
bodies which a r e  secured by means o f  a device o r  devices designed and perman- 
e n t l y  i n s t a l l e d  on t h e  f l a t  c a r  f o r  t h a t  purpose and of a type general ly 
accepted f o r  handling i n  interchange between ra i l roads .  (Note: F l a t  c a r s  
equipped with permanently a t tached ends of r i g i d  construct ion s h a l l  be con- 
s idered  a s  open-top cars .  See subparagraph (8) of t h i s  paragraph.) 

(8) Open-top c a r  when any of t h e  lading protrudes beyond the  c a r  
ends o r  when any o f  the  lading extending above t h e  c a r  ends i s  l i a b l e  t o  s h i f t  
so  a s  t o  protrude beyond t h e  c a r  ends. 

(9) Car, t r a i l e r s  o r  t ruck bodies on f l a t  c a r  with automatic r e -  
f r i g e r a t i o n  o r  heat ing apparatus i n  operat ion;  car ,  t r a i l e r s  o r  t ruck bodies 
on f l a t  c a r  with open-flame apparatus i n  se rv ice  o f  with i n t e r n a l  combustion 
engines i n  operat ion.  



(10) Car, t r a i l e r s  o r  t ruck  bodies on f l a t  c a r  containing l igh ted  
hea te r s ,  s toves  o r  l an te rns  except when c a r  i s  occupied by gas handlers  o r  
au thor ized  personnel accompanying shipment. 

(11) Car loaded with l i v e  animals o r  fowl, occupied by in at tendant ."  

The mechanism by which r a i l r o a d  employees a r e  informed o f  these  regula t ions  is  

usua l ly  a s  p a r t  of  t h e  Operating Rules, o r  as  Specia l  In s t ruc t ions  issued i n  

General Bu l l e t in s .  Seldom is t h e  s t a t u t o r y  na ture  of  t h e  requirement s t a t e d .  

There a r e  no speed r e s t r i c t i o n s  by t h e  Federal Government d i r e c t e d  

s p e c i f i c a l l y  t o  tank c a r  t r anspor t  of  hazardous commodities. Some indiv idual  

r a i l r o a d s  have adopted speed r e s t r i c t i o n s  with regard t o  hazardous commodities. 

The Southern Railway, f o r  example, has r e s t r i c t e d  t h e  speed o f  convoy shipments 

of LPG. The Det ro i t .  Toledo, and Ironton forb id  movement of hazardous commodities 

i n  112A/114A s e r i e s  c a r s  without s p e c i a l  au tno r i ty  from sen io r  management. 

Let u s  examine some r e l a t i o n s h i p s  between derailment and speed. The 

AAR. has s t a t e d  t h a t  "no causa l  r e l a t i o n s h i p  e x i s t s  between h igher  authorized 

speeds and derailments." This  is a  moot po in t  with r e spec t  t o  p a r t  of  our 

d iscuss ion ,  s i n c e  our primary i n t e r e s t  is i n  t h e  r e l a t i o n s h i p  between t h e  

s e v e r i t y  of damage and speed given a  derai lment .  Severe damage and l o s s  of 

s h e l l  i n t e g r i t y  is gene ra l ly  a s soc ia t ed  with those  c a r s  which have a c t u a l l y  

l e f t  t h e  r a i l s .  Examination of a c t u a l  derai lments  and computer s imulat ions 

performed a s  p a r t  of  t h e  RPI/AAR Tank Car Study (Reference 8) show an approxi- 

mately l i n e a r  increase  i n  number of  c a r s  d e r a i l e d  with increas ing  speed over  

t y p i c a l  opera t ing  ranges between 20 and 50 mph. Considering i n t e n s i t y  of 

s t r e s s  f i e l d s  a s  a  funct ion  of  speed, it is c l e a r  t h a t  impacts of  d e r a i l i n g  

c a r s  with s t a t i o n a r y  ob jec t s  w i l l  c e r t a i n l y  be worse with increas ing  c a r  speed. 

Considering damage p o t e n t i a l  a s  a  funct ion  of  k i n e t i c  energy, t h e  p o t e n t i a l  

would r i s e  a s  t h e  square of  t h e  ve loc i ty .  The magnitude of  fo rces  involved 

with impacts between d e r a i l i n g  c a r s  moving a t  d i f f e r e n t i a l  v e l o c i t i e s  would 

not  be expected t o  be a  s t rong funct ion of  i n i t i a l  speed of  t h e  t r a i n  a t  t h e  - 
moment of derailment.  These forces  would appear pr imar i ly  a s  t h e  r e s u l t  of  

dece le ra t ions  due t o  f r i c t i o n  between t h e  c a r  and ground, with f r i c t i o n  co- 

e f f i c i e n t s  being r e l a t i v e l y  independent of  ve loc i ty .  On t h e  o ther  hand, t h e  



time over which these forces would ac t ,  hence time over which damaging events 

a re  l ike ly  t o  occur, is strongly dependent upon i n i t i a l  speed. The evidence 

t ha t  these forces are capable of viola t ing the  i n t eg r i t y  of a tank is ample. 

I t  is interes t ing t o  note i n  Reference 6, page 5, the  AAR s t a t e s  t ha t  ". . . 
speed reductions i n  open country introduce increased accident exposure through 

adjustment of slack,  poss ib i l i ty  of break-in-two, hot wheels and car  f i r e s  from 

increased braking requirements." This statement is l i t e r a l l y  t rue ;  however, 

t h e i r  apparent equating of "speed reductions" t o  "speed res t r ic t ions"  is with- 

out foundation. The necessity of speed reductions is more common with re la t ive ly  

high speed operations t o  accommodate such things a s  local  changes i n  p rof i le ,  

curvature, crossovers, r e s t r i c t i v e  signal indications, e tc .  while proceeding 

through a par t i cu la r  operating t e r r i t o ry .  On the  other hand, the  choice of a 

more moderate peak operating speed can permit near uniform speeds t o  be main- 

tained, hence avoiding many speed reductions. Only i f  speed r e s t r i c t i ons  were 

i n  the  15 mph category and under would factors  such a s  harmonic osc i l l a t ions  

or harsh slack action with emergency application be expected t o  exer t  a strong 

influence. 

The question of longer "exposure time" for  slower moving t r a in s  must 

be considered. Accidents between meeting and passing t r a in s  w i l l  occur (e.g., 

Crete, Nebraska 2/18/69). The probabil i ty i s  qu i te  low. but would be expected 

t o  increase i f ,  fo r  the  purpose of discussion, we assume speed has no e f fec t  on 

accident frequency. Examination of accident history indicates,  however, t h a t  

s ingle  t r a i n  accidents predominate by fa r .  A s l i gh t  increase i n  frequency of 

between t r a i n  accidents could not be expected t o  o f f s e t  reductions i n  the  

sever i ty  of s ingle  t r a i n  accidents resul t ing from the adoption of speed res-  

t r i c t i ons .  Considering increased "exposure time" of the  single slower t r a i n ,  

the question of operating time dependency on frequency of accidents comes i n t o  

focus. Information available does not permit d i rec t  assessment of a possible 

relat ionship.  We n o t e  t h a t  t he  RPI/AAR accident study (Reference 1) considered 

only mileage and calendar time. However, the  k ine t ic  energy, which must be 

dissipated during a derailment, increases with the  square of velocity while 

the  exposure time is only d i r ec t l y  re la ted  t o  it. A s  already s ta ted ,  the  re la -  

t ions  between accident sever i ty  and k ine t ic  energy have yet  t o  be established. 



However, given t h e  non-l inear  r e l a t i o n  of ve loc i ty ,  a  g r e a t e r  reduct ion i n  

accident  damage, and the re fo re  c o s t ,  would be expected with reduced v e l o c i t y  

and increased exposure time. 

Reference 6, page 6, s t a t e s  t h a t  " c r i t i c a l  a n a l y s i s  of  t r a i n  acc idents  

has conclusively shown t h a t  no causa l  r e l a t i o n s h i p  e x i s t s  between higher  author- 

ized speeds and derailments." No support ing evidence o r  re ferences  a r e  c i t e d .  

Considering t h e  numbers of  acc idents  due t o  equipment f a i l u r e  and f a i l u r e s  i n  

t h e  t r ack  system c i t e d  a t  t h e  beginning of t h i s  d iscuss ion ,  it i s  obvious t h a t  

f a i l u r e  s t r e s s  l e v e l s  a r e  being exceeded with r e g u l a r i t y  given cu r ren t  condi- 

t i o n s  of equipment and t r a c k  i n  many a reas  of t h e  r a i l  system. I t  can be shown 

t h a t  s t r e s s  l e v e l s  i n  c r i t i c a l  running gear ,  suspension systems and t r a c k  

s t r u c t u r e s  increase  with speed. Given these  f a c t s ,  it is d i f f i c u l t  t o  avoid 

t h e  conclusion t h a t  a  causa l  r e l a t i o n s h i p  e x i s t s .  

Therefore, while perhaps a  defense can be made aga ins t  imposition of  

blanket  speed r e s t r i c t i o n s  on t r a i n s  handling hazardous ma te r i a l s  by tank ca r ,  

t h e r e  is l i t t l e  quest ion t h a t  lower speeds i n  many a r e a s  would reduce s i g n i f i -  

can t ly  the  number of severe  accidents .  

Cost f a c t o r s  a r e  f a r  more va r i ab le  with r e spec t  t o  operat ing changes 

than with equipment modification. With r e spec t  t o  speed, c o s t s ,  hence cos t /  

bene f i t  f a c t o r s ,  w i l l  be s t rong ly  dependent on t h e  r a i l r o a d ,  and even a p a r t i c -  

u l a r  r o u t e  on a  given r a i l r o a d .  Therefore, blanket  s tatements  of  economic 

margin t i e d  t o  a  s p e c i f i c  speed cannot be made. Unfortunately, those  r a i l  

rou te s  where speed r e s t r i c t i o n s  from a s a f e t y  s tandpoint  would be most bene- 

f i c i a l ,  a r e  f requent ly  those  where t h e  g r e a t e s t  i nc rease  i n  immediate opera t ing  

c o s t s  would occur. 

A s  p a r t  of t h e  cu r ren t  everyday opera t ing  " t r a f f i c  equation," t r a i n s  

moving a t  var ious  speeds, with o r  without pick-up and se t -o f f  assignments, and 

non-uniformly d i s t r i b u t e d  over a  system, must be accommodated i n  a  manner t o  

maximize p r o f i t .  Advance planning t o  opt imize scheduling where poss ib l e ,  and 

f l e x i b l e  phys ica l  p l an t  and communications t o  handle non-optimum t r a f f i c  



condit ions which can occur a r e  obviously required t o  approach t h a t  goal. Con- 
s i d e r  f i r s t  a road with a t r anspor ta t ion  planning cen te r ,  microwave data  and 

voice l inks ,  r ad io  ne t s ,  and reverse  s igna l l ed  double t r ack  with cen t ra l i zed  

t r a f f i c  cont ro l .  Such a system could accommodate, f o r  example, occasional 30 

mph t r a i n s  in terspersed  with o the r  higher speed t r a f f i c  with minimal d i f f i c u l t y  

and expense. Given typ ica l  d iv i s iona l  runs and t h e  nature  of time/mileage 

ca lcu la t ions  f o r  crew wages, add i t iona l  labor expense f o r  added running time 

would be minimal. 

A second example produces a d i f f e r e n t  p ic ture .  Consider a s i n g l e  

t r ack  automatic block s igna l  protec ted  l i n e  operated by t r a i n  order .  Authorized 

speeds of 60 mph f o r  f r e i g h t  t r a i n s  a r e  permitted, and t h e  l i n e  i s  subjec t  t o  

seasonal v a r i a t i o n s  i n  t r a f f i c  which t a i  capacity.  Introduction of a mandated 

30.mph operat ion i n t o  t h i s  i n f l e x i b l e  arrangement could e a s i l y  produce opera- 

t i o n a l  dysfunction, with soar ing  labor  c o s t s  and non-economical u t i l i z a t i o n  

of equipment. 

Many o t h e r  condit ions could be postulated with d i f f e r i n g  economic 

fac tors .  The main point  is t h a t  considerat ion of speed r e s t r i c t i o n s  should 

not be r e j e c t e d  out o fhnd- -o r  introduced bl indly .  

We have previously noted t h a t  some s t a t u t o r y  r e s t r i c t i o n s  already 

e x i s t  with respect  t o  placement of placarded tank ca r s  i n  t r a i n s .  No general 

requirements f o r  "buffer cars" e x i s t ,  however. Loading rack, switching, and 

way f r e i g h t  requirements v i r t u a l l y  preclude any s i g n i f i c a n t  buf fe r  arrangements, 

even i f  it were otherwise deemed des i rable .  This  leaves through-freight con- 

s ide ra t ions .  We w i l l  examine f i r s t  t h e  probable e f f e c t  o f  separated placement 

of tank c a r  ladings whose primary hazard is  t o x i c i t y ,  r a t h e r  than flammability. 

The p o t e n t i a l  f o r  a t  l e a s t  one i n  a group o f  c a r s  involved i n  a derailment t o  

lose  lading is roughly proport ional  t o  t h e  number involved. On t h e  o the r  hand, 

by s c a t t e r i n g  t o x i c  ladings throughout a t r a i n ,  t h e  probabi l i ty  o f  one such c a r  

being involved i n  a derailment increases ,  whereas the  p robab i l i ty  o f  a l l  ca r s  

being involved decreases. Current accident  information is not  s u f f i c i e n t l y  

complete t o  f u l l y  assess  these  o f f - s e t t i n g  fac tors .  However, cos t  considerat ions.  



a s  we w i l l  see  l a t e r ,  i n  a l l  p robab i l i ty  remove a general  requirement f o r  sepa- 

r a t r d  placement of tox ic  ladings a s  t h e  avenue of choice. 

Flammable ladings,  p a r t i c u l a r l y  those requi r ing  pressure ca r s ,  present  

a  somewhat d i f f e r e n t  problem a s  p resen t lyconf igured .  The sequence of events  

following a derailment with grouped c a r s  t y p i c a l l y  is a s  follows: (1) a  s i n g l e  

c a r  i s  punctured, f requent ly  i n  t h e  head; (2) a  f i r e  begins, enveloping adjacent 

tank ca r s ;  (3) v io len t  ruptures  of non-punctured c a r s  occur causing severe and 

widespread damage; (4) v io len t  ruptures  w i l l  continue t o  propagate through the  

e n t i r e  s t r i n g  of flammable ladings. 

Elimination o f  v io len t  rupture  i s  a des i r ab le  goal ,  even i f  t h e  

frequency o f  f i r e s  without v io len t  rupture  were s l i g h t l y  increased. Sect ion 

5.3 of Reference 9 develops f i r e  volume and dura t ion  information appropriate  

f o r  a  carload of propane. An example o f  f i r e  magnitude, considering a l i q u i d  

r e l e a s e  of 100 lb / sec  and emiss iv i ty  of 0.1 gives an equivalent  sphe r i ca l  diam- 

e t e r  of the  f i r e  of 145 f t  and f i r e  durat ion approximately 20 minutes. A t  100 
2 

f t  from t h e  f i r e  cen te r  t h e  average heat  f lux  by r a d i a t i o n  i s  9700 Btu/f t  -hr. 
2  Within t h e  f i r e ,  t h e  average r ad ia t ion  f lux  r a t e  is 24,500 Btu/ f t  -hr. From 

#observed acc idents  and computer s imulat ions (Reference 8) ,  it is apparent t h a t  

ca r  separa t ions  of t h e  order  of 10 c a r s  f o r  40 mph operat ing speeds, o r  5 c a r s  

f o r  20 mph would be requi red  t o  secure  s u b s t a n t i a l  pro tec t ion  from propagation 

of f i r e  r e s u l t i n g  i n  v io len t  rupture  and rocketing f o r  c a r s  with no thermal 

sh ie ld ing .  

While the re  would be some s i m i l a r i t y  i n  t h e  cos t  va r i a t ions  between 

various rout ings  t o  those  described f o r  speed r e s t r i c t i o n s ,  the  reasons a r e  

d i f f e r e n t .  Terminal cos t  increases  would become v i r t u a l l y  unavoidable. In a  

highly e f f i c i e n t  operat ion it is l i k e l y  t h a t  t h e  average terminal  c o s t s  probably 

would s t i l l  double. Using t h e  example case of a  hypothet ical  t r i p  with 128,000 

l b s  o f  propane from Houston t o  S t .  Louis developed i n  Sect ion 111-F,  ~conomic  

S e n s i t i v i t y ,  we can judge t h e  e f f e c t  on t h e  p r i c e  of t h e  lading o f  doubling t e r -  

minal cos t s .  Adjusting Tables X I X  and X X  t o  r e f l e c t  doubling o f  the  terminal  

va r i ab le  cos t s ,  a  2% r i s e  i n  the  des t ina t ion  p r i c e  of the  lading is indicated--  



not a great deal. On the other hand, t h i s  would be equivalent t o  the lading price 
increase result ing from a $7500 increase in  tank car price--without consideration 

of the protection benefit.  In other words, substantial  sums of money can be spent 

on thermal protection for  tank cars t o  obviate the need for  spacing with flammable 

lading. 

The potential  for  head punctures in  terminal switching operations i s  

significant.  Some of the most cost ly  accidents, such as those a t  East S t .  Louis 

and Decatur, I l l i n o i s ,  have occurred in  t h i s  manner. 

Proposed operational changes t o  reduce the probability of coupler 

override due t o  impact have included the prohibition of uncoupling or cutt ing 

off cars i n  motion. This eliminates the practice of "kicking" cars i n  f l a t  

yards, and prevents the normal gravity switching employed in  "hump" classif ica-  

t ion yards. 

Without performing a detailed cost analysis, it is reasonable t o  

postulate that  the effect  on terminal switching costs could be easi ly  of the 

order of magnitude assumed in  the preceding case, i . e . ,  double. Based on t h i s  

assumption, up t o  $7500 could be spent on a head shield t o  provide the equivalent 

protection provided by the operating res t r ic t ions .  

Note tha t  any change in  operational practice that  resu l t s  in  a trans- 

portation cost increase must immediately be borne by the car r ie r .  The ca r r i e r  

then has t o  t r y  t o  recover t h i s  cost by r a t e  increase through regulatory authori- 

t i e s .  On the other hand, changes in  tank car  equipment, such as head shields ,  

place the immediate burden upon the car  manufacturer, who may e lec t  t o  pass t h i s  

cost on without the encumbrance of a regulatory procedure. The a b i l i t y  of the 

manufacturer t o  recover the  increased cost may be limited due t o  competitive 

pressures, however. 

In summary, Calspan's conclusions with respect t o  changes in  operating 

practices t o  secure safer  transport of hazardous materials by tank car are: 



Reductions i n  authorized speeds f o r  t r a i n s  carrying 

hazardous commodities by tank ca r  would, i n  t h e  ove ra l l  

p i c tu re ,  reduce t h e  frequency o f  severe acc idents .  

Cost e f f ec t iveness  of  reduction i n  speed is highly  

va r i ab le  with respect  t o  route.  Many cases would not  

show adoption t o  be cos t  bene f i c i a l .  Individual  con- 

s ide ra t ion  of  cases  would be required.  

Adoption of  a general  r u l e  requi r ing  t h e  use of "buffer 

cars"  between hazardous mater ia l  laden tank c a r s  is not  

indicated.  

Operational r e s t r i c t i o n s  a f f e c t i n g  s t a d a r d  p r a c t i c e  i n  

terminal  opera t ions  w i l l  tend t o  be an expensive option 

when compared with c a r  design changes t o  secure  the  same 

l eve l  o f  sa fe ty .  



111. EVALUATION OF DESIGN IMPROVEMENTS 

In recent  years ,  with the  advance of technology, ever-increasing 

v a r i e t i e s  and q u a n t i t i e s  o f  hazardous mate r i a l s  a r e  being shipped throughout 

t h e  country, many by r a i l r o a d  tank car .  With the  r i s i n g  t rend o f  r a i l r o a d  

accidents ,  the  p o t e n t i a l  t h r e a t  t o  property and l i f e  posed by these  hazardous 

mater ia ls  has increas ingly  been converted t o  r e a l  danger. The objec t ive  o f  

the  design improvements discussed here is t o  minimize the  chance o f  catastrophe 

l n  the  t r anspor t  of hazardous mater ia ls  by tank car .  

Each tank c a r  design change has been considered on the  bas i s  o f  i t s  

cos t /benef i t .  That is, proposed so lu t ions  t o  be e f f e c t i v e  from a cos t /benef i t  

standpoint must be capable o f  reducing losses  s u f f i c i e n t l y  t o  pay f o r  cos t  o f  

incorporat ing t h e  change. 

There a r e  severa l  f a c t o r s  which a r e  required t o  determine the  cos t  

benef i t  r a t i o  of a proposed change. They are: 

1. Accident l o s s  da ta  - used t o  compute t h e  savings generated 

by a 100 percent e f f e c t i v e  modification. 

2. Estimate of the  probable improvement i n  sa fe ty  ( i . e . ,  

e f fec t iveness  o f  the  proposed modification i n  reducing 

accident  losses) .  

3. Cost of modification, 

4. Expected l i f e  of modification, 

5. Capi ta l  r e t u r n  expected by inves tor .  

The RPI/AAR has reported t h a t  losses  due t o  mechanical damage were 

determined from a comprehensive record of 3,853 tank c a r s  damaged i n  2,321 

accidents  during t h e  six-year  period 1965 through 1970. O f  these ,  625 c a r s  

l o s t  lading due t o  mechanical damage resu l t ing  in  an economic l o s s  estimated 

by t h e  RPI/AAR t o  be $23,300,000. During t h i s  same period, an addi t ional  228 

cars  were damaged by exposure t o  f i r e ,  while loaded, r e s u l t i n g  i n  t h e  l o s s  of 



$15,432,000. I t  is t o  be noted t h a t  these two l o s s  f igu res  a r e  not  add i t ive  

( i .e . .  some l o s t  lading was o r i g i n a l l y  due t o  mechanical damage which subsequently 

caught f i r e  and caused add i t iona l  damage. In such a c a s e , t h e  t o t a l  l o s s  would 

be assigned t o  the  mechanical damage category and t h e  f i r e  damage would a l s o  be 

assigned t o  the  f i r e  damage category) .  Care has t o  be taken i n  assigning 

los ses  t o  the  co r rec t  category s o  t h a t  accurate l o s s  f igu res  a re  generated. 

Table I1 is a summary o f  the  losses  due t o  mechanical and thermal damage pre-  

sented according t o  the  c l a s s  of  ca r  a s  taken from RPI/AAR data .  (We s h a l l  r e -  

evaluate some o f  these  es t imates  l a t e r  i n  t h i s  r epor t  but t h e  values given i n  

Table I1 a r e  s a t i s f a c t o r y  f o r  present  purposes.) 

Because of  the  c o s t  of making improvements t o  tank ca r s ,  it is 

highly un l ike ly  t h a t  cos t - e f fec t ive  modifications can be made t o  any c l a s s  o f  

c a r  which has r e s u l t e d  i n  only small losses/car/year .  A s  seen i n  Table I1 

only 112A/114A tank c a r s  have been respons ib le  f o r  s i g n i f i c a n t  losses .  There- 

fo re ,  i n  the  work t h a t  follows, only modif icat ions t o  t h i s  type o f  c a r  w i l l  be 

considered a s  being p o t e n t i a l l y  cos t .bene f i c i a1 .  

I f  one d o l l a r  is l o s t  pe r  c a r  per  year,  t h e  adoption o f  a 100 percent 

e f f e c t i v e  design modif icat ion t o  s t o p  t h a t  l o s s  w i l l  e s s e n t i a l l y  save one 

dol lar /car /year .  I f  t h e  modif icat ion has a l i f e  of  30 years ,  a l l  o the r  f a c t o r s  

r e~ lo in ing  constant ,  i n  30 years ,  t h e  modif icat ion is expected t o  save $30. 

Since it i s  expected t h a t  the  modif icat ion w i l l  generate $30 over its l i f e t i m e ,  

t h e  expenditure of  $30 today t o  i n s t a l l  t h e  modification would a t  f i r s t  be 

expected t o  be j u s t i f i e d ,  and t h e  cos t -benef i t  r a t i o  would be unity.  However. 

s ince  funds must be committed f o r  30 years  which could be used elsewhere t o  

earn some re tu rn ,  an adjustment i n  t h e  expected saving is needed. A t  an i n t e r e s t  

r a t e  of 10 percent ,  t h i s  adjustment is accomplished by mult iplying t h e  l o s s  

f a c t o r  by 9.502 r a t h e r  than 30.with t h e  r e s u l t  t h a t  t h e  amount which can be 

spent  on a 100 percent  e f f e c t i v e  modif icat ion is not  $30 but $9.502. Further.  

i f  it is determined t h a t  t h e  a c t u a l  e f f ec t iveness  o f  t h e  r e a l  modif icat ion is  

50 percent  not  100 percent ,  then t h e  j u s t i f i a b l e  amount which can be spent on 

t h e  modif icat ion is only $4.751. A r e a l  modification, 50 percent e f f e c t i v e  

i n  stopping the  l o s s  o f  $ l /car /year  can cos t  no more than $4.751/car t o  



Table I I  
SUMMARY OF LOSSES DUE TO MECHANICAL DAMAGE* 

I A V ~ .  No. C a r s  1 52,500 1 33. 604 1 27, 126 ( 33,000 

Riveted 

Total Loss,  
1965-1970 

P r e s s u r e ,  
Non-Ins. 

112A. 114A Other 

Steel. 
Non-Press .  

Ins. 

St eel .  
Non-Press .  

Non-Ins. 

SUMMARY OF LOSSES* DUE TO FIRE EXPOSURE 

P r e s s .  
Ins. 105A 

$945,770 

*Data taken f r o m  RPI/AAR Report RA-02'-2- 18, Reference 1. 

$2, 662, 261 

Total Loss. 
1965-1970 

Avg. No. C a r s  

Cos t /Yea r /Ca r  

$625, 330 

Riveted 

$108.000 

52, 500 

0. 34 

$961, 681 

Steel, 
Non-Press.  

Non-Ins. 

$1,418, 000 

33. 604 

7. 03 

Steel, 
Non-Press.  

Ins. 

$296.000 

27. 126 

1. 82 

P r e s s .  
Ins. 105A 

$1,419.000 

33,000 

7.17 

P r e s s u r e .  
Non-Ins. 

112A, 114A 

$11, 879, 000 

12,000 

164. 98 

Other 

$312, 000 

6, 500 

8. 00 



i n s t a l l .  I f  it costs more, it is not cost beneficial .  

The RPI/AAR has estimated the benefit of making100 percent effect ive 

modifications t o  112A/114A tank cars. These benefits  are  i n  terms of the 

allowable i n i t i a l  cost of i n s t a l l i ng  the modification. These costs are  shown 

i n  Table 111. Here again, we sha l l  adjust the  figures of Table I11 in  sub- 

'sequent sections of t h i s  report ,  par t icular ly  i n  regard t o  head and shel l  

modifications, but the Table is  suf f ic ien t  t o  indicate t h a t  only head, she l l ,  

coupler, and thermal protection modifications need be considered as  having 

r ea l  potential  fo r  being cost beneficial. 

An extensive review of the ongoing tank car  research has been com- 

pleted i n  t h i s  work. The majority of the work has centered on study of the 

Railroad Tank Car Safety Research and Test Project of RPI/AAR, which has acted 

as  the  focal point of tank car research f o r  the past f ive  years although the 

Federal Railroad Administration has also carried out research, often i n  con- 

junction with RPI/AAR. Individual manufacturers have carried out some s igni-  

f icant  work and t h i s  has been reviewed in  conjunction with the similar work 

performed by RPI/AAR. The majority of the research carried on by manufacturers 

is, however, directed a t  improvements i n  fabrication and maintenance of exist ing 

types of cars. 

The RPI/AAR research has addressed i t s e l f  t o  the spec i f ic  task of 

reducing the losses associated with tank car accidents. A comprehensive 

collection and analysis of accident s t a t i s t i c s  was produced, followed by a 

review of the tank elements which were most often re la ted t o  tank fa i lure .  

Tank heads and she l l s ,  including the material from which they were manufactured, 

r e l i e f  valves, couplers, and thermal insulations were the components which were 

investigated. Unfortunately. not a l l  the f i na l  reports covering t h i s  research 

have been issued by RPI/AAR. In par t icular .  RPI/AARVs work on tank s t ee l s ,  

thermal e f fec t s ,  and valve functioning, have yet t o  be reported. 

The following sections of t h i s  report  evaluate design improvements 



Table I l l  

ALLOWABLE INITIAL COST FOR 100% EFFECTIVE MOD1 FICATIONS TO 112Al114A CARS* 

COST OF CAPITAL: 10% 
ASSUMED LIFE: 30 YEARS 

T V D ~  of Modification 

Head 

She l l  

Attachment 

Bottom Fitt ings 

Top Fittings 

Coupler, 10-year life 

The rma l  Protection 
30-Year Life 

10-Year Life 

Maximum 
Allowable Cost 

*From Reference 1 



of tank cars related to safety. The general areas consist of accident statis- 

tics, head shields, modified couplers, thermal shields, tank construction 

materials, and modified safety relief valves. 

A. Accident Statistics 

The RPI/AAR, in its effort to determine the costs associated with tank 

car accidents, compiled a comprehensive record of 3,853 cars damaged in 2,321 

accidents. Of the damaged cars, 625 lost lading which resulted in $23,000,000 

of additional damage. This damage assessment was broken down into two cate- 

gories: (1) cost of lost lading, and (2) losses caused by the lost lading. 

1. Re-evaluation of Losses 

Calspan has reviewed the RPI/AAR data and, in particular, looked 

in detail at the losses in five accidents chosen to be representative of a 

range of dollar losses per accident. For this reassessment of losses, a number 

of information sources were utilized. Individual accident files of the RPI/AAR 

group, the National Fire Protection Association, Railroad Transportation 

Insurers, eye witnesses, city officials, and an attorney were among the sources 

utilized. This review found that in some instances the RPI/AAR estimates 

omitted some of the actual losses. In other instances, more than direct damage 

were included by Calspan such as cost of evacuation, manhours expended by 

public safety personnel,. and loss of earnings resulting from temporary evacua- 

tion of businesses. Additional information was available at the time of the 

Calspan re-evaluation as a result of actual litigation settlements rather than 

projected settlements. The results of the re-evaluation are presented in Table 

IV. A complete explanation of what was included in these data is given in 

Appendix B. In general, the RPI/AAR estimates are lower than the Calspan esti- 

mates, primarily because Calspan included more than just direct damage. 



Table IV 

RESULTS OF ACCIDENT RE-EVALUATION 

AAR - Calspan % Increase 

New Athens, I l l .  - 4/9/70 $ 84,000 $ 128,000 52 

Armitige. Ohio - 4/25/70 4,800 11,000 131 

Crescent City,  I l l .  - 6/21/70 1,900,000 2,200,000 15 

South Byron, N. Y. - 8/27/70 119,000 146,000 22 

Crete, Nebraska - 2/18/69 2,000,000 2,000,000 0 

The a r i thmet i c  average o f  t h e  increased c o s t s  presented i n  Table IV, 

is 44 percent .  However, Calspan is o f  t h e  opinion t h a t  increasing a l l  cos t s  by 

44 percent  based on such a small sample would be u n r e a l i s t i c .  Our own i n v e s t i -  

ga to r  was on t h e  s i t e  a t  both Crescent City,  I l l i n o i s ,  and South Byron. New 

York, and these  d a t a  a r e  bel ieved t o  be t h e  most accurate.  We bel ieve t h a t  a 

reasonable es t imate  of t h e  increased c o s t s  is 25 percent .  Thus t h e  acc idents '  

c o s t s  were adjus ted  accordingly when the  cos t /bene f i t  analyses were recomputed. 

2. Update o f  Losses 

The RPI/AAR l o s s  d a t a  was obtained by examining d a t a  on accidents  f o r  

the  years  1965 through 1970. This d a t a  i s  t h e  most extensive ava i l ab le  a t  t h e  

present  time. A s  more recent  da ta  becomes avai lable ,  it should be u t i l i z e d  i n  

the  analyses; however, obtaining t h e  necessary da ta  is beyond t h e  scope of 

t h i s  work. RPI/AAR is planning t o  compile los ses  f o r  more recent  years.  I n  

t h e  present  r epor t  t he  l o s s e s  f o r  t h e  period 1965-1970 w i l l  be updated where 

necessary t o  present  d o l l a r s  t o  account f o r  changing values o f  damaged items. 

Two d i f f e r e n t  time bases have been used i n  t h e  present  r epor t  f o r  the  value of 

money. I f  c o s t  o f  a modif icat ion and l o s s  d a t a  a r e  a v a i l a b l e  a s  o f  a given 

year ,  d o l l a r  values f o r  t h a t  year  w i l l  be used t o  g ive  a cons i s t en t  representa-  

t i o n  of cos t /bene f i t .  I f  l o s ses  a r e  a v a i l a b l e  only f o r  a c e r t a i n  time period 

and the  cos t  o f  a modification has not  been determined, the  los ses  w i l l  be 

updated t o  present  d o l l a r s  t o  provide information on economically j u s t i f i a b l e  

cos t  o f  a modif icat ion i n  terms of today's  d o l l a r s .  



The d o l l a r  losses  i n  t h e  RPI/AAR r epor t  a r e  composed of t h e  cos t  of 

lading and o the r  losses  caused by t h e  los s  of t h i s  lading including f i r e  damage 

t o  equipment, r e a l  property,  and l o s s  of l i f e .  Since t h e  time period o f  t h e  

repor t ,  t h e  values o f  many o f  the  damaged items have increased subs tan t i a l ly .  

For example, l o s t  propane lading was pr iced  a t  64/gal.  f o r  t h e  RPI/AAR repor t  

but present  source p r i c e s  a r e  7.9$/gal. f o r  t h e  2/3 of the  supply produced from 

na tu ra l  gas and the re fo re  regula ted  and t h i s  is expected t o  go t o  11-13#/gal 

short ly.10 The wholesale p r i c e  index has increased by 67 percent  s ince  1967 

(U.S. Department o f  Labor). I t  it is necessary i n  t h e  analyses t o  update t h e  

loss  values, values of ladings w i l l  be adjus ted  t o  t h e i r  present  worth and 

o the r  lo s ses  w i l l  be evaluated on t h e  bas is  o f  the  change i n  the  wholesale 

p r i c e  index. 

I n  the  time period of t h e  RPI/AAR evaluat ion o f  lo s ses  (1965-1970), 

two acc idents  accounted f o r  a major i ty  o f  the  t o t a l  l o s ses  involving 112A/114A 

tank ca r s .  Laurel,  Miss.. 1/25/69. r e s u l t e d  i n  $7,800,000 i n  los ses  and Cres- - 

cent  City. I l l . ,  6/21/70. r e su l t ed  i n  $1.900.000 i n  losses .  Are acc idents  of 

t h i s  s i z e  l i k e l y  during a s ix-year  time period? Since 1970 severa l  l a rge  

accidents  of 112A/114A c a r s  have occurred. On October 19, 1971. i n  Houston, 

Texas, two tank c a r s  were punctured and the  subsequent f i r e  caused 112A/114A 

tank c a r s  t o  rupture.'' No d e t a i l e d  es t imate  of the  amount o f  damage was pre- 

sented i n  t h e  National Transportat ion Safety (NTSB) repor t  but one fireman was 

k i l l e d ,  50 people were in jured  including 20 hospi ta l ized ,  2 c a r s  were destroyed, 

14 c a r s  were extens ive ly  damaged and s i x  o t h e r s  l i g h t l y  damaged. Also destroyed 

were a residence,  a f i r e  t ruck ,  an automobile, and a r a i l r o a d  motor truck. 

Several bui ldings incurred such damage a s  pa in t  b l i s t e r s  o r  broken windows. 

On January 22, 1972, an accident  involving 112A tank c a r s  loaded with 

propylene i n  East  S t .  Louis. I l l i n o i s ,  r e s u l t e d  i n  property damage of more than 

$7 1/2 mi l l ion  and 223 people were in ju red  enough t o  r equ i re  medical t reatment  

including 19 who were hospital ized.12 A r epor t  has a l s o  been issued f o r  an 

accident  a t  Oneonta, N.Y.. on February 12. 1974. i n  which four  tank c a r s  ruptured 

a f t e r  exposure t o  f i r e . 1 3  I n  t h i s  accident  54 people were in jured  and substan- 

t i a l  damage t o  residences was sus ta ined  a t  d i s t ances  up t o  one mile. No 



damage es t imate  was given but based on t h e  number o f  in ju red  t h e  los ses  were 

subs tan t i a l .  

On J u l y  15, 1973, a t  Kingman, Arizona, a c a r  ruptured a f t e r  a f i r e  

erupted on a s id ing .  Thi r teen  people died a s  a r e s u l t  and 95 were in ju red ,  

many very severely.  Extensive property damage occurred i n  t h e  surrounding 

area .  Property damage has been est imated t o  be $1,000,000 (F i re  Journal ,  

January 1974). No value of t o t a l  l o s ses  can be made because l i t i g a t i o n  is s t i l l  

is process bu t  considering the  number of deaths and i n j u r i e s ,  t h e  t o t a l  is 

exbected t o  be more than $10 mi l l ion .  This accident  is not  being inves t iga ted  

by t h e  NTSB a s  it i s  not  considered t o  be a t r anspor t a t ion  accident  because t h e  

c a r  was parked i n  a p r i v a t e  s iding.  However, t h e  los ses  were a r e s u l t  of f i r e  

exposure of a 112A/114A tank c a r  and these  los ses  must be assigned t o  t h e  112A/ 

114A category. I t  is not known whether any non-transportat ion acc idents  were 

omitted from t h e  RPI/AAR data .  

Other recent  l a r g e  acc idents  involving 112A/114A c a r s  include, 

Decatur, I l l inois : ,  J u l y  19, 1974, Houston, Texas, September 21, 1974. and La 

Mirada, Cal i forn ia ,  October 31, 1974. Detai led r e p o r t s  have not been issued 

on these  acc idents  so  t h a t  conclusions on t h e  amounts o f  lo s ses  must be t en ta -  

t i v e  but t h e  acc idents  i n d i c a t e  t h a t  t h e r e  continues t o  be la rge  d o l l a r  losses .  

A t  Decatur, I l l i n o i s ,  damage es t imates  a r e  $14 mi l l ion  and two people were 

k i l l e d  and 6 of 140 in ju red  were i n  c r i t i c a l  condit ion (Decatur Review, J u l y  

21, 1974). (Four add i t iona l  people l a t e r  died.)  In the  second Houston accident  

t h e r e  was one death, 190 r a i l c a r s  destroyed, 240 c a r s  heavi ly  damaged, and seve ra l  

residences and businesses damaged. Tota l  damage was est imated by the  r a i l r o a d  

t o  be $12-$14 mi l l ion  of which $4 mi l l ion  was damage incurred by t h e  r a i l r o a d  

(Railway Age, October 14, 1974). A t  La Mirada, Cal i forn ia ,  an LPG tank c a r  

ruptured a f t e r  f i r e  exposure. There were no i n j u r i e s  but  a r a i l r o a d  spokesman 

est imated damage a t  $1 mi l l ion  (Los Angeles Times, November 2, 1974). 

The acc idents  mentioned above a r e  a sampling of l a rge  acc idents  s ince  

1970. They ind ica te  a continuing problem of acc idents  involving los ses  of 



mil l ions  of do l l a r s .  Hence, the  years 1965-1970 do not represent  an overly 

severe loss  period. There havebeen accidents  s ince  1970 i n  which losses  were 

even g rea te r  than the Laurel. Mississippi ,  accident which was by f a r  the  l a r g e s t  

i n  the years  1965-1970. We s h a l l  use the losses  from the  'RPI/AAR repor t  a s  

representa t ive  of t h e  expected losses  i n  f u t u r e  years. 

B. Head Shie lds  

A number of tanks have been punctured during derailments o r  o ther  

accidents  r e su l t ing  i n  s u b s t a n t i a l  d o l l a r  losses  and c a s u a l t i e s  i n  l a rge  p a r t  

due t o  f i r e s  of s p i l l e d  lading. Tank punctures are caused by s t r i k i n g  couplers ,  

t rucks,  and o the r  objects .  Several methods have been proposed f o r  decreasing 

the  l ike l ihood o f  tank punctures. Among these  a r e  sh ie lds  covering a por t ion  

o r  a l l  of the tank heads primari ly t o  prevent couplers  from preceding o r  

following ca r s  from puncturing the  tank during an accident .  This sec t ion  dea l s  

with a cos t /benef i t  analys is  of head sh ie lds  f o r  new and ex i s t ing  112A/114A 

s e r i e s  tank cars .  A c o d b e n e f i t  analys is  is composed of th ree  key fac to r s ,  

namely: 

1. The magnitude of expected d o l l a r  losses.  

2. The cos t  p e r  c a r  of implementing a proposed modification. 

3. The ef fec t iveness  of t h e  modification i n  reducing d o l l a r  losses.  

The amount o f  expected losses  can be estimated from s t a t i s t i c a l  review 

of h i s t o r i c a l  da ta  on losses .  The cos t  o f  implementing a proposed modification 

can be determined from engineering est imates o f  cos ts .  The ef fec t iveness  of 

the  modification can be determined from analys is  combined with ava i l ab le  

experimental t e s t  data.  The term effec t iveness  a s  expressed here is a dirnen- 

s ion less  f a c t o r  determined by d iv id ing expected overa l l  reduction i n  losses  

with modified ca r s  by losses  an t i c ipa ted  with unmodified cars .  The reduction 

i n  losses  by adoption of t h e  modification r e s u l t s  from a reduced frequency of 

occurrence o f  head puncture. Reduction i n  t h e  magnitude o f  l o s s  f o r  a given 

accident f o r  which a puncture occurs is not implied. 



The amount of expected los ses  with unmodified ca r s  mul t ip l ied  by the  

ef fec t iveness  determines t h e  reduction i n  los ses ,  i . e . ,  savings, t h a t  can be 

expected. These savings can be u t i l i z e d  t o  pay f o r  the  modification p lus  

i n t e r e s t  over a number of years .  The amount a t  100 percent  e f fec t iveness  t h a t  

could be paid back, including i n t e r e s t ,  from the  expected savings i s  termed 

present  value. Any reduction i n  ef fec t iveness  of the  modification reduces the  

present  value proport ionately.  The economic benef i t  is t h e  present  value minus 

the  c o s t  of the  modification. If the  economic bene f i t  is p o s i t i v e ,  it is then 

economically j u s t i f i a b l e  t o  make the  modification. 

The Railway Progress I n s t i t u t e  (RPI) and the  Association of American 

Railroads (AAR) i n  a cooperative research program have a l ready inves t iga ted  

head s h i e l d s  and t h e  los ses  occurr ing i n  tank c a r  accidents .  14'15 The RPI/AAR 

repor t s  list a l l  tank c a r s  known t o  have l o s t  lad ing-due  t o  mechanical damage 

incurred i n  accidents  during t h e  period from 1965 t o  1970. inc idents  of l o s s  

a r e  s o r t e d  by c l a s s  o f  tank c a r  and cause of lo s s .  Loss f i g u r e s  a r e  composed 

of two pa r t s :  (1) cos t  of l o s t  lad ing  and (2) o the r  losses  caused by the  l o s s  

of t h i s  lading,  including f i r e  damage t o  equipment, r e a l  property,  and l o s s  of 

l i f e .  The RPI/AAR has repor ted  the  acc ident  l o s s  d a t a  due t o  punctures of 

112A/114A tank ca r s .  A review is given i n  Table V. 

Table V 

LOSSES DUE TO PUNCTURES OF 112A/114A TANK CARS* 

Cause - 
Head Puncture Shel l  Puncture 

Losses, $ 3,997,633 8,610,791 

No. of Cases 40 9 

No. of Years 6 6 

Avg. No. of Cars i n  S e ~ i c e  12,000 12,000 

Losses, $/Car/Year 55.52 119.59 

Total  Losses - $12,608,424 

t 
Data taken from Ref. 1, p.  



4. Distribution of Losses 

The RPI/AAR, i n  t he i r  review of tank car accidents, determined what 

the immediate cause of a f i r e  was and then assigned accident do l la r  losses 

according t o  the tank element which fa i led.  For instance, i f  during an acci- 

dent, a tank head was punctured with a resul t ing loss  of lading and/or f i r e ,  

the damage caused by the l o s t  lading was assigned t o  the category of head 

puncture. Similarly, i f  a tank she l l  was punctured, causing damage, these 

were assigned t o  the category of she l l  puncture. "Shell" i s  considered t o  

include only the cylindrical  portion of the tank and "head" only the ends of the 

tank. In t h i s  way, the losses were assigned t o  a par t icular  tank element and 

an estimate was made of the potential  savings which could be realized i f  the 

frequency of occurrence for  that  type of f a i l u re  could be reduced. The RPI/AAR 

re su l t s  f o r  a l l  head and she l l  puncture accidents involving tank cars have been 

summarized i n  Table V. 

Historically,  there were 40 head punctures and 9 she l l  punctures 

which caused damage during the six-year period of 1965-1970. Intuit ively.  

t h i s  is the type of dis t r ibut ion which would be expected. The tank head i s  

exposed t o  the coupler of the adjoining car  during the ear ly  phase of a derai l -  

ment when the cars are s t i l l  re la t ive ly  well i n  l ine.  During t h i s  period, the 

high compressive forces exist ing between cars ,  i n  conjunction with the ver t ical  

motion between cars, allows the coupler of an adjoining car  t o  contact the 

tank head. 

Later i n  the derailment sequence, once the cars  are  no longer i n  

l ine,  contact between cars can occur, but there  i s  a substant ia l ly  smaller 

chance of a concentrated force being applied t o  the shel l .  Coupler-shell and 

track-shell contacts occur, but so do the more acceptable shel l -shel l  contacts. 

AS a resu l t ,  the dis t r ibut ion of punctures presented i n  Table V i s  as  expected. 

The dis t r ibut ion of do l la r  losses presented i n  Table V is not, - however, consis- 

t en t  with the puncture data. 



The h i s to r ica l  data imply tha t  only 18 percent of the punctures a re  

responsible fo r  68 percent of the  do l la r  losses,  while the  other 82 percent of 

the  punctures a r e  responsible fo r  only 32 percent of the  losses. Calspan is of 

the  opinion tha t  simply relying on the  re la t ive ly  small amount of h i s to r ica l  

data introduced a fa l lacy i n to  the  RPI/AAR cost/benefit  analysis. I f  enough 

tank ca r  accidents were - investigated over a long period of time, the  loss  d i s t r i -  
- - \ o h  

bution should match the  sheW puncture dis t r ibut ion.  Shell punctures do not 

inherently produce more cost ly  losses than head punctures. Since head punctures 

occur f ive  times as often as she l l  punctures, i n  the  long run, dol la r  losses due 

t o  head punctures should approach f ive  times the  losses due t o  she l l  punctures. 

In fac t ,  it might be expected t ha t  head punctures would be more cost ly  than 

she l l  punctures because head punctures may tend t o  occur more frequently during 

yard accidents near heavily populated areas. Accident data since 1970 have 

tended t o  agree with the revised d i s t r ibu t ion ,  i . e . ,  the  East St .  Louis. I l l i -  

nois, accident on January 22,  1972, which was caused by a head puncture and 

resulted i n  $7 1 / 2  mill ion property damage plus 19 people injured enough t o  be 

hospitalized.12 This accident resulted i n  do l l a r  losses of the same magnitude 

as the t o t a l  of a l l  the  previous accidents involving e i t he r  head punctures or  

she l l  punctures. With such large losses from a s ingle  accident, the  data can 

be incorrectly dis tor ted towards greater  losses from e i the r  head or  she l l  punc- 

tures a s  the resu l t  of a s ingle  accident. 

In support of the  argument t h a t  losses should be proportional t o  the  

frequency of puncture occurrence, the puncture data fo r  a l l  c lasses  of cars  

are summarized i n  Table VI. There a re  two en t r ies  fo r  the  l l 2 A  type of car. 

The f i r s t  includes the losses a t  Laurel, Mississippi, and Crescent City, 

I l l i no i s .  The second excludes those losses. The e f fec t  of deleting these two 

accidents is shown i n  Table VI t o  reduce the t o t a l  losses by 60 percent, indi-  

cating t ha t  these two accidents have a large d i s to r t ing  e f fec t .  In par t icular ,  

the losses due t o  she l l  punctures are decreased 85 percent by eliminating these 

two accidents. The nature of t h i s  d i s to r t ion  can be determined by the  l a s t  

two en t r i e s  i n  Table VI. Using a l l  the accidents, the  losses are inversely 

proportional t o  puncture frequency. When the two accidents are not included, 

the  opposite r e su l t s  occur and accident losses  become more d i r ec t l y  proportional 

t o  puncture frequency, as would be expected. 
49 



Table V I  

LOSS DUE TO PUNCTURES OF TANK  CARS'^ 

Calspan has recomputed t h e  cos t /bene f i t  ana lys i s  f o r  head sh ie lds ,  

applied t o  112A/114A ca r s ,  using the  s t a t i s t i c a l l y  c o r r e c t  losses .  Hence, 

head punctures were assigned 82 percent  of t h e  los ses  due t o  punctures, while 

s h e l l  punctures were assigned 18 percent .  The r e d i s t r i b u t e d  los ses  a r e  shown 

i n  Table VII using the  same format a s  i n  Table V. 

- 

Applying t h e  c o r r e c t  l o s s  d i s t r i b u t i o n ,  t h e  cos t  bene f i t  of head 

s h i e l d s  is recomputed a s  shown i n  Table VIII.  Note t h a t  t h e  cos t  of c a p i t a l ,  

Car Type 

Riveted S tee l  Cars 

103 Non-Insulated 

103 Insula ted  

l l l A  Fu l l  Frame Non-Ins. 

l l l A  Fu l l  Frame Ins .  

l l l A  Stub S i l l  Non-Ins. 

l l l A  Stub S i l l  Ins .  

105A Insula ted  

112A 

112A Minus Laurel,  Miss. 
and Crescent Ci ty ,  I l l .  

113 

Tota l  

Tota l  Minus Laurel,  Miss. 
and Crescent City,  I l l .  
Data - 

Values a r e  s l i g h t l y  d i f f e r e n t  from those i n  Table V because i n  Table 
V l o s ses  due t o  unknown causes were propor t ionate ly  d i s t r i b u t e d  among 
the  known causes. - 

Cause 

Head Punctures 

$ Loss 

293,000 

50,000 

3,100 

680,530 

9,000 

841,650 

292,550 

403,000 

3,918,000 

2,356,000 

50,240 

6,541,070 

4,979,070 

She l l  - - - -. - - - - - - - 
$ Loss 

425,860 

78,700 

30,665 

66,300 

3,400 

158,500 

30,000 

110,840 

8,439,265 

297,265 

34,060 

9,674,855 

1,532,855 

No. 

20 

15 

1 

15 

3 

29 

12 

8 

40 

38 

5 

148 

146 

Punctures -. . & 

No. 

22 

11 

3 

4 

1 

10 

3 

4 

9 

7 

8 

75 

73 



Table VII 

REDISTRIBUTED LOSSES DUE TO PUNCTURES OF 112A/114A TANK CARS 

Cause 
Head Puncture - Shel l  Puncture 

Losses, $ 10,292,591 2,315.833 

No. o f  Cases 40 9 

No. o f  Years 6 6 

Avg. No. of  Cars i n  Service  12.000 12,000 

Losses, $/Car/Year 142.95 32.16 

Tota l  Losses - $12,608,424 

Table VIII 

HEAD SHIELD COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES 

Cost of  Capital :  10% 

Assumed Life:  30 y r s .  

112A/114A Tank Cars 

Present Value = Losses/Car/Year x Present Value   actor* 
= $142.95 x 9.5 = 

Shield Effec t iveness  (RPI/AAH es t imate)  50% 

Present  Value a t  S ta t ed  Effec t iveness  = Present  Value x Effect iveness 

= $1358 x .50 = $ 679 

Cost of  Shie ld  (RPI/AAR est imate)  

New Cars $ 272 

Exis t ing  Car $ 474 

Economic Benefit  = Present  Value a t  S ta t ed  Effec t iveness  

- Cost of  Shie ld  

New Cars: $679 - $272 = $ 407 

Exist ing Cars: $679 - $474 = $ 205 
7 

Present  va lue  of  a s tream of payments of  $ l /yea r  f o r  30 years  discounted con-. 
t inuous ly  a t  an annual r a t e  of  lo%, 



head s h i e l d  l i f e ,  and t h e  s h i e l d  ef fec t iveness  values a r e  unchanged from those  

used by WI/AAR. Head s h i e l d s  a r e  now found b e n e f i c i a l  by +$407 on new c a r s  

and by +$205 on e x i s t i n g  cars .  Therefore, t h e r e  i s  a n e t  economic bene f i t  t o  

be derived from i n s t a l l i n g  heat s h i e l d s  on both new and ex i s t ing  llZA/114A tank 

cars .  

The r e s u l t s  of  t h i s  cos t /bene f i t  ana lys is  a r e  compared with those  of 

RPI/AAR i n  Table I X .  I n  the  first  RPI/AAR study, t h e  e f fec t iveness  of  the  head 

s h i e l d s  i n  preventing head punctures was determined t o  be 77 percent .  In the  

second study,  t h e  e f fec t iveness  was downgraded t o  50 percent  and t h e  cos t  of a 

head s h i e l d  i n s t a l l a t i o n  a n d ~ a c c i d e n t  losses  were updated. Other than t h e  

r e d i s t r i b u t i o n  o f  losses ,  t h e  Calspan d a t a  u t i l i z e  t h e  same d a t a  and a n a l y t i c a l  

techniques as  t h e  second WI/AAR repor t .  Analysis s i m i l a r  t o  t h a t  i n  Table 

VIII would show t h a t  head s h i e l d s  would be c o s t  bene f i c i a l  a t  e f fec t iveness  as  

low a s  20 percent  on new c a r s  and 35 percent  on e x i s t i n g  cars .  

Table I X  

HEAD SHIELD COST/BENEFIT STUDIES 

INSTALLATION 

RPI/AAR-DOT HEAD 

SHIELD STUDY. 

BUTION OF LOSSES 



2. Amount of Losses 

From the  above, it is shown t h a t  head s h i e l d s  a r e  cos t  bene f i c i a l  

f o r  new and e x i s t i n g  112A/114A c a r s  considering only proper d i s t r i b u t i o n  of 

lo s ses  reported by RPI/AAR. A s  a secondary e f f e c t ,  i n  addi t ion  t o  r e d i s t r i b u -  

t i o n  of lo s ses ,  Calspan has a l s o  re-evaluated the  amount o f  losses .  (See t h e  

sec t ion  of t h i s  report :  Accident S t a t i s t i c  Research. Re-evaluation o f  Losses.) 

I t  was found t h a t  t h e  RPI/AAR l o s s  f i g u r e s  should be increased by about 25 

percent .  An increase  o f  25 percent i n  t h e  accident  lo s ses  increases  the  present  

value o f  lo s ses  by t h e  same percentage. Table X is a r e s t a t i n g  o f  Table VIII 

u t i l i z i n g  a 25 percent increase  in  losses .  The economic benef i t  is found t o  

increase  t o  $577 f o r  new c a r s  and t o  $375 f o r  e x i s t i n g  ca r s .  

Table X 

HEAD SHIELD COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES AND 

25 PERCENT INCREASE IN LOSSES 

Cost of Capital :  10% 

Assumed Life:  30 yrs .  

112A/114A Tank Cars 

Present  Value: 142.95 x 1.25 x 9.5 $1698 

Shield Effect iveness 50% 

Present  Value A t  S t a t ed  Effec t iveness  $ 849 

Cost o f  Shie ld  

New Cars $ 272 

Exis t ing  Cars $ 474 

Economic Benefi t  

New Cars $ 577 

Exis t ing  Cars  $ 375 

A l l  of t h e  above d o l l a r  values a r e  i n  terms o f  d o l l a r s  a t  t h e  time 

considered i n  t h e  RPI/AAR repor t s ,  i . e . ,  1965-1970. In terms of present  

d o l l a r s ,  both present  value and t h e  cos t  o f  s h i e l d  would be higher than 

l i s t e d .  I t  is beyond t h e  scope of t h i s  work t o  convert t hese  amounts t o  



present dol lars  but undoubtedly the economic benefit would be about the same 

or  even greater i f  t h i s  was done. 

3. Cost of Capital 

In the calculations by RPI/AAR of economic benefit of potential  design 

changes, such as a thermal shield,  a stream of payments was converted t o  a 

present sum by means of conventional in te res t  formulas. The interest  factor  

used was 10 percent. The use of 10 percent f o r  capi ta l  recovery and earnings 

can be considered conservative. The question is, however, whether capi ta l  

recovery should be allowed a t  a l l  fo r  correction of a design defect affecting 

safety. 

There is a very strong precedent for  no cap i ta l  recovery allowance 

with respect t o  safety  defects. I t  should be noted tha t  automobile manufacturers 

have absorbed the t o t a l  cost of the vast majority of reca l l  campaigns for  the 

correction of safety-related items. Other examples of instances where s t r i c t  

cost/benefit analyses have not been adhered t o  can also be cited.  Nursing 

homes are  subject t o  s t r i c t  f i r e  prevention safety  measures. A cost/benefit 

analysis would reveal tha t  the cost of safety items exceeds the reduction of 

losses. Because of the age of the victims, considerations of such things as  

potential  future earnings resu l t  i n  no change i n  the conclusion tha t  improve- 

ments are  not cost effect ive.  The response t o  the nursing home f i r e  problem. 

on the other hand, has been one of increasingly str ingent design requirements. 

A principal driving force behind these requirements has been the desire t o  

prevent injury and death, with consideration beyond simple dol lar  balancing. 

Similarly, i n  the  transportation industry, e.g., a i r l i n e  and pipeline, both 

voluntary and mandatory standards have not been derived from equalized cost  

of design versus loss data. For one thing, h i s tor ica l  loss data are frequently 

unavailable or, i n  the case of new design, not applicable. 

Cost/benefit studies are a very useful tool.  However, with regard 

t o  safety  considerations, they should extend beyond derivation of a balance 

point between cost of improvement and loss  reduction. A s  a minimum, assessment 



of the  impact of adoption of an improvement on t h e  v i a b i l i t y  of t h e  se rv ice  

should be considered. I t  i s  t o  t h i s  poin t  t h a t  t h e  s e n s i t i v i t y  of t ranspor ta-  

t i o n  cost  t o  c a r  i n i t i a l  cos t  app l i e s .  The RPI/AAR study d id  not  address t h i s  

poin t  a t  a l l .  I n  essence, they looked only a t  a lower bound of a "permissible" 

expense based on cu r ren t  economics and d id  not include a look a t  an upper bound, 

i . e . ,  t h e  bes t  design cons is tent  with the  v i a b i l i t y  of t h e  serv ice .  The 

National Transportat ion Sa fe ty  Board (NTSB) commented on t h e  problems of imple- 

menting design changes following t h e  Crete. Nebraska, inc ident .  l6 To paraphrase 

t h i s  NTSB repor t :  Changes t o  e x i s t i n g  ca r s  required because of f a u l t y  i n i t i a l  

design should be considered a s  correc t ions  of an overlooked mat ter  r a t h e r  than 

being considered a s  c o s t l y  and p r o f i t  reducing and the re fo re  a s  quest ionable 

improvements. 

A s  an ind ica t ion  of the  e f f e c t  of considering a reduced cost  of 

c a p i t a l ,  one computes t h e  t o t a l  savings a t t r i b u t e d  t o  a 50 percent e f f e c t i v e  

s h i e l d  t o  be $142.95 x 1.25 x 30 x 0.5 = $2680, assuming 0 percent r e tu rn  

and 30-year sh ie ld  l i f e .  Hence, a s h i e l d  cos t ing  up t o  $2680 could be i n s t a l l e d  

on e i t h e r  new or  e x i s t i n g  c a r s  with r e tu rn  s u f f i c i e n t  t o  pay f o r  t h e  s h i e l d  

over a 30-year period. That i s , t h e  reduction i n  losses  minus t h e  cos t  of the  

s h i e l d  would be $2408 f o r  new c a r s  and $2134 f o r  e x i s t i n g  ca r s .  The poss ib le  

amount of investment i n  s h i e l d  cons t ruc t ion  might be expected t o  produce a 

head s h i e l d  having g r e a t e r  than 50 percent  e f f ec t iveness  and, thus,  might 

ac tua l ly  provide some re tu rn  on investment. The maximum amount which can be 

invested i n  a head s h i e l d  with 30-year l i f e  and no i n t e r e s t  r e t u r n  is, however, 

l imi ted  t o  $5360 even i f  t h e  s h i e l d  were 100 percent e f f e c t i v e  i n  preventing 

head punctures. 

4. Review of Modeling and Test Work Done i n  Support o f  Head Shield Designs 

The head s h i e l d  work completed by RPI/AAR was presented i n  two pa r t s .  

The o r ig ina l  tank c a r  research  program included a t a s k  f o r  inves t iga t ing  tank 

head punctures. This work was funded by DOT and r e s u l t e d  i n  a repor t ,  Reference 

14, which t r e a t s  t h e  design o f  a prototype head sh ie ld .  Following the  comple- 

t i o n  of the  DOT head s h i e l d  s tudy,  RPI/AAR continued work on a t e s t  program 



that was to include approximately 20 full-scale tests and 74 1/5-scale model 

tests. This later work was reported in Reference 17. However, Reference 17 

should be considered an appendix to the original DOT report inasmuch as all 

fundamental decisions that affected the conclusions of the head shield were 

developed and reported in Reference 14. 

To accomplish the objective of the head shield study, the RPI/AAR 

established six tasks which are listed here for reference. 

Task 1 - Identification of Tank Head Failure Characteristics 
Task 2 - Establish Design Criteria 
Task 3 - Establish Design Specification 
Task 4 - Cost Analysis 
Task 5 - Performance of Test Specifications 
Task 6 - Define Prototype Research Program 

Calspan has the following comments on the execution of the testing 

program. In view of the great cost of the test program undertaken, it seems 

surprising that so little apparent use was made of analytical techniques which 

are available for the direction of test programs. For instance, if at the 

outset of the RPI/AAR4s Task 2 analysis,the factors controlling head failures 

were assumed to be: 

1. Head properties: thickness, geometry, material 

2. Commodity: outage, internal pressure, commodity weight 

3. Impact characteristics: force and duration, impact velocity, 

location, and orientation 

4. Tank car design and attachment construction details 

one could then assume the existence of a relation of form: 



where: t = head thickness 

D = tank diameter 

P = tank pressure  

M = mass o f  s t r i k i n g  c a r  1 
M2 = mass of s t ruck  c a r  

V1 = ve loc i ty  o f  s t r i k i n g  c a r  

F = contact  fo rce  

A dimensional ana lys i s  could then have been performed t o  obtain a 

s e t  of dimensionless groups such t h a t  equation (1) could be wr i t t en  as:  

I t  is important t o  note t h a t  t h e  funct ional  ' r e l a t ion ,  $ , is unknown. 

Experiments could be performed, guided by t h e  dimensionless groups, t o  determine 

the  unknown function,$ . However, i n  s p i t e  o f  t h e  74 1/5-scale t e s t s  t h a t  

were run, no attempt was reported o f  using them i n  t h i s  systematic  fashion. 

The ana lys i s  t h a t  was reported i n  References 14 and 17 was an attempt 

t o  match a s i n g l e  curve t o  a l l  t h e  experimental da ta .  The f i n a l  r e s u l t  o f  t h i s  

e f f o r t  a s  repor ted  i n  Reference 17 is: 

where: = coupler  force.  1000's l b  

= W2/W1 

W1 = weight of s t r i k i n g  ca r ,  1000's l b  

W = weight o f  s t ruck  c a r ,  1000's l b  2 
V1 = v e l o c i t y  of s t r i k i n g  c a r ,  mph 

7 )  = pressure  parameter 

The reason t h a t  momentum appears i n  Equation (3) r a t h e r  than t h e  n a t u r a l l y  

a r i s i n g  k i n e t i c  energy o f  Equation (2) ds  due t o  an a p r i o r i  assumption whereby 



energy was ignored. This assumption was made i n  s p i t e  of the  f a c t  t h a t  most 

penet ra t ion  s tud ies ,  such as those reported i n  References 18 and 19, ind ica te  

t h a t  indentat ion is  work-energy dependent. Regardless, the  value o f  an analys is  
l i e s  i n  its a b i l i t y  t o  p red ic t  r e a l i s t i c  e f f e c t s .  The value of Equation (3) 
can be judged from Table XI, which gives a comparison between the  measured 

and predic ted  coupler  force  f o r  t h e  f u l l  s c a l e  llZA340W c a r  t e s t s .  Reference 17 

Table X I  

TEST RESULTS - llZA340W CARS 

Test No. Measured Force Force Predicted from Equation 3 % Error  

1 504,000 l b  1,244,000 146 

2 675.000 l b  1,986,000 194 

One may observe poor agreement between measured and predicted forces.  

One f inds  c lose r  c o r r e l a t i o n  (+-lo%) when Equation (3) is used t o  p red ic t  coupler 

force f o r  a second s e r i e s  of t e s t s  run with r ive ted  ca r s .  This is understandable 

s ince  t h e  vast  majori ty of d a t a  points  used i n  RPI/AAR analys is  were obtained 

using r ive ted  cars .  Fur the r ,  the  second s e r i e s  of t e s t s  were run a t  approximately 

constant impact momentum while t h e  impact momentum of llZA340W cars  (Table XI) 

was approximately t h r e e  times l a rge r .  In  the  opinion of Calspan, the ana lys i s  

ca r r i ed  out  under Task 2.3 of Reference 14 i s  unsa t i s fac to ry  and anyconclusions 

based on these  r e s u l t s  should be questioned. 

C. Modified Couplers 

The RPI/AAR s tudy has found t h a t  couplers caused 26 out  of the  t o t a l  

of 40 head punctures during 1965-19703 I t  was a l s o  determined t h a t  4 punctures 

were caused by o t h e r  than couplers  and i n  10 cases t h e  puncture mechanism was 

r.ot known. No s h e l l  punctures were found t o  have been caused by couplers.  In 

view of the l a rge  d o l l a r  losses  t h a t  have resu l t ed  from head punctures (see 

Table VII) ,  modification of couplers t o  prevent head punctures is a subjec t  

worthy of study. 



Coupler research d i rec ted  s p e c i f i c a l l y  a t  t h e  problem of  reducing 

disengagement during derailment has been ongoing i n  t h e  AAR's  Committee on 

Couplers and Draft Gear. Both type E and type F couplers have been used on 

tank ca r s .  E couplers do not have provision f o r  prevention of v e r t i c a l  d i s -  

engagements when coupled with E couplers.  Presently type F couplers  a r e  

required f o r  a l l  new c a r s  (49 CFR 179.14). Mated type F couplers provide a 

measure of v e r t i c a l  disengagement protec t ion .  Type F couplers engaged with 

type E couplers ( the  most common type on general f r e i g h t  equipment) i n h i b i t  

downward disengagement only. Modified E and F couplers have a l s o  been propo- 

sed. These modified couplers include shelves on the  top  and bottom of the  stan-  

dard couplers intended t o  i n h i b i t  a l l  v e r t i c a l  disengagement. 

The s a f e t y  s h e l f  is not  new but  it has, f o r  the  f i r s t  time, received 

some ana ly t i ca l  considerat ion.  American S t e e l  Foundries published an inves t i -  
gat ion (Reference 20) i n  which t h e  modified E coupler was subjected t o  v e r t i c a l  

loads t o  determine the  s t r eng th  of t h e  shelves.  In  addi t ion ,  t h e  dimensional 
parameters were inves t iga ted  t o  determine, f o r  the  F coupler with the  top  

she l f  and E coupler w i t h  top  and bottom s h e l f ,  i f  modified couplers  w i l l  remain 

coupled t o  s tandard couplers under a l l  AAR allowable conditions. Their conclu- 

s ion ,  a s  presented i n  Reference 20, is t h a t  t h e r e  is no guarantee t h a t  d i s -  

engagement can be prevented. 

The AAR conducted laboratory tests on the  modified E and F couplers 

and reported t h e  r e s u l t s  i n  Reference 21. tiowever, no buff forces  were simu- 
l a t e d  while the  v e r t i c a l  and hor izonta l  inves t iga t ions  were being conducted. 

A r e a l  understanding o f  the  ac t ion  of a modified coupler during derailment has 

not  yet  been accomplished. 

A cos t  benef i t  analys is  was performed by t h e  RPI/AAR f o r  the  appli-  

ca t ion  of t h e  modified E and F couplers t o  112A c a r s  equipped with standard E 

couplers.15 (All tank ca r s  b u i l t  a f t e r  January 1, 1971, have been required t o  

have standard F couplers ,  but  previous t o  t h a t  time tank ca r s  were b u i l t  with 

standard E couplers.) Thei r  conclusion was t h a t  modified E couplers on 112A/ 

l l r A  tank ca r s  would be c o s t  benef ic ia l  compared with standard E couplers and 



t h a t  modified F couplers  would not be cos t  bene f i c i a l  compared with s tandard 

E couplers.  Comparison was not made with s tandard  F couplers because these  

were judged by RPI/AAR not t o  have any increased ef fec t iveness  even though 

they cos t  more than standard E couplers.  We s h a l l  reexamine t h e  cos t  bene f i t  

ana lys is  of couplers along the  guidel ines-used  f o r  t h e  ana lys i s  of head 

sh ie lds .  We s h a l l  a l s o  compare s h e l f  couplers  with s tandard F couplers.  

1. Dis t r ibut ion  o f  Losses 

A s  i n  the  considerat ion of head s h i e l d s ,  t h e  RPI/AAR assigned d o l l a r  

lo s ses  according t o  t h e  tank element t h a t  f a i l e d ,  head o r  s h e l l .  The t o t a l  

l o s ses  due t o  punctures should have been apportioned between the  number of 

head and s h e l l  punctures. See t h e  sec t ion:  Itead Shie lds ,  Dis t r ibut ion  of ' 

Losses f o r  a f u r t h e r  discussion o f  the  Calspan d i s t r i b u t i o n  of losses .  

Table VII presented the  r e d i s t r i b u t e d  los ses  due t o  head punctures. 

Using the  RPI/AAR d a t a  on t h e  number of head punctures t h a t  were a r e s u l t  of 

coupler  s t r i k e s  (26) compared with punctures from other  sources (4) ,  t h e  los ses  

due t o  couplers  can be apportioned. The r e s u l t s  a r e  shown i n  Table XII. 

Modified couplers may be compared e i t h e r  with s tandard E o f  F couplers.  

RPI/AAR chose t o  compare modified couplers with s tandard E couplers because of 

t h e i r  content ion t h a t  s tandard F couplers have no advantage over s tandard E 

couplers ye t  cos t  more. liowever, s tandard F couplers  a r e  now required i n  a l l  

new c a r  cons t ruc t ion  f o r  the  purpose of reducing punctures and jackknifing. 

This would ind ica te  t h a t  modified couplers should be compared agains t  s tandard 

F couplers.  We s h a l l  present  comparisons of modified couplers  against  both 

s tandard E and F couplers.  The cos t  b e n e f i t s  a r e  computed i n  Table XIII. 

RPI/AAR est imates a r e  used f o r  a l l  terms except t h e  amount of lo s ses  due t o  

r e d i s t r i b u t i o n  of losses .  A l l  d o l l a r s ,  both losses  and c o s t s  o f  modif icat ions,  

a re  i n  terms of 1965-1970 d o l l a r s .  There i s  an economic benef i t  f o r  a l l  of 

the  comparisons. 



Table X i i  

REDISTRIBUTED LOSSES DUE TO COUPLER PUNCTURES OF 112A/114A TANK CARS 

Losses, $ 8,920,245 

No. of Cases 26 

No. of Years 6 

Avg. No. of Cars i n  Service 12,000 

Losses, $/Car/Year 124 

Table XI11 

MODIFIED COUPLER COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES 

Cost of Capital :  10% 

Assumed Life: 10 yrs .  

112A/114A Tank Cars 

Present Value = Losses/Car/Year x Present Value Factor 

= $124 x 6.32 = $784 

Modified Coupler Effect iveness (RPI/AAR Estimate) 60% 

Present Value a t  S ta ted  Effect iveness = Present Value x Eff ic iency 

= $784 x .60 = $470 

Di f fe ren t i a l  Cost of Modified E Coupler Compared With Standard E 

Coupler (RPI/AAR Estimate) 0 97 

Economic Benefit  = Present Value a t  S ta ted  Effect iveness - 
D i f f e r e n t i a l  Cost o f  Modified E Coupler 

= $470 - $97 = $373 



Table XI11 (Cont'd.) 

D i f f e r e n t i a l  Cost of  Modified E Coupler compare& with Standard F 

Coupler (RPI/AAR Estimate) -$285 

Economic Benefit  = Present  Value a t  S ta t ed  Effec t iveness  - Differen-  

t i a i  Cost o f  Modified E Coupler = $470 -, (-$285) = $755 

~ i f f e r e n t i a l  Cost o f  Modified F Coupler Compared with Standard E 

Coupler (RPI/AAR Estimate) $424 

Economic Benefit  = Present Value a t  S ta t ed  Effec t iveness  - Differen-  

t i a l  Cost o f  Modified F Coupler = $470 - $424 = $28 

D i f f e r e n t i a l  Cost o f  Modified F Coupler Compared wi th  Standard F 

Coupler (KPI/AAR Estimate) $42 

Economic Benefit  - Present Value a t  S ta t ed  Effec t iveness  - Differen-  

t i a l  Cost of Modified F Coupler = $470 - $42 = $428 





The ca lcu la t ions  a r e  f o r  a modified coupler being i n s t a l l e d  ins t ead  

of a standard coupler on new c a r s  a t  t h e  time of  regular ly  scheduled i n s t a l l a -  

t i o n  of  a new coupler. I f  a c a r  was taken out of  se rv ice  before r egu la r ly  

scheduled and a standard coupler replaced by a modified coupler ,  t h e  c o s t  would 

be more than shown. However, it i s  only considered here t h a t  a s  couplers a r e  

replaced according t o  t h e i r  normal a t t r i t i o n  they would be replaced by modified 

couplers.  

2. Amount o f  Losses - 

In the  preceding, the  l o s s  d a t a  were taken from RPI/AAR repor t s .  

However, a s  discussed i n  the  sec t ion:  Accident S t a t i s t i c s ,  Re-evaluation o f  

Losses, Calspan has determined t h a t  the  RPIIMR l o s s  d a t a  should be increased 

by about 25 percent .  Table XIV is a r e s t a t i n g  o f  Table XI11 u t i l i z i n g  a 25 

percent increase  i n  losses .  The economic bene f i t  i s  found t o  increase  t o  +$491. 

Table XIV 

MODIFIE1)COUPLER COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES 

AND 25 PERCENT INCREASE IN LOSSES 

Cost o f  Capi ta l :  10% 

Assumed Life: 10 y r s .  

112A/114A Tank Cars 

Present Value: $124 x 1.25 x 6.32 = 

t~lodified Coupler Effect iveness 

Present Value a t  S ta ted  Effec t iveness  

Di f fe ren t i a l  Cost o f  Modified E Coupler 

Compared with Standard E Coupler 

Economic Benefit  



Table XIV (Cont'd.) 

D i f f e r e n t i a l  Cost of  Modified E Coupler 

Compared with Standard F Coupler $285 

Economic Benefit  $863 

Di f fe ren t i a l  Cost o f  Modified F Coupler 

Compared with Standard E Coupler 

Economic Benefit  

D i f f e r e n t i a l  Cost o f  Modified F Coupler 

Compared with Standard F Coupler 

Economic Benefit  

3. Cost of  Capi ta l  

In the  sec t ion  liead Shie lds ,  Cost o f  Capi ta l ,  the  p o s s i b i l i t y  of  not  

including an i n t e r e s t  f a c t o r  i n  t h e  c a l c u l a t i o n  was discussed. A t  zero i n t e r e s t  

r a t e  the  n e t  savings of  a 60% e f f e c t i v e  modified E coupler  compared t o  a s t an -  

dard E coupler  would be ($124 x 1.25 x 10 x 0.6) - $97 = $833 under the  same 

assumptions a s  Table XIV except f o r  i n t e r e s t  r a t e .  Following the  same order  

of  comparisons given i n  Table XIV, t h e  ne t  savings would be $1215, $506, and 

$888, respect ive ly .  

Calspan would conclude t h a t  converting t o  modified couplers  would 

be c o s t  bene f i c i a l .  However, t he  present  knowledge regarding the  mechanics 

of  coupler i n t e r a c t i o n  is sti l l  inadequate. More work is required,  p a r t i c u l a r l y  

well documented f u l l  s c a l e  t e s t s .  

I). Thermal Shields 

The RPI/AAR have inves t iga ted  thermal s h i e l d s  and the  los ses  

occurr ing i n  tank c a r  acc idents  due t o  f i r e s .  1 '22g23  The RPI/AAR r e p o r t s  



list a l l  loaded tank c a r s  known t o  have been exposed t o  f i r e  during t h e  years  

1965-1970. Some da ta  were a l s o  published f o r  f i r e s  outs ide  o f  t h i s  t ime period 

but primary emphasis was on these  years.  Inc idents  of l o s s  a r e  so r t ed  by c l a s s  

of tank car .  Loss f i g u r e s  a r e  composed o f  two par ts :  (1) cos t  of l o s t  lading 

and (2) o the r  lo s ses  caused by t h e  l o s s  o f  t h i s  lading. including f i r e  damage 

t o  equipment, r e a l  property,  and l o s s  of l i f e .  A review of t h e  RPI/AAR l o s s  

d a t a  f o r  ll2A/114A tank c a r s  exposed t o  f i r e s  i s  given i n  Table XV. 

Table XV 

112A/114A TANK CARS EXPOSED TO FIRE - 1965-1970' 

Losses, $ 11,879,000 

No. of Cases 65 

Lost A l l  o f  Lading Due t o  F i r e  56 

Ruptured 50 

Avg. No. o f  Cars i n  Service  

No. o f  Years 

Losses, $/Car/Year 

Data taken from Ref. 23 p. 7 and 8. 

The RPI/AAR has a l s o  developed an es t imate  o f  the  maximum value o f  a 

100 percent  e f f e c t i v e  thermal s h i e l d  applied t o  112A/114A tank ca r s .  The 

ana lys i s  includes the  e f f e c t  of t h e  reduction i n  c o s t s  normally incurred i n  

applying a corrosion p ro tec t ion  coat ing on uninsulated tanks.  Because t h e  

thermal s h i e l d  has not  been s p e c i f i c a l l y  defined,  t h e  cos t /bene f i t  ana lys i s  

must be conducted on a somewhat d i f f e r e n t  b a s i s  than t h e  c o s t  bene f i t  analyses 

of head s h i e l d s  and couplers.  That is. because t h e  cos t  and l i f e  o f  t h e  thermal 

sh ie ld  a r e  unknown, t h e  ana lys i s  can only determine t h e  maximum j u s t i f i a b l e  

c o s t  t h a t  could be expended i n  i n s t a l l a t i o n  o f  a thermal s h i e l d  a s  a funct ion  

of the  expected l i f e .  I n  t h i s  r epor t ,  we s h a l l  d iscuss  t h e  poss ib le  e f fec t ive -  

ness t h a t  can be expected and present  an update of lo s ses  i n  terms o f  present  

d o l l a r s ,  a re-evaluat ion of losses ,  and t h e  e f f e c t s  of cos t  of c a p i t a l .  



1. Thermal Shield Effect iveness 

The e f fec t iveness  of a thermal s h i e l d  is a dimensionless f a c t o r  

determined by d iv id ing  expected ove ra l l  savings with modified c a r s  by los ses  

ant ic ipa ted  with unmodified ca r s .  Effect iveness a s  defined here is an index 

of the  expected e f fec t iveness  of t h e s h i e i d s  i n  t h e  aggregate. I t  i s  not a 

measure of the  expected e f fec t iveness  of an individual  sh ie ld  i n  a given acc i -  

dent. Higher percentage e f fec t iveness  implies  higher l e v e l s  of ove ra l l  pro- 

t ec t ion .  Because t h e  thermal s h i e l d  is not f u l l y  defined, it is not  poss ib le  

t o  determine an ef fec t iveness .  Appendix C presents  h i s t o r i c a l  d a t a  on 105A 

insula ted  tank c a r s  which ind ica te s  t h a t  they have an insu la t ion  ef fec t iveness  

approaching 100 percent .  Following sec t ions  of t h i s  r epor t  include analyses 

which show the  value of t y p i c a l  coat ings  i n  reducing heat  input  t o  a tank car .  

These considerat ions i n d i c a t e  t h a t  thermal s h i e l d  coat ings i n  conjunction with 

present  r e l i e f  valves s i zed  f o r  uninsulated 112A/l14A tank c a r s  can have an 

e f f i c i ency  of near ly  100 percent  i f  t h e  coat ing remains at tached t o  t h e  tank 

s h e l l  during a f i r e .  An e f f i c i ency  of 100 percent  has been used f o r  a l l  ca l -  

cu la t ions  i n  t h i s  r epor t .  

2. Update of Losses 

The RPI/AAR cooperative research program has evaluated los ses  due t o  

exposure of loaded tank c a r s  t o  f i r e  by examining da ta  on acc idents  f o r  t h e  

years  1965 through 1970. This da ta  is the  most extensive ava i l ab le  a t  t h e  pre- 

sent  time. A s  more recent  d a t a  becomes ava i l ab le  it should be u t i l i z e d  i n  t h e  

analys is ;  however, obtaining t h e  necessary da ta  is beyond t h e  scope of t h i s  

work. RPI/AAR i s  planning t o  compile los ses  f o r  more recent  years.  A s  t h i s  

da ta  becomes avai lable ,  t h e  ana lys i s  should be modified. I n  t h i s  r epor t  t h e  

losses  f o r  t h e  period, 1965-1970 w i l l  be updated t o  present  d o l l a r s  t o  account 

f o r  changing values o f  damaged items. A re-evaluat ion of the  los ses  a l s o  w i l l  

be made based on a more extensive inves t iga t ion  of lo s ses  f o r  a few accidents .  

Some discussion w i l l  a l s o  be presented of lo s ses  s ince  the  time period of 

t h e  RPI/AAR report .  



In the  sec t ion  Accident S ta t i s t i c s ,Upda te  of Losses, t h e  increase  i n  

the  value of t h e  ladings s ince  t h e  RPI/AAR repor t s  was discussed along with t h e  

increase  i n  o the r  l o s s  ' fac tors .  To account f o r  these  changes i n  l o s s  values,  

values of ladings have been adjus ted  t o  t h e i r  present  worih and o ther  lo s ses  

have been evaluated on the  b a s i s  of  t h e  change i n  wholesale p r i c e  index. This  

r e s u l t s  i n  losses  i n  terms of  present  cos t s  of  $19,800,000 compared with t h e  

$11,879,000 of Table XV f o r  t h e  period 1965-1970. 

In addi t ion ,  i n  t h e  sec t ion ,  Accident S t a t i s t i c s ,  Re-evaluation of  

Losses, it was found t h a t  the  RPI/AAR l o s s  d a t a  should be increased by about 

25 percent  based on a re-evaluat ion of  f i v e  accidents .  The updated l o s s e s  

a r e  given i n  Table XVI along with the  1965-1970 RPIIAAR data .  Present ly  t h e r e  

a r e  about 20,000 c a r s  i n  se rv ice  r a t h e r  than  t h e  average 12,000 ca r s  i n  1965- 

1970. The p rec i se  number of  c a r s  is not  important because p e r  c a r  cos t s  a r e  

ac tua l ly  required f o r  the  c o s t  bene f i t  ana lys i s .  

Table XVI 

LOSSES FOR 112Al114A TANK CARS EXPOSED TO FIRE 

Losses, $ 

Avg. No. o f  Cars 

No. of  Yrs. 

Losses, $/Car/Year 

RPIIAAR Updated To Losses Increased Increased 
1965-1970 Present Dollars  By 25 Percent No. of  Cars 

3. Cost of Capi ta l  

In t h e  Sect ion,  Head.Shields, Cost of  Cap i t a l ,  the  p o s s i b i l i t y  of  not  

including any i n t e r e s t  f a c t o r  i n  the  c a l c u l a t i o n  was discussed.  We s h a l l  com- 

pute t h e  j u s t i f i a b l e  c o s t s  of  thermal s h i e l d s  on the  b a s i s  o f  cos t  of  c a p i t a l  

of both 10 percent  and zero percent .  



4.. J u s t i f i a b l e  Cost of  Thermal Shie ld  Coatings 

The RPI/AAR determined t h e  maximum j u s t i f i a b l e  c o s t  o f  applying 

100 percent  e f f e c t i v e  thermal s h i e l d  coat ings t o  e n t i r e  tank c a r s  by est imating 

t h e  cos t  o f  corrosion p ro tec t ion  which t h e  coat ing  would replace  and t h e  acc i -  

dent losses  t h a t  t h e  coat ing would prevent.  These savings can be u t i l i z e d  

t o  pay f o r  the  modif icat ion plus i n t e r e s t  over a number o f  years .  The amount 

a t  100 percent  e f f ec t iveness  t h a t  could be pa id  back, including i n t e r e s t ,  from 

expected savings is termed present  value. Any reduction i n  e f fec t iveness  of  

t h e  modification reduces t h e  present  va lue  proport ionately.  The present  value 

represents  the  economically j u s t i f i a b l e  c o s t  of  using a thermal sh ie ld .  

RF'I/AAR determined t h a t  t h e  value o f  t h e  corrosion p ro tec t ion  of a 

thermal s h i e l d  was $ lz l /car /year .  (Note: This saving would not  be r e a l i z e d  

f o r  conventional jacketed i n s u l a t i o n  construct ion.  Otherwise t h e  savings would 

be s imilar . )  This  was determined i n  1972. We s h a l l  increase  t h i s  by 20 per- 

cent  t o  $145/car/year t o  update the  savings t o  present  d o l l a r s .  An upper and 

a lower bound were put on t h e  accident  losses .  The lower bound assumes t h a t  

damage t o  the  c a r  i t s e l f  ( including t rucks ,  brakes, etc ,)  would not  be pre-  

vented by a thermal sh ie ld .  The upper bound assumes t h a t  the  thermal s h i e l d  

would have prevented a l l  c a r  damage. (Accident l o s s  d a t a  have not  de l inea ted  

whether c a r  damage was due t o  f i re  o r  t h e  i n i t i a l  accident  which necess i t a t e s  - 
t he  upper and lower bounds on losses . )  The upper bound was $165/car/year 

(Table XV) and t h e  lower bound was $147/car/year. We s h a l l  use these  same 

values updated t o  present  d o l l a r s  and including an increment t o  account f o r  t h e  

re-evaluat ion of  lo s ses .  RF'I/AAR used an i n t e r e s t  r a t e  o f  10 percent  i n  t h e i r  

ca lcula t ions .  We s h a l l  use t h i s  value and a l s o  a zero  percent i n t e r e s t  r a t e  

a s  discussed i n  t h e  preceding sec t ion .  

The r e s u l t s  o f  t h e  ca lcu la t ion  of  j u s t i f i a b l e  c o s t  o f  applying a 

100 percent  e f f e c t i v e  thermal s h i e l d  a r e  shown i n  Table XVII. A l l  of  t he  up- 

dated va lues  i n  t h i s  Table a r e  based on cu r ren t  d o l l a r s .  No projec t ion  has 

been made i n  terms o f  fu tu re  d o l l a r s .  Also, Table X V I I  is based on t h e  assump- 

t i o n  t h a t  the  years  1965-1970 were a normal period f o r  tank c a r  accidents .  



Table XVl l  
JUSTIFIABLE COST OF 100% EFFECTIVE 

THERMAL SHIELD COATING ON 112A1114A TANK CARS 

LIFE OF 
THERMAL 
SHIELD, 
YRS. 

RPIIAAR UPDATED TO PRI 

VALUES. 10% 10% INTEREST RATE 
INTEREST RATE 

LOWER UPPER LOWER UPPER 
BOUND' BOUND'  BOUND^  BOUND^ 
$ 255 $ 272.. $ 371 $ 400 
1053 1124 1533 1651 
1894 1808 2465 2654 
2082 2222 3030 3263 
2546 2717 3705 3990 

SENT DOLLARS 

0% INTEREST RATE 

LOSSES INCREASED BY 25% . 
10% INTEREST RATE 0% INTEREST RATE 

LOWER 
 BOUND^ 

UPPER 
 BOUND^ 

ACCIDENT LOSS 
SAVINGS 

+ CORROSION TOTAL 
PROTECTION= SAVINGS ($lCARNRI 
SAVINGS 

+ 121 = 268 
+ 121 = 286 
+ 145 = 390 
+ 145 = 420 
+ 145 = 451 
+ 145 = 489 

LOWER BOUND ASSUMES THAT THERMAL SHIELD DOES NOT PREVENT ANY DAMAGE TO THE TANK CAR 

UPPER BOUND ASSUMES THAT THERMAL SHIELD PREVENTS ALL DAMAGE TO CAR AND SUFFERS NONE ITSELF. 



Basedon the  previous sec t ions  of t h i s  r epor t ,  t h e  columns headed "Losses 

Increased by 25 Percent" a r e  bel ieved t o  more c lose ly  represent  t h e  ac tua l  jus-  

t i f i a b l e  cos t .  Also, t h e  lower bound probably is c loses t  t o  being co r rec t  

because it is bel ieved t h a t  a thermal s h i e l d  w i l l  not prevent much damage t o  

a c a r ,  a t  l e a s t  t h e  c a r  w i l l  o f t en  have t q  be taken out  o f  se rv ice  and shopped, 

which involves considerable expense. In any event,  t h e  lower bound provides a 

conservative es t imate  of t h e  j u s t i f i a b l e  cos t  of a thermal s h i e l d  coat ing.  

Based on the  above comments, the  j u s t i f i a b l e  cos t  of a thermal s h i e l d  coating 

has been defined dependent only on t h e  expected l i f e  o f  t h e  s h i e l d  and t he  

chosen i n t e r e s t  r a t e  f o r  cos t  of c a p i t a l .  For example, a coat ing with a l i f e  

of 10 years  which might be a des i red  goal ,  can be j u s t i f i e d  i f  its i n s t a l l e d  

c o s t w e r e  $2850 a t  an i n t e r e s t  r a t e  of 10 percent o r  $4510 a t  zero i n t e r e s t  

r a t e .  

Development of c o s t s  o f  coat ings  is  not within the  scope o f  t h i s  work 

but some discussion of t h e  j u s t i f i a b l e  c o s t s  i n  terms of pe r  square foot  o r  

pe r  gal lon o f  coat ing is poss ib le .  A 33,000 ga l lon  112A/114A tank c a r  has very 
2 nearly 2000 f t  of outs ide  su r face  area.  Therefore, t h e  j u s t i f i a b l e  cost  is 

2 2 $1.40/ft  t o  $2.30/ft  f o r  a coat ing with a 10 year  l i f e .  Also, f o r  t h i s  same 

coating a t o t a l  of 370 ga l lons  of coat ing would be required f o r  a 0.3 in.  t h i ck  

coat .  This is gal lons  a c t u a l l y  remaining on the  tank a f t e r  cure. Denending on 

the  type of appl ica t ion  procedure and evaporation percentage, the  ac tua l  amount 

of coat ing used could be much more. For 370 ga l lons  t h e  j u s t i f i a b l e  applied 

cos t  is $7.70/gal t o  $12.20/gal. 

Conventional jacketed insu la t ion  such as  found on 105A c a r s  might 

a l s o  be considered f o r  thermal sh ie lds .  The ana lys i s  presented i n  t h i s  sec t ion  

would a l s o  be appl icable  t o  t h i s  type of construct ion except t h a t  t h e  savings 

due t o  t h e  lack of add i t iona l  corrosion protec t ion  would not  be r ea l i zed .  This 

type of cons t ruc t ion  would then only be j u s t i f i e d  i f  it were l e s s  c o s t l y  o r  i f  

t h e  l i f e  of the  s h i e l d  were expected t o  be longer o r  i f  the  ef fec t iveness  were 

greater .  Shie ld  l i f e  has been found t o  be longer compared with t h e  coat ings  

t e s t e d  t o  d a t e  but  f i n a l  comparisons await f u r t h e r  t e s t i n g .  Because t h e  

thickness is g rea te r ,  t he  jacketed i n s u l a t i o n  would probably provide g rea te r  



thermal pro tec t ion  and the re fo re  e f fec t iveness  more c l o s e l y  approaching 100 

percent.  For t h i s  configurat ion,  t h e  bes t  est imate of  j u s t i f i a b l e  cos t  a t  100 

percent  e f f ec t iveness  would be $2907 f o r  30 years  s h i e l d  l i f e  a t  10 percent  

i n t e r e s t  r a t e .  A t  zero i n t e r e s t  t h e  corresponding value would be $9180. Loss 

of  carrying capaci ty  is n o t  considered i n  t h i s  estimate. Note t h a t  jacketed 

insu la t ion  need not  be applied s t r i c t l y  t o  105 c a r  s p e c i f i c a t i o n s  t o  be ef fec-  

t i v e .  Thinner insu la t ions  not meeting e x i s t i n g  conductance spec i f i ca t ions  a t  

ambient temperature but maintaining i n t e g r i t y  under f i r e  exposure condi t ions  

may serve t h e  needs of sa fe ty .  Hence, a smaller  penal ty  i n  reduced cargo 

volume would be incurred i f  t h i s  opt ion  were adopted f o r  ladings which a re  

volume l imited.  Additional information on t h i s  poin t  is given i n  Section I I -  

C ,  Capacity Limitat ions f o r  Pressure Cars. 

E.  Other Modifications 

Calspan inves t iga ted  the  use of  mechanical sh ie ld ing  devices and 

meta l lurg ica l  improvements t o  determine t h e i r  e f f ec t iveness  i n  increas ing  t h e  

tank ' s  r e s i s t ance  t o  contac t  forces.  The prevention of  rocket ing,  caused by 

propagating tank f a i l u r e s ,  was inves t iga ted  by increasing t h e  tank wall t h i ck -  

ness and changing the  s h e l l  mater ia l  p rope r t i e s .  To t h i s  end, high-grade 

s t e e l s  were s u b s t i t u t e d  f o r  TC-128B. These s t e e l s  have g r e a t e r  e levated  

temperature t e n s i l e  p roper t i e s  and b e t t e r  f r a c t u r e  toughness a t  t he  lower 

temperatures. The use o f  a filament-wound tank concept was considered a s  an 

a l t e r n a t i v e  t o  s t e e l  cons t ruc t ion .  A s  an a i d  i n  stopping propagating type 

f a i l u r e ,  t h e  concept of  a discontinuous tank s t r u c t u r e  was analyzed. Each o f  

t h e  proposed design modif icat ions was evaluated i n  terms of  app l i ca t ions  t o  

both new c a r s  and a s  r e t r o f i t s  t o  e x i s t i n g  cars .  Further ,  f o r  each design con- 

cept  presented, an es t imate  o f  both the  cos t  o f  implementation and t h e  probable 

improvement i n  s a f e t y  (benef i t )  derived from its app l i ca t ion  was determined. 

Using these  f igu res ,  a cos t -benef i t  ana lys i s  w i l l  determine whether t h e  design 

mange can be j u s t i f i e d .  

Ail i nves t iga t ion  of t h e  e f f e c t s  on payload of  increased c a r  weight 

caused by implementation of  poss ib le  improved designs has been included i n  

Sect ion 11, Design and Operational Factors .  

7 1 



The s p e c i f i c  modif icat ions which were given cons idera t ion  i n  t h i s  

sec t ion  are: 

1. Change s p e c i f i c a t i o n  o f  p l a t e  th ickness  and/or mater ia l  t o  

r e s i s t  puncture forces  and propagating f a i l u r e s .  

2. Discontinuous tank s t r u c t u r e .  

3. Prevent coupler  separa t ion  due t o  f a i l u r e .  

1. Tank Material Spec i f i ca t ions  

The primary mode o f  head f a i l u r e  is shear  a t  t h e  per iphera l  pos i t ions  

o f  the  s t r i k i n g  coupler.  To be su re ,  a considerable amount of  e l a s t i c  and 

p l a s t i c  buckling occurs p r i o r  t o  u l t ima te  f a i l u r e .  but t h e  amount o f  r e s i s t i n g  

fo rce  generated by these  deformations can be considered small f o r  the  purpose 

of  these  approximate ca lcu la t ions .  Based on t h e  assumption t h a t  t h e  shear  

fo rces  a r e  dominant, t h e  governing equation f o r  computing puncture fo rces  is 

given by: 

where: F = puncture fo rce  

A = perimeter  of  s t r i k i n g  coupler  

t = p l a t e  thickness,  and 

?= u l t ima te  shear  s t r e s s  a t  f a i l u r e .  

Equation 4 p r e d i c t s  t h a t  a doubling of t h e  r e s i s t i n g  fo rce  can be accomplished 

by doubling e i t h e r  the  p l a t e  th ickness  o r  the  allowable shear  s t r e s s .  Armco 

S t e e l  Corporation has quoted a p r i c e  o f  11.3q/lb f o r  the  present  TC-128 

mater ia l ,  while an improved s t e e l ,  which has twice the  allowable shear  s t r e s s ,  

has been quoted a t  16.84/1b. On t h i s  b a s i s ,  t h e  present  cos t  o f  ma te r i a l  used 
2 i n  cons t ruc t ing  the  112A/114A c a r  (TC-128, 5/8 in.  t h i ck ,  and 2000 f t  area)  

is approximately $6000. Doubling t h e  thickness would double the  c o s t  t o  $12,000. 

On the  o the r  hand, doubling t h e  allowable shear  s t r e s s  would increase  the  

mater ia l  c o s t  t o  $9000. Clearly,  a change i n  mater ia l  s p e c i f i c a t i o n  is p re fe rab le  



t o  changing p l a t e  thickness.  However, what b e n e f i t s  can be expected from 

doubling allowable shear  s t r e s s  by %means. The l imi t ing  f o r c e  f o r  t h e  pre-  

s e n t  tank is approximately 400,000 lb .  Doubling t h i s  force t o  800,000 lb ,  is 

sti l l  lower than the  fo rces  l i k e l y  t o  be produced during ac tua l  derailments.  

From t h i s  s tandpoint ,  t h e  e f fec t iveness  of  increased shear  s t r eng th  is not  

expected t o  be la rge .  

There a r e  seve ra l  o the r  poss ib le  b e n e f i t s  which occur by adopting a 

higher  grade s t e e l .  The RPI/AAR has proposed a number o f  meta l lurg ica l  changes 

t o  reduce t h e  number of tanks  experiencing propagating type f a i l u r e s .  Thei r  

recommendations include changing o f  r o l l i n g  schedules, improved gra in  s ize .  

improved t r a n s i t i o n  temperature limits, e t c .  Such minor modifications t o  the  

TC-128 ma te r i a l  w i l l  produce only marginal changes i n  t h e  frequency of  propaga- 

t i n g  type f r a c t u r e s  and/or increased r e s i s t a n c e  t o  puncture. Upgrading t h e  

ma te r i a l  s ~ e c i f i c a t i o n  w i l l  allow t h e  use o f  a s t e e l  with b e t t e r  f r a c t u r e  tough- 

ness a t  low ambient temperature (OOF) and g rea te r  e levated  temperature s t r eng th .  

Some benef i t  can be expected from increas ing  t h e  low temperature f r a c t u r e  

toughness, but t h e  major bene f i t  w i l l  be t h e  increase  i n  t h e  elevated tempera- 

t u r e  s t rength .  This  l a t t e r  b e n e f i t  w i l l  be discussed i n  the  s e c t i o n ,  Thermal 

Protec t ion .  

A poss ib le  a l t e r n a t i v e  t o  be considered is increas ing  t h e  s t r eng th  of 

t h e  heads only. However, t h e  head s h i e l d  i s  ind ica ted  t o  be a more e f f e c t i v e  

so lu t ion .  This  design modif icat ion has already been determined t o  be c o s t  e f f ec -  

t i v e  a s  reported i n  a preceding sec t ion .  

One concludes t h a t  modif icat ions t o  t h e  tank mater ia l  s p e c i f i c a t i o n  

and increase  of p l a t e  thickness a r e  not  j u s t i f i e d  i n  view of  t h e i r  r e l a t i v e l y  

high c o s t  and quest ionable ef fec t iveness .  Further,  i f  appl ied  t o  t h e  head alone,  

See, f o r  example, s e l ec ted  r e s u l t s  o f  the  derailment s imulat ion (Reference 8) 
where d r a f t  forces  reached a s  high a s  a mi l l ion  pounds. 



they a r e  not as  e f f e c t i v e  a s  a head sh ie ld .  In addi t ion ,  these modif icat ions 

a r e  not appl icable  a s  r e t r o f i t s  t o  e x i s t i n g  c a r s ,  a considerat ion of  importance 

s ince  20.000 112A/114A type c a r s  a re  cu r ren t ly  i n  service: 

I 2. Filament-Wound Tanks - - 

The p o s s i b i l i t y  of using filament-wound tanks has been inves t iga ted  

i n  a prel iminary fashion. The concept may immediately so lve  two of  the  most 

pressing problems r e l a t e d  t o  t h e  112A/114A c a r  i n  LPG serv ice .  These problems 

a r e  ca ta s t roph ic  f a i l u r e  i n i t i a t e d  by mechanical damage and r e t e n t i o n  of 

s t r eng th  a t  high temperature. 

The p o s i t i v e  a t t r i b u t e s  of  filament-wound tanks have been demonstra- 

ted  experimentally on small s c a l e  tanks. S t r u c t u r a l  Composites Indus t r i e s  o f  

Azusa, Cal i forn ia ,  has performed a f i r e  t e s t  i n  which a composite tank was 
2 subjected t o  a f i r e  (Q = 20.000 Btu/f t  -hr)  f o r  approximately 1 hour without 

fa i lure* .  The ex te rna l  sur faces  charred but re ta ined  t h e i r  i n t e g r i t y .  This  

same company has demonstrated the  r e s i s t ance  of  filament-wound tanks t o  impact 

damage. 

The cos t s  of  these tanks a r e  p roh ib i t ive  a t  approximately 5 t o  10 

times the  c o s t  of a s i m i l a r  s t e e l  tank. Further inves t iga t ion  i n t o  t h i s  con- 

cept  has not been ca r r i ed  out by Calspan s ince  it i s  not  a t  present  cos t  bene- 

f i c i a l .  Further research,  a t  a l a t e r  time, t o  reduce the  concept t o  economical 

p rac t i ce  should not  be precluded. 

3. Discontinuous Tank S t ruc tu res  

The t r a d i t i o n a l  means of dea l ing  with a propagating f r a c t u r e  has been 

t o  introduce a d i scon t inu i ty  i n t o  the  s t r u c t u r e .  Some a i r c r a f t  and miss i l e  

s t r u c t u r e s  incorporate r ive ted  o r  bol ted  j o i n t s  pe r iod ica l ly  s o  t h a t  propagating 

f r ac tu rks  cannot occur throughout t h e  s t r u c t u r e .  The comparative cos t  of 

r ive ted  construct ion is approximately two times t h e  s tandard welding construc- 

t i o n  now i n  use, p r imar i ly  because spec ia l  considerat ion must be given t o  

insuring t h a t  t h e  r ive ted  seam w i l l  remain leak f r ee .  

*Personal communication. 
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The primary funct ion o f  the  d i scon t inu i ty  is t o  a r r e s t  a propagating 

f r ac tu re .  However, i n  tank ca r s ,  t h e  a r r e s t e d  propagating f r a c t u r e  can lead 

t o  t h e  formation o f  tubs ,  whicn, because of  t h e  thermodynamic s t a t e  o f  the  

lading, can r e s u l t  i n  rocket ing.  Because of t h i s  very r e a l  p o s s i b i l i t y .  t h e  

e f fec t iveness  of  t h i s  so lu t ion  has t o  be assigned a low value. This low 

e f fec t iveness  combined with the  higher  construct ion c o s t s  has r e s u l t e d  i n  t h i s  

design modif icat ion being judged not  cos t  bene f i c i a l .  

4 .  P l a s t i c  Coupler Hinge 

In a number o f  accidents ,  couplers  have broken of f  a t  t h e i r  shanks. 

T h i s f a i l u r e  is o f t e n  accompanied by a twi s t ing  ac t ion .  In o t h e r  cases ,  t h e  

coupler does not  ac tua l ly  f a i l ,  but the  s i l l s  a r e  spread open by l a t e r a l  forces .  

Since modified couplers  a r e  designed t o  r e s i s t  separat ion;  it is expected t h a t  

l a r g e r  loads can be brought t o  bear  on the  coupler components during derailment.  

In the  s tud ies  o f  modified couplers,  no modif icat ions t o  accommodate these  

increased loads have been developed. A s  a r e s u l t ,  it is expected t h a t  t h e  num- 

ber  of  coupler f a i l u r e s  a t  t he  shank would increase  upon adoption of  modified 

coupler design. 

A coupler which has separa ted  due t o  f a i l u r e  of  t h e  shank may cause 

a s  much damage t o  the  adjacent  c a r  a s  a coupler  which has simply separated.  

To prevent t h i s  type of  f a i l u r e  from occurring, t h e  coupler ,  yoke, d r a f t  gear,  

and d r a f t  pocket must be designed a s  a u n i t .  The incorporat ion of  a weak l i n k  

i n t o  t h i s  system w i l l  insure  t h a t  f a i l u r e  can occur i n  a con t ro l l ed  manner. 

An i l l u s t r a t i o n  of a weak l i n k  incorporated i n t o  t h e  d r a f t  system 

i s  given by Figure 6. I t  cons i s t s  o f  a p l a s t i c  hinge which is capable of sus-  

t a i n i n g  the  800,000 lb .  s t a t i c  c rush  load and t h e  1,250,000 lb .  dynamic load 

imposed a s  per  the  design manual. A t  s u b s t a n t i a l l y  h igher  load, but  still 

below t h e  loads a t  which tlie coupler shank w i l l  f a i l ,  t he  hinge w i l l  y i e ld  

p l a s t i c a l l y ,  allowing the  constrained coupler  forces  t o  be re l ieved without 

causing a complete separa t ion .  The r e l i e v i n g  of  these  forces  w i l l  reduce even 



Figure 6 CONTROLLED FAILURE DRAFT SYSTEM 



f u r t h e r  the  p robab i l i ty  of head punctures and help keep ca r s  aligned during 

derailment. A fu r the r  advantage may be gained by preventing separat ion of the  

cars.  This is the  reduction of s h e l l  punctures. In the  pas t  i f  c a r s  separated, 

l a t e r a l  r e s t ra in ing  force  ceased t o  be applied and t h e  c a r s  tended t o  "jack 

knife" thus  exposing t h e  s h e l l  of one c a r  t o  the  t rucks  of another. Since 

shel l - t ruck contacts  a r e  one of t h e  most frequent causes of s h e l l  in t rus ion,  

preventing the  separat ion of c a r s  and allowing constraining forces  t o  r e s i s t  

t h e  turning motions of c a r s  during derailments should reduce the  tendency of 

cars  t o  "jack-knife." 

Any modification which can a id  i n  keeping ca r s  in  l i n e  during d e r a i l -  

ments w i l l  have a strong influence on reducing t h e  cos ts  of tank c a r  accidents. 

Placing a p ro tec t ive  sh ie ld  around the  s h e l l  is  too expensive t o  be cost  bene- 

f i c i a l .  Prevention of shel l - t ruck contact by keeping c a r s  i n  l i n e  may be a 

p r a c t i c a l  a l t e rna t ive .  However, a considerable amount of experimental work 

w i l l  be required t o  determine t h e  f e a s i b i l i t y  of t h i s  modification and t o  

es tab l i sh  an est imate of the  expected benef i t .  Preliminary est imates of the 

cos t  of incorporating t h i s  change i n t o  new ca rs  a re  approximately $3000/car. 

5. Thermal Protect ion - 
A s  discussed i n  the  sec t ion,  Thermal Shields,  subs tan t i a l  amounts 

of losses  have been incurred due t o  f i r e  exposure o f  tank cars.  I t  was shown 
t h a t  losses  a r e  $344/car/year and t h e  j u s t i f i a b l e  cos t  of thermal shie ld .  coatings 

were determined. Several modifications could be made o the r  than thermal shie lds  

t o  reduce losses due t o  f i r e s .  Four other solut ions  appear p rac t i ca l  enough 
t o  warrant serious study. They are: 

1. Change tank mater ia l  speci f ica t ion t o  r e s i s t  thermally i n i t i a t e d  

propagating f rac tu res .  

2 .  Modify valve a rea  t o  allow more e f f i c i e n t  tank venting. 

3. Modify valve t o  be actuated by lading temperature. 

4. Insure vapor discharge. 



A discussion of each of these  modifications i s  presented i n  t he  following. 

a. Tank Material  Changes 

There a r e  two p r inc ipa l  ways i n  which t h e  frequency o f  thermally 

i n i t i a t e d  propagating type f r a c t u r e s  ;an be reduced. The f i r s t  i s  t o  requi re  

a tank material  with improved e levated  temperature p roper t i e s  and the  second 

is t o  add insu la t ion  t o  t h e  car .  A ca l cu la t ion  was made using t h e  Calspan Tank 

Car Thermal Model in  which a standard, uninsulated c a r  was compared with an 

insula ted  c a r  and a c a r  made of increased s t rength  s t e e l .  The r e s u l t s  of t h i s  

ca l cu la t ion  a r e  shown i n  Figure 7. The conclusion based on t h i s  ca l cu la t ion  

i s  t h a t  t h e  probable increase i n  s a f e t y  i s  g r e a t e r  f o r  the  addi t ion  of small 

amounts of in su la t ion  than f o r  changing t h e  mater ia l  spec i f i ca t ion .  The under- 

lying cause f o r  t h i s  conclusion i s  t h a t  even an improved s t e e l  w i l l  not r e t a i n  

a s i g n i f i c a n t  amount of s t r eng th  above 1200'~. This  f a c t  is well i l l u s t r a t e d  

by Figure 8 i n  which t h e  bur s t  pressure o f  the  tank has been p lo t t ed  agains t  

wall temperature. The da ta  beyond 1200°F has been entered a s  a dashed l i n e  

t o  ind ica te  t h a t  the re  i s  a considerable va r i a t ion  in  p roper t i e s  a t  these  high 

temperatures. In addi t ion ,  no allowances have been made f o r  t h e  creep proper- 

t i e s  o f  the  s t e e l  when it i s  exposed t o  high temperatures f o r  periods o f  time 

g rea te r  than one hour. A s  a r e s u l t ,  t h e  est imated improvement i n  s a f e t y  is 

small. In addi t ion ,  t h e  $3000 increase  i n  the  c a r  cos t  ( see  Tank Material  

Speci f ica t ions)  i s  higher than severa l  o ther ,  more e f f e c t i v e  modifications. 

and the re fo re ,  t h i s  design modif icat ion i s  not considered fu r the r .  

b. Increased Valve Area 

An a l t e r n a t i v e  t o  adding insu la t ion  f o r  thermal pro tec t ion  is t o  

increase t h e  s a f e t y  r e l i e f  valve capaci ty.  The purpose o f  t h e  increased valve 

capaci ty  would be t o  maintain a lower tank pressure and thereby prevent rup- 

ture .  Calculat ions have been made u t i l i z i n g  t h e  Calspan Tank Car Thermal 
2 Model which compare t h e  s tandard,  uninsulated tank with a 0.055 f t  valve 

a rea  t o  a s i m i l a r  c a r  with four  times t h e  valve area .  The r e s u l t s  a r e  shown 

i n  Figures 9 and 10. Also shown a r e  r e s u l t s  f o r  an insula ted  tank with a 

s tandard valve. For both of the  heat  f luxes  considered (which a r e  t y p i c a l  of 
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There i s  one se r ious  defec t  with a change i n  valve area  a s  a s a f e t y  

improvement. ~ c c o r d i n ~  t o  t h e  computer ca lcu la t ions ,  t h e  top  o f  t h e  tank 

reaches a temperature such t h a t  t h e  top  is very c lose  t o  f a i l u r e  even though 

the  va lve  i s  cycl ing  open and closed and maintaining pressure  within the  tank 

a t  t h e  valve se tpo in t .  The f i r e  input  parameters and tank b u r s t  s t r eng th  

a r e  not known with s u f f i c i e n t  accuracy (see  Figure 8) t o  be c e r t a i n  tank 

f a i l u r e  could not  occur a t  t h e  va lve  se tpoin t .  The s t r eng th  of  t h e  s t e e l  i s  

a l s o  known t o  decrease when held a t  e levated  temperatures; a 25 percent decrease 

f i r e s ) ,  increas ing  the  valve area  by a fac to r  o f  four  would allow complete 

venting of  l i q u i d  without rupture.  The insu la t ion  would provide a g r e a t e r  

margin of  s a f e t y  but  the  lower c o s t  of  the  va lve  j u s t i f i e s  f u r t h e r  cons idera t ion  

on a cos t /bene f i c i a l  bas is .  Modification of  the  e x i s t i n g  valve arrangements 

may be required t o  allow f o r  increased valve a rea  p a r t i c u l a r l y  within t h e  pre-  

sen t  manway. E i t h e r  a s i n g l e  l a r g e r  valve o r  mul t ip le  valves could be used. 

Valves of four  times t h e  a r e a  o f  t h e  present  va lve  w i l l  cos t  more 

than t h e  present  valve bu t  not  by a f a c t o r  o f  four.  Extra c o s t  has been 

estimated t o  be $1000. This  cos t  is s i g n i f i c a n t l y  l e s s  than  f o r  a thermal 

sh ie ld  coat ing.  The e f fec t iveness  o f  t h i s  modif icat ion i n  preventing l o s s e s  

r e s u l t i n g  from f i r e  cannot be f u l l y  assessed because t h e  h i s t o r i c a l  d a t a  on 

accidents  is very incomplete r e l a t i v e  t o  valve operat ion.  I t  is not  known i n  

most cases  whether o r  not  the  valve operated. IIowever, i n  t h e  20 f i r e  exposure 

cases i n  which it is known whether o r  not  t h e  va lve  operated, the re  were 11 

ins tances  i n  which the  valves did not  open and only one of  these  r e s u l t e d  i n  

a major rupture.23 The indica t ion  from t h i s  l imited amount o f  da ta  is t h a t  

the  tanks  a r e  not  ruptur ing  before valve operat ion but t h a t  even though the  

valves operate,  ruptures  a r e  not  prevented. A s  shown i n  Table X V I I ,  t h e  losses  

f o r  tank c a r s  exposed t o  f i r e  a r e  $306/car/year. For a 30 year  l i f e  and 10 

percent i n t e r e s t  r a t e ,  t h e  amount t h a t  could be invested i n  a 100 percent  

e f f ec t ive  valve which would prevent t h e  los ses  from f i r e  exposure would be $305 

x 9.5 = $2907. 



a f t e r  1 hour a t  1 0 0 0 ~ ~ . ~ ~  The uncer ta in ty  i n  these  values is such t h a t  f a i l u r e  

may a c t u a l l y  occur i n  some instances.  An a l t e r n a t i v e  valve so lu t ion  which lowers 

tank pressure below t h e  valve se tpo in t  is discussed below. The valve arrange- 

ment discussed i n  t h i s  sec t ion ,  however, appears t o  be a cos t  bene f i c i a l  solu-  

t i o n  i f  it can be shown through f u r t h e r  t e s t i n g  t h a t  s h e l l  temperatures w i l l  

not  be excessive a t  t h e  valve s e t  poin t .  

c. Lading-Temperature-Actuated Valve 

Another s a f e t y  r e l i e f  valve modif icat ion worthy o f  considerat ion con- 

sists o f  a primary valve which is actuated by excessive lading temperature. 

Such a valve would open a t  a s e t  value of  lad ing  temperature which could only 

occur i f  t h e  tank were exposed t o  f i r e .  The valve would then remain open t o  

assure t h a t  t h e  tank pressure  decreased t o  nea r  ambient pressure ,  thus,  elimina- 

t i n g  t h e  danger o f  tank rupture.  

Present  valves a r e  made t o  open and c lose  near  a s e t  poin t  which 

keeps t h e  tank a t . a n  e levated  pressure  (about 300 ps ig  f o r  112A/114A c a r s ) .  

I f  t h e  tank wall temperature becomes high enough, t h e  tank w i l l  f a i l  even a t  

t h e  s e t  point .  The required wall temperature is about 1 2 0 0 ~ ~  (Figure 8 ) .  This  

temperature includes no s a f e t y  f a c t o r  o r  e f f e c t  of  reduced s t r eng th  of s t e e l  

. h e l d  a t  e levated  temperature f o r  long periods.  From t h e  accident  da ta  it is 

evident t h a t  tanks genera l ly  f a i l  because the  pressure  is too  high f o r  e x i s t i n g  

tank s t r eng th  a t  t h e  wall temperature. I t  is not  known whether t h e  tank pres-  

s u r e  was a t  t h e  valve s e t  p o i n t  but  it is assumed t h a t  t h e r e  must be ins tances  

where t h i s  has occurred. Appendix C includes da ta  which shows t h a t  of 55 c a r s  

exposed t o  f i r e s  of  s u f f i c i e n t  s i z e  t o  ac tua te  t h e  valve, 50 eventual ly  ruptured. 

In  some of  these  acc idents  t h e  valve must have had s u f f i c i e n t  capaci ty  t o  main- 

t a i n  tank pressure  a t  t h e  s e t  po in t  and y e t  they  still ruptured. I f  t h e  tanks 

had a valve of  s u f f i c i e n t  capaci ty,  ac tua ted  by lading temperature, and remaining 

open a f t e r  first being actuated,  then t h e  tanks would probably not  have ruptured 

and accident lo s ses  would have been much l e s s .  



To implement such a valve system, a secondary valve o f  conventional 

type would have t o  be included t o  re l i eve  the  tank in  the  event of o v e r f i l l s  o r  

i f  t h e  tank goes s h e l l  f u l l  from ambient heating.  To prevent t h e  p o s s i b i l i t y  
t h a t  the  secondary valve would have s u f f i c i e n t  capacity t o  keep the  pressure 

a t  i ts  s e t  point ,  t h e  secondary valve should have a s e t  point  pressure above 

the  sa tu ra t ion  pressure correspond,ing t o  the  temperature s e t  point  of the  p r i -  

mary valve. For example, t h e  primary valve could be s e t  t o  open a t  a lading 

temperature of 140 '~  (corresponding t o  a propane sa tu ra t ion  pressure of 290 psig)  

and the  secondary valve could be s e t  t o  open a t  300 ps ig .  In operation the secon- 
dary valve would open any time the  pressure reached 300 ps ig  such a s  during 

an o v e r f i l l  o r  i f  the  tank heated s u f f i c i e n t l y  from t h e  sun t o  o v e r f i l l  ( 1 1 5 ~ ~  

a t  summer loading conditions) but  the  only condition t h a t  would open the  p r i -  

mary valve would be a lading temperature of 140'~. This would only happen 

during a f i r e .  The primary valve would then remain open A d  the  pressure i n  

the tank would drop t o  s a f e  levels .  The accident d a t a  make it evident t h a t  

pressure reduction i s  necessary t o  prevent t a n k r u p t u r e .  I f  t h e  lading reaches 

1 4 0 ? ~ ,  t h e  tank must be involved i n  a f i r e .  With the  present  valve system, a 

f i r e  r e s u l t s  i n  a rupture 91 percent of the  time (see Appendix C). The con- 

sequences of venting a l l  of the lading a r e  much l e s s  than f o r  a rupture so  t h a t  

complete venting is the preferable  a l t e r n a t i v e .  The valve se tpo in t s  l i s t e d  

above a re  s a t i s f a c t o r y  only f o r  propane. Other ladings such a s  l iquef ied  

ammonia would require  a valve change. 

A s  described i n  t h e  preceding sect ion,  the  amount t h a t  could be inves- 

t e d  i n  a valve system which would be 100 percent e f f e c t i v e  i n  preventing losses  

from f i r e  exposure would be $2907. The ne t  cos t  of t h e  lading-temperature- 

actuated valve system w i l l  be about t h e  same a s  t h e  increased s i z e  valves 

described in  the  preceding sect ion,  i . e .  $1000. Therefore, an ef fec t iveness  o f  

only 34percent would r e s u l t  i n  a cos t  benef ic ia l  modification. A s  discussed 

above, t h e  indicat ion from the  l imi ted  amount of accident d a t a  is t h a t  tanks 

have not  been rupturing before valve operation and therefore  a valve actuated 

by lading temperature i s  expected t o  be very e f fec t ive .  Calspan bel ieves  t h i s  

technique warrants f u r t h e r  s tudy a s  a p o t e n t i a l l y  cos t /benef ic ia l  modification. 



d . Pos i t ive  Vapor Discharge 

Reference 9 shows t h a t  vapor discharge from t h e  s a f e t y  r e l i e f  valve 

poses a much l e s s  s t r i n g e n t  requirement on valve s i z e  than l i q u i d  discharge. 

During an accident ,  a c a r  may overturn and the  valve may be required t o  flow 

l iqu id ,  p o t e n t i a l l y  the  most dangerous s i t u a t i o n .  A poss ib le  modification would 

cons i s t  of an arrangement t h a t  would insu re  t h a t  t h e  valve was always communi- 

ca t ing  w i t 1 1  t he  vapor f o r  any tilt angle o f  t h e  car .  This might be accomplished 

by a f l e x i b l e  tubing connection from t h e  valve t o  t h e  vapor space; t h e  end i n  

t h e  vapor space being a t tached t o  a f l o a t .  

Hesides t h e  poss ib le  complexity of t h i s  type of modification i n  p r a c t i -  

c a l  use,  it s u f f e r s  from t h e  same deficiency a s  increased valve s i z e .  That is ,  

even though the  valve has s u f f i c i e n t  capaci ty,  it sti l l  opera tes  t o  maintain 

t h e  pressure near  a s e t  poin t  and the  tank could f a i l  a t  t h i s  s e t  poin t  pres-  

s u r e  i f  t h e  tank wa l l s  reach a high enough temperature. Therefore, t h i s  type 

of modification is not  expected t o  have a high ef fec t iveness  and t h e  lading- 

temperature-actuated valve i s  bel ieved t o  be t h e  prefer red  a l t e r n a t i v e .  

F. Economic S e n s i t i v i t y  

In determining an upper bound cons i s t en t  with a v iable  serv ice .  Cal- 

span performed a s e n s i t i v i t y  s tudy t o  determine t h e  e f f e c t  of increased tank 

ca r  cos t  on the  de l ivered  p r i c e  o f  t h e  shipped commodity even i f  t h e  c a r  modi- 

f i c a t i o n  were not s t r i c t l y  cos t  bene f i c i a l .  This study was l imi ted  t o  t h e  

shipment of LPG a d i s t ance  o f  approximately 800 miles i n  llZA340W type cars .  

The general conclusion of t h i s  s tudy is t h a t  f o r  a tank c a r  car ry ing  only LPG, 

a 10 percent  increase i n  t h e  tank c a r  cos t  would produce only a 0.5 percent  

increase  i n  the  del ivered cos t  of t h e  LPG. Since LPG is probably t h e  lowest 

~ r i c e d  commodity t o  be shipped i n  t h e  noninsulated pressure  c a r ,  t h i s  0.5 per- 

cent represents  an upper bound on p r i c e  increase.  S imi lar  conclusions would 

be obtained f o r  t r i p s  of d i f f e r e n t  lengths. 



The assumptions used i n  t h i s  s tudy a r e  presented i n  Table X V I I I  along 

with the  references from which these  da ta  were taken. Transportat ion cos ts  

were computed using t h e  da ta  and procedures presented i n  "Rail Carload Cost 

Scales by Ter r i to r i e s , "  Reference 25. A hypothetical  t r i p  o f  a 112A c a r  from 

liouston t o  S t .  Louis car ry ing 1280 cwt of LPG was used f o r  the  bas ic  computa- 

t ion .  Tank c a r  i n i t i a l  c o s t s  were increased by $500. $1000, and $2000. These 

increased cos ts  were spread over the  30-year l i f e  o f  the  tank c a r  so  t h a t ,  on 

the  average, the  c a r  would re tu rn  t h e  increased cost .  

In t h i s  country, the  majori ty of the pressure  cars  a r e  p r iva te ly  owned 

with approximately 60 percent  owned by leas ing companies' For ca r s  owned by 

leas ing companies, loading and c a r  movement r epor t s  a r e  furnished by t h e  shipper 

t o  the  l e s so r .  Mileage earnings a r e  then paid t o  t h e  l e s s o r  by t h e  r a i l road  

and c red i t ed  t o  t h e  l e s see  t o  be applied agains t  r e n t a l  charges accrued under 

respect ive  leases.  A s  a r e s u l t ,  two s e t s  of payments a r e  made t o  the  c a r  lessor:  

(1) t h e  mileage charge, and (2)  an unknown lump sum spec i f i ed  by t h e  l ease  agree- 

ment. Since only the  mileage charge is v i s i b l e ,  t h e  increased tank c a r  cos t  

was incorporated i n t o  it. This procedure i n f l a t e s  t h e  shipping r a t e  t o  t h e  

benef i t  of tne sh ipper ' s  commodity p r i ce  a t  t h e  point  of o r ig in .  The cos t  of 

t h e  commodity a t  i t s  des t ina t ion ,  however, properly r e f l e c t s  t h e  increased car  

cost .  

Table XI): presents  t h e  method used t o  incorporate t h e  increased c a r  

cos t  i n t o  the  var iable  cos t  por t ion  of the  t r anspor ta t ion  r a t e .  Table XX. 

presents  t h e  computation of the t r anspor ta t ion  r a t e  a s  a function o f  the  increased 

c a r  cos t s ,  and Table XXI presents  t h e  computation of t h e  increased commodity 

cos ts .  Figure 11 presents  t h e  l a s t  r e s u l t  graphical ly.  

I f  the c a r  modification i s  i n s t a l l e d  t o  reduce losses ,  the re  is a 

uenef i t  derived from increasing the  tank c a r  cos t .  An attempt has been made 

t o  determine the  magnitude o f  t h i s  benef i t  and incorporate it i n t o  the  t r ans -  

por ta t ion  r a t e  computations. A s  an example, the  modification was assumed t o  

reduce the  increased t r anspor ta t ion  r a t e s  by 25 percent.  The r e s u l t  i s  p l o t t e d  

on Figure 11 a s  t h e  75 percent  cos t  l ine .  



Table XVlll 
INCREASED CAR COST SPREAD OVER THE 112 FLEET 

Average No. of c a r s ,  p. 4, Ref. 1 . . . . . . 12,000 

Average No. of y e a r s  . . .  . . . . . . . . . . . 30 

Average annual tank c a r  usage . . . . . . . 6.7 x 10 7 

(car  * miles fyea r  - loaded) (p. 24, Ref. 1 )  
Increased c a r  cos t .  . . . . . . . . . . . . . . $500 

$1000 
$2000 

General  overhead ra te  . . . . . . . . . . . . 0.17473 
Region IV, Table 7, Ref. 25 
Empty re turn  ra t io  . . . . . . . . . . . . . . 1.08 
Region IV, Table 3, Ref. 25 



Table X I X  
CHANGE IN CAR RENTAL RATE TO INCLUDE INCREASED CAR COST 

c o s t l c a r  x c a r  
ARC = Tmile lyr  (1 + E / R )  * (1 + OH) x y r  

Region IV 

A R C  - 
0.122 
0.244 
0.488 

INCREASED VARIABLE COST TO REFLECT INCREASED CAR COST 

Region IV 

CCM1 = CCM + ARC * (1 + OH) (1 + E/R)  ( d l m i l e )  

CCM' CCM' 
Way Tra in  CCM 100% 7 5% 

$ 500 47.76796 48.0659 47. 9914 
$1000 48.3640 48.2150 
$2000 48.9602 48.6621 

Through Tra in  

$ 500 42.44149 42.7394 42. 6649 
$1000 43. 0375 42.8888 
$2000 43.6337 43.3335 

ARC Change in  rental  cos t  
E / R  Empty r e tu rn  rat io  
OH Overhead factor  
Tmile  Tatal  mi les  = c a r  x m i l e ~ / c a r / ~ r .  = m i l e s / ~ r .  
CCM Cost per c a r  mile 



Table XX 
TRANSPORTATION RATE AS FUNCTION OF INCREASED CAR COST 

HOUSTON TO ST. LOUIS 794 MILES 
REGIQN I V  CIRCUITRY 1.16 
100% 1280 CWT 

- 

$2000 

4132. 544 
0.018 
3.2465 

48.9602 
0.01294 

43. 6337 
0.01017 

1.179 
0.0082 

. 

0.06889 
0.06085 
4.4255 
5.7869 

43.2050 
53.4174 

Increased C a r  Cost 

Variable Cost  

Termina l  
P e r  car load 
P e r  cwt 
Total  (per cwt) 

Way Tra in  
P e r  ca r -mi l e  
P e r  cwt-mile 
Total cwt-mile 

Through Tra in  
P e r  ca r -mi l e  
P e r  cwt-mile 
Total  cwt-mile 

Constant Expense 

Terminal  per  cwt 
Line-Haul per  cwt-mile 

Fully Allocated Cost  

Way t ra in  cwt-mile 
Through t ra in  cwt-mile 
Total  t e rmina l  cos t  
Total way t ra in  cos t  
Total  through t ra in  cos t  
Total cos t /cwt  

$500 

4132. 544 
0.018 
3.2465 

48.0659 
0.01294 

42.7394 
0.01017 

1. 179 
0. 0082 

0.06808 
0.06004 
4.4255 
5.7187 

42. 6296 
52.7738 

$0 

4132. 544 
0.018 
3.2465 

47.76796 
0.01294 

42.44149 
0.01017 

1.179 
0.0082 

0.06781 
0.05977 
4.4255 
5. 6962 

42.4379 
52.5596 

$1000 

4132. 544 
0.018 
3.2465 

48.3640 
0.01294 

43.0375 
0. 01017 

1.179 
0.0082 

0.06835 
0.06031 
4.4255 
5.7415 

42.8214 
52.9884 



Table XX (Cont.) 

HOUSTON TO ST. LOUIS 794 MILES 
REGION IV CIRCUITRY 1.16 
75% 1280 CWT 

Increased C a r  Cost 

Variable  Cost 

Termina l  
P e r  car load 
P e r  cwt 
Total  (per  cwt) 

Way Tra in  
P e r  ca r -mi l e  
P e r  cwt-mile 
Total cwt-mile 

Through T r a i n  
P e r  ca r -mi l e  
P e r  cwt-mile 
Total  cwt-mile 

Constant Expense 

Termina l  per  cwt 
Line-Haul p e r  cwt-mile 

Fully Allocated Cost 

Way t r a in  cwt-mile 
Through t r a i n  cwt-mile 
Total  t e rmina l  cost  
Total  way t r a in  cos t  
Total  through t ra in  cos t  

$0 

4132. 544 
0.018 
3.2465 

47.76796 
0.01294 

42.44149 
0. 01017 

1. 179 
0. 0082 

0. 067.91 
0.05977 
4.4255 
5. 6962 

42.4379 

$2000 

4132.544 
0.018 
3.2465 

48.6621 
0.01294 

43.3335 
0.01017 

1.179 
0.0082 

0.06862 
0.06058 
4.4255 
5. 7642 

43.0119 

$500 

4132. 544 
0.018 
3.2465 

47.9914 
0.01294 

42.6649 
0.01017 

1.179 
0.0082 

0.06801 
0.05997 
4.4255 
5.7132 

! 42. 5817 
53.2016 Total  cost /cwt  

$1000 

4132. 544 
0.018 
3.2465 

48.2150 
0.01294 

42. 8885 
0.01017 

1.179 
0.0082 

0.06821 
0.06017 
4.4255 
5.7296 

42.7256 
52.5596 ? 52.7204 52. 8807 

! 



Table XXI 
PRICE INCREASE AT DESTINATION VS. INCREASED CAR COST 

- 

$500 $1000 $2000 

Works Price  110.00 110.00 110.00 110.00 
klcwt 

Transport Cost 
d I cwt 

Price at  Destination 162.55 162.77 162.99 163.42 
k /cwt 162.72 162.88 163.20 

% Increase lOOQ/o 0. 13 0.27 0. 53 
7 5% 0. 09 0.20 0.39 - 





The scope of t h i s  s e n s i t i v i t y  analys is  is too l imited t o  draw broad 

general conclusions. However, it does ind ica te  tha t  f o r  modifications t o  tank 

ca r s  of the  order of  $2000 t o  $4000 (including adjustments f o r  economic l i f e  

and cost o f  c a p i t a l  factors), the p r i c e  increase of the  deiivered LPG w i l l  

probably be 0.5 t o  1 percent,  a not impractical increase considering t h e  

protec t ion afforded especia l ly  i n  l i g h t  of  the  recent ly  much g rea te r  increase 

i n  delivered p r ice  of LPG due t o  increased source pr ices .  



IV .  SUPPORTING STUDIES 

Several s t u d i e s  a re  reported i n  t h i s  sec t ion  i n  support o f  t h e  evaluat ion 

of design improvements f o r  tank ca r s .  One o f  these  supporting s t u d i e s  concerns 

t h e  extension of the  t ank- f i r e  computer s imulat ion developed by Calspan. Use 

of t h i s  updated computer s imulat ion i n  t h e  analys is  o f  t h e  1/5 s c a l e  and f u l l  

s c a l e  f i r e  t e s t s  which have been conducted a t  White Sands Miss i le  Range is a l s o  

presented. Also reported is a review of e x i s t i n g  thermal research which is being 

conducted by FKA, RPI/AAR and o thers .  F ina l ly ,  severa l  individual  t o p i c s  

r e l a t e d  t o  thermal research a r e  reviewed. 

A. Description o f  t h e  Calspan Tank Car Tliermal Model 

The Calspan computer program f o r  the  mathematical model o f  t h e  tank 

ca r ,  o r  thermal model, represents  a tank c a r  e i t h e r  upright  o r  r o l l e d  over a t  

any angle, t h a t  is enveloped by f i r e .  The complete program is given i n  Appen- 

d i x  1). The tank c a r  geometry is described by inputs  f o r  i ts  length, diameter,  

s h e l l  thickness,  number o f  r e l i e f  valves, t h e i r  pos i t ion  along t h e  tank,  t h e i r  

flow area ,  discharge c o e f f i c i e n t ,  and the  tilt o r  r o l l  angle from the  v e r t i c a l  

I n  addi t ion ,  i f  ex terna l  in su la t ion  is  present ,  it is spec i f i ed  by 

its th ickness ,  thermal conductivi ty (which may be varied with temperature),  

and t h e  product o f  dens i ty  and s p e c i f i c  heat .  

The tank is divided i n t o  elements f o r  computation by specifying the  

number o f  d iv is ions  around h a l f  t h e  periphery and t h e  number o f  d iv is ions  o f  

length.  The s t e e l  of t h e  s h e l l  is described by b u r s t  pressure t a b l e s  t h a t  a re  

based upon u l t ima te  s t rength ,  and a r e  prepared by ca lcu la t ing  bur s t  pressure 

from a simple t h i n  s h e l l  r e l a t i o n .  That is, thermal s t r e s s e s  due t o  circumferen- 

t i a l  o r  longi tudinal  temperature g rad ien t s  a r e  assumed t o  be neg l ig ib le .  This 

is in agreement with analyses of f a i l u r e s  o f  tanks i n  f i r e s  which ind ica te  t h a t  

the  predominant f a i l u r e  mode i s  thinning of t h e  s h e l l  over the  vapor space followed 

by t h e  i n i t i a t i o n  of a crack along a longi tudinal  l i n e .  This ind ica te s  a pres-  

su re  induced f a i l u r e  r a t h e r  than a thermal s t r e s s  f a i l u r e .  



Valve operating pressure limits must be specified for  opening and 

closing. The lading is described by an array of thermal properties for  the 

saturated conditions, i.e.,  enthalpy, temperature, pressure, and specif ic  volume 
of both l iquid and vapor. In addition, its r a t io  of specif ic  heat, gas constant 

and the t o t a l  weight of lading per foot of tank must be given. 

The heat input from the f i r e  is described by inputs f o r  i ts  tempera- 

ture,  emissivity, and the heat t ransfer  coefficient f o r  convective heating. 

An emissivity for  the tank she l l  must be given. Heat input t o  the lading is 

described for  l iquid and vapor separately by a heat t ransfer ,coeff ic ient .  

Liquid heat t ransfer  coeff ic ients  are  computed by equations tha t  represent 

curve f i t s  t o  experimental data, and are  valid for  propane only. 

Fundamental assumptions were made i n  the theoretical  development of 

the model which contributed t o  rendering the problem tractable  while keeping 

the model pract ical .  These are  l i s t ed  as  follows: 

1. Temperature. of the bulk of l iquid is uniform. 

2. The heat t ransfer  coefficient for  she l l  t o  lading heat 

t ransfer  is uniformly distributed over the surface although 

a dis t r ibut ion is made between liquid and vapor heat trans- 

f e r  coefficients.    he coefficient for  vapor is constant 

but tha t  for  l iquid is variable with pressure and tempera- 

ture differences. 

3 .  Conduction of heat i n  the tank shel l  i n  a direction para l le l  

t o  the axis of the tank is negligible. 

4. Thermal properties of the she l l  do not change with tempera- 

tu re  but thermal conductivity of the insulation may vary. 

5 .  The location of the l iquid surface is  identified only by 

the angle t o  the centroid of the par t icular  element of the 



tank car  she l l  tha t  it contacts. In a l l  other respects. 

the surface is assumed t o  be confined t o  a horizontal plane. 

The model computes heat penetration t o  the lading, which r e su l t s  i n  

a computed r i s e  i n  temperature of the external insulation,  i f  any, the  tank 

she l l ,  the vaporized lading, and the liquid lading. In computing theex te rna l  

heating, heat is reradiated t o  the  f i r e  a t  increasing r a t e ,  and convective 

heating decreases as the outer surface temperature r i ses ,  result ing i n  a 

reduced heat penetration t o  the lading. 

The i n i t i a l  effect  of heat input t o  the lading is t o  cause pressure 

t o r i s e  because of the increase i n  vapor pressure as  lading temperature r ises .  

The amount of l iquid a l so  increases as  i t  is heated. I f  the tank contains 

suff ic ient  lading, a point is reached where the tank becomes shel l  f u l l ,  and 

no vapor is present. 

Such e f fec t s  as these are  duly represented as  a r e su l t  of computations 

using heat and mass balances on the lading. Given the spec i f ic  volume for  both 

vapor and l iquid from e i the r  a previous computation cycle or  the  i n i t i a l  values, 

the masses of l iquid and vapor per foot of length are  computed. I f  the  pressure 

a t  t h i s  previous time is suf f ic ien t ly  high t o  open the valve, the  mass l o s t  

through the valve is computed for  the computing interval  and subtracted from 

the t o t a l  mass of lading. Of course, a dis t inct ion is made between l iquid and 

vapor flow depending upon the r o l l  posit ion of the valve re la t ive  t o  the  instan- 

taneous depth of l iquid.  

The solution f o r  the conditions i n  the tank a t  the end of a computing. 

in terval  is obtained by an i t e r a t i ve  method because numerous simultaneous equa- 

t ions  must be solved, which involve unknown variables tha t  must be evaluated 

using tables  o r  arrays of input data, such as  the thermal properties of saturated 

lading. These equations include the heat balances mentioned e a r l i e r  and mass 

balances tha t  update the masses of l iquid and vapor t o  maintain consistent s e t s  

of conditions. 



The i te ra t ion  procedure s t a r t s  by estimating a new pressure and deter- 

mining the saturated-lading thermal properties that  correspond t o  it. Separate 

schemes are used for  the open valve case. Then an equation for  the heat balance 
t o  the l iquid is used t o  solve for  the new mass of l iquid a t  tlie end of the com- 

puting interval.  I f  an open valve l i e s  below the surface of l iquid,  the  mass 

of l iquid is adjusted t o  r e f l ec t  the l iquid discharge. I f  no valves are open, 

the change i n  mass of l iquid is r e s t r i c t ed  t o  e i ther  vaporization o r  condensation. 

To continue, the i t e ra t ion  proceeds by computing the enthalpy of the 

vapor from a second heat balance tha t  is taken on the vapor space. This enthalpy 

is not allowed t o  exceed the enthalpy of vapor a t  the temperature of the l iquid 

by an amount corresponding t o  0.7 times the difference between temperature of 

the l iquid and temperature of the top element of the shel l .  Then new values 

f o r  specif ic  heat, temperature, and spec i f ic  volume are  computed from curve 

f i t s  of the superheated propane vapor data which are  described i n  Reference 26. 

These are  used in  a computation f o r  QIN, the  heat absorbed by the lading, which 

is obtained from an equation for  the  overall  heat balance on the lading. QIN 
is compared t o  the summation of the heat transferred t o  the  lading from the 

she l l ,  PREV, which equals the t o t a l  heat input t o  the l iquid,  QLSUM, plus the 

t o t a l  heat input t o  the vapor. QGSUM. I f  agreement between PREV and QIN is 

unsatisfactory, a new pressure is estimated on the basis of the departure of 

QIN from PKEV and the i t e ra t ion  procedure is repeated. 

When agreement is achieved, a second t e s t  must be passed t o  insure 

that  the tank pressure does not drop s ignif icant ly  below valve closing pressure 

in  the event the valve has been open, o r  above valve opening pressure i f  it has 

been closed. When these resu l t s  occur they simply indicate t ha t  t h e  computing 

interval  is too long t o  represent events accurately. Consequently, a feature 

is provided tha t  a l te rna te ly  reduces the computing interval ,  recomputes a l l  

heat inputs, temperatures, etc. ,  and r e i t e r a t e s  for  pressure. When the com- 

puting interval  is reduced suf f ic ien t ly  t o  produce the correct tank pressure, 

re la t ive  t o  valve operation, the computation proceeds t o  the  next phase. Note 

tha t  t h i s  procedure does not r e s t r i c t  the  tank pressure from r i s ing  t o  values 

above the valve opening pressure. 



Afte r  t h e  pressure  has been determined, a computing loop is entered  

which checks f o r  tank rup tu re  due t o  excessive pressure  a t  t h e  s h e l l  element 

of h ighes t  temperature. I f  tank pressure  exceeds t h e  allowed pressure  f o r  b u r s t ,  

t h e  computing s tops ,  giving a bu r s t  condit ion p r in tou t .  

Next, s t r e s s e s  a r e  computed f o r  t h e  s h e l l ,  which a r e  p r i n t e d  out f o r  

t h e  uppermost element. Time is updated, t h e  o r i g i n a l  computing i n t e r v a l  is 

re s to red  i n  t h e  event it had been changed during i t e r a t i o n ,  and a check is made 

f o r  mass o f  l i q u i d .  I f  it has been reduced t o  zero, t h e  computation s tops .  I f  

no t ,  it proceeds t o  t h e  next  cycle .  

B. . 'Improvements t o  t h e  Tank Car Thermal Model f o r  Use i n  Engineering Studies  

The computer program f o r  t h e  tank c a r  thermal model was devised i n  

f u l f i l l m e n t  of  previous c o n t r a c t s  (Reference 26). I t  has been f u r t h e r  developed 

and r e f ined  during t h i s  present  con t r ac t  i n  order  t o  make it more s u i t a b l e  t o  

t h e  needs of  t h e  work t h a t  is now underway. A l l  changes made t o  t h e  computer 

program were confined t o  t h e  MAIN rou t ine  s o  it is the  only one discussed i n  

subsequent paragraphs. A FORTRAN l i s t i n g  is presented i n  Appendix D. 

The f i r s t  r e v i s i o n s  t o  t h e  program provide a v a r i a b l e  temperature 

with d i s t ance  above t h e  l i q u i d  l e v e l  i n  t h e  vapor space. Previously, t h i s  was 

t r e a t e d  a s  having uniform temperature throughout. A s i n g l e  va lue  f o r  vapor 

temperature is requi red  f o r  t h e  pressure  i t e r a t i o n  scheme which d e a l s  with t h e  

hea t  balance on t h e  bulk of  vapor. Consequently, an average value f o r  vapor 

temperature is determined. The upper l i m i t  of vapor temperature is found a t  

t h e  extreme top  of t h e  tank and is t h e  i n s i d e  s h e l l  temperature the re .  The 

lower l i m i t  i s  t h e  temperature o f  the  l i q u i d  lading.  The average value is 

higher  than t h e  lower l i m i t  by 0.7 t imes tl ie d i f f e r e n c e  between limits. This  

f a c t o r  (0.7) is sub jec t  t o  change depending upon r e s u l t s  of  s t u d i e s  of f i r e  t e s t  

d a t a  and can even be made a v a r i a b l e  t o  depend upon such c h a r a c t e r i s t i c s  a s  

vapor  space geometry, which changes with depth of l i qu id .  The average tempera- 

t u r e  is introduced i n  t h e  computation of average enthalpy of t h e  vapor, TSTIIC. 



A scheme was devised f o r  computing t h e  temperature o f  t h e  vapor adja-  

cent  t o  each s h e l l  element so  t h a t  it would be ava i l ab le  t o  t h e  computation f o r  

QG, t h e  heat  t r ans fe r red  from s h e l l  t o  vapor. However, t h i s  complicates t h e  

program f u r t h e r  and t h e  advantages o f  using it a r e  minor, inasmuch a s  t h e  pre- 

c i s ion  required of t h i s  computation is only moderate (which is fo r tuna te  because 

the re  is l i t t l e  information ex tan t  concerning heat  t r a n s f e r  t o  propane vapor).  

A second rev i s ion ,  and a major one, was t o  r e f i n e  t h e  i t e r a t i o n  pro- 

cedure f o r  pressure i n  the  tank car .  F i r s t ,  i t e r a t i o n  is necessary t o  so lve  

a l l  t h e  equations (some a r e  represented by t a b l e s )  t h a t  def ine  t h e  changed con- 

d i t i o n s  of the  lad ing  a f t e r  a time i n t e r v a l  while hea t  is added t o  t h e  lading. 

T h i s  is explained i n  more d e t a i l  i n  Reference 26. However, t h e  procedure pre- 

sented i n  t h a t  r epor t  is overs impl i f ied . .  The ch ie f  r e l a t i o n s  were mass and 

heat  balances on t h e  o v e r a l l  lad ing  and t h e  mass balance was not  complete 

because t o o  many unknowns exis ted ,  although p r i o r  values f o r  some were used 

which provided p a r t i a l  compensation f o r  t h i s  deficiency.  This s i t u a t i o n  has 

been remedied by providing separa te  hea t  balances f o r  l i q u i d  and vapor i n  addi- 

t i o n  t o  t h e  ove ra l l  hea t  balance. Incorporat ing these  equations required 

changing the  l o g i c  of the  i t e r a t i o n  scheme i n  many re spec t s  although t h e  bas i c  

concept was re ta ined ,  i . e . ,  one o f  est imating pressure,  then evalua t ing  t h e  

thermal p roper t i e s  of the  lading f o r  t h a t  pressure  t o  permit computation f o r  

the  heat  absorbed by the  lading during t h e  computing i n t e r v a l  and f i n a l l y ,  

comparing t h e  hea t  absorbed by t h e  lading with t h e  heat  t r a n s f e r r e d  t o  it from 

t h e  s h e l l  and revis ing  t h e  estimated pressure t o  repeat  t h e  i t e r a t i o n  i f  t h e  

heat  absorbed d i d n o t  agree with t h e  heat  t r ans fe r red .  

Since t h i s  revis ion ,  t h e  computer program has been exercised numerous' 

t imes and it has been observed t h a t  t h e  i t e r a t i o n  procedure has been convergent 

f o r  a l l  condi t ions  imposed upon it. These range from t h e  case o f  high heat ing 

r a t e s  experienced by a bare tank i n  a f i r e  t o  one o f  g r e a t l y  moderated hea t  

penet ra t ion  t o  t h e  s h e l l  r e s u l t i n g  from t h e  use o f  very e f f e c t i v e  insu la t ion  

and include computations f o r  f u l l  s i z e  tank c a r s  a s  well a s  1/5-scale tanks.  



A t h i r d  revis ion  is an improved model o r  technique f o r  representing 

insu la t ion  placed around t h e  outs ide  of t h e  tank s h e l l .  The technique provided 

with t h e  previous model, Reference 26, neglected the  hea t  s to rage  term i n  the  

hea t  conduction equation. I t  incIuded a representa t ion  of the  degradation of 

e f f e c t i v e  thickness of in su la t ion  t h a t  decomposes when heated t o  excessive 

temperatures. This model has been replaced with one t h a t  is somewhat more 

complicated, i n  which t h e  hea t  s to rage  e f f e c t  is included, but  the  degradation 

scheme has been dropped. ( I t  is poss ib le  t o  incorporate degradation although 

t h i s  would r equ i re  more e f f o r t  because changes i n  l o g i c  a r e  requi red  t o  adapt 

it t o  t h e  new procedure.) 

Moreover, t h e  improved model is two-dimensional i n  i ts  treatment of 

insula t ion .  The computations a r e  s i m i l a r  t o  t h e  determination o f  tank s h e l l  

temperature, whereby a g r i d  system i s  used t h a t  provides f o r  r a d i a l  hea t  con- 

duction through t h e  s h e l l  and heat  conduction i n  the  per iphera l  d i r ec t ion .  

Calculat ions have been made of t h e  response of a tank c a r  t o  f i r e s  

using t h e  improved computer programs. The ca lcu la t ion  condit ions a r e  l i s t e d  

i n  Table XXII from t h e  b e s t  a v a i l a b l e  information. The f i r e  temperature and 

e f f e c t i v e  emiss iv i ty  were taken from the  one - f i f th  s c a l e  t e s t  r e s u l t s  a s  

described i n  t h e  next  sec t ion .  The e f f e c t i v e  emiss iv i ty  used is an experimen- 

t a l l y  determined value requi red  f o r  the  hea t  t r a n s f e r  ca l cu la t ions  and is not  

necessar i ly  t h e  same a s  t h e  op t i ca l  emissivi ty.  A body within a f i r e  cools  

immediately adjacent  gases which then s h i e l d  it from t h e  bulk of t h e  f i r e .  

This reduces t h e  e f f e c t i v e  emiss iv i ty  t b  which the  body is subjected.  

Several of t h e  o the r  ca lcu la t ion  condit ions r e l a t e  t o  a t y p i c a l  ll2A340W 

tank c a r  of about 33,000-gallon capaci ty  containing propane a t  t h e  summer 

loading densi ty.  The ca lcu la t ions  have considered membrane f a i l u r e  of t h e  tank,  

with s t e e l  s t r eng th  a s  given by t e s t  specimen No. 7 of AAR Research Department 

Report MR-453, Figure 8. However, t h e r e  a r e  seve ra l  o the r  f a i l u r e  c r i t e r i a  

which may a l s o  be used. The t e s t  pressure of 112A340W tank c a r s  is 340 ps ig  

and the  A A R f s  Speci f ica t ion  f o r  Tank Cars l i m i t s  t h e  allowable tank pressure  

t o  306 ps ig  f o r  any s h e l l  temperature. This f a i l u r e  c r i t e r i o n  is conservat ive 



Table XXll 
CALCULATION CONDITIONS 

Fire  temperature: 1700°F 

Effective fire emissivity: 0.4 

Convection coefficient adjusted to give a cold wall heat flux equal to that given 

on curves 

The whole tank car  is subjected to the same cold wall heat flux 

Initial tank temperature: 70°F 

Summer loading of propane, i. e..  shell full conditions a r e  reached a t  lading 

temperature of 11 5. F 

Tank diameter: 10 ft. 

Tank length: 60 ft. 

Tank wall thickness: 0.625 in. 

Tank material: TC 128 with strength properties of test specimen No. 7, AAR 

Research Department Report MR-453 

Amount of insulation: None 

Valve discharge coefficient: 0.65 

Valve fully opens a t  295 psia and fully closes a t  280 psia 



i n  that  it includes a safety  factor  for  most values of she l l  temperature and it 

is the only c r i te r ion  tha t  is based on actual tank t e s t  pressures. 

Another fa i lu re  c r i te r ion  that  we have considered is applying a safety  

factor  t o  the burst pressures. We have used a safety  factor  of 1.5. Data 

supplied by Armco Steel  Corporation for  TC 128 s t ee l  indicate tha t  a 1.5 safety  

factor  applied t o  AAR strength data is not overly conservative. In f ac t ,  a t  

temperatures above llOO°F, the Armco data indicate less  strength than the AAR 

data with a 1.5 safety  factor.  To account for  these differences a t  high tempera- 

ture ,  we have reduced the AAR strength data by e i the r  a 1.5 safety  factor  o r  

200 psi ,  whichever is greater. 

The calculation conditions r e l a t i ve  t o  valve operation are not well 

known due t o  the lack of actual t e s t  data, but the values shown i n  Table XXII 

represent the best available information. Data from the valve t e s t s  being con- 

ducted a t  Edwards AFB and ful l -scale  f i r e  t e s t s  should provide more def in i t ive  

information on valve performance. 

Figures 12 and 13 show a 33,000 gal. 112A/114A t a n k  response t o  a 
2 f i r e  of 17,000 Btu/hr f t  cold wall heat flux. Figure 1 2  is with the valve 

ver t ica l ly  up (vapor discharge) and Figure 13 is with the valve a t  150' from 

the ver t ica l  (liquid discharge f o r  the majority of the time). For the vapor 

discharge condition, the  valve appears t o  have suf f ic ien t  capacity t o  prevent 

pressure buildup above 305 psia. However, the  temperature of the she l l  reaches 

a magnitude such tha t  the tank is close t o  fa i lu re  a t  the valve opening pressure 

of 295 psia. The borderline nature of t h i s  case is also a consequence of the 

f i r e  conditions used i n  the  calculations which are not precisely known. I f  the 

200 ps i  safety  factor  is u t i l i zed  f o r  t h i s  circumstance, the tank would have 

been considered t o  have fa i led  a t  1720 sec. 

Figure 13 shows conditions i n  a tank with the valve a t  150°, i .e. ,  fo r  

l iquid flow for  the majority of the time. This f igure gives an indication of 

the increased sever i ty  of l iquid flow circumstances. The conditions are  the 

same as  those calculated f o r  Figure 12 other than the valve location. For the 



. .~ 
Figure 12 PRESSURE, MAXIMUM'SHELL TEMPERATURE, AND MASS OF LADING IN TANK WITH SUMYER 

PROPANE LOADING SUBJECTED TO 17,000 BTUIHR FT2 COLD WALL HEAT FLUX, 0.055 FT 
VALVE AREA, VALVE AT Oo,SEE TABLE XXll FOR OTHER CALCULATION CONDITIONS 



Figure 13 PRESSURE, MAXIMUM SHELL TEMPERATURE, AND MASS OF LADING IN TANK WITH SUMMER 
PROPANE LOADING SUBJECTED TO 17,WOBTUIHR FT2 COLD WALL HEAT FLUX, 0.055 FT2 
VALVE AREA, VALVE AT 1500, SEE TABLE XXll FOR OTHER CALCULATION CONDITIONS 



l iquid flow circumstance, the pressure increases t o  a much higher value un t i l  

the lading level reaches the valve and gas flow begins. The pressure then 

decreases rapidly. Even though the flow ra t e  is  higher f o r  liquid flow, tank 

pressures are observed t o  be greater. Tank f a i l u re  a t  306 psig, the maximum 

allowed in  the specifications,  occurs a t  600 sec. Failure a t  340 psig, tank 

t e s t  pressure, occurs a t  800 sec and a t  a 1.5 safety factor  a t  1200 sec. 

C. N.O.L. Fire Testing and Results 

A se r ies  of f i r e  t e s t s  were conducted by the Naval Ordnance Laboratory 

(N.O. L. ) for  the Federal Railroad Administration (FRA) . 26a The purpose of 

the . t e s t s  was t o  gain information regarding: 

1. The f i r e  environment t o  which tank cars might be subjected. 

2. The thermal e f fec t s  of f i r e  on the tank contents and tank 

she l l .  

3. The performance of the Midland A-3480 safety  valve. 

4. The effectiveness of thermal shield coating materials 

toward reducing the thermal load t o  the tank she l l  and lading. 

In pursuingthe study program, 1/5 model tank cars containing water 

and propane were subjected t o  the f i r e  environment produced by continuous feed 

of JP-4 fuel  i n to  a f i r e  p i t .  A t o t a l  of s i x  f i r e  t e s t s  were conducted for  

which t e s t  data f o r  the l a s t  four t e s t s  of tanks containing propane only have 

been procured. Data for  the f i r s t  two t e s t s  of tanks containing water have 

not yet  been obtained but are believed of l i t t l e  value, i n  any event, due t o  

s ta ted d i f f i cu l t i e s  with temperature instrumentation i n  those t e s t s .  This 

section, therefore, deals with the resu l t s  of the four propane t e s t s .  

1. Test Instrumentation 

In seeking information by which tank car  performance i n  f i r e  environ- 

ments could be assessed, a number of measurements were desired. Although 

i n s t m e n t a t i o n  techniques for  the above mentioned four 1/5 scale  f i r e  t e s t s  



I' were not  i d e n t i c a l ,  t h e  information des i red  was the  same. For t h i s  reason, 

the  descr ip t ion  of instrumentation given here is general and e s s e n t i a l l y  

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

I 
Temperatures were measured by means of thermocouples. Temperatures 

of the  s h e l l ,  lading, f i r e  and, i f  appropriate,  insula t ion ,  general ly were 

obtained. Shel l  temperatures were measured a t  a s u f f i c i e n t  number of circum- 
: 
I 

f e r e n t i a l  loca t ions  t h a t  good representa t ion  of thermal gradients  around the  

s h e l l  could be obtained i n  addi t ion  t o  indica t ion  o f  t h e  angle t o  the  propane 

I l i qu id  by observation o f  s h e l l  temperature break* points .  The lading tempera- 

t u r e s  were indica ted  through a gridwork o f  thermocouples placed within the  

I tank. A number o f  these  thermocouples were provided with r ad ia t ion  s h i e l d s  i n  

an e f f o r t  t o  prevent overtemperature indica t ions  i n  the  vapor space due t o  

r ad ia t ion  from t h e  hot s h e l l  walls.  F i re  temperature indica t ions  were obtained 
I 
i by a r ing  of thermocouples placed approximately four  inches from t h e  tank outer  

s h e l l .  Temperatures i n  t h e  intumescent mast ic  insu la t ion  were obtained a t  a 

I number of circumferential  loca t ions .  Tliese thermocouples were topcoated with 
i 

t he  insu la t ion  system under t e s t .  
: 

i Tank pressures were obtained by use o f  two redundant pressure  t rans-  

ducers placed within t h e  tank. 

L 

The l i f t  of the  valve o r  valve displacement was obtained by use  o f  a 

i l i n e a r  d i f f e r e n t i a l  transSormer i n t e r i o r  t o  t h e  tank and a r e c t i l i n e a r  potentio-  

meter external  t o  the  tank. These u n i t s  were ca l ib ra ted  p r i o r  t o  t e s t  and t h e i r  

I s igna l s  were recorded continuously during t e s t .  

1. lleat f l u x  from t h e  f i r e  was indica ted  by use  o f  a Hycal heat  f l u x  

calorimeter  capable o f  continuous recording through t h e  t e s t  period,  and a 

la rge  ca lor imeter  b o t t l e  containing water by which gross measurements o f  heat  

f l u  could be obtained. In addi t ion  t o  these  devices, t o t a l  heat  f l u x  t o  t h e  

s h e l l  could a l s o  be estimated by determination o f  r a t e  o f  propane l o s s  from t h e  

I tank. 

Discussed l a t e r .  



2. Description of  Tests  and Observations 

A s  mentioned'above, t h e  f i r s t  two water t e s t s  w i l l  not  be considered. 

The t h i r d  f i r e  t e s t ,  conducted Marc11 17, 1972, cons is ted  of  an uninsulated 1/5 

s c a l e  tank having the  r e l i e f  valve placed v e r t i c a l .  In t h i s  t e s t ,  239 ga l lons  

of  propane were loaded i n t o  t h e  tank and the  f i r e  t e s t  was i n i t i a t e d  under 

calm wind conditions. Venting of propane was observed a t  about 78 seconds 

a f t e r  i n i t i a t i o n  of  the  t e s t .  Temperature of  the  lading,  s h e l l ,  and f i r e  were 

recorded a s  were t h e  pressures  i n  t h e  tank. Due t o  an oversigllt ,  water 

cooling of  the  heat  meters was not  provided. Hence, t h e i r  output f o r  the  f i r s t  

minute only was considered r e l i a b l e .  Liquid l e v e l  devices were inoperat ive.  

Valve l i f t  measurements were highly questionable. 

The four th  f i r e  t e s t ,  conducted June 20, 1972, cons is ted  of  a 1/5 

s c a l e  tank o u t f i t t e d  with a nominal 7/16 inch thickness of  t h e  N.O.L. insula-  

t i o n  system. A s  i n  t e s t  No. 3 the  f u l l  s i z e d  A-3480 Midland va lve  was i n  t h e  

v e r t i c a l  pos i t ion .  In t h i s  fou r th  t e s t .  226 ga l lons  of  propane were loaded 

i n t o  the  tank and t h e  f i r e  t e s t  was i n i t i a t e d  under calm wind condit ions.  

Temperature da ta  were obtained f o r  t h e  lad ing  and s h e l l .  Heat f lux  da ta  f o r  

the  f i r s t  24 minutes of t e s t  were obtained by the  llycal hea t  f l u x  sensor. The 

calorimeter  b o t t l e  a l s o  functioned s a t i s f a c t o r i l y .  Application o f  secondary 

pressure  instrumentat ion a f t e r  f a i l u r e  o f  the  primary pressure  t ransducers  

p r i o r  t o  the  t e s t  was apparently unsuccessful i n  t h a t  quest ionable pressure  

da ta  was obtained. The l i n e a r  transformer was inoperat ive and valve l i f t  mea- 

surements a s  given by the  r e c t i l i n e a r  potentiometer appeared erroneous. Tem- 

pera tures  a t  t h e  e x t e r i o r  sur face  o f  the  insu la t ion  were a l s o  obtained through 

t h e  majori ty o f  the  t e s t  but were no doubt ind ica t ing  e s s e n t i a l l y  t h e  flame 

temperature of the  f i r e .  

The f i f t h  f i r e  t e s t  was conducted on J u l y  12, 1972, f o r  the  purpose 

of  inves t iga t ing  t h e  e f fec t iveness  of a p ropr i e t a ry  coat ing  system cons is t ing  o f  

a mast ic  and an overcoat.  Again, t he  A-3480 Midland s a f e t y  valve was i n  the  

v e r t i c a l  pos i t ion .  Temperatures of  the  lading and s h e l l  were obtained a s  were 

temperatures of  the  f i r e .  Temperatures recorded a t  t h e  e x t e r i o r  sur face  o f  



t h e  insu la t ion  were unre l iable .  The heat  f l u x  gage f a i l e d  s h o r t l y  a f t e r  t h e  

s t a r t  o f  t e s t ,  and water temperature within t h e  calorimeter  b o t t l e  exhib i ted  

quest ionable behavior. Tank pressure a s  a funct ion of time was obtained f o r  

thir ty-seven minutes of t e s t  time. The r e c t i l i n e a r  potentiometer f a i l e d  a f t e r  

only about 30 seconds of operat ion,  but t h e  d i f f e r e n t i a l  t ransformer indica ted  

e s s e n t i a l l y  no valve motion throughout the  t e s t .  Post t e s t  examination o f  

t h e  sp r ing  of the  s a f e t y  valve indica ted  it t o  be approximately 9 percent 

longer than t h a t  of t h e  valve spr ing  of t h e  four th  f i r e  t e s t .  The e f f e c t s  pro- 

duced by overheating of the  spring were a l s o  evidenced. 

A s i x t h  1 /5  s c a l e  f i r e  t e s t  was conducted on November 1, 1972. The 

purpose of the  t e s t  was t o  e s t a b l i s h  t h e  e f f e c t s  of f i r e  on an uninsulated tank 

containing 226 gal lons of propane, having t h e  s a f e t y  valve or iented  a t  90' from 

t h e  v e r t i c a l .  Data regarding temperatures, hea t  f luxes ,  tank pressures ,  and 

valve displacement were obtained i n  t h i s  t e s t .  I t  was observed t h a t  mild vent- 

ing o f  t h e  valve occurred f o r  2 seconds a f t e r  about 45 seconds i n t o  the  t e s t .  

After  74 seconds, near  continuous c y c l i c  discharge was noted with sound des- 

c r ibed  a s  t h a t  of a steam engine. 

3. Reported Test  Results  

Data obtained i n  t h e  t e s t s  described above were reduced, analyzed, 

and submitted through seve ra l  b r i e f  notes  and progress r epor t s  issued by N.O.L. 

t o  the  FRA. Items included i n  these  analyses were e x t e r i o r  heat ing r a t e s ,  f i r e  

temperatures, tank pressure ,  hea t ing  r a t e  t o  lading,  valve opening time and 

displacement, s h e l l  temperatures, and lading  temperatures. Unfortunately, a s  

noted above, information on a l l  o f  these  items was not  obtained i n  each t e s t  

due pr imar i ly  t o  equipment f a i l u r e .  I n  addi t ion ,  ana lys i s  of each t e s t  d id  

not  always include determination of the  same q u a n t i t i e s .  For t h e  most p a r t ,  

however, information regarding f i r e  environment and tank c a r  thermodynamics was 

reported. Table X X I I I  i l l u s t r a t e s  t h e  reported d a t a  f o r  f i r e  t e s t s  No. 3 through 

6. Simple comments with respect  t o  values c i t e d  a r e  given a t  t h e  foo t  o f  t h e  

f. 

A t  500 seconds i n t o  t h e  t e s t ,  a s i n g l e  impulse was observed. 



Table X X I I I  

REPORTED RESULTS FOR FIRE TESTS OF 1/5 SCALE TANKS CONTAINING PROPANE 

Average 
Test Valve Fire Max. Shell  Heat Flux Heat Flux Heat Flux Valve valve Discharge 
No. Test Type Position Temp. - Temp. (meter) (bot t le)  (lading) Time Displacement Rate 

3 non- vert. 15-1900°F 1380°F 45,000 ---- 33,600~ 78 sec ---- ---- 2 

insulated 

4 NOL ver t  . ---- 1000 26,500 30,300 2.600 604 ---- ---- 
insulation 

5 Proprietary vert .  16-1800 1000 ---- 21,000 ---- 420 ---- 0.55 
Coating Sys. lb/sec 

6 non- horiz. ---- 9 80 38,300 ---- 39,000~ ' 45 0.25 in .  ---- 
C 
t- insulated 
0 

General Note: Tabulated values rounded for  simplicity. 

?Specified time to  f i r s t  valve action 

2 
2~ve rage  of two heat meter readings i n  the  f i r s t  minute of operation. Btu/hr-ft 

3~~ given i n  "Analysis of 1/5-Scale F i re  Test Data," by L.J. Manda. Railroad Tank Car Safety Research and Test 
Project, RPI/AAR Report RA-11-2-14, April 12. 1972. . . 

4~hi s  reported value believed t o  be reported i n  e r ro r  by ten t o  one; be t t e r  estimate i s  600 sec. 

5Some question regaraing accuracy of this figure Gue t o  insuff ic ient  data.  



t a b l e .  The following sec t ion  gives a more complete commentary regarding methods 

u t i l i z e d  i n  generation o f  t h e  r e d u c e d r e s u l t s  and gives added perspective con- 

cerning information gained as well a s  poss ib le  conduct o f  fu tu re  t e s t s .  

4 .  Examination of Results and Discussion 

In reviewing the  reported r e s u l t s ,  one must consider t h e  degree t o  

which t h e  purposes o f  t h e  t e s t  program have been met, a s  well a s  t h e  prec is ion  

of t h e  reduced r e s u l t s .  The following is intended t o  form a b r i e f  summary and 

discussion of the  information thus  f a r  gained with some supplementary analys is  

of data.  Suggestions f o r  poss ib le  fu tu re  t e s t i n g  a r e  a l s o  included i n  the  

sect ion.  

a .  F i r e  Environment 

The two ch ie f  items o f  importance r e l a t i n g  t o  f i r e  environment a r e  

the  f i r e  temperatures and the  heat  f luxes  (both r a d i a t i v e  and convective) pro- 

duced. F i r e  temperature is o f  importance i n  the  sense t h a t  it is the  con t ro l l ing  

o r  dr iv ing po ten t i a l  f o r  heat  flow t o  t h e  tank o r  insu la t ion  surface.  In  t h i s  

respect  it is t o  be noted t h a t  it is, therefore ,  t h e  highest  poss ib le  tempera- 

t u r e  t o  which any exposed objec t  can be heated. The heat f luxes  a r e  o f  impor- 

tance i n  t h a t  they govern t h e  r a t e  o f  change of temperature o f  exposed ob jec t s  

and/or the  r a t e  of vaporizat ion of material .  In t h i s  regard,  it must be noted 

t h a t  heat  f lux  i s  not s o l e l y  a property o f  the  f i r e  environment but is a l s o  

governed t o  a degree by t h e  geometry and temperature of the  exposed object .  

Convective heat ing is d i f f e r e n t l y  af fec ted  by objec t  s i z e  and temperature than 

is r a d i a t i v e  heat ing,  and the re fo re  discrimination between convective and r a d i a t i v e  

f lux  is necessary. Relat ive t o  observed da ta  (see Table XXIII), it is evident 

t h a t  JP-4 f i r e  temperatures approached peak values near 2 0 0 0 ~ ~  with a reasonable 

average of 1700°F over the  majori ty o f  t h e  t e s t  time. While JP-4 is c e r t a i n l y  

not propane, it may be taken as a reasonable representa t ion  o f  hydrocarbon 

f u e l  f i r e s  including t h a t  of propane. 

The heat  f luxes  generated by tlie f i r e  i n  t h e  1/5 s c a l e  t e s t s  were 

evaluated by a number o f  methods, but  unfortunately no ac tua l  determinations 
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of  r ad ian t  hea t ing  were obtained. Heat f l u x  values repor ted  a r e  gross measure- 

ments i n  which both convective hea t ing  and r a d i a t i v e  hea t ing  a r e  combined. In 

general izing t h e  hea t  f l u x  da ta  (Table V I I l ,  one 0bserve.s t h e  t o t a l  hea t ing  
2 r a t e  t o  be  of t h e  order  35,000 Btu/hr-f t  . There is, however, s i g n i f i c a n t  d i s -  

persion i n  t h e  hea t  f l u x  d a t a  depending upon t h e  method by which it was estab-  

l i shed .  I t  must be noted t h a t  h e a t  f l u x  measuring devices respond t o  n e t  inc i -  

dent f l u x  -- t o  t h e  devices not  necessa r i ly  t o  t h e  objec t  under t e s t .  Hence, 

probably t h e  bes t  measure of h e a t i n ~ ' r a t e  is t h a t  obtained by evaluat ion o f  

lad ing  l o s s  by vaporizat ion s i g n i f i e d  by r ap id  change i n  circumferential  s h e l l  

thermocouple outputs  (break poin ts )  which were taken t o  ind ica te  height  of 

l i qu id  i n  t h e  tank a s  well  a s  wetted su r face  area. The range of values f o r  

t h e l a d i n g  appears t o  be from 33,000 t o  .40,000 ~ t u / h r - f t 2  i n  t h e  number o f  ion-  

insula ted  tank experiments conducted (two). 
.. 2 

There a r e  d iscrepancies  i n  the  hea t  f lux  da ta  obtained from t h e  

b o t t l e  calorimeter .  For example, t h e  heat  f lux  determined i n  t e s t  No. 4 was 

30,300 ~ t u / f t ~  hr .  However, more d e t a i l e d  inspect ion o f  t h e  temperature 

output of t h e  ca lor imeter  b o t t l e  i n  t h i s  same t e s t  shows a d e f i n i t e  a r r e s t  a t  

t h e  bo i l ing  poin t  o f  t h e  water.  This a r r e s t  i s  found t o  e x i s t  f o r  no more 

than 850 sec. Inasmuch a s  t h e r e  was 10.66 l b .  o f  water i n  the  b o t t l e  and 

t h e  heat  input  was presumed t o  be over  t h e  exposed a r e a  o f  a 7-1/2 inch 

diameter c i r c l e  (0.305 f t21 ,  one g e t s  

vaporizat ion =: 10.66 (970) 3600 
850 (0.305) 

Btu s 143.000 hr-ftz 



This value is incons is tent  with t h e  above and f u r t h e r  appears much t o o  l a rge .  

I t  would appear t h a t  values generated by the  calorimeter  b o t t l e  can be consid- 

e rab ly  i n  e r r o r  possibly due t o  hea t  penet ra t ion  of the  asbes tos  paper insu l -  

a t i o n  surrounding the  container .  

A s  noted above, t h e  individual  components o f  t h e  sur face  heat ing r a t e  

convection and rad ia t ion  were no t  e s t ab l i shed  and t h i s  limits t h e  usefulness o f  

t h e  d a t a  toward e s t ab l i sh ing  tank temperatures and r e s u l t i n g  ne t  heat ing of the  

unwetted tank s h e l l .  There was, however, observed a maximum inner  s h e l l  tem- 

pera ture  of about 1 3 8 0 ~ ~  i n  f i r e  t e s t  No. 3. I t  would be expected t h a t  t h i s  

s h e l l  would r a d i a t e  a t  near  blackbody condit ions.  Hence, t h e  r e r a d i a t i o n  a t  
2 t h i s  s h e l l  temperature is about 20,000 Btu/hr-f t  . To be supplied s o l e l y  by 

convection from a source a t  1 7 0 0 ~ ~  (approximate flame temperature) would r equ i re  
2 a  convection c o e f f i c i e n t  of about 62 Btu/hr-f t  -OF. This would r e s u l t  i n  an 

2 unreasonable i n i t i a l  tank heat ing r a t e  of 62(1700-70) = 100,000 Btu/hr-f t  . 
lience, a  l a rge  por t ion  o f  the  hea t ing  o f  t h e  tank must be by r ad ia t ion .  Assum- 

2 ing t h e  i n i t i a l  t o t a l  hea t  f l u x  t o  be about 40.000 Btu/hr-f t  ( a s  indica ted  by 

lading vaporizat ion)  and t h e  average flame temperature t o  be 1 7 0 0 ~ ~ .  it follows 
2 

t h a t  t h e  i n i t i a l  r a d i a t i o n  cont r ibut ion  must be a t  l e a s t  15,000 Btu/hr-ft  i n  
0 order  t o  produce a maximum s h e l l  temperature o f  1380 F. This  r equ i re s  a  f i r e  

emiss iv i ty  of about 0.4. Further ,  tlie convective hea t  t r a n s f e r  c o e f f i c i e n t  
2 

must be approximately 15 Btu/hr-f t  . TablsXXIv sunnnarizes the  bes t  es t imates  

of t h e  f i r e  source parameters. 

The values i n  TableXXIV corresponds favorably with those  estimated 

and u t i l i z e d  i n  Keference 9 f o r  evaluat ion o f  thermal e f f e c t s  on tank cars .  



Table X X I V  

FIRE SOURCE PAWETERS BASED ON ANALYSIS OF NOL DATA 

I n i t i a l  Tota l  iieat Rate 2 40.000 B t u / f t  -hr 

I n i t i a l  Convective 
Heating Rate 2 25,000 Btu/ f t  -hr 

I n i t i a l  Radiant 
i ieating Rate 2 

15,000 Btu/ f t  -hr 

Convection Coeff ic ient  2 
15 Btu/f t  - h r - O ~  

Flame Temperature (JP-4) 1700°1: 

Flame Emissivi ty 0.4 

b. Thermal E f f e c t s  

The thermal e f f e c t s  of t h e  f i r e  environment on the  tank and lading 

were observed q u a n t i t a t i v e l y  by measurements o f  tank s h e l l  and lading tempera- 

t u r e s  a s  well  a s  tank pressures.  Two major items o f  importance were noted. 

F i r s t ,  t he  vapor i n  t h e  vapor space above t h e  l iqu id  was considerably super- 

heated a t  t h e  e x i s t i n g  tank pressure.  The degree o f  superheat increased i n  

proportion t o  t h e  vapor space s h e l l  temperatures. There a r e  counterbalancing 

e f f e c t s  o f  superheat i n  t h e  vapor space. (1) more energy i sabsorbed pe r  pound 

o f  mater ia l  vaporized and superheated, and (2) l e s s  mater ia l  can be expelled 

a s  a vapor through the  r e l i e f  valve with access  t o  t h e  vapor space o r  more 

l i q u i d  must be expelled through a valve communicating with t h e  l iqu id .  There 

i s  l i t t l e  doubt t h a t  vapor superheat e x i s t s  i n  t h e  tank and recent  e f f o r t s  have 

been d i r ec ted  t o  include t h e  superheat e f f e c t  i n  t h e  thermal mathematical model 

which descr ibes  tank c a r s  subjec t  t o  f i r e s .  I t  must be noted, however, t h a t  

t he  counterbalancing e f f e c t s  described above a r e  nea r ly  complete f o r  propane. 

That is, t h e  add i t iona l  hea t  absorption i n  t h e  superheat nea r ly  counterbalances 

t h e  reduction i n  flow associa ted  with t h e  vapor volume expansion. Thus, e a r l i e r  

s impl i f ied  analyses a r e  probably near ly  co r rec t  f o r  propane. 

A second observation deemed o f  g r e a t e r  importance than t h a t  of t h e  

va i~or  superheat i s  t h e  apparent ex is tence  o f  s i g n i f i c a n t  compressed l i q u i d  i n  



the  tank during the  heat ing period p r i o r  t o  and during t h e  i n i t i a l  valve d i s -  

cliarge period. 'This e f f e c t  was p a r t i c u l a r l y  evident  i n  f i r e  t e s t  No. 6 i n  

which t h e  i n i t i a l  discharge was presumably l i q u i d  inasmuch a s  t h e  valve was a t  

90° from the  v e r t i c a l .  In t h a t  t e s t ,  t h e  pressure  increase  r a t e  within the  

tank was severa l  times g r e a t e r  than t h a t  expected with uniform temperature r i s e  

i n  the  lading. This i s  i l l u s t r a t e d  i n  tlie following: 

Total  Mass of Lading 
In Tank 980 lb .  

Pressure i n  Tank a t  
34.3 sec a f t e r  F i r e  
I n i t i a t i o n  160 ps ig  

Pressure i n  Tank a t  
i n i t i a l  Opening 
Valve (44.9 sec  a f t e r  
F i r e  I n i t i a t i o n )  270 ps ig  

Tota l  Ex te r io r  Surface 
Area 70.5 f t 2  

If one were t o  assume sa tu ra t ion  condit ions t o  p reva i l  throughout 

the  heat ing period p r i o r  t o  valve ac t ion ,  t h e  approximate change i n  in t e rna l  

energy of the  l i q u i d  lading i n  t h e  tank from 160 p s i g  t o  270 ps ig  would be 

5 :19,300 Btu 

Further,  t h i s  hea t  input  would en te r  through, a t  most, tlre t o t a l  s h e l l  a r e a  

i n  a  time of 10.6 sec. Ilence, 

This value i s  more than twice t h e  observed f l u x  during o the r  por t ions  of t h e  

t e s t  and ind ica te s  t h a t  only about one h a l f  of the  tank contents  is heated and 

t h i s  in  t u r n  does not appear t o  mix s u f f i c i e n t l y  with t h e  r e s t  of t h e  contents  



t o  t r a n s f e r  its heat  of vaporizat ion.  The pressur iza t ion  o f  t h e  tank is ,  thus.  

produced with g r e a t  s t r a t i f i c a t i o n  between vapor and l iqu id  (approaching almost 

complete thermal separa t ion) .  The e f f e c t  o f  t h i s  s t r a t i f i c a t i o n  is t o  reduce 

the  time t o  p res su r i za t ion  o f  t h e  tank t o  t h e  valve se t -poin t .  Subsequent 

e f f e c t  is t o  reduce the  required valve capaci ty  while the  remaining l iqu id '  is 

being heated t o  t h e  s a t u r a t i o n  temperature. This  e f f e c t  is c l e a r l y  evident  i n  

inspect ion of  t h e  valve ac t ion  of t e s t  No. 6 where a f t e r  the  i n i t i a l  valve 

discharge a t  44.9 sec ,  e s s e n t i a l l y  no f u r t h e r  valve ac t ion  was observed f o r  an 

add i t iona l  30 s e c  i n  which t h e  remaining l iqu id  contents  were absorbing near ly  

the  e n t i r e  ex te rna l  hea t  load with poss ib ly  some minor (unobservable i n  the  

da ta )  f l u i d  e f f lux .  The e f f e c t  of  s t r a t i f i c a t i o n  is a l s o  witnessed through 

inspect ion of  the  lading temperatures, whereby temperatures much below sa tu ra -  

t i o n  f o r  the  p reva i l ing  pressure  were observed i n  t h e  l iqu id  lading. 

Because s i g n i f i c a n t  hea t  capaci ty remained i n  t h e  compressed l iqu id  

a t  t h e  valve opening during discharge of  l i qu id  i n  Test  No. 6,  it is t o  be 

expected t h a t  l e s s  f l u i d  flow is requi red  t o  reduce tank pressure  than is 

necessary i f  t h e  discharge had occurred a t  s a tu ra t ion  condit ions within t h e  

tank. Tank c a r s  exposed t o  ac tua l  f i r e  condit ions may be preheated t o  sa tu ra -  

t i o n  condi t ions  by moderate heat ing.  With f u l l  f i r e  condit ions then applied 

during discharge a t  s a t u r a t i o n  condit ions,  g r e a t e r  burden would be placed on 

the  s a f e t y  valve than produced i n  t h e  115 s c a l e  t e s t .  One the re fo re  ques t ions  

whether the  115 s c a l e  f i r e  t e s t  a s  conducted is s u f f i c i e n t l y  representa t ive .  

e s p e c i l l l y  f o r  nonver t ica l  valve placement. Further t e s t i n g  is s u ~ g e s t e d  t o  

explore e f f e c t s  of  preheat ing o f  t h e  tank. 

C.   valve Performance 

'The f u l l  s ized  A-3480 Midland sa fe ty  valve a t  a  discharge c o e f f i c i e n t  

o f  0.6 should be capable of  discharging ( f u l l  open) a  minimum o f  40 lb /sec  o f  

vapor o r  100 l b l s e c  o f  l i qu id .  Because t h e  115 s c a l e  tank contained nominally 

1000 l b  of  mater ia l  a  maximum of 25 s e c  would be required f o r  a  complete d i s -  

charge o f  vapor and 10 s e c  f o r  complete discharge o f  l i qu id  providing t h a t  



* 
s u f f i c i e n t  h e a t  input  was ava i l ab le  t o  support t hese  l o s s  r a t e s .  When t h i s  

is compared t o  t h e  maximum times o f  3000 and 1200 s e c  f o r  t h e  f u l l  s i zed  tank 

ca r ,  one can r ead i ly  appreciate  t h e  inherent  s a f e t y  f a c t o r  i n  the  1/5 s c a l e  

t e s t s .  Because t h e  1/5 s c a l e  tank was constructed with t h e  same s i z e  wall  

thickness as t h e  f u l l  s i zed  c a r ,  bu t  with only 1/5 the  diameter,  t h e  s t r eng th  

and s a f e t y  of the  sca led  c a r  was f u r t h e r  improved. Nonetheless, t h e  perform- 

ance o f  t h e  valve can be p a r t i a l l y  assessed f o r  those ins tances  i n  which valve 

displacement and tank pressure  d a t a  were obtained. Unfortunately, o f  t h e  t o t a l  

o f  four  propane t e s t s  conducted, only t h e  l a s t  t e s t  provided r e l i a b l e  d a t a  con- 

cerning both valve displacemeqt and tank pressure  a s  we l l  a s  discharge time. 

From t h i s  information, valve performance has been assessed i n  t h e  following: 

The d a t a  obtained from f i r e  t e s t  No. 6 allows determination of approxi- 

mate values of discharge c o e f f i c i e n t  f o r  t h e  Midland valve when discharging 

l i q u i d  o r  vapor. Several  items of importance were obtained i n  t h i s  f i r e  t e s t  

of an uninsulated 1/5 s c a l e  tank c a r  having t h e  valve o r i en ted  a t  90' from t h e  

v e r t i c a l :  first, t h e  approximate tank pressure  a t  which t h e  valve opened; 

second, t h e  approximate valve displacement during each valve ac t ion;  t h i r d ,  

t he  number of valve ac t ions  and t h e  dura t ion  o f  each during t h e  discharge 

per iod; -and f i n a l l y ,  a reasonable approximation of amount o f  mater ia l  d i s -  

charged during t h e  discharge period and t h e  d i s t i n c t i o n  between l i q u i d  and 

vapor flow. Table XXV i l l u s t r a t e s  t h e  bes t  estimated values o f  t h e  above items 

f o r  both l iqu id  and vapor flow. I t  is now of i n t e r e s t  t o  evalua te  t h e  approxi- 

mate discharge c o e f f i c i e n t s  f o r  t h e  valve. The t h e o r e t i c a l  discharge r a t e  

f o r  venting o f  l i qu id  has been presented i n  Reference 9 (Figure 11) at a pres-  

sure  of about 270 p s i a  t o  be: 

For the  valve, t h e  discharge a rea  is: 

* 
A discharge time o f  one second was erroneously given i n  seve ra l  of t h e  NOL 
repor ts .  

117 



Table XXV 

VALVE-RELATED TEST DATA 

Liquid Discharge Vapor Discharge 

Approximate Average Tank 
Pressure During Valve Action 

Approximate Average Valve 
Displacement 

Number of Valve Actions 

Approximate Total  Open Period 

Approximate Amount of Material 
Discharged 

Tota l  Time t o  Discharge After  
Continuous Cyclic  Valve Action 

Average Discharge Rate 

268-245 ps ig  230-200 p s i g  

0.25 in .  0.25 in .  

42 34 

11.5 sec  30.75 scrc 

59 s e c  200 s e c  

40.5 lb /sec  14 lb /sec  



where: D i s  t h e  nozzle diameter (3.25 i n . ) ,  

h is the  valve displacement. 

Combining Equations 5 and 6 we get :  

BUT h s 0.25 i n .  

D 3.25 in .  

t he re fo re  ; = 2800 7 ( 3 ' 2 5 1 ( ' 2 5 )  L 144 C~ 

m = 5 0 C  L L 
lb /sec ,  t h e o r e t i c a l  

From the  da ta  (Table XXVI) :  

Hence, 

i 
The t h e o r e t i c a l  discharge r a t e  during venting of vapor is again taken from 

1 - Reference 9 (pages 96-97), and a t  an average pressure o f  230 p s i a  is: 

But 

1 

Then . 
m = 15.3 Cv lb/sec,  t h e o r e t i c a l  v 
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From the data (Table XXVI): 

Hence, 

Evidently, re la t ive ly  highdischarge coeff ic ients  prevai l  during 

periods of low ra t e s  of discharge. Detailed inspection of the data observa- 

t ions  of f i r e  t e s t  No. 6 suggest tha t  the above computed values of discharge 

coefficient may be higher than those which would actual ly  be realized in a 

ful l -scale  f i r e  t e s t .  First, as  mentioned ea r l i e r ,  it was found tha t  during 

a major portion of the period of discharge of l iquid,  a majority of the tank 

contained l iquid a t  l ess  than the saturation temperature for  the prevailing 

tank pressure. )lence, during t h i s  period, l iquid under p a r t i a l  compression was 

being discharged. ~ ~ u a t i o n  5 is based upon saturation conditions with l ikely 

increase i n  the amount of theoret ical  discharge expected during passage of com- 

pressed l iquid due i n  par t  t o  less  conversion t o  vapor. The net  resu l t  is t o  

estimate a lower theoret ical  flow than actually prevails  and a corresponding 

increase i n  l iquid discharge coefficient.  Second, the ra tes  of discharge of 

l iquid are much less  than would be expected 'for a ful l -s ized tank. For t h i s  

reason, the valve displacement was on1y.a small portion of that  required for  

a full-sized tank. Small displacements of the valve closure would place the 

res t r ic t ion  on flow near the s ea t  of the valve where flow contours appear t o  

be excellent and with l i t t l e  change i n  eff luent  flow direction.  With greater 

discharge, the l i m i t  on flow becomes tha t  of the valve o r i f i ce  which may operate 

more nearly l i ke  that  of a sharp-edged or i f ice .  Furhter, the presence of the 

valve closure creates a s ignif icant  flow obstruction i n  that  a 90' change i n  

the exhaust flow is required for  ex i t  from the valve. This might severely 

l i m i t  actual  flow by introducing completely i r revers ible  flow patterns and 

large momentum changes. 

Relative t o  vapor discharge, it must be noted tha t  the  second of the 

above explanations also applies t o  it. I t  is reasonable t o  believe tha t  discharge 



coefficients approaching unity can be obtained for vapor discharge, especially 

during use at far from,maximum flow conditions. Once maximum flow conditions 

are realized, it is to be expected that the flow coefficient would be reduced. 

One must observe as well that the measured pressure range of operation of the 

valve during vapor discharge (Table XXV) was much below that expected. This 

might indicate either a change in the pressure-output characteristics of the 

pressure transducer due to heating or a difference in the valve construction. 

Either or both of these, if erroneous, could partially account for the high dis- 

charge coefficients derived from the data. 

The above commel~ts on possible extraneous effects on computer dis- 

charge coefficients are intended to caution the reader with respect to the 

accuracy of the coefficients derived. . For the most part, such extraneous 

effects would be expected to be minor. Therefore, the analysis of data from 

fire test No. 6 seems to indicate relatively good valve functioning during 

small valve displacements. Yet to be established is its operation at con- 

ditions approaching maximum displacement and the pressure range over which 

this displacement takes place. 

Valve performance investigations would be improved while utilizing 

the 1/5 scale tank if a smaller safety valve were to be tested. There is, in 

fact, sufficient justification for such a test. One notes that insulated 105A 

series tank cars subject to fire conditions have been observed to undergo 

catastrophic rupture which perhaps is attributable to an underdesigned safety 

valve. Inasmuch as the valve on the insulated cars has approximately one- 

tent11 the capacity of the A-3480 valve and is of equivalent design, it is 

suggested that this valve be tested in carefully controlled 1/5 scale fire 

tests in an attempt to generate data more nearly approaching maximum valve 

design requirements. From this information, it is reasonable to expect that 

valve deficiencies, if any, might be observed and improvements implied. 

d. Thermal Shield Effectiveness 

The effectiveness of thermal shield materials tested, namely the 



,YOL insu la t ion  system, and t h e  Albi 89X mastic with Albi 144H overcoat was found 

t o  be excel lent  f o r  both materials .  Reductions i n  heat  input  t o  t h e  lading 
1 

approaching 10:l were observed. On a thickness b a s i s ,  t h e  coating ef fec t iveness  

was about t h e  same f o r  each type of coating, although a g rea te r  reduction i n  1 
t o t a l  heat ing was obtained with t h e  th icke r  (7/16-inch) NOL insu la t ion  system. 

S ign i f i can t  reduction o f  heat  input  t o  the  lading through t h e  use  of an in-  

s u l a t i v e  mastic coat ing o f  t h e  order  o f  0.3 inch th ick  would be expected , a s  

1 
i l l u s t r a t e d  i n  the  following s impl i f i ed  analys is .  I 

The e f f e c t i v e  combined radiant-convective coe f f i c i en t  f o r  t h e  f i r e -  

tank combination was about: 

11 - 409000 = 23.5 ~ t u / f t  2 -hr:O~ comb - 1700 

Considering the  conductance of the  coating t o  be given by: 

Where k i s  t h e  thermal conductivi ty of the  coating; 6 i s  the  coating thickness.  

The composite o r  net  e f f e c t i v e  heat  transmission coe f f i c i en t  is given by: 

The r a t i o  of heat input t o  t h e  lading f o r  an insula ted  versus a non-insulated 

tank is given by 

heff  
%ns/qnon =h comb 

The thermal conductivi ty o f  the insu la t ion  is not known with any degree o f  

prec is ion  but f o r  reasonable insu la t ion  would be expected t o  range from 0.1 t o  



0.3 btu/ft-hr-OF. For an i n s u l a t i o n  th ickness  of 7/16 inches and assuming no 

intumescence, we ge t  

Hence, s u b s t a n t i a l  reductions i n  hea t ing  should be expected i f  t h e  insu la t ion  

remains i n  place.  The apparent success of  t h e  insu la t ion  i n  t h e  1/5 s c a l e  

t e s t s  ind ica te s  t h a t  a s u b s t a n t i a l  por t ion  of  the  insu la t ion  must have been 

e f f e c t i v e  throughout t h e  t e s t  period. Pos t - t e s t  descr ip t ions  of  t h e  q u a l i t y  

of the  i n s u l a t i o n  res idue  a re ,  however, lacking i n  t h e  reported r e s u l t s .  I t  

is suggested t h a t  pos t - t e s t  d a t a  r e l a t i v e  t o  i n s u l a t i o n  s t r eng th  be gathered 

i n  f u t u r e  f i r e  t e s t s .  

D. Fu l l  Scale F i re  Test 

B a l l i s t i c  Research Laboratories  conducted a f u l l  s c a l e  f i r e  t e s t  of  

a 112A (uninsulated)  tank c a r  containing L P G . ~ '  (An insu la t ed  tank c a r  t e s t  was 

subsequently conducted but r e s u l t s  were not  ava i l ab le  f o r  t h i s  repor t . )  The c a r  

was a 33,000 ga l lon  112A340W modified with an ex t ra ,  remotely operated valve in-  

tended f o r  excess pressure  r e l i e f .  The tank c a r  was loca ted  i n  a 150 f t .  x 100 

f t .  x 26 f t .  excavation. An 80 f t .  x 30 f t .  dike under the  c a r  contained t h e  JP-4 

j e t  f u e l  f o r  t h e  f i r e .  The s a f e t y  r e l i e f  valve was v e r t i c a l l y  up and communicated 

with t h e  vapor space throughout t h e  t e s t .  Temperatures and pressures  were measured 

within the  tank throughout t h e  t e s t .  The t e s t  da ta  has not  been examined i n  g rea t  

d e t a i l  but seve ra l  conclusions can be s t a t e d  based on a prel iminary examination 

o f  t h e  da ta  even though t h e r e  a r e  a number of  anomalies i n  t h e  da ta .  Preliminary 

observat ions indica te :  

1. The tank d i d  not  become s h e l l  f u l l  p r i o r  t o  i n i t i a l  valve 

r e l i e f .  

2. Heat f l u x  t o  the  tank was of the  order  of  25,000-35,000 Btu/ 
2 f t  -hr  t o  t h e  wetted sur face  o r  roughly 4 times t h a t  assumed i n  t h e  

0.82 AAK Spec i f i ca t ions  f o r  Tank Cars determined from Q = 34.500A . , 
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3. Tank rupture  occurred a t  24.5 minutes a f t e r  f i r e  i n i t i a t i o n  

with about one-half t h e  lading st i l l  i n  t h e  c a r .  

4. Based upon time and propane loss ,  it appears t h a t  t h e  valve 

on t h e  average was discharging 50-70 lb/sec. This  is approxi- 

mately t h e  value est imated f o r  t h e  valve using a discharge 

c o e f f i c i e n t  o f  0.8 f o r  vapor flow. 

5. The r e l i e f  valve had i n s u f f i c i e n t  capaci ty  t o  l i m i t  t he  tank 

pressure  t o  306 ps ig  a s  required by t h e  Spec i f i ca t ions  o r  t o  

below the  tank t e s t  pressure  (340 ps ig ) .  

6. A t  t h e  time of  rupture,  t h e  peak indica ted  tank s h e l l  tempera- 

t u r e  was about 1 2 0 0 ~ ~  with a tank pressure  of  about 335 ps ig .  

7. Tank rupture occurred a t  about pressure-temperature condit ions 

indica ted  by un iax ia l  s t r eng th  d a t a  f o r  t h e  TC 128 s t e e l  a s  

given by Figure 8. 

8. The tank pressure  was found t o  change from 125 ps ig  t o  about 

270 ps ig  i n  a per iod  of  about 125 sec,  a f t e r  which r e l i e f  valve 

ac t ion  was observed. llad sa tu ra t ion  condit ions prevai led  within 

t h e  tank through t h i s  i n i t i a l  period,  t h e  required heat  f lux  
2 

t o  t h e  tank would have t o  have been about 60,000 Btu/f t  -hr.  

Because t h i s  is much i n  excess of  o ther  more r e l i a b l e  hea t  f l u x  

ind ica to r s ,  one concludes t h a t  non-equilibrium condit ions were 

present  during the  i n i t i a l  s t ages  of  hea t ing  due t o  temperature 

s t r a t i f i c a t i o n  within t h e  l i q u i d  lading and/or t h e  presence of  

non-condensibles i n  the  vapor space. 

9. Generally, s a t u r a t i o n  condi t ions  prevai led  within the  tank 

during a major i ty  of  t h e  t e s t  durat ion,  a f t e r  valve ac t ion .  

E. E f fec t  of Insu la t ion  on Safe ty  Rel ief  Valve S i z i n g  

Safe ty  r e l i e f  valve s i z i n g  a s  given by DOT Regulations a r e  based on 

equations derived i n  A M  Speci f ica t io i l s  f o r  Tank Cars, e f f e c t i v e  October 1, 1972. 

The equations a r e  based on gaseous flow and an average heat  input  t o  34,500A 0.82 



f o r  an uninsulated car ,  both o f  which a r e  not believed t o  be the  l imi t ing  con- 

d i t i o n s  as discussed i n  Reference 9. However, it may be i n s t r u c t i v e  t o  compare 

the  valve s i z i n g  requirements a s  given i n  the  AAR Speci f ica t ions  f o r  insula ted  

and uninsulated tank cars .  

The formula given i n  the  Speci f ica t ions  f o r  the  required flow of  a 

valve on an uninsulated c a r  is  Qa = GUA'"~ (Formula A8.01(b)) where Qa is 

the  required a i r  flow i n  cubic f e e t  pe r  minute a t  s tandard condit ions,  Gu is 

a constant  f o r  each commodity a t  t h e  flowing condit ions,  and A is the  outs ide  
2 area  of the  tank i n  f t  . The value of the  constant  Gu is tabula ted  i n  t h e  

Speci f ica t ion .  For LPG with a flow r a t i n g  pressure  of 306 ps ig  (112A340W and 

114A340W cars ) ,  Gu is 54.98. The outs ide  area  of a 112A3401V c a r  of about 
2 

33,000 gal lons capacity is about 2000 f t  . Therefore, Formula A8.01(b) ind i -  

ca tes  t h a t  the  required a i r  flow i s  Qa = (54.98)(2000) 0'82 = 27,980 scfm. 

For insula ted  c a r s ,  t h e  Speci f ica t ion  requi res  l e s s  valve capacity 

because of the  reduced heat  input  t o  the  car .  The r e s u l t i n g  value of required 

a i r  flow is given by Qa = 2GiUA O e S 2  (Formula A8.02(b)) where G i  i s  a constant  

f o r  each commodity a t  each flow condit ion f o r  insula ted  ca r s ,  and U is the  
20 insu la t ion  conductance i n  Btu/hr-ft  F. For LPG with a flow r a t i n g  pressure 

of 306 psig,  G i  = 6.733. The conductance, U. is l imi ted  t o  a maximum of 0.075 
20 . Btu/hr-ft  F i n  t h e  Speci f ica t ion .  Therefore, t h e  required valve capaci ty  

f o r  an insula ted  33,000 gal lon 112A340W c a r  would be 

Qa = 2 (6.733) (0.075) (2000) 0'82 = 514 scfm 

Insula t ion  is a c t u a l l y  not permitted on ll2A c a r s  by t h e  DOT Regulations but 

it is i n t e r e s t i n g  t o  note t h e  l a rge  reduction i n  flow capaci ty  t h a t  i s  c a l -  

cula ted  using t h e  formulas i n  t h e  Speci f ica t ions .  The reduction i n  valve 

capaci ty  is 54 t o  1. 

DOT 105A300W c a r s  a r e  insula ted  and u t i l i z e  valves which meet t h e  

c r i t e r i o n  of Formula A8.02(b). An 11,000 gal lon c a r  has an outs ide  a rea  of 
2 

about 1000 f t  . For t h i s  c a r  car ry ing LPG, G i  is 6.442 and the  required a i r  

flow is 



. . 

Qa = (2) (6.442) (0.075) (1000) Oa8' = 278 scfm 

I n  practice a valve of larger capacity than required is actually 

used. For 105A3OOW cars,  valve no. A-1247 made by Midland Manufacturing Company 

has been used. This valve has a nominal capacity of 3070 cfm. That is, t h i s  

valve has an excess capacity according t o  formula A8.02(b) of 3070/278 = 11/1. 

The Midland valve used for  '33,000 gallon 112A340W cars has been valve 

No. A-3480 with a nominal capacity of 36,640 cfm. This valve has an excess 

capacity according t o  Formula AS. Ol(b) of 36,630/27,980 = 1.3/1. Perhaps the 

larger safety factor of the valves used on the insulated 105A300W cars par t ia l ly  

accounts for  the lower incidence of ruptures for  these cars during f i i e  exposure 

than for  uninsulated 112A340W cars.(See Appendix C - i n  which it is shown tha t  

during the time period 1965-1970, 3 of 20 (15%) i n s ~ l a t e d  cars which had been 

exposed t o  f i r e  eventually iuptured and of 55 se r i e s  112A/114A cars exposed to  

substantial  f i r e s ,  50 rupture,d (91%). 

The va l id i ty  of the valve sizing formulas has been questioned pre- 

viously (Reference 9). For example, instead of the average heat flux being 

proportional t o  A ~ ' ~ ~ ,  it has been shown that  the heat f lux is more nearly 

proportional t o  A. With t h i s  being the case, Formula A8.01(b) should be 

modified f o r  gas flow t o  be Qa = GuA. The required a i r  flow for  a valve on 

a 33,000 gallon 112A340W car  would then be 

Qa = (54.98) (2000) = 110,000 scfm 

and Midland valve No. A-3480 would be severely underdesigned. Of course. 

l iquid flow requires even larger valve capacity as  discussed in  other portions 

of t h i s  report and i n  Reference 9. 

Similarly, f o r  an insulated car  Qa = 2GiUA and the required flow for  

an insulated 11,000 gallon 105A340W car  would be: 

Qa = (2) (6.733) (0.075) (1000) = 1010 scfm 



and Midland valve No. A-1247 would have s u f f i c i e n t  capaci ty  f o r  t h i s  vapor flow 

by a f a c t o r  of 3070/1010 = 3/1. 

Ir has been shown. Reference 9, t h a t  t h e  r a t i o  of required l iqu id  t o  

vapor mass flow r a t e s  f o r  an overturned c a r  is 

where M ~ , ~ ~ ~  is t h e  minimum required l i q u i d  mass flow r a t e ,  %,MIN the 
minimum required vapor mass flow r a t e ,  and V and Vf a r e  the  s p e c i f i c  volume 

g 
of gaseous and l i q u i d  propane, respect ive ly ,  a t  t h e  discharge condit ions.  A t  

t he  discharge condit ions o f  105A300W tank c a r s ,  t h e  flow r a t i o  is 

"L'MIN - 0'370 = 10.2 (Required r a t i o )  
%,MIN 

- 0.0361 

Reference 9 a l s o  includes t h e  ca lcu la t ion  procedure f o r  determining 

the  l i q u i d  and vapor flow capaci ty  of any p a r t i c u l a r  valve. For a valve on a 

105A300W c a r  with equal l i q u i d  and vapor flow c o e f f i c i e n t s ,  t h e  r a t i o  of l i qu id  

t o  gas flow has been ca lcu la t ed  t o  be 

(Capacity r a t i o )  

I t  was shown above t h a t  t h e  A-1247 valve is overdesigned f o r  vapor flow by a 

f a c t o r  of 3/1. Therefore, t h e  amount o f  l i q u i d  flow capaci ty  o f  valve A-1247 

is (2.4)(3) = 7.2 times t h e  required vapor flow. However, t h e  required l i q u i d  

flow is 10.2 times t h e  requi red  vapor flow (see above). Therefore, t h e  valve 

is underdesigned f o r  l i q u i d  flow when i n s t a l l e d  i n  an insula ted  105A340W ca r  

by the  r a t i o  7.2/10 = 0.72. I n  t h e  above ana lys i s ,  t h e  Speci f ica t ion  values 

of t h e  e f fec t iveness  o f  i n s u l a t i o n  have been used even though Reference 9 . 
indica ted  seve ra l  reasons why t h e  insu la t ion  may not  be a s  e f f e c t i v e  a s  t h e  

Speci f ica t ion  suggests,  p a r t i c u l a r l y  due t o  increase  i n  insu la t ion  conductivi ty 

a t  elevated temperatures. However, the  above ana lys i s  does suggest some poss ib le  



problem areas.  The ca lcu la t ions  show t h a t  present  valves used on llZA340W 

tank c a r s  do not have s u f f i c i e n t  capaci ty  t o  prevent pressure buildup f o r  

e i t h e r  l i q u i d  o r  vapor flow. Also, t h e  valve on t h e  insula ted  105A300W c a r  has 

s u f f i c i e n t  capaci ty  f o r  vapor flow but i n s u f f i c i e n t  capaci ty  f o r  l i q u i d  flow. 

These ca lcu la t ions  tend t o  be v e r i f i e d  by t h e  f a c t  t h a t  i n  ac tua l  se rv ice  when 

exposed t o  f i r e s ,  15% of  t h e  insula ted  105A c a r s  ruptured and 91% of  t h e  112A's 

ruptured. 

Safety Valve Siz ing  

For every s a f e t y  valve t h e r e  is a corresponding maximum heat  input  

r a t e  t o  a tank f o r  which t h e  s a f e t y  valve can pass s u f f i c i e n t  commodity t o  

prevent pressure buildup. The equations f o r  es t imat ing  t h i s  hea t  input  r a t e  

a r e  given i n  Reference 9. The allowable hea t  input  r a t e  is based on l i q u i d  

flow through t h e  valve. The governing r e l a t i o n  f o r  t h i s  circumstance is: 

where Q i s  t h e  t o t a l  hea t  input  r a t e ,  ML is t h e  mass flow r a t e  through t h e  

valve, and L, V and V a r e  the  l a t e n t  hea t ,  and s p e c i f i c  volumes of t h e  
g' f 

gas and l i q u i d  a t  t he  i n t e r n a l  tank condit ions.  For LPG, t h e  mass flow r a t e  

is given by: 

where CL is t h e  l i q u i d  flow c o e f f i c i e n t  through t h e  valve, and % is  t h e  valve 
2 a r e a  i n  f t  . 
Combining Equations (7) and ( a ) ,  t h e  maximum heat  input  r a t e  t h a t  

w i l l  no t  cause increasing tank pressure  is given by: 



For a s a f e t y  valve f o r  a 112A340W ca r ,  CL has not been p rec i se ly  determined. 

RPI/AAR Phase 6 t e s t s  f o r  water flow ind ica te  a value of only 0.2. We have 

ca lcu la t ed  f o r  t e s t  6 of t h e  1/5 s c a l e  f i r e  t e s t s  conducted by t h e  Naval 

Ordnance Laboratory with l iqu id  propane flowing t h a t  C is 0.81. The maximum 
2 L 

valve flow a r e a  is 0.057 f t  . A t  t h e  maximum allowable pressure of 306 ps ig  
3 (DOT Speci f ica t ion  f o r  Tank Cars, 179.102-11). V is 0.305 f t  / l b ,  and Vf i s  

g 
0.0375 f t 3 / l b ,  and L is 111 Btu/lb. Therefore, by Equation 10, assuming CL = 

0.81, t h e  allowable hea t  input  r a t e  is Q = 2060 Btu/sec = 7,420,000 Btu/hr. 

The above heat  input  r a t e  corresponds t o  an average f l u x  over t h e  whole c a r  
2 (2000 f t  ) of  3710 ~ t u / h r - f t Z .  This  is i n  c o n t r a s t  t o  the  heat  f l u x  o f  about - 

Z 35,000 Btu/hr - f t  t h a t  has been measured from a f i r e .  That is. t h e  valve may 

be underdesigned by t h e  r a t i o  35,000:3710 = 9.4:l f o r  l i q u i d  flow under t h e  

c r i t e r i o n  of no pressure  increase  above 306 psig.  

G. Review of Edwards A i r F o r c e  Base Valve Test  F a c i l i t y  

The Edwards Valve Test  F a c i l i t y  is a f a c i l i t y  f o r  measuring flow 

c h a r a c t e r i s t i c s  o f  t h e  tank c a r  r e l i e f  va lve  t h a t  should permit excel lent  

con t ro l  of the  condit ions o f  each t e s t .  However, t h e  poss ib le  range of the  

condi t ions  a r e  l imited.  The arrangement represents  a compromise between re se r -  

v o i r  volume and capaci ty  f o r  hea t ing  t h e  propane. F i r s t ,  t h e  steam generating 

p lan t ,  while o f  s u f f i c i e n t  capaci ty  (100 HP) t o  heat  t h e  lad ing  t o  cause valve 

opening i n  a reasonable time, cannot approach t h e  hea t  input/pound o f  lading t h a t  

can be produced by a f i r e  because t h e  r e se rvo i r  volume i s  so  la rge .  Consequently. 

blowdown runs a r e  planned f o r  determining flow c h a r a c t e r i s t i c s .  These w i l l  be 

i n i t i a t e d  by r e l e a s e  o f  a hold down l a t ch .  Valve funct ioning t e s t s  a re  a l s o  

planned whereby the  valve w i l l  be allowed t o  open by i t s e l f ,  but t h e  extent  o f  

opening achieved ( the  displacement of t h e  valve) w i l l  no t  be a s  g r e a t  a s  i n  a 

l a rge  f i r e .  

A depth of 2 f t .  of l i q u i d  is required t o  cover t h e  steam pipes  o f  

which t h e r e  a r e  16, and they  extend the  f u l l  length (54 f e e t )  o f  t h e  tank. The 

upper flow nozzle extends down from t h e  top  o f  the  tanks about 18 inches so  

t h a t  t h e  working range o f  depth change is about 3 f e e t  ( the  tank is 84" i n  

diameter).  
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The flow indica t ing  nozzle has an 18" diameter th roa t  with f o u r  

pressure t aps  around i t s  periphery. Very s e n s i t i v e  t ransducers  a r e  connected 

t o  t h e  t a p s  with a shor t  run of tubing. The recorder  f o r  t h i s  t ransducer  has 
5 extremely high resolu t ion  (1 p a r t  i n  10 over  a range of .2 p s i ) .  I f  t h i s  

proves t o  be the  case and i f  damping of t h e  system is good subsequent t o  valve 

opening, good measurements o f  flow r a t e  should be poss ib le  i n  s p i t e  o f  the  low 

pressure drop of t h e  nozzle (1/2" of water f o r  maximum flow ra t e ) .  However, 

we be l ieve  t h a t  a g r e a t e r  p robab i l i ty  6f success would be obtained i n  t h e  

I measurement o f  flow r a t e  by using a smaller  flow nozzle. This would r e l ax  t h e  

requirement f o r  a highly s e n s i t i v e  and d e l i c a t e  t ransducer .  For example, t h e  

maximum flow r a t e  through a nozzle having a 5-1/2 inch diameter t h r o a t  would 

produce a manometer de f l ec t ion  of 45 inches of water. (The diameter of the  

valve housing a t  i ts  entrance is 5-1/2 inches.) The maximum nozzle diameter 

t h a t  is recommended f o r  good p r a c t i c e  is 10 inches, which would y ie ld  a 

manometer reading of 4 inches of water a t  t he  maximum flow ra t e .  Use of t h i s  

nozzle would g r e a t l y  f a c i l i t a t e  measurement o f  pressure,  e spec ia l ly  a t  condit ions 

leading t o  p a r t i a l  valve opening. The pressure  change would have t o  be much 

g r e a t e r  than 4 inches of water t o  produce any de tec table  e f f e c t  i n  t h e  q u a l i t y  

of the  vapor i . e . ,  the  amount of condensation would be neg l ig ib le  when t h e  

pressure is decreased from 290 p s i a  by several  inches of water. 

I n s t a l l a t i o n  of load c e l l s  was inves t iga ted  a s  a means o f p r o v i d i n g  

redundancy i n  measurement o f  mass flow r a t e .  Af ter  discussing t h e  d i f f i c u l t y  

of i n s t a l l a t i o n  and t h e  l imi t a t ions  o f  load c e l l s  (considerable experience 

has been accrued a t  Edwards A i r  Force Base on t h e i r  rocket  engine t e s t  s tands  

and then have a very la rge  ( lo6 lb)  c a l i b r a t i o n  f a c i l i t y ) ,  it was decided t h a t  

t h i s  was impract ical  i n  s p i t e  of t h e  low p robab i l i ty  of success an t i c ipa ted  

f o r  the  present  flow r a t e  measurement, 

Data recording and processing f a c i l i t i e s  a r e  excel lent  and impose no 

l imi t a t ions  on t h e  q u a l i t y  of d a t a  t o  be expected. Calspan suggests,  however. 

t h a t  t e s t s  be run on smal ler  commercially ava i l ab le  valves.  This would permit 

inves t iga t ion  a t  condit ions approaching m a x i m u m  flow and for s u b s t a n t i a l  t e s t  

durat ion.  



V. AREAS REQUIRING FURTHER RESEARCH 

A. Tank Car Thermal  environment^ 

1. External  

Continued inves t iga t ion  using small  models and f u l l  s c a l e  tank c a r s  

is requi red  t o  de f ine  t h e  e f f e c t s  o f  ex te rna l  f i r e s  on t h e  tank insu la t ion ,  

s t r u c t u r a l  ma te r i a l ,  and lading. I n  p a r t i c u l a r ,  t h e  e f f e c t s  of  l oca i i zed  
2 hea t ing  a t  f l u x e s  a s  high a s  150,000 Btu/f t  -sec should be inves t iga t ed .  

Research should be c a r r i e d  out  t o  determine i f  a coa t ing  and/or i n s u l a t i o n  

can be found which, when applied t o  t h e  112A/114A c a r ,  w i l l  be cos t  e f f e c t i v e .  

If no. c o s t  e f f e c t i v e  s o l u t i o n  i s  ava i l ab le ,  research  i n t o  minimizing t h e  cos t  

of applying i n s u l a t i o n s  should be undertaken. The app l i ca t ion  o f  an i n s u l a t i v e  

coat ing t o  t h e  112A/114A type c a r  is one p l a u s i b l e  so lu t ion  which may have 

the g r e a t e s t  payoff i n  terms of  reducing c a t a s t r o p h i c  type f a i l u r e s .  

2 .  I n t e r n a l  

Inves t iga t ions  should be continued i n t o  def in ing  t h e  thermodynamic 

s t a t e  of the  lading during heat ing.  For ins tance ,  t h e  present  sequence of  

t e s t s  i n d i c a t e s  t h a t  lading does not heat up uniformly. The sequence of  

events  which occurs during heat ing has an e f f e c t  on t h e  type o f  pressure  

r e l i e f  device which should be spec i f i ed  f o r  tank c a r s .  The tank c a r  thermal 

model should be modified t o  account f o r  t h i s  non-uniform lading  temFerature. 

B. Valve Designs 

The 1/5 s c a l e  t e s t s  and t h e  f u l l  s c a l e  t e s t s  a t  White Sands t e s t e d  

the  s a f e t y  r e l i e f  va lves  under t h e  most adverse condit ions.  Most of t h e  t e s t i n g  

has been conducted with the  valve flowing vapor whereas t h e  condit ion of  t h e  valve 

flowing l i q u i d  presents  t h e  most severe  condit ion.  The operat ion of the  present  

valve has not  been f u l l y  determined under f l a sh ing  l i q u i d  flow condit ions.  Do 

t h e  va lves  pop open o r  do they a c t  a s  proport ioning va lves ,  slowly opening? 



What a r e  t h e  ramif ica t ions  and expected e f fec t iveness  of specifying la tching  

lading-temperature-actuated valves? A low lbvel  of heat ing followed by a sudden 

burst  o f  heat ing may cause vaporizat ion o f  t h e  lading a t  a r a t e  higher  than 

the  valve is capable of discharging. Dif ferent  heat ing schedules may a f f e c t  

the  va lve ' s  a b i l i t y  t o  p ro tec t  t h e  tank from rupture.  Continued t e s t i n g  with 

d i f f e r e n t  heat ing schedules should be c a r r i e d  out. 

C. Couplers and Head Shie lds  

No f u l l  s ca le  c rash  t e s t s  have been conducted t o  d e f i n e  t h e  per for -  

mance of Modified E and F couplers i n  t h e  derailment s i t u a t i o n .  There is, 

however, an RPI/AAR "Railroad Coupler Safe ty  Research and Test  Project" which 

has proposed some labora tory  t e s t  work. To what ex ten t  t h i s  w i l l  include 

modified coupler  and f u l l  s c a l e  t e s t i n g  is not known. 

Optimization o f  head s h i e l d  loca t ion ,  s i z e  and th ickness  have y e t  t o  

be accomplished. F u l l  s c a l e  t e s t s  and/or computer s imulat ion a r e  needed t o  

def ine  the  e f fec t iveness  of modified couplers  and head s h i e l d s  i n  preventing head 

punctures. These problems should be inves t iga ted  a n a l y t i c a l l y  and with f u l l  

s c a l e  confirmation t e s t s .  

. D. Car S t ruc tu ra l  Design 

The number o f  ton-miles c a r r i e d  by a l l  f r e i g h t  c a r s  pe r  year has 

genera l ly  been increas ing  o v e r t h e  l a s t  t e n  years  (Reference 28). This is 

p a r t i c u l a r l y  t r u e  of t h e  new tank c a r s  which have entered se rv ice  during t h i s  

period. Fur ther ,  t h e  speed a t  which t r a i n s  a r e  being run is a l s o  increasing.  

A s  a r e s u l t ,  t h e  loading and s t r e s s  l eve l  a t  which tank c a r  components a r e  

expected t o  opera te  have increased s i g n i f i c a n t l y  and f a i l u r e s  due t o  f a t i g u e  

and general  overloading a r e  increasing.  

The design manuals used t o  design tank c a r s  (References 29 and 30) 

a r e  genera l ly  based on s t a t i c - e l a s t i c  types of analys is .  I t  i s  recommended 

t h a t  a thorough review of tank c a r  design be made which w i l l  u t i l i z e  t h e  r e f ine -  

. ments developed i n  t h e  l a s t  ten  years .  Such a review would include: 
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1. S t ruc tu ra l  ana lys i s  of the  tank using f i n i t e  element 

techniques. 

2.  Estimation o f  f a t i g u e  l i f e  of each c r i t i c a l  tank c a r  

component and a comparison with present  l i f e  cycles t o  

determine weak points .  

3 .  Experimental determination of force  l eve l s  developed by 

in-service  tank cars .  

4. Analysis o f  the  experimental da ta  generated above by 

s t a t i s t i c a l  methods so  t h a t  f a t i g u e  f a c t o r s  and component 

loads l i m i t  can be s e t  on a r a t i o n a l  bas is .  

5.  Review of  q u a l i t y  cont ro l  and manufacturing procedures. 

E.  Thermal Shields 

A considerable amount of research work is being invested i n  develop- 

ing coatings which can be applied t o  tank c a r s  a s  thermal sh ie lds .  The majori ty 

of t h i s  research i s  concerning i t s e l f  with the  thermal proper t ies  of the  coating, 

while i t s  a b i l i t y  t o  withstand t e n  years  of r a i l r o a d  type se rv ice  has not  been 

proven. Recent experience with painted tank c a r s  has indicated t h a t  organic 

coatings exposed t o  r a i l r o a d  se rv ice  a r e  not performing a s  expected. The 

economics of applying thermal sh ie lds  t o  tank ca r s  w i l l  be g r e a t l y  a f fec ted  

by i ts  a b i l i t y  t o  withstand t h e  r a i l r o a d  environment. Evaluation of a coating 's  

a b i l i t y  t o  withstand t h i s  environment should be included i n  t h e  screening 

process. r 

Alternate  methods of construct ing thermal sh ie lds  should be inves-  

t iga ted .  Construction s imi la r  t o  t h a t  now used on t h e  105A s e r i e s  c a r s  should 

be considered f o r  the  112A/114A type car.  This type of construct ion may not  

be s t r i c t l y  cos t  e f f e c t i v e  but because of t h e  l a rge  increase  i n  t h e  time t o  

rupture produced by even a small amount of insu la t ion ,  t h i s  c a r  modification 

should be given se r ious  considerat ion.  



F. Accident S t a t i s t i c s  

The compilation o f  accident s t a t i s t i c s  should be continued so  t h a t  

more complete and more recent  da ta  a r e  ava i l ab le  f o r  t h e  evaluat ion o f  proposed 

modifications. P a r t i c u l a r  e f f o r t  should be placed on t h e  co r rec t  est imation of 

losses  suffered by non-railroad connected persons including i n j u r i e s  and deaths 

and damage t o  property. A small number of l a rge  loss  accidents  include a 

major por t ion  of the  t o t a l  los ses  and because of t h e i r  influence on overa l l  l o s s  

f igures ,  a proport ionate amount of e f f o r t  should be expended on obtaining l o s s  

da ta  f o r  these  accidents .  Re-evaluation o f  p a s t  accidents  should be a continuing 

e f f o r t  so  t h a t  as  more information on losses  becomes avai lable ,  such a s  s e t t l e -  

ments of l i t i g a t i o n ,  it can be included i n  t h e  loss  est imates.  
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APPENDIX B 

RE-EVALUATION OF LOSS DATAFOR FIVE ACCIDENTS 

Calspan has re-evaluated t h e . l o s s  da ta  f o r  f i v e  acc idents  chosen t o  

be r ep resen ta t ive  of a range of d o l l a r  losses  pe r  accident .  Columns 1 and 2 in  

Table A-I  show a comparison between t h e  RPI/AAR values used i n  t h e i r  cost-bene- 

f i t  ana lys i s  and t h e  re-evaluation. The bases f o r  these  f igures  are .d iscussed  

i n  subsequent paragraphs. 

Both t h e  RPI/AAK and Calspan es t imates  a r e  based on those c o s t s  o f  

the  accident  t r aceab le  t o  t h e  presence of tank c a r s  i n  t h e  accident .  Tank c a r s  

d id  no t  i n i t i a t e  t h e  accidents  examined, and the re fo re ,  t he  c o s t s  shown a r e  

l e s s  than t h e  t o t a l  cost  o f  the  accident .  The RPI/AAR t o t a l s  do not  include the  

cos t  o f  mechanical damage t o  tank c a r s  t h a t  l o s t  lading on t h e  assumption t h a t  

t h e  cos t  t o  r e p a i r  a mechanically damaged tank c a r  is t h e  same, whether o r  not  

it has been modified. The Calspan reassessment accepted t h i s  assumption unless  

a high c o s t  c a r  o f  unusual construct ion (e.g., 113 s e r i e s  double-wall car )  was 

involved. For t h e  spec ia l  case ,  a d i f f e r e n t i a l  value was used (reduction i n  

damage t o  the  c a r  due t o  a modif icat ion l e s s  t h e  cos t  of modification replace-  

ment). Tota ls  f o r  lad ing  los ses  were i n  reasonable agreement. Calspan included 

a b i l l i n g  increment added t o  FOB carload p r i ces .  RPI/AAR values f o r  lad ing  

were high enough t o  include some t r anspor t  increment i n  some cases,  although t h i s  

is not  so  s t a t ed .  Estimates on thermal damage t o  tank ca r s  s t a t e d  i n  the  RPI/AAR 

reportz3 were used by Calspan. 

The p r i n c i p a l  cos t  d i f ferences  i n  t h e  reassessment show up i n  what t h e  

RPI/AAR repor t  termed t h e  "other  loss" category. This category has the  highest  

d o l l a r  l o s s  when considering the  t o t a l  accidents  i n  t h e  1965-1970 base period and 

contains the  p i v o t a l  f igu res  i n  t h e  RPI/AAR cos t /bene f i t  ana lys is .  Before pro- 

ceeding f u r t h e r  with general  discussion,  we w i l l  consider the  f i v e  s p e c i f i c  

cases i n  Table B-1. 



Table B-1 
COST OF ACCIDENT COMPARISONS BETWEEN SELECTED SOURCES 

I- 
VI 
0 

NOTE: Cost f rom and include costs  derived f rom loss of lading f rom tank c a r s  only. not entire cost  of accident 

Other sources a r e  derived on different bases--see text. 

Accident Location and Date 

New Athens. J L  - 4/9/70 

Armitage. Ohio - 4/25/70 

Crescent City, IIL - 6 l Z l h 0  

South Byron. N.Y. - 8/27/70 

Crete. Neb. - 2/18/69 

RPIlAAR Tank Car Safety. Research a n d d e s t  Project Report Noe. RA-02-1-10 and RA-02-2-18. 

Calspan Review. 

FRA Office of Economics estimate 

Railroad "Unusual Occurrences Report" with appended costs  plus cost of lading - RPI-AAR General File. 

Calspan estimate including projected lost business receipts discounted to present worth. 

T P  & W R. R. claims estimate - August 1971. a s  reported in St. Louis Globe Democrat. 

Natioml Transportation Safety Board Release - 13 July 1972. 

National F i re  Protection Association - Fi re  Journal. November 1970. 

AAR.Bureau of Explosive .Tank Car Incident Report (Form 25-T-1). 

Cost and Source 

$ 84.000' ! $ 128.000~ 

5 4.800' : 5 11, loo2 

$1, 900,000' ' $2 ,200 ,000~  

5 119.000~ ' 5 146.000~ 

$2.000.000~ : $2.000.000~ 

5 450. 0003 

5 66 .000~  

56. 800, 0005 

5 121,000~ 

53.000.000~ $1, 500, 0 0 0 ~  51.700, 0007 



Crete, Nebraska - 18 February 1969 

This  accident  produced a very high death t o l l  (nine) and numerous 

se r ious  i n j u r i e s .  Property damage assessable  t o  lading re l ease  was s l i g h t .  

~ e a t h  and i n j u r y  r e su l t ed  from t h e  rupture  of a c a r  of  anhydrous ammonia i n  a 

s tanding t r a i n  s t ruck  by a d e r a i l i n g  t r a i n  on an adjacent  t r ack .  

The RPI/AAR f igures  were apparently derived p r i n c i p a l l y  within t h e  

p ro jec t  group, r a t h e r  than from r a i l r o a d  f igu res .  Even though more than four  

years  have elapsed,  l i t i g a t i o n  from t h i s  accident  continues. Therefore, it is 

not  su rp r i s ing  t h a t  " o f f i c i a l "  es t imates  were not  avai lable .  According t o  

sources contacted by Calspan, se t t lements  on t h e  order  of  three-quar ters  o f  a 

mi l l ion  d o l l a r s  have been paid t o  d a t e ,  with t h e  l a r g e s t  s i n g l e  se t t lement  t o  

da te  being $290.000. Three major damage s u i t s  a re  j u s t  coming t o  t r i a l ,  

Calspan assessment is based om projec ted  f u t u r e  earnings of  v ic t ims  discounted 

t o  a present  sum plus  estimated i n j u r y  se t t lements .  The t o t a l  pro jec ted  

earnings were r e l a t i v e l y  low f o r  an accident  with t h e  number of  deaths (nine) 

involved, due t o  t h e  f a c t  t h a t  t h r e e  vict ims were t r a n s i e n t s  f o r  which no earnings 

were pro jec ted .  

New Athens, I l l i n o i s  - 9 April  1970 

Thir ty-three ca r s ,  including a v a r i e t y  o f  l i q u i d  chemical cargo, 

d e r a i l e d  i n  t h i s  community o f  2000. Fi re  from a punctured v iny l  ch lor ide  c a r  

caused f a i l u r e  o f  four  loaded, nonpressure ca r s .  The town was evacuated, and 

t h e  water supply shut  o f f  f o r  f e a r  of  contamination from leaking 'chemical cars .  

Ten f i r e  departments responded t o  the  scene, including a foam t r u c k  from a nearby 

a i r  base. This accident  was extens ive ly  covered by t h e  RPI/AAR pro jec t  group. 

The Calspan assessment f o r  lading l o s s  is higher  than t h a t  shown i n  

Reference 1. There was no gross lad ing  r e l e a s e  from one c a r  o f  v inyl  ch lor ide ;  

however, t he  c a r  was considered t o  have been heated s u f f i c i e n t l y  t o  impair 

the  q u a l i t y  o f  the  lading. Therefore, t h e  lading was presumed "lost"  i n  the  

Calspan est imate even though the  tank s h e l l  maintained i t s  i n t e g r i t y .  Calspan 



used replacement cos t  f igu res  f o r  homes and vehic les  destroyed. Cost o f  evacua- 

t i o n ,  manhours expended.by pub l i c  s a f e t y  personnel,  and l o s s  o f  earnings r e s u l t i n g  

from temporary evacuation o f  businesses were u t i l i z e d  i n  the  Calspan estimate. 

which was 52 percent  g r e a t e r  than t h a t  est imated by WI/AAR. The $450,000 

es t imate  from FRA is bel ieved t o  b e  a d i r e c t  l o s s  es t imate  f o r  t h e  t o t a l  33-car 

derailment and the re fo re  not  d i r e c t l y  comparable. 

Armitage. Ohio - 25 April  1970 

This was a small accident  involving double walled WT 113 s e r i e s  c a r s  

containing l ique f i ed  ethylene. The r a i l r o a d  requested and received technica l  

a s s i s t ance  from Union Carbide (shipper) personnel sen t  t o  the  scene from 

Charleston, West Virginia.  

For t h i s  spec ia l  c a r  type, Calspan considered t h a t  a mechanical damage 

assessment should have been made. A cos t  increment o f  $5000 was added a s  t h e  

d i f ference  i n  r e p a i r  cos t  between a modified and unmodified car.  Travel expenses 

f o r  Union Carbide personnel were a l s o  considered a s  an assessable  accident  cos t .  

The t o t a l  Calspan es t imate  was a 131 percent  increase  over t h e  WI/AAR est imate.  

Direct  losses  f o r  t h e  t o t a l  accident  were $61,000 i n  equipment destroyed p lus  

t h e  cos t  of t h e  lading of one car .  

South Byron, New York - 27 August 1970 

Twenty-eight ca r s  o f  a Penn Central  f r e i g h t  de ra i l ed  i n  an unpopulated 

a r e a  of western New York. One c a r  of v inyl  ch lor ide  was punctured and caught 

f i r e .  A second c a r  v i o l e n t l y  ruptured. A t h i r d  c a r  of v iny l  ch lor ide  adjacent  

t o  a burning boxcar received moderate f i r e  damage. The t h r e a t  o f  explosion o f  

t h i s  c a r  and t h e  presence of a four th  pressure c a r  which had been dented slowed 

up clean-up operat ions on t h e  heavily t r ave led  two-track main. Sixteen hours 

elapsed u n t i l  l imi t ed  se rv ice  was res tored .  FRA, AAR, s t a t e  o f f i c i a l s ,  and a 

Calspan rep resen ta t ive  were a t  t h e  scene. 

The Calspan reassessment is approximately 23 percent  higher  than t h e  

kPI/AAR l o s s  ca lcula t ion .  The p r inc ipa l  d i f f e rence  l i e s  i n  t h e  f i r e  damage 
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es t imate  t o  o the r  property. Note 10, page A-45, o f  Reference 23 is incor rec t  i n  

s t a t i n g  f i r e  damage was.confined t o  t h e  tank cars .  Five box c a r s  burned, two 

o f  which were not  damaged heavi ly  i n  the  i n i t i a l  derailment.  The lading  i n  a t  

l e a s t  two of these  c a r s  was destroyed by f i r e ,  one containing canned goods and 

a second with fiber-bituminous pipe.  Reference 1 does show a $51,000 "other" 

los s ,  b u t  t h i s  does no t  cover f u l l y  t h e  l o s s  a t t r i b u t a b l e  t o  l o s s  o f  a tank c a r  

lading. 

,Crescent  City,  I l l i n o i s  - 21 June 1970 

Crescent Ci ty  was a major d i s a s t e r  r e s u l t i n g  from f i r e  and explosion 

o f  LPG c a r s  involved i n  a derailment within t h e  c i t y  limits. The business d i s -  

t r i c t  o f  the  small town o f  650 persons was v i r t u a l l y  des t royed. . in  addi t ion  t o  

25 residences.  S ix ty-s ix  persons were in jured ,  but  no deaths r e su l t ed .  

The RPI/AAR p r o j e c t  made an extensive inves t iga t ion  o f  t h i s  accident  

and made severa l  r ev i s ions  i n  t h e i r  cos t  est imates.  The $1.9 mi l l ion  t o t a l  is 

published i n  August 1972 repor t s .  Components of t h e  Calspan $2.2 mi l l ion  

est imate included t h e  replacement va3ue of homes and personal property destroyed, 

business property destroyed ( including equipment and inventory) ,  l o s t  business 

r e c e i p t s  i n  the  immediate post-accident period,  and home-owner insurance l iv ing  

expenses f o r  temporarily d isp laced  persons. The TP & W r a i l r o a d  f igu re  o f  $1.5 

mi l l ion  f o r  t h e  acc ident  is presumed t o  include only damage claims paid. The 

source of t h e  $1.7 mi l l ion  NTSB f i g u r e  is unknown, but it may have come from 

Reference 23. The $3.0 mi l l ion  es t imate  by t h e  NFPA, an experienced as sesso r  

of damage from f i r e ,  was a t o t a l  l o s s  f igure .  

The same Calspan representa t ive  who v i s i t e d  Crescent Ci ty  a t  t he  time 

of the  accident  r ecen t ly  r e v i s i t e d  t h e  scene t o  assess  recovery o f  the  community. 

Crescent Ci ty  now has a modem business d i s t r i c t  but ,  unfortunately,  much reduced 

i n  s i z e  from t h a t  before t h e  accident .  Only about h a l f  of the  business e s t ab l i sh -  

ments returned.  I t  may be i n s t r u c t i v e  t o  examine some of the  cost  p o t e n t i a l  i n  

l o s t  business t o  the community of Crescent City.  For example, i f  e igh t  permanently 

l o s t  e s t a b l i s h m e n t s i n  Crescent Ci ty  had average annual gross r e c e i p t s  o f  $50,000 



over a projected l ifetime of 20 years. accumulated losses of $8.000.000 would 

accrue. Discounting t h i s  sum a t  6 percent t o  a present value of $4.600.000 

and adding the previously estimated $2,200,000 di rec t  1oss.gives an estimated 

t o t a l  loss  of $6,800,000. This might be considered t o  be the loss  t o  Crescent 

City but it is not necessarily a loss  assignable t o  the  accident because pre- 

sumably the businesses would move t o  a different location. 



APPENDIX C 

HISTORICAL LOSSES OF INSULATED AND 

UNINSULATED TANK CARS DUE TO FIRE 

As an a id  t o  est imating t h e  e f f i c i ency  o f  thermal s h i e l d  coat ings f o r  

reducing losses  due t o  f i r e ,  t h i s  Appendix examines the  losses  t h a t  have been 

experienced h i s t o r i c a l l y  by 105A ( insula ted)  tank c a r s  i n  comparison with 

112A/114A (uninsulated)  tank cars .  

P r i o r  t o  the  in t roduct ion  of the  112A/114A s e r i e s  tank c a r s ,  s e r i e s  

105A tank c a r s  were u t i l i z e d  f o r  compressed gas se rv ice  and 105A c a r s  a r e  s t i l l  

u t i l i z e d  f o r  t h i s  serv ice .  The 105A ca r s  c o n s i s t  o f  an inner  tank which is 

covered with insu la t ion .  The i n s u l a t i o n  is covered with a  metal jacket .  The 

insu la t ion  is required t o  "be of  s u f f i c i e n t  th ickness  s o  t h a t  t h e  thermal con- 

ductance a t  6 0 ' ~  is not  more than 0.075 Btu pe r  hour, pe r  square foo t ,  p e r  

degree F temperature d i f f e r e n t i a l "  (49) CFR 179.100-4) but  is otherwise unspeci- 

f i ed .  Typical ly,  t he  i n s u l a t i o n  is rock wool, g l a s s  wool, cork, o r  a  foamed i n  

place s y n t h e t i c  mater ia l .  The major concern o f  t h i s  r e p o r t  is i n s u l a t o r s  which 

a r e  coated d i r e c t l y  on the  tank s h e l l  without an ou t s ide  metal jacket .  However, 

t he  purpose is thermal i n s u l a t i o n  s i m i l a r  t o  t h a t  o f  105A cars .  I t  i s  informa- 

t i v e  t o  look a t  t he  h i s t o r y  o f  l o s s e s  of105A insu la t ed  c a r s  compared t o  112A/ 

114A uninsulated c a r s  t h a t  have been exposed t o  f i r e s .  

Insula ted  c a r s  a r e  allowed t o  have smal ler  sa fe ty  r e l i e f  valves because 

of  the  reduced heat ing  load through t h e  insula t ion .  For s a f e t y  valve s i z i n g ,  t h e  

assumed heat ing load is increased over t h a t  through an i n s u l a t o r  o f  0.075 Btu/hr 

f t P o ~  because of  the  increase  i n  conductivi ty a t  e levated  temperatures, t h e  possi-  

b i l i t y  of  lo s ing  i n s u l a t i o n  i n  an accident ,  and t h e  hea t  t r a n s f e r r e d  through connec- 

t i o n s  and f i t t i n g s .  The su f f i c i ency  o f  the  assumed increased  heat ing  has been found 

t o  be somewhat dubious (Ref. 9, p. 47). That is, the  supposed la rge  s a f e t y  f a c t o r  

i n  s a f e t y  va lve  s i z i n g  f o r  in su la t ed  c a r s  (105Ats) may not  e x i s t .  However, i n  

ac tua l  p rac t i ce ,  t h e  valves t h a t  have been used f o r  uninsulated 112A/114A c a r s  

a r e  only 30 percent  l a r g e r  than t h e  minimum allowable according t o  the  s p e c i f i -  

ca t ions  whereas t h e  valves t h a t  have been used f o r  in su la t ed  105A cars  a r e  11 
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t imes t h e  minimum allowable (see Sect ion IV-E). If insu la t ing  coat ings were put 

on 112A/114A ca r s  withoqt changing the  valve from t h e  one used f o r  t h e  uninsulated 

ca r s ,  then the  valve would a l s o  be s u b s t a n t i a l l y  oversized.compared with t h e  

spec i f i ed  minimum allowable. Therefore, looking a t  the  e f f i c i ency  o f  the  thermal 

sh ie ld  on 105A c a r s  would appear t o  be i n d i c a t i v e  o f  the  e f f i c i ency  t h a t  could 

be expected f o r  one p a r t i c u l a r  spec i f i ca t ion  of  thermal s h i e l d  on 112A/114A c a r s  

with the  present  s a f e t y  r e l i e f  valves. 

Reference 23 gives t h e  RPI/AAR d a t a  on loaded tank c a r s  exposed t o  

f i r e s  f o r  1965 through 1970. "Exposed t o  f i r e "  is defined a s  su f fe r ing  v i s i b l e  

f i r e  damage, i . e .  a t  l e a s t  b l i s t e r e d  pa in t .  Loaded tank c a r s  includes a l l  c a r s  

"which were known t o  have been loaded when exposed t o  f i r e  a s  well  a s  those 

where it was not  known whether the  tanks l o s t  lading p r i o r  t o  t h e  f i r e  exposure 

due t o  a puncture i n  the  i n i t i a l  accident .  Tank c a r s  punctured i n i t i a l l y  are  

excluded only i f  they  were known t o  be e s s e n t i a l l y  empty when l a t e r  exposed t o  

f i r e . "  Th i r ty  s e r i e s  105A c a r s  were reported t o  have been exposed t o  f i r e .  O f  

these,  26 l o s t  a l l  of t h e i r  lading due t o  f i r e  including 9 t h a t  ruptured. 

Further examination o f  the  d a t a  i n  Reference 3 ind ica te s  t h a t  5 of  t h e  ca r s  ex- 

posed t o  f i r e  were 105A100k1s containing ethylene oxide and a l l  f i v e  of  these  

ca r s  ruptured ( ac tua l ly  s t a t e d  a s  exploded i n  t h i s  ins tance) .  Ethylene oxide 

may polymerize when heated. I t  is not  a commodity t h a t  i s  shipped i n  11ZA/114A 

cars .  LPG is t h e  major commodity shipped i n  112A/114A ca r s  and it does not  

polymerize. Commodities t h a t  may polymerize and which a r e  commonly shipped i n  

both 105A and 112A/114A c a r s  a r e  v inyl  ch lo r ide  and butadiene. However, 

explosive polymerization i n  tank c a r  f i r e s  o f  these  commodities is r a r e ,  where- 

a s  it is not  i n  the  case  of  ethylene oxide. Therefore, 105A100W c a r s  loaded with 

ethylene oxide should be el iminated from h i s t o r i c a l  d a t a  on the  e f f i c i e n c i e s  

o f  thermal s h i e l d s  considered f o r  112A/114A cars .  I n  addi t ion ,  one of  t h e  c a r s  

t h a t  ruptured was a c t u a l l y  an ARA V s e r i e s  c a r  which is a predecessor o f  105A 

s e r i e s  c a r s  and probably not ind ica t ive  of  modem insu la t ed  ca r  technology. 

Eliminating t h e  f i v e  105A100W c a r s  loaded with ethylene oxide and t h e  ARA V 

c a r  leaves 24 o f  the  s e r i e s  105A c a r s  which were exposed t o  f i r e .  Twenty of  

these l o s t  a l l  o f  t h e i r  lading, including 3 t h a t  ruptured. O f  t h e  t h r e e  t h a t  

ruptured; one was loaded with anti-knock compound and had been heated an unknown 
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time before rupture ,  one was loaded with butadiene and had been heated f o r  8 

hours and 52 minutes, and one was loaded with v inyl  ch lor ide ,  and had been 

heated f o r  10 hours and 15 minutes. Valve operat ion o r  lack of  operation is 

not  known f o r  two o f  these  ruptures  but  i n  t h e  t h i r d ,  t h e  valve was known t o  

have remained closed,  an anomaly which may ind ica te  f a u l t y  va lve  operat ion and 

which may have influenced c a r  rupture.  Also, none of t h e  ruptured c a r s  contained 

LPG, t he  major commodity shipped i n  112A/114A ca r s  and formerly shipped i n  grea t  

q u a n t i t i e s  i n  105A s e r i e s  cars .  I n  any event ,  t he  vas t  majori ty of 105A cars  

d id  not rupture  during exposure t o  f i r e s .  

By comparison with 105A s e r i e s  c a r s ,  of  t h e  65 112A/114A s e r i e s  c a r s  

exposed t o  f i r e s ,  56 l o s t  t h e i r  lad ing  including 50 t h a t  ruptured. Of t h e  15 

c a r s  without ruptures ,  7 d id  not  vent  a t  a l l ,  i . e . ,  they  must have been very 

small f i r e s  a s  the  contents  could not  have heated t o  even 115O~,  the  maximum 

summer loading condit ion.  For t h r e e  c a r s ,  it is not  known i f  they vented o r  

not  and it was assumed by RPI/AAR t h a t  one o r  more of these  were punctured i n  

the  i n i t i a l  accident .  Eliminating t h e  7 c a r s  i n  which t h e r e  was no vent ing  

and t h e  3 c a r s  f o r  which venting was not  known, leaves 50 ruptures of  55 c a r s  

exposed t o  f i r e s  which were a t  l e a s t  of  s u f f i c i e n t  s e v e r i t y  t o  cause venting.  

In summary, during t h e  time per iod  1965-1970, 3 of  20 (15%) insu la t ed  

c a r s  which had been exposed t o  f i r e  eventual ly  ruptured and some of  these  ruptures  

may have had s a f e t y  equipment f a i l u r e s .  Of 55 s e r i e s  112A/114A c a r s  exposed t o  

s u b s t a n t i a l  f i r e s ,  50 ruptured (91%). I t  is evident t h a t  105A ca r s  a r e  very 

much l e s s  apt  t o  rupture on f i r e  exposure than  112A/114A cars .  This  information 

suggests t h a t  the  insu la t ion  combined with s a f e t y  r e l i e f  valves l a r g e r  than 

c a l l e d  f o r  i n  t h e  Tank Car Spec i f i ca t ions  r e s u l t  i n  c a r s  l e s s  prone t o  rupture  

during f i r e  involvement. 

t 

In the  decades p r i o r  t o  1965 some 105A c a r s  loaded with LPG have ruptured when 
exposed t o  f i r e ,  but  it has been a r a r e  event.  The Shattuck, Oklahoma, accident  
of March 4, 1958, being about t h e  only notable  major accident .  





APPENDIX D 

MATHEMATICAL biODEL OF A TANK CAR EXPOSED TO F I R E  

1. Fortran Nomenclature 

Input Nomenclature 

1. Input S p e c i f i c  t o  Lading 

ALPHA 

GAMMA 

GASCON 

HGT 

HLT 

HFT 

LT 

MTOT 

P LT 

TS 

VFT 

VGT 

A 

ANG 

CINS1.2 

Thermal expansion c o e f f i c i e n t  o f  l i q u i d  cu, ft/OF 

Ratio o f  s p e c i f i c  heats  

Gas constant  
2 Gas hea t  t r a n s f e r  c o e f f i = i e n t  f o r  i n t e r n a l  Btu/f t  -hr-OF 

tank ca r  environment 
2 Liquid hea t  t r a n s f e r  c o e f f i c i e n t  f o r  i n t e r n a l  Btu/ f t  -hr-OF 

tank c a r  environment 

'Specif ic  enthalpy o f  sa tu ra t ed  l iqu id  Btu/lb 

Heat of vapor iza t ion  Btu/lb 

Tota l  mass i n  tank c a r  pe r  u n i t  length l b s / f t  

Pressure values f o r  enthalpy and volume 

data  ps i  

Temperature values fo r  enthalpy and volume 

d a t a  0 
1: 

Sonic temperature 

Spec i f i c  volume of  sa tu ra t ed  l iqu id  c u . f t / l b .  

Spec i f i c  volume o f  sa tu ra t ed  vapor c u . f t / l b  

2. General Input 

Relief  valve flow a r e a  f t 2  

Angle values f o r  IEATX d a t a  degrees 

Slopes of  l i n e s  descr ib ing  v a r i a t i o n  

of  thermal conductivi ty with tempera- 

tu re .  1 r e f e r s  t o  ou te r  l aye r ,  2 t o  

the  inne r  one. 



CP 

CD 

DELX 

DELTA 

E I  

FKS 

HEATX 

NRAD 

PBT 

PITCH 

PR 

PRL 

RHOSK 

RHOTNK 

RTAXK 

SKTHK 

TDCMP 

Spec i f i c  heat  o f  tank c a r  s h e l l  mater ia l  

Relief valve flow coef f i c i en t  

Longitudinal element s i z e  

Computing i n t e r v a l  

Emissivity o f  ins ide  surface  o f  tank c a r  

s h e l l  

Emissivity of outs ide  surface  o f  tank c a r  

s h e l l  

Thermal conductivi ty o f  insula t ion  a t  

reference temperature 

Thermal conductivi ty of s h e l l  mater ia l  

Heat t r a n s f e r  coe f f i c i en t  external  t o  tank 

car  

Thicknesses of insu la t ion  layers ,  1 r e f e r s  

t o  t h e  ou te r  layer. Z t o  t h e  inner  one 

Number o f  tank c a r  s h e l l  elements around 

circumference 

Control number f o r  circumferential  element 

temperature p lo t s .  NRAD = 1 means a p l o t  

w i l l  be generated f o r  every element. NRAD = 

2 w i l l  produce a p l o t  f o r  every second e le-  

ment, e t c . ,  s t a r t i n g  with t h e  f i r s t  one 

Number o f  elements along tank c a r  (longi- 

tudinal )  

Burst pressure  o f  tank 

P i t ch  angle def in ing tank c a r  a t t i t u d e ,  

Reliev valve opening pressure 

Relief valve closing pressure  

Density o f  p ro tec t ive  skin over insu la t ion  

Density o f  tank c a r  mater ia l  

Inside radius  o f  tank c a r  s h e l l  

Thickness of protec t ive  skin  over insula t ion  

Temperature where insu la t ion  loses  i t s  

ef fec t iveness  

~ t u / i b - O ~  

s e c  

inches 

p s i  

degrees 

p s i  

p s i  

lb /cu . f t  

lb /cu . f t  

f t  

inches 



TEMPX 

TI hET 

THICK 

TILT 

TFI 

TLENTH 

TLT 

TPLOT 

VOL 

VENPOS 

Reference temperatures f o r  thermal 

conductivities of insulation layers, 1 

indicates temperature for  outer layer,  

2 fo r  the inger one 

Fire  temperature values f o r  each HEATX 

value 

Time tab le  for  HEATX data 

Tank car  shel l  thickness 

Roll angle t o  r e l i e f  valve centerl ine 

I n i t i a l  temperature of l iquid 

Length of tank car  

Temperature tab le  corresponding t o  burst 

pressure 

Time interval between points on pressure 

plot  

Total internal volume of tank car  per unit  

length 

Distance to  each vent from end of car  

defining vent position 

OF 

sec 

inches 

degrees 

OF 

f t  

seconds 



Computational Variables 

AE L 

CON 
CRV 
D 
DA 
DAO 

DANG 

Medial a rea  of each element o f  the  

tank c a r  s h e l l  

KK .THICK. DELTA/AEL 
C.KHO.TliICK.AEL 
RTANK. DANG . DELTA 
DELTA.AEL 
DANG.(RTI\IUK + THK + THICK/Z) .DELTA 

Included angle o f  each tank c a r  element 

DELX Length o f  each tank c a r  element 

F LG 

FLIQ 

liF 

HG 

HTCL 

KK 

KP 

MG 

Signal f o r  valve closed (FLG = 0 )  o r  open 

(FLG = 1) 

Signal  t o  i n d i c a t e  valve below l i q u i d  l eve l  

(FLIQ = 1) o r  above (FLIQ = 0) 

Spec i f i c  enthalpy of l i qu id  Btu/lb 

Spec i f i c  enthalpy of vapor Btu/lb 

Liquid heat t r a n s f e r  c o e f f i c i e n t  n t u / f t 2 / h r - ~ ~  

Thermal conductivi ty of s h e l l  

G A W  

Mass of gas i n  tank c a r  pe r  u n i t  length l b / f t  

Mass of l i q u i d  i n  tank ca r  pe r  u n i t  length l b / f t  

Mass flow o f  material  through r e l i e f  valve 

pe r  u n i t  length lb / sec - f t  

Mass flow of l iqu id  r e l i eved  lb / sec - f t  

Mass flow o f  vapor r e l i eved  lb / sec - f t  

Pressure i n  tank c a r  p s i  

Sonic pressure  f o r  gas flow through valve p s i  

Gas hea t  t r a n s f e r  r a t e  pe r  u n i t  a rea  f o r  

one element of tank c a r  s h e l l  2 
Btu/ f t  -hr 

Heat lo s s  from element of s h e l l  ~ t u / f t ' - h r  

QGSUM Total  hea t  input t o  t h e  i n t e r n a l  gas envi r -  

QINTO 

onment from the  tank ca r  wall Btu 

lieat ' t r a n s f e r  r a t e  pe r  u n i t  a rea  applied 

t o  the  outs ide  wall of the  tank ca r  . ~ t u / f t ' - h r  



QLSUM 

SIC C 

SIG T 

T(N, IDELX) 

T ' (N , IDELX) 

TAU 

THETA 

THK 

TI 

TSURF 

UC 

VF 

VG 

VOLG 

VOLL 

Liquid heat  t r a n s f e r  r a t e  pe r  un i t  a r e a  f o r  

one Clement t o  t h e  tank c a r  s h e l l  

Total  heat  input  from t h e  tank c a r  wall  t o  

t h e  l iqu id  

Circumferential s t r e s s  i n  tank c a r  s h e l l  

Transverse s t r e s s  i n  tank c a r  

Temperature of tank c a r  s h e l l  element 

located a t  circumferential  locat ion N and 

length locat ion IDELX 

Temperature of tank c a r  s h e l l  element a t  

time increment previous t o  T(N,IDELX) 

Shear s t r e s s  a t  450 plane i n  tank c a r  s h e l l  

element 

F i re  temperature 

Temperature of gas i n  tank c a r  

Angle from 0 = 0 t o  l iquid-gas i n t e r f a c e  

a t  tank c a r  s h e l l  

Pos i t ion  of t h e  centroid of each element 

of the  tank c a r  s h e l l  

Thickness of e f f e c t i v e  insu la t ion  

Temperature o f  ins ide  surface  of tank c a r  

s h e l l  element 

Temperature o f  l iqu id  i n  tank c a r  

Temperature o f  outs ide  surface  o f  tank c a r  

s h e l l  element 

Sonic temperature f o r  gas flow through 

r e l i e f  valve 

Surface temperature of p ro tec t ive  skin 

C r i t i c a l  ve loc i ty  

Spec i f i c  volume of l iqu id  i n  tank ca r  

Spec i f i c  volume of l iqu id  i n  tank c a r  

Volume o f  gas i n  tank c a r  per  u n i t  length 

Volume of l iqu id  i n  tank c a r  per  u n i t  length 

Btu 

lb/ in2 

lb / in2  

degrees 

radians 



2. Program Logic and Computation 

The computer program cons i s t s  of a main rout ine  and severa l  subroutines. 

The bulk o f  t h e  computing i s  done by MAIN, which c a l l s  t h e  subroutines f o r  spec ia l  

purposes. A l l  input  is s e t  up by t h e  INPUT subroutine, which a l s o  contains 

wr i t e  and format statements f o r  pr in t -out  o f  input  data.  Subroutine OUTPUT con- 

t a i n s  t h e  general  purpose wr i t e  and format statements f o r  p r i n t i n g  t h e  r e s u l t s  

t h a t  def ine  the  condit ions i n  t h e  tank. The FORTRAN names f o r  a l l  input  

va r i ab les  a r e  l i s t e d  and i d e n t i f i e d  i n  the  sec t ion  on "FORTRAN Nomenclature." 

The u n i t s  c i t e d  a r e  those which must be used f o r  each var iable .  An explanation 

of the  computational va r i ab les  is provided, a lso .  

Subroutine HUNTEM is a t a b l e  look-up procedure used t o  obta in  values 

from input  da ta  ar rays .  

Subroutine FPLT i s  a Lagrangian in te rpo la t ion  procedure f o r  obtaining 

intermediate values f o r  t h e  thermodynamic p roper t i e s  of t h e  lading from t h e  in-  

put da ta  a r r a y  o f  s p e c i f i c  volume ( l i q u i d  and vapor),  pressure,  temperature, 

and l a t e n t  heat  versus enthalpy. 

A p r i n t e r  p l o t  subroutine is included ca l l ed  PLOTK, which provides t h e  

option o f  obtaining p l o t s  o f  s h e l l  temperature h i s t o r i e s  and tank pressure  

h is tory .  This option is achieved by giving t h e  value 1.0 t o  t h e  input  var iable ,  

PLOT. Subroutine PLOTR c a l l s  subroutine PLOlTR, which contains most o f  t h e  

log ic  of the  p l o t t i n g  scheme. I t  is supported by subroutines NORMAL. A X S C ~ ,  

and:RID i n  the  p l o t t i n g  function.  Each s t age  w i l l  be explained i n  d e t a i l .  

The general  organizat ion o f  the program is i l l u s t r a t e d  i n  Figure D-1. 

Four s tages,  corresponding t o  t h e  four main computations, have been designated 

a s  follows: 

1. Stage A Computations required i f  tank is s h e l l  f u l l .  

2. Stage B Computation f o r  s h e l l  and surface  temperatures. 

3. Stage C Valve s t a t e  logic. 

4. Stage D I t e r a t i o n  computations t o  e s t a b l i s h  tank pressure. 
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A ca re fu l  s tudy of Figure D-1 should be made before proceeding with 

t h i s  discussion.  Each s t age  w i l l  be explained i n  d e t a i l .  

The computation s t a r t s  by e s t ab l i sh ing  t h e  thermodynamic p roper t i e s  

of the  lad ing  based on i n i t i a l  temperature and pressure. Thus, t h e  q u a n t i t i e s  

PL, VF, VG, and LT a r e  determined while HG i s  obtained from HG = HF + LT. A l l  

s h e l l  temperatures a r e  i n i t i a l i z e d  t o  TL. With the  known volume of the  tank 

and t h e  mass of t h e  lading i n  t h e  tank, computation f o r  the  separa te  masses o f  

l i q u i d  and vapor a r e  made. F ina l ly ,  t h e  log ica l  va r i ab les  FLIG. FLL, and FLAG 

a r e  s e t  t o  zero and computation can begin. 

Stage A (see Figure D-2) is entered t o  determine i f  t h e  tank is l iquid-  

f u l l .  Using t h e  known volume o f  the  tank and t h e  mass and thermodynamic prop- 

e r t i e s  of t h e  lading,  Equation D - 1  gives t h e  mass of l i qu id  present  i n  t h e  tank. 

ML - (VOL - MTOT VGS) / (VF - VGS) (D-1) 

The mass of vapor i n  the  tank is, then: 

MG - MTOT - ML 

If MG is  not  zero, t h e  tank conta ins  both l iqu id  and vapor, and t h e  

computation proceeds t o  Stage B. However, i f  the  tank i s  l i q u i d - f u l l ,  a com- 

putat ion of the  flow capaci ty  of t h e  valves is made t o  determine i f  t h e  increased 

lading volume due t o  an expanding l i q u i d  can be re l ieved.  If t h e  valve does not  

have s u f f i c i e n t  capaci ty,  t h e  tank ruptures  and t h e  computation is  stopped. 

Otherwise, the  volume o f  the  l i q u i d  is s e t  equal t o  t h e  volume of t h e  tank,  and 

a new mass of l i q u i d ,  ML, is computed. A new MTOT ( resu l t ing  f r o m  l o s s  of f l u i d  

by r e l i e f )  is now s e t  equal t o  ML. 

A t e s t  is now made, using t h e  parameter FLIO, t o  determine i f  t he  valve 

i n l e t  i s  submerged. I f  it is, a second t e s t  is made t o  determine i f  t he  tank 

pressure,  PL, is above t h e  valve s e t  pressure,  PR. A negat ive r e s u l t  f o r  t h i s  

, t e s t  causes the  parameter FLAG t o  be s e t  equal t o  one, ind ica t ing  t h a t  t h e  tank 
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is f u l l  and t h e  valve is closed. A p o s i t i v e  r e s u l t  allows t h e  computation t o  

proceed. 

Returning t o  t h e  t e s t  f o r  a submerged i n l e t ,  a negat ive r e s u l t  leads  

t o  a second t e s t  on valve flow capaci ty.  If t h e  valve is not  capable o f  passing 

t h e  amount o f  lading which is being vaporized during t h i s  time s t e p  o r  t h e  tank 

pressure is l e s s  than t h e  valve s e t  pressure ,  t he  parameter FLAG is again s e t  

equal t o  one and t h e  tank i s  considered f u l l  of l i q u i d  with t h e  valve closed. 

On t h e  o t h e r  hand, i f  t h e  valve does have s u f f i c i e n t  capaci ty  and the  tank pres-  

sure  is above t h e  valve s e t  pressure ,  t h e  computation i s  allowed t o  proceed. 

The f i n a l  s t e p  i n  Stage A i s  t o  determine t h e  angle o f  t h e  gas / l iquid  

in t e r face .  This s t e p  involves the  determination o f  the  l i q u i d  l e v e l ;  s p e c i f i -  

c a l l y ,  t he  angle THET t h a t  measures its pos i t ion .  TiiET is h a l f  t h e  included 

angle of the  segment o f  a c i r c l e  t h a t  is described by t h e  po in t s  of the  i n t e r -  

s ec t ion  o f  the  l eve l  su r face  with t h e  tank. The a rea  o f  the  segment o f  a c i r c l e  

is : 

A - 1/2r2 (Y - s i n  Y) = 1/2rL (W) 

Rearranging and mult iplying by p/p ., 

A -  FA = Z P V O L G  

1/2r2 'ITrZ VOLG + VOLL 

Once V is computed, it i s  used t o  s t e p  o f f  i n  a search rou t ine  f o r  Y. The 

t e s t  i s  on the  in t ege r  d i f f e rence  between V and W, and a s  soon a s  it becomes 

i e s s  than 1 x THET is computed from TIiET = 0.5 Y .  

Stage B (Figure D-3) is now entered t o  es t imate  the  tank s h e l l  hea t  

t r a n s f e r  r a t e s  and the  s h e l l  temperature. The s h e l l  has been broken i n t o  N 

c i rcumferent ia l  elements, and each pass through Stage B makes computations f o r  

a s i n g l e  element. 
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The f i r s t  s tep i n  t h i s  stage is t o  obtain the  heat t ransfer  coefficient,  

HEATX, from the data by. table  look-up and interpolation (HEATX versus ANG need 

not be specified i n  increments of she l l  element width). The same is done fo r  

TEMOX, the f i r e  temperature. Then, the  element touched by the l iquid level is 

ident i f ied (NG). The heat t ransfer  r a t e  i n to  any element from the environment 

(QINTO) is computed from HEATX and TEMPX. I f  the  element being examined is 

above the element N G ,  the gas heat t ransfer  coeff ic ient ,  NGT, is used t o  obtain 

QG, the  heat in to  the vapor. QG is integrated a s  QGSUM during subsequent passes 

through the  loop. QG is corrected t o  obtain QGT, the  heat loss  from the she l l  

element. I f  the  element is below NG, the  computation fo r  l iquid heat t ransfer  

coefficient,  HTCL, is made. I t  depends upon TI, ins ide surface temperature 

of the  she l l ,  a s  does the heat t ransfer  r a t e .  TI is estimated from the average 

she l l  temperature fo r  the previous time, and from QINTO. The formula for  heat 

t ransfer  coefficient is a curve f i t  t o  experimental data, Reference 21, fo r  pro- 

pane exposed t o  a horizontal surface. I t  depends upon tank pressure a s  well as 

the temperature difference between she l l  surface and bulk of the  liquid. The . 
quali ty of the  curve f i t  is demonstrated i n  Table D - I  . 

Shell element temperatures are  computed from a re la t ion tha t  i s  derived 

i n  Appendix D-4. This permits a new surface temperature t o  be computed. A t  the  

beginning of the computation, the  surface temperature (TSURF (N, IDELX)) is s e t  

t o  a temperature s l i gh t ly  (30°) above TL t o  induce a smoother s t a r t .  The inside 

agd outside surface temperatures of the she l l ,  TI and TO (N.IDELX) a re  computed 

from rela t ions  representing a parabolic temperature prof i le  passing through T 

(N,IDELX) fo r  elements of the  she l l  above the l iquid level. I t  can be shown 

analyt ical ly  t ha t  the  parabolic p ro f i l e  is val id  for  a s lab  of f i n i t e  thickness 

with the  heat flowing out one s ide equal t o  a small proportion of the  heat 

entering the other side. A proof f o r  t h i s  is presented i n  Appendix D-5. 

The temperature p ro f i l e  through the she l l  a t  elements below the l iquid 

level is assumed t o  be l inear ,  which is a valid approach f o r  t h e  case of a s lab 

A comparison of the  tabulated values shows the  lower l i m i t  of the  range of  good 
. f i t  t o  correspond t o  a heat t ransfer  r a t e  of  20,000 ~ t u / f t Z - h r  with degradation 
increasing a s  the  r a t e  decreases. 
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Table D-I 

VALIDITY OF EQUATION FOR CURVE FIT TO BOILING HEAT TRANSFER RATE 

E x ~ e r i m e n t a l  Data f rom Reference 3 1 

Computed Heat Transfer  
Rate f rom Equation of 
Curve F i t  - Btu/ft2-hr 

. 
o r h = HTCL = -& = (1  5.0 t 0.0642 x 10 -6 p3.347 1.55 

S ) es 

4, Heat T r a n  f e r  3 Rate - Btu/ft -hr  
L e i s u r e  - psia 

8 , ,  Tempera ture  
~ i f f e r e n c e ,  w a l l  
and Liquid Bulk - *F 



o f  f i n i t e  th ickness  t h a t  is t r ansmi t t ing  most of  the  ne t  inc ident  hea t .  This  

statement is s i m i l a r  t o . s t a t i n g  t h a t  the  r a t e  of  hea t  s to rage  i n  t h e  s h e l l  s h e l l  

is neg l ig ib le  compared t o  t h e  r a t e  of hea t  conducted through it. Consequently, 

i n  the  hea t  conduction equation (Equation 1 of Appendix 11) t h e  term p c a T / & t + O .  
2 2 

In addi t ion ,  f o r  t h e  case o f  uniform heat ing  around t h e  tank. T / d B  = 0, and 
2 t h e  equation reduces t o  d ~ / d r ~  + l/r dT/dr = 0. This  may be s impl i f i ed  t o  

2 2 d T/dr = 0 f o r  r l a r g e  compared t o  6 , t he  th ickness  of the  s h e l l ,  which e n t e r s  

the  problem a s  a boundary condit ion.  In t eg ra t ing  dT/dr = c ,  which ind ica te s  

l i n e a r i t y ,  and t h e  boundary condit ion,  dT/dr = fi/k e s t a b l i s h e s  t h e  value of  c .  

(4 is t h e  hea t  t r a n s f e r  r a t e  a t  t h e  sur face ,  w). 

The condition of  neg l ig ib le  heat  s torage  may be j u s t i f i e d  by comparing 

t h e  heat s torage  r a t e  with t h e  hea t  t ransmi t ted  t o  t h e  l i q u i d  during a f i r e .  

Tes t  r e s u l t s  show t h a t  the  r a t e  of  temperature r i s e  of  the  por t ion  o f  the  s h e l l  

t h a t  contac ts  l i q u i d  averages only l / ~ ~ ~ / s e c o n d  when a heat ing r a t e  equal t o  
2 40,000 Btu/f t  h r  is imposed upon it because the  temperature of  t h e  s h e l l  is con- 

t r o l l e d  by t h a t  of  t h e  l iqu id .  The corresponding r a t e  of  hea t  s t o r a g e , p c c ? d ~ / d r  
2 = 3600 Btu/ft  hr .  Subt rac t ing  t h i s  from t h e  imposed heat ing r a t e  y i e l d s  t h e  

r a t e  o f  heat  t ransmission t o  t h e  l i q u i d ,  which is over 90 percent  of the  t o t a l .  

Provision is made i n  the  program f o r  the  v a r i a t i o n  o f  thermal conduc- 

t i v i t y  with temperature of any insu la t ion  used t o  cover the  tank s h e l l .  Two 

separa te  l a y e r s  of  d i f f e r e n t  ma te r i a l s  a r e  allowed. In prepara t ion  f o r  computing 

thermal conductivi ty o f  the  insu la t ion ,  i ts average temperature ( e i t h e r  Tkl o r  

Tk2) is defined i n  terms o f  t h e  p reva i l ing  heat  t r a n s f e r  r a t e ,  thicknesses,  

and outs ide  and ins ide  su r face  temperatures. Then thermal conductivi ty o f  

each l aye r  is computed (KKl and KK2) a s  a l i n e a r  va r i a t ion  from a reference 

value (FK1 and FK2), which is spec i f i ed  a s  input  d a t a  a t  the  reference  tempera- 

t u r e s ,  TEMl and TEM2. This  permits TSURF (N,IDELX) t o  be computed from hea t  

t r a n s f e r  r a t e ,  thicknesses,  and temperatures of  the  o u t s i d e  sur face  of  the  s h e l l .  

A s  soon a s  t h e  o u t e r  sur face  o f  the  insu la t ion  reaches t h e  decomposi- 

t i o n  temperature, TDCW, t h e  program is d i rec ted  t o  compute a reduced th ickness  

.of insula t ion .  The first ca lcu la t ion  f o r  tnickness,  (TFK) reduces t h e  o u t e r  



layer t o  a thickness t ha t  w i l l  j us t  support the  established temperature gradient 

with an external temperature of TDCMP. (Temperature gradient i s  dictated by 

QINTO/KKl.) After THK reduces completely t o  LAGTHZ, the thickness of the inner 

layer of insulation,  a second computation, for  THK, dominates the procedure and 

it operates by using the r a t i o  QINTO/KEZ. The insulation surface temperature, 

TSURF(N.IDELX) is maintained a t  TDCMP as  long as  any insulation remains, and 

t h i s  is defined by statement 160. TINT(N,IDELX) is an indexed variable for  inter-  

nal surface temperature of the she l l  t o  be stored for  print-out. 

I t  is conceivable tha t  a l l  insulation can be decomposed a f t e r  a time, 

i n  which case TSURF is equated t o  TO(N.1DEL.X). 

When computations have been made f o r  each tank element, Stage C,  

Figure D-4, is entered. Upon entering, t h i s  stage, a signal is s e t  FLQ t o  

indicate whether vapor or  l iquid w i l l  be flowing from the valves. This para- 

meter depends upon TILT, the  r o l l  orientation of the valve, and TIE, the  l iquid 

level.  The previously s e t  parameter FLAG is tes ted t o  determine i f  it is 

greater than zero. I f  it is, t h i s  indicates tha t  the tank is l iquid f u l l  and 

the valve is closed. Immediate e x i t  is made t o  the valve closed routine of 

Stage D.  However, i f  FLAG is not greater than zero, the  valve s t a t e  logic  is 

entered. 

I f  the  valve was not previously open and the tank pressure is s t i l l  

less  than the valve s e t  pressure, the  valve remains closed and ex i t  is made t o  

Stage D. When the tank pressure is above the s e t  point, FLG, is rese t  t o  one. 

indicating valve is now open, and the parameter FLIQ determines i f  l iquid o r  gas 

equations w i l l  be used t o  compute flow through the valves. 

A second case is possible, namely, the valve was previously open. I f  

the tank pressure is not greater  than the valve closing pressure. PRL, FLQ is 

s e t  t o  zero, indicating tha t  the valve is closed, and ex i t  is again made to  

Stage D ,  I f  the tank pressure is above the closing pressure. FLIQ is used t o  

determine i f  l iquid o r  gas equations w i l l  be used t o  compute flow through the 

valves. 
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The primary funct ion  o f  Stage D '(see Figure D-5) is t o  i t e r a t e  oh e s t i -  

mated tank pressure  u n t i l  a lading s t a t e  is reached which is c o n s i s t e n t w i t h  

the  energy t r a n s f e r r e d  t o  t h e  tank from t h e  environment. There a r e  two en t ry  

po in t s  t o  Stage D, depending on whether the  valve is open o r  closed. 

I t e r a t i o n  on pressure,  f o r  t h e  open valve case, s t a r t s  by a r b i t r a r i l y  

assigning it a new name, PL2, and 95 percent of i ts previous value. The pro- 

pe r ty  subroutine FPLT is then c a l l e d  t o  g e t  t h e  corresponding equil ibr ium 

values f o r  VF and [IF. Correct values f o r  l i q u i d  and vapor masses a r e  e s t ab l i shed  

and enthalpy o f  the  vapor is then computed from a hea t  balance equation f o r  

t h e  vapor. The s p e c i f i c  hea t  o f  the  vapor, CPG, is obtained from HG and PL2 by 

an equation which i s  a curve f i t  t o  d a t a  t a b l e s  (Reference 32). ( I t s  q u a l i t y  * 
of f i t  is evaluated i n  Table 0-11'). This permits  t h e  computation o f  TG. Next, 

VG is computed from the  equation o f  s t a t e  f o r  t h e  vapor, which was a l s o  obtained 

by a curve f i t  t o  t h e  t a b l e s  of Reference 32. (The v a l i d i t y  o f  t h i s  equat ion ** 
is demonstrated by Table D-IIIJ .  The r ev i s ion  o f  t h i s  value r equ i re s  r ev i s ion ,  

i n  tu rn ,  of t h e  mass o f  l i q u i d  and t h e  mass o f  vapor. 

i A t  t h i s  poin t ,  a l l  requirements have been s a t i s f i e d  f o r  computing QIN,  

t he  hea t  input  t o  t h e  lad ing  during t h e  computing i n t e r v a l  t h a t  is necessary t o  

i j u s t i f y  t h e  pressure  r i s e  t o  PL2. Af te r  assigning Q I N  a new name. TEST, it is 

used t o  f ind  t h e  departure o f  Q I N  from t h e  ac tua l  hea t  input  over t h e  computing 

I i n t e r v a l .  PREV. The d i f f e rence  i s  ca l l ed  DELQ2. A t e s t  is made whereby DELQ2 

i s  compared t o  a small percentage o f  the  absolu te  value o f  (PREV + 10.0). If 

I it i s  g r e a t e r  than t h i s  percentage, t h e  t e s t  is not  s a t i s f i e d  and PL is corrected 

I by means of a l i n e a r  ext rapola t ion  t o  t h e  value of PL f o r  which DELQ2 goes t o  

zero. DELQl and PL1 a r e  r e s e t  t o  DELQ2 and PL2, respect ive ly .  The i t e r a t i o n  
1 

The tabula ted  values demonstrate a good f i t  t o  s p e c i f i c  heht d a t a  from t h e  

i s a t u r a t i o n  condit ion t o  400 '~  and 400 ps i .  A s  e i t h e r  pressure  o r  temperature 
a r e  increased beyond t h i s ,  t h e  f i t  degrades slowly. 

** 
A good f i t  is demonstrated by t h e  t a b l e  over t h e  whole temperature and pressure 
range of i n t e r e s t  t o  present  tank c a r  s tud ies .  
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VALVE IS OPEN 
1. ESTIMATE P U  - 0.95 PL' 
2. ESTIMATE LADING 

THERMODYNAMIC PROPERTIES 
BASEO ON P U  

3. COMPUTE HEAT 
TRANSFER TO LADING 

IS THE EXTERNAL HEAT 
TRANSFER SUFFICIENT 

FOR THE LADING TO I 
BE IN A STATE 

CORRESPONDING TO PL2 / I 

IS PL C 1.02 PRL? 

FLG = 0 
CLOSE VALVE . 

FLAG = 0 

1 . 
1 CHECK FOR TANK I 

RUPTURE DUE TO THERMALLY 
WEAKENED WALL AT PL I -  -- I 

I STOP I 
'THIS ESTIMATE IS MADE ONLY DURING UPON ENTRY. SUBSEOUENT ESTIMATES 
ARE PROVIDED IF  THE TESTS ON HEAT TRANSFER IS FAILED. SEE TEXT. 

Figure D-5 STAGE D - ITERATION COMPUTATION TO ESTABLISH CORRECT 
TANK PRESSURE 



Table D-ll 
VALIDITY OF EQUATION OF CURVE FIT FOR AVERAGE SPECIFIC HEAT 

- 
Cp. Average Specific Heat 

P, Pres sure  T, Temperature H, Enthalpy Ref. Value F r o m  Equation 
psi  'F Btu/lb from HIT of Curve F i t  

200 200 450.0 0.682 0. 681 
24 0 470. 1 .672  .676  
280 492.6  .666 .669 
300 503.7 . 663 . 665 
34 0 526. 6 , 6 5 8  . 659 
360 538.3 . 656 . 655 

2 50 160 420.4 . 6 7 8  . 684 
200 443.5 .672 . 678 
24 0 466. 0 .666  .672 
340 523.6 . 654 .655 

300 160 424.4 .6  84 . 680 
200 446.2 .676 .673 
24 0 468. 0 . 669 . 667 
34 0 524. 3 . 655 . 650 

4 00 24 0 459.2 .656 .660 
400 555.9 . 646 . 633 

600 24 0 439. 6 .628  . 649 
400 548.4 .637 . 616 
600 649.4 .612 . 576 

-- 



Table D - m  

VALIDITY OF EQUATION FOR CURVE FIT FOR VAPOR STATE DATA 

I 

r 

T ,  T e m p e r a t u r e  
F 

100 . 
200 

2 50 

300 

300 

400 

450 

500 

600 

700 

800 

1000 

Specif ic  Volume 
Vg' f t 3 / l b  

0. 5144 

. 7 0 3 8  

.6080  

.6706 

. 3910 

. 4 7 3  1 

. 3 6 8 3  

. 4 3 1 2  

. 4 0 4 3  

. 3858 

3 7 2 1  

.3532  

P, P r e s s u r e  - p s i a  

F r o m  ~ e f ;  3 2  

200.0 

203 

250 

250 

400 

400 

500 

500 

600 

700 

800 

1000 

F r o m  Equation 
of C u r v e  F i t  

207.0 

203.7 

248.3  

247. 7 

395.6 

393.8  

491.4  

492. 0 

592. 0 

690. 5 

791.2  

994.5  



count, ICOUNT, is r a i s e d  by one, and t h e  computation is repeated with t h e  new 

est imates.  I f  ICOUXT is excessive, i . e . ,  i f  it exceeds 10, computation i s  

stopped. When the  t e s t  on DELQ2 is passed, t h e  tank pressure is t e s t e d  t o  pre- 

vent t h i s  pressure  from dropping t o  a value l e s s  than the  value closing pressure.  

which would be u n r e a l i s t i c .  I f  PL has dropped t o  l e s s  than PRL i n  order  t o  

s a t i s f y  t h e  i t e r a t i o n  procedures, t h e  time i n t e r v a l  is reduced and the  computer 

is routed  back t o  t h e  beginning of  Stage B, t h e  p ivot  where new computations 

s t a r t  f o r  a l l  q u a n t i t i e s  dependent upon DELTA. I t  is necessary t o  reduce t h e  

time i n t e r v a l  u n t i l  t he  mass l o s t  by r e l i e f  valve flow is s a t i s f a c t o r y  f o r  a 

reduction o f  tank pressure  t o  PRL. An index, M ,  counts t h e  number of  t imes t h e  

computing i n t e r v a l  i s  divided s o  t h a t  the  i n i t i a l  computing i n t e r v a l  is divided 

s o  t h a t  the  i n i t i a l  computing i n t e r v a l  can be res tored .  

The closed valve case s t a r t s  with an a r b i t r a r y  increase  i n  tank pres-  

sure ,  c a l l e d  PL2. Then FPLT is ca l l ed ,  f o r  HF and VF. A s  i n  the  open valve 

case ,  ML2 and MG2 a r e  defined,  HG, CPG. TG, and VG a r e  computed. Then ML2 and 

MG2 a r e  recomputed prepara tory  t o  computing QIN.  I n  t h e  case when valves a r e  

open, Q I N  is an en t l~a lpy  d i f ference;  but f o r  valves closed,  it is  an i n t e r n a l  

energy d i f ference ,  which must be determined by sub t rac t ing  t h e  flow work terms, 

(PL x VF) + (PL x VG), from t h e  enthalpy, because i n t e r n a l  energy is not  other-  

wise ava i l ab le .  The constant  is obtained by convert ing square inches t o  square 

f e e t  and f t / l b s  t o  Btu 's ,  i . e . ,  144/788 = 0.1851. 

Af te r  s e t t i n g  QIN = TEST, t h e  departure o f  QIN from PWV is computed 

as  DELQ2. (PREV is t h e  t o t a l  heat  input  over t h e  computing in t e rva l . )  The 

same kind of t e s t  is made comparing PL t o  1.03 times PR, and t h e  subsequent log ic  

i s  s i m i l a r  t o  t h a t  of  the  valve open case,  except t h a t  t h e  l imi t ing  tank pressure  

f o r  t h e  va lve  closed is t h e  s e t  po in t  f o r  valve opening, PR. The computing 

i n t e r v a l  i s  shortened u n t i l  t h i s  pressure l i m i t  is s a t i s f i e d .  

A check is now made f o r  tank rup tu re  due t o  overpressure by vapor expan- 

s ion.  For each s h e l l  element, a t a b l e  look-up rpocedure g e t s  t h e  tabula ted  

values f o r  temperature i n  the  b u r s t  pressure  versus temperature t a b l e  t h a t  

brackets  t h e  temperature of  the  elements. Then, a l i n e a r  in t e rpo la t ion  is made 



between t h e i r  corresponding pressures t o  f i n d  t h e  burs t  pressure,  PB, f o r  the  

temperature of t h e  element. 

A term i s  computed t o  account f o r  thermal s t r e s s ,  c a l l e d  TI1STRS. This 

ac tua l ly  performs a s  a decrement in  allowable tank pressure and is used by 

adding it t o  tank pressure t o  get a,working pressure t h a t  may then be compared 

with the  burs t  pressure.  This procedure is  va l id  because thermal s t r e s s  may 

be superimposed upon s t r e s s e s  caused by mechanical loading. The formula f o r  

maximum thermal s t r e s s  from Reference 33, page 174 , is 

where T and T2 a re  outer  and inner  surface  temperatures, CX is t h e  expansion 1 
coef f i c i en t .  E is Young's modulus, and i s  Poisson's  r a t i o .  For t h e  tank ca r  

s t e e l  t h i s  becomes = 128.0 (TI - T2). The in te rna l  pressure t h a t  would 

produce the  same s t r e s s  i s  128 t/r ('TI - T2). where t..is tank thickness and r 
its radius .  The working pressure. PALL, is obtained by adding t h i s  t o  tank pres-  

sure  and multiplying by t h e  f a c t o r  RTANK/5, which s c a l e s  t h e  burst  pressure 

t a b l e s  t o  t h e  model tank. (The burs t  pressure t a b l e s  a r e  based upon the  f u l l  

s i z e  tank c a r  which has a 5-foot radius.)  

F inal ly ,  a comparison i s  made between PALL and PB.- I f  PALL is g r e a t e r  

than PB, burs t  is indica ted  and computation i s  terminated. 

Time i s  updated and t h e  output subroutine is ca l l ed  before the  s t a t e -  

ments i n  the  program s e t  up t h e  temperature parameters t o  be plot ted. .  The pre-  

sen t  configurat ion of the  program generates outs ide  surface  temperature h i s t o r i e s  

(TEI.WAT (iiPT, NEL, IDELX) vs. TIbDAT (NPT)). A bypass i s  provided i n  case no 

p l o t t i n g  i s  desired.  A maximum of 200 po in t s  is permit ted by a log ica l  IF s t a t e -  

ment. The pressure parameters a r e  defined f o r  p l o t t i n g  tank pressure h i s to ry ,  

PDAT (NPP) vs. TIMPUT (NPP). A maximum of  400 po in t s  is permitted. 

Computation now re tu rns  t o  the  beginning of Stage A f o r  computation 

during t h e  next time increment. 
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IT 3. Approximate Method for Predicting the New Mix Conditions 

I The method used in the original model to compute the state conditions 

of the new mix after a computing interval was approximate because it was based 

I 
entirely upon conditions at the beginning of the interval. It has been dis- 

continued but is presented here for the sake of completeness. 

I Previous to computing the new mix conditions, it is necessary to esta- 
I 

blish the heat input to the tank shell, the mass of gas, MG, and liquid, ML, 

I in the tank, and the total heat input to the liquid as well as to the gas. These 

are done by the existing methods explained elsewhere. 

I Then, the following equations are used to compute the increase in the 

I 
heat content of the liquid in the container. Two specific cases exist. The 

first case is that for which no mass is lost through the relief valves. The 

second case distinguishes between liquid or gas flow out each relief valve. 

I The index H indicates time for purposes of this explanation and was not a compu- 

ting index. The program is recycled to execute computations for a new time. 

I Equilibrium conditions between liquid and vapor were assumed to prevail. 
i 

I 
Case 1: 

MR = 0 

1: Case 2: 

DELTA 
DELTA) 

(QLSUM(M) + QGSUU(H) - DMG(M) L(M) 
n m  = 

DELTA ML(M) + (DPlL(M) -- 
3600 

For liquid flow through the relief valve, if one connects with the 

element X, 

MRl(t4.X) = 192000 CD A 



For gas flow through the  r e l i e f  valve,  i f  one connects with t h e  

element, AX, 

where 

and 

The t o t a l  mass l o s s  is computed: 

X=NX X=NX 

C MR(M) = MR1 (M) + MR2 (M) 
X= 1 X = l  

and the  remaining mass is inventoried: 

DELTA 
WOT (M) = MTOT (M - 1)  - MR(M) - 3600 

Then the  enthalpy of  the  remaining l iqu id  is determined: 

DHG - HG(M) - HG(M - 1) 

DELTA 
ML(M) + DML - MR)* - 3600 

HF (M + 1) = HF(M) + DHF 

The value of HF(M + 1) a s  computed above is then used i n  conjunction 

with the  liquid-vapor sa tu ra t ion  t a b l e s  t o  obtain values of PL(M + 1 ) .  TL(M + 1) .  

VF(M + 1) .  VG(M + I ) ,  and L(h1 + 1 ) .  



4. Derivation of Formula f o r  T(N,IDELX) 

The unsteady hea t  conduction equation i n  a po la r  coordinate system i n  

terms of radius  r, angle 0, and time t with constant  thermal p roper t i e s  is: 

When t h i s  is expressed a s  a d i f ference  equation,  using c e n t r a l  d i f f e rences ,  and 

transformed t o  a cu rv i l inea r  system i n  r and y using /i y = r A 0 ,  it becomes: 

where Tt is the  temperature a t  time t ,  Tt-1 is the  temperature a t  t he  previous 

time s t ep ,  Ty-l and Ty+l a r e  t h e  temperatures a t  elements adjacent  i n  t h e  y- 

d i r ec t ion ,  and Tr-1 and Tr+l a r e  t h e  temperatures a t  t h e  elements adjacent  i n  

the  r -d i r ec t ion .  

Equation 1 must be  accompanied by boundary condit ions and i n i t i a l  

values i n  order  t o  use it t o  descr ibe  a problem. For example, t h e  hea t  t r a n s f e r  

r a t e  (k dT/dr) may be spec i f i ed  a t  t he  boundaries and a spec i f i ed  uniform tempera- 

t u r e  may be  given a s  t h e  i n i t i a l  value. 

Now t h e  use  of Equation (D-3) implies a quasi-s teady treatment  f o r  an 

in f in i t e s ima l  time i n t e r v a l .  Furthermore, t h e  s i z e  of elements of t h e  tank s h e l l ,  

a s  measured by d y ,  t h a t  would be p r a c t i c a l  f o r  computation is considerably 

g rea te r  than the  s h e l l  thickness.  Consequently, i t i s  p r a c t i c a l  t o  consider  t h e  

element th ickness ,  A r ,  t o  be the  same a s  s h e l l  thickness,  These two considera- 

t i o n s  mean t h a t  t h e  terms fo r ' conduc t ion . in  t h e  r a d i a l  d i r e c t i o n  may be expre- 

ssed i n  terms of t h e  boundary condit ions.  Using a p a r t  o f  t h e  s h e l l  i n  contact  

with t h e  vapor a s  an example. 

. 

. c.  f .  Carslaw, H.S., and Jaeger ,  J . C . ,  Conduction of Heat i n  Sol ids ,  Oxford 
Universi ty Press,  1959. 



- r + r - 1 ) k jT= + 1 - Tr - 1)- (heat conducted 
+ - 
r b r - through the insula- 

tion minus QGT)/ 
thickness 

The heat conducted through the insulation minus QGC is equal to (neglecting 

the effect of its mass): 

THK 
QINTO (1 + - RTANK) - .  Qm 

where the quantity in parenthesis corrects for the area change with radius. 

Putting it in terms of the grouped variables: 

QINTO QGT - DAO-QImO - 1)eQGC 
TIIICK - 6 + &)- TillCK THICK-AEL-DELTA 

Substituting this into Equation (D-3) and using CRV = C RHO THICK AEL and CON = 

KK THICK DELTA/AEL 

CRV*(T(N,IDELX) -Tf(N,IDELX) - - - DAO*QINTO - DIQGT 
TI~IC);*AEL*DELTA THICK *EL *DELTA 

+ CON-AEL (T(N + 1, IDELX)) 
TIiICK.DELTA.(AEL) 2 

-(CON AEL) - 2*T(N,IDELX) + T(N - 1, IDELX)) 
THICK DELTA (AEL)L 

Solving for T(N,IDELX), which represents here the variable Tt, the relation for 

T(N,IDELX) in the program is obtained. 

CON. (T(N + 1, IDELX) - T'(N,IDELX)) + - 
CRV 

E. D + T'(N,IDELX) - CRV 



5 .  Proof f o r  Temperature P r o f i l e  Used f o r  She l l  

I f  a function. say  f ( x ) ,  is continuous on an i n t e r v a l  a s  x S b .  then 

i t s  average value. o r  mean value, i s  given by 

In p a r t i c u l a r .  i f . 0  r x 5 8 and t h e  p r o f i l e  f o r  T i s  t h e  parabol ic  

f om: 

then 

Define Fo =&, Then = F Now. from t h e  requirements t h a t  a t  x = 0. T = To, 0' 
and a t  x = /: T = Ti, then s u b s t i t i t i n g  i n  Equation (D-1): 

o c t l - 1  T = - + - = T + -  
0 d-2 3 3 

~ t 1 - 1  
1 T. =JF - s = ~ - -  6 

Se t t ing  up i n  terms of To and T. gives 
1 

1 1 -  1 
Z T  

= - T  
0 2 + T 

- 1 T . = T -  
1 5 



which are the desired formulae, as  used i n  the program. 



6 .  Derivation of E q u a t i o n s f o r  Vapor Mass Flow Rate 

The bas ic  equation f o r  conservation of mass i n  one dimension s t a t e s  

t h a t  &+u)/&' x = 0 a t  any point  along a flow passage, i . e . ,  t h a t  mass flow 

r a t e ,  h = A p u  = Au/v, where A is flow area ,  u is ve loc i ty ,  p i s  densi ty,  and 

v, s p e c i f i c  volume, when the  valve on a tank c a r  is open only f o r  pressures of 

magnitude g rea te r  than about 200 p s i .  This insures  choked flow through t h e  valve 

because t h e  r a t i o  o f  atmospheric pressure  t o  tank pressure is l e s s  than t h e  c r i t i -  

ca l  value. This means t h a t  a t  t h e  point  along t h e  passage where i ts  flow a r e a  

is minimum t h e  flow ve loc i ty  w i l l  be sonci.  The r e l a t i o n  f o r  sonic ve loc i ty  i n  

a gas o f  constant r a t i o  of s p e c i f i c  heats  i s  u = m, where g i s  t h e  acceler -  

a t i o n  of gravi ty ,  3 is t h e  r a t i o  of s p e c i f i c  heats ,  R is t h e  universa l  gas 

constant,  and Ts is t h e  stream s t a t i c  temperature. TS can be obtained from TS = 

(TR) 2 / ( F +  I) '  where T is a rese rvo i r  o r  t o t a l  temperature and i n  the  present  R 
case TR = T,,, temperature o f  t h e  vapor in  t h e  tank. 

A t  t h i s  c r i t i c a l  point  where ve loc i ty  is sonic ,  the  s p e c i f i c  volume i s  

des i red ,  also.  From t h e  pe r fec t  gas equation o f  s t a t e ,  vc = RTS/PS. 

In r e a l  flows t h e  f u l l  value of Au/v is not r e a l i z e d ,  and a flow 

coef f i c i en t  is defined a s  t h e  r a t i o  of ac tual  t o  i d e a l  flow r a t e  of C = ;/AU/V. 

Thus, a l l  t h e  r e l a t i o n s  used i n  t h e  program t o  compute MR, i . e . ,  m ,  a r e  explained. 

This method f o r  computing mass flow r a t e  of vapor is a s impl i f ied  one 

inasmuchias it assumes t h e  f l u i d  t o  reamin i n  t h e  vapor phase during its expan- 

s ion.  A small amount of l iqu id  a c t u a l l y  forms although its e f f e c t  is negl ig ib le .  

F lowof  vapor could have been t r e a t e d  by t h e  method described below f o r  l iqu id .  

f 

See any textbook on gasdynamics, e.g., Shapiro, A.H., Compressible Fluid Flow. 
Ronald Press,  1953. 
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7.  Derivation of  Equations f o r  Liquid Flow Rate 

Flow o f  f l u i d  through a r e l i e f  valve is assumed t o  be i sen t rop ic ,  a t  
2 constant  t o t a l  enthalpy. Total enthalpy is u /2g + h where h is s t a t i c  enthalpy. 

2 2 
Therefore, u1/2g + hl = u2 /2g + h where t h e  subsc r ip t s  r e f e r  t o  two d i f f e r e n t  2 
s t a t i o n s  along the  flow passage. Let 1 represent  t h e  i n l e t  a t  tank condit ions 

and 2 be the  minimwn area  condit ion.  But ul = 0 s o  t h a t  u2 = \/2g(hl - h2)! 

The mass flow r a t e  is - CA u /v (See Appendix'D-6). Combining these  two 2 2  2 
equations. 

Now the  enthalpy a t  1, hl, is t h a t  of  sa tu ra t ed  l i q u i d  found i n  t h e  thermodynamic 

t a b l e  f o r  t h e  f l u i d .  To f ind  h2 and v2, use S1, the  entropy of  sa tu ra t ed  l i q u i d  

(from the  t a b l e ) ,  which is equal t o  S2. A t  any given pressure,  p2, downstream 

i n  t h e  valve,  t h e  f r a c t i o n  x2, of  l i q u i d  t o  t o t a l  f l u i d  mass ( i .e . ,  qua l i ty )  

can be determined from x = S - S /S - S where f and g denote l i q u i d  and vapor 
f g  f 

( i .e . ,  gas ) ,  respect ive ly .  Then enthalpy, h2, and s p e c i f i c  Volume can be 

determined from t h e  r e l a t ions :  

. 
Calculat ions f o r  various pressures ,  p2, y i e l d  curves o f  m/CA2 versus 

pl; each with a s i n g l e  maximum. A curve through t h e s e  maximum po in t s  appears 

a s  shown i n  the  following f i g u r e ,  which is f o r  propane. (The maximum point  

is analogous t o  t h e  choked condit ion.)  The case f o r  a departure from i s e n t r o p i c  

flow by 20 percent was a l s o  computed. 

I n  general ,  r e l a t i v e l y  l a rge  changes i n  entropy would be expected i n  

t h e  valve, a s  well  a s  s i g n i f i c a n t  l o s s  of  flow energy due t o  t h e  momentun 

exchange with l i q u i d  d rop le t s  t h a t  a r e  formed. Consequently, a flow c o e f f i c i e n t  

CD, should be used t o  account f o r  the  los ses .  



The program uses a constant value of 3200 lb /sec-f t2  fo r  m/CDA2 

because l iquid  r e l i e f  of propane only occurs above 265 ps ia ,  and t h e  curve i n  

I t h e  f igure  does not vary much f o r  higher pressures.  (See Figure D-6). When 

t h i s  value is mult ipl ied by 3600 t o  convert t h e  u n i t s  t o  lb /h r - f t2 ,  t h e  constant,  

I 11,520,000 is obtained. This,  i n  t u n ,  must be divided by TLENTli t o  pu t  MR1 on 

a lb /hr  per foot  of  tank length bas i s .  



TANK PRESSURE lpria)' 

Figure D-6 MAXIMUM FLOW OF LIQUID PROPANE THROUGH AN ORIFICE 
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C* ULSI 'M - T L c I A L  t l k * l  I N P I ' r  TG T I l E  I N T t K N A L  6 b 5  ~ N v l K L N h l h l  +h i  h 

C* 
- ...... 1112 TAN4 L A K  WALL I 'T l I  . ... ..-...... - . . . .  - . 

C* Ul i l r i .  - HEAT TMANSFtM HATE i'+k U N l T  A n t &  k V ? L I ; d  T U  rtl! ~>!l- ...... C* L I O t  dk iL  U k  I H L  T A W  CAR BTU/~TI*~-HY ..... - . - - - . - - . . 
i* ;,L ' - L I u C I L  n C A T  T P n N S F t R  RAT6 VEH U N I T  n R t A  kLtK I k L ~ M i : i l  ...... - C* 1.k I H L  ~ A N K  L A k  S H ~ L L  H T U / F T * * i - I i R  ~- ... 
L*  : b l G c  - ( . l h L L i M k : K c N r I d L  STRESS I N  TANK L A H  5 t l c L L  . . r  L a / I h * * .  .... L *  5 1 C l  - I k ~ N b V t n S t  STMFSS I N  TANK CAN ~ I I C L L  ~ ? . / I h i * ,  ...... . . -. - ... 
C* 1 . - A v c H A G ~  T t M P E H A T l I H F  OF TANK I H C L L  L L r M t ~ N T  ... I.,..<;. k.  

I- .. C c  5 1 "  - " u L l ~ k i A l . I ' S  CONSTANT . . . . . . . . .  
U) 
I- L *  - I A U  - ~ t l z n k  S T N ~ S S  A T  + > - I * ~ C - W E C  VLANI. IN ~ A N K  1.~1; :,II,L- t L ~ -  .... L= ~.:thl L l , / l h n * 2  - --- ..-....... - ...... .... L S .  IL - F I n i  1 r M r C w r T ' I K L  ! F. 

~ L4 1115T - LNCLC b k C h  T H F T b  =1: 1 0  L IU l '10 - !A ,  I ~ d T ~ i t l F U l . ~  i.1 I i l < &  . . . . . . . . . . . . . .  
C .  Leh t . l l < ~ L  .... uec. 

- C 4 r H t l ~  - P L 1 5 l l l t N  L I ~  l t i i  CC-" ITRI i lu  LALVI i ~ c H i . u l '  ~ . k  !!I: r&:.t. . 
L *  L L X  S l r 5 L L  ... kkL11AN.C 



FORTRAN 1 V  G L E V h L  2 1  M A I N  O A T t  = 7 3 1 9 0  G 9 / 3 4 / b I  PAGL 5CLr 

. . . .  dOOOo 
LLLA K ; A L  R K . K + . M ~ L T . L . M ~ . M L . L T . M ~ ~ C ~ . M I (  ~ ~ ~ ~ 

CCU4 Lrannc.N/lrf i :I2/ I (  =r..el. T T I  3 C . r  1.TSl lnk I  3~ . o l ~ L T l : : ~ l .  -- - .. .- . -. ............. .- .. 
+ 1 n : l ~ ~  ~ c . 1 .  ~ 7 ~ 1 1 l ~ ~ . b l ,  I I F T ( L ~ I ~ T L T ~ ~ > I I P L T I - J I ~ ~ ~ ~ I ~ ' ~ ) .  
* V L I  I;:.). T 1 1 i ~ d l , k ' ? . l l 3 . ' . l  , *1* *51 .51$1  .... 0 0 0 0 0 1 3 0  ....... 5 6 ~ 5  I ; uMM~td /n~ .u lbY /  I l t A T X ( 3 i . l ( ' . h l .  T i M P X I 3 k  .l~..rl, 1 Y b l 3 . I ~  i I * -  1 l101.90+310140 
1 T I L I  . I '~TLI~. I \ IX .~KAL ~- 

LC66 ~ u M n u h / U A L v t S /  U c ~ v b i ( * , l .  VbUt  b l a l  00000160 
0 0 0 7  L L M M ~ N / T ~ /  1 0 1  3".rl .... ............. .... . . 
0 0 0 8  HEAL MHI. MRZrLAGTHK 0 0 0 0 0 1 7 0  
0009 REAL04 LAGTH1. LAGTH2 
0 0 1 0  RtAL.4 KK1. KKZ 
0011 C O M M O N / W / H O F T I W ~ 3 1 ~  T O F T l H l 3 )  0 0 0 0 0  LBO 
0 0 1 2  COMMON/ PRINTlMUOPNT 
0 0 1 3  CUMMON I G E N R L I  OELX. CPTNK. E l .  €FIRE.  FKS. ' Q W 6 C 1 9 C  

I RHOTNK. CU, OELTA. HFI. WTOT, NEL, m, THICK. RTANK. PRL, Eno. O G O O O ~ O O  
2 TLENTH.TDCMP. CX-CINSP. LAGTHI. 
3 LAGTHZt  FK1, FKZ  

0 0  1 4  COMMON /PLOTS/ PLOTITPLOT.NPT. NPP. TEHOATIZOO. 2 5 ~ 6 1 ~ T I M P 0 7 1 4 C 0 l ~  
1 P U A T l 4 O O l r  T I M O A T I L O O ~ r  MRAOI NPtNSTAI.NSTA2 

0 0 1 5  UATA l P R l N T / O /  
0 0 1 6  UATA UELQ1/100./ 

C* . L'OGGDL~D 
c 0 0 1 7  NAMELIST /BUG/ ML.PLvQFRST~QINT0. T I Z t  T23. NG. 
w 
N TIME. DELIA. TEST.PREV.HF .QIN . PLZ. OLSVCI. ICOUNT. 

MG. MGZ. HG. HL2. MTOT 

0 0 1 9  . 1 0 2  FORMAT (BF8.3.F16.12.F4.OI b 0 0 0 0 2 8 0  
0 6 2 0  1 1 3  FUkMAT ( *  BURST TABLE L I M I T S  ELEMENT 'rIb1. 00CGOZYO 
0 0 2 1  1 1 4  FGRHAT ( *  T ~.F7.2.*(* .14.*1 PL*.F6.2.' PB*.F6.L,' 71Mta.F7.L I  - :CuJ .3~u  
0 0 2 2  1 2 5  FbRMAT ( I C F l U - 2 )  
0 0 2 3  L A L L  1NPUT ~ 0 0 0 0 3 7 0  
0 0 2 4  GO TO i C bOCG38(.; 
0 0 2 5  I C b k T l N U L  CC.tcO3YL 
0 6 2 6  h P  = NP- I  
0 0 2 7  1FINP.Lt.b) N Y = l  
0 0 2 8  NPT= NPT -1 
0 0 2 9  1FlNPT.LT.2) NPTIL 
0 0 3 0  NPP- NYP- I  
0031 1bINPP.LT.I) Nl'P=L 
0 0 3 2  1FIPLOT.EU- 1.61 C A L L  PLOTR 
0 0 3 3  CALL INPUT 
0 0 3 4  2 CONTINUE 
0 0 3 5  TSAV = OELTA 
0036 L A G T H I  = LAGTH1112. 
0 0 6 7  LAGTHZ = lAGTHZ/ l r .  



FORTRAN I V  G L E V E L  21 . M A I N  OAT€ = 73190 L V 1 3 4 / ~ 1  P L : :  .I..LS 

0 0 3 8  t l M t = L .  
0039 3 THICK=THICK/ IZ .  UC . ~ 4 4 :  
0 0 4 0  X L X = F L U A T I N X I  

C* OELTNG=O. 
0041 F L I O  s U. 

~ - -. 
0044 CELVIO. 
0 0 4 5  UANG=3 .1416 / (N tL -11  
0046 t E O  = SONTIEOI  
0 0 4 7  E E t U  = S U K T l t t O )  
00.48 A t L  =tKTANK*.5*Tt+ICKI*DANG GOL'uG466 
0049 UA =utLTA/3600.*AEL COoCC47(. 
0 0 5 0  CkV  = L * k W * T H l L K * A E L  COOOU4FC 
0 0 5 1  VUL =j . I41b*RTANK*KTANK 
0 0 5 2  CON =KK+THICK * O € L T A / l  AEL*3600.) L.COOC >C(. 
0 0 5 3  UlSUM=ir.S 
0 0 5 4  ULSl'II=O. . ~ . . .  ...... ~~~ ~ . . - ~ . . ~~ .. ~ 5 0 C O f i l C  
0 0 5 5  OGSUM~O. 0 0 O 0 0 5 2 0  
0 0 5 6  FLAGIO. CC.OLO530 
0 0 5 7  FLGzO. 300LC54C 
0 0 5 8  POPE 0.0 
FC 5 9  RHOC I rTOCWP 

C 
w C*. cUCCG530 
(rr C* SEARCH ENTHALPY TABLES FC4l H F I  COuOO?t l) 

C* LGCLC57"  
0060 OG b J=Z.ZO 

.- 0 0 6 1  I F  ( H F T t  J l - H F I )  4.697 .LLL!!'Y< - . 
0 6 6 2  b CONTINUE Cuui.'-'~.iC. 
0063 7 H I = H F T t J - 2 1  iOC.\ u 6 1 C  
0064 . . H Z - H F T i J - I 1  c C ~ c u C ; ;  
0 0 6 5  H3=t lFT tJ) CC,trl'63C 
GO66 J= J-2 i,Occ(~6:*1. 
0 0 6 7  UO 10 111.4 
a O b 8  L I I ~ I I = T L T I J I  i C . ~ . ~ O t . 7 0  
0069 X I I . Z I = P L T I J I  i lOCLP6SS 
0070 X I I . J I = V F T I J I  L-USO8)bY> . 
0 0 7 1  ' x I I . ~ I = v ~ T ~ J I  cCCr CI ICC 
0072 X l l . 5 l = L T ( J I  VQ(C;.'710 . 
0013 I G  J= J*1 

L* OCCVQ13r' 
C* I N T c K P U L A T t  FOR THE INUEPENDENT V A R I A U L t  H F I  T H t  ' S A T l I k b l l u N  $ 0 ~ 5 ' 7 4 5 '  . . 
C* V A L U t S  FOR; 0 0 0 L 0 7 5 0  
C*  PLT - PRESSURE - 0 C i O 7 6 C  
C*  T L T  - TEMPtKATURE b C L G L 7 7 L  
C * VFT - S P E C I F I C  VOLUME OF SATURATE11 L I W I V  :.c~-..;'lr.r . . . - .. -. 
C* VGT - S P E C I F I C  VOLUME OF SATUYATEb VAPDH cO:CclY0 
L* L T  - HEAT OF VAPORIZAT ION OF L A D I N G  :r( _ i A i ? C  
C* 09.1 D ' l l O  



FORTRUl  I V  G LEVEL 21 M A I N  DATE .P 7 3 1 9 0  0 9 / 3 4 / 0 1  PAT-t  000'1 

~ ~~.~ ~. . . . . . .  . . .  . 
0 0  7 4  UU 1 5  J=1.5 
LC75 XVI=XLAGRlHl.Hi.H31HFl~X11tJl~X12~Jl~X13~J11 0 C ~ U 1 . 8 1 Q  

. . 0 0 7 6  I 5  S I J I  = XV1  
0 0 7 7  T L = S I I I  000068 6 L-.'..-- 
0078 PL=S(LI o b c a ~ ~ j ? ~  
0 0 7 9  V F = S l 3 l  00000680  
0 0 8 0  VG=S141 0060C 690 
GOB1 VGS- VG 

COP3 K L l = k K l  
3094 KLZ=FKL 
0 0 9 5  THK L A G r H l  + L a G r H 2  

C 
0096 Ub 2 0  J=1,1 

w COY7 UU 2 0  IUtLX=-1.NX 
P OCP8 T I J t l O E L X I  = 1L OCCPO760 

OCYY TSURFIJ . lDELXl=TL+JO0.  
0 I00 1 H S l J ~ I O t L X l ~ T L  - - -- - . . -. - 
0101- - TTHSIJ~IDELXJ-= n 
0102 TOIJ . IDELX l=TL  
0103 20 T T l J . I O E L h l =  T L  
0104 TLZ-TL  

c* 
C* I N I T X A L I Z E  PLOT PARARS ,- l 

,0107 1FITPLOT.tQ. 0.0) T P L O T I  OELT 
0 1 G 8  I F I N R A D  .to. G l  URAD- 10 

C GET MASS OF W I D  
C GET MASS OF VAPOR 

C. - TANK I S  S H t L L  F U L L  
C* 



r 
F O Y T R W  I V  G L k V E L  2 1  MA I N  D A T E  = 73196 C 5 / 3 4 / .  1 CAr:C BOOS 

0118 V O L L  =ML*VF 
1,119 1FIMG.LT.C. I ML=C. 
0 1 2 0  V(KG=C. -- 
C l Z l  VDLY=u. 

0126 V C = S U k T I L l b C  I 
0127 OU 40 IUELX= I .NX 
0128 A = V A W E A I I U E L X I  L C L c 1 2 0 u  
O I L Y  I F ( V t N P b S I I D t L X 1  - 1 I b k L X - l l * D E L X  .LT- - 7 5 * U E L X  .ANG. ,JOO.:: 12T;1 

I ' V ~ N P I J S I I D ~ L X I ' - I I U E L X - ~ I * D E L X  .GT. .25*0ELX I G U  T b  35  
O l 3 G  a= -5.A 0000 l29i: 
0131 3 5 '  L b N T  I IdUL 
613' G I K  = b S k  + ILG*a*UC)IVC*13600./TLENTHl 

.~. u 1 3 3  4C V C L P s  VULP+ I ISiCOOO.  /TLENTH*CG*A 
0134 TuPM=VhLP.bELTA*VFljaOO. 

- (.I35 POP= VLLL- VUL e i'vt! i330 
0 1 3 6  I F I < U P . L L . T U ~ M l  "U TD 4 5  
0 1 3 7  U H l T t I b . 1 7 1 l  L'C i .. 1 3 5 0 .  
U l 3 8  171 F U K h i T I v  TANK K U P T U K t  UCIE TD k X P A N D l N G  L I U U I L . ' l  OC-Li 1360 

c -- 6 1 3 9  . G b  TIJ I og001370 
w 0140 4 5  L~SK=L>R*DLLTA/>OUG.  
VI 

C I 4 l  P O P M S r P u P I V F  
0142 VULL-VLiL 
0145 I F I k L I U I  40.40.47 
G I 4 4  46 I F I G A S R  .Gt. PUPMb .ANC. P L  .SE. P R I  G l l  T u  49 
0 1 4 5  GD T U  46 - 
0146 47 I F I P L  .Gt. Y R I  GIJ TD 49 
0147 48 F L A G  = 1.0 
0148 VOLG=O. < O C C  1390 
0149 M L = V U L L / V F  

~ -- ~ ~ ~~ p~~ ~ ~~ ~ 

i C C 2 1 4 0 C  ~- 

C I S 1  49 L O N T I N U t  
C*  U t T E R M I M  THE L I U U I O l G A S  INTER-FACE ~ c ( . 1 ' 1 4 3 ~  

. 0 1 5 2  5 0  IFIVOLG.GT.O.S*VOLI GO TO 5 1  
0 1 5 3  ' V= 6.LO*VOLGlL VOLG+VOLL) 
0154 Y r V l 3 -  O O O Q 1 4 6 0  -- 
0 1 5 5  55 U= Y - S I N I Y I  
0156 I F l l F 1 X I I V - Y I * 1 0 0 0 ~ I I  5 3 1 6 5 . 5 7  
0 1 3 7  57 Y=Y+lV-Y)*.L 





FORTRAN 1 V  G L E V E L  21 HAIN D A T E  = 73190 09/34/0 1 - P A G t  0 0 0 7  

0 2 0 6  C A L L  H U N T t M l T I M t .  1 I M E T .  10. J l  '.UCC1670 
C *  O O C U l b P O  
C* J P O I N T S  T O  L t A U  I N D k X  FOR L A G R A N G I A N  F I T  FOR T I H t  O O C 0 1 6 9 0  
c* ~ , P c ' u ~ I c . ~ ~  

O2G7 A N G L t  = d A N G * F L U A T I N I  * 5 7 . 2 9 5 8  (.1.CC171b 
02;  @ C A L L  t iU IUT iH I A N G L t .  ANG, 360. K l  U 0 0 0 1 7 2 0  

C* 3 0 0 0 1 7 3 1 ~  
C * K P U I N T S  1 C  L E A D  I N D E X  FOR L l G R A N G I A N  ON H E A T X  0000 1740 
L *  ~ 0 0 0 1 7 5 0  
C *  k u W  G t N t R A T t  T l iREE P O I N T S  D E F I N I N G  H t A T X  A S  F U N L T I O N  UF. T l M t  COC.~, l lbC 
L* dkb I t M P X  AS F U k L T I U N  O F  T l U t  C O C G I 7 7 C  
L* c O O O l 7 H O  ' 

G i i 5  & S A V  = K  . OC1.1793 

0 2 1 8  1 F l N - 1 )  t i l r 8 1 . U ~  
C*  
C* C U M P l l l c  1 4 c ~ T l i u G  K A l t S  AND FLEMENT T E M P t N A T U H t S  
C * 

0 2 1 9  h l  XX = T T l ~ . l l ) t L & l  
CL2: Y r = l ' T t r ~ l ~ . l U E L h )  
0 2 2 1  GL TLi ti5 
0 2 2 2  a .. A X =  TTI~*-L, IL~EL~I  " ' "  
L L ~  Y Y = l T r I > l N - 1 , l u ~ L A I  

L* 
.~ ~- C* INL 1 ~ 1 c ~ I l F l t b  c L c M t N T  AT L I Q U I D  SURFACE - 

L*  

L L j i  R t  = 1. -- - 
G L 3 L  U G T = ~ ~ + ~ ~ ~ * ~ ~ * I ~ T ~ N ~ I L I ~ L X I + ~ ~ O D I * * ~ - R F * I  I T L + 4 t 3 . 1 * * 4 1 1  
. (.LS UINTU=%JFRST 

C234 I F I L A G T H I  .tU. 6 .  .*NU. L A G T l i Z  .EG. " - 1  GU 1 U  9 5  
L* 
L* T t i E  TAIUK I S  INSULATGU-GFT I T S  T E M P k Y A T U k t  ANU I I t A T  V t N c T Y A l l i A l l l ~ l 4  
c*  - - 



FORTRAN IV G L E V ~ L  2 1  . MAIN DATE = 73190 G Y / ~ ~ / U I  &*ALE a008 
.~ - -. . ... . . . . .. . . . . .- -. .. . . . 

0 2 3 5  UINTU*Z.O*I(K*~~OIN.I~DELX). ~TIC(.IOELX)I/THICK 
0 2 3 6  ~ k X = 2 ~ * K K L * I T T H S l N ~ I O E L X I - T O l N ~ I O K X ~ l / T H I (  
0 2 3 7  I F I Q I N T O  - L T -  0.0) P I N T O ~ O - 0  . . 

. 0 2 3 8  I F I Q E X  .LT- 0-0) OEXsO. 
0 2 3 9  PINTU=.5* lPEX+OINTO~ 

0 2 4 9  .. .- CC! Tb 9 6  * 
Z L 5 i  9 5  LGNTINUt  
0 2 5 1  T:U~~IN.IUEL~)=TOIN.IDELX~ 
U2 5 2  9t C U N I I N b t  

.. C253 l'lN,Il)t~#.)=. I U A ~ * U I N T O + C O N * I X X - T T I N . I U ~ L X ) ~ + L O N *  
C 
w I l T T l N + L . i O E L X ) - T T l N ~ I n E L X ) ) ~ G T * D + C M V * T T l N ~ I D E L X l  I I L k V  
0 C25$ T l l = T I N . l b f L X ) -  

0 2 5 5  T I =  TlN~1UkLX)-UINTO*THICKfl6~*KK) 
0 2 5 6  l F l T 1  .LT- TL )  T l n T L  
0 2 5 7  . lulN~1UELX!=3.*llN~IUELX)-Z.*TI 
C258 GO TO 1(;C 
0.259 1 0 0  L O N l I N U t  
DZ60 T l = 7 T l N ~ I D E L X ~ - l . 5 * O I N T O * T H 1 C K / K K ~  
o z a l  I F 1 1 1  .LT. TL)  T l = T L  
0 2 6 2  HTCL=(15.+1.064it-6t*PL**3.347)*1 I A B S l T l N ~ I U E L X ~ - T L ~ ~ * * l . 5 ~ ~ l  
G263 I F I H T C L  .GT. 6000.) HTCL=6000. 
C264 - UL=HTCL*I T I N r  l lJELXJ-TL)  
0 2 6 5  I F I Q L  .6T. I O 0 O O O ~ ) O L ~ I C O O O O ~  
L 2 6 6  I F I N  .kQ. NG) UL = .5*UL 
0 2 6 7  I 2 C  CUNFINUE 
0 2 6 8  I F I N  .ib. N E L )  CL=.)*UL 
0 2 6 9  Q L b l l b l = u ~ b U M + ~ .  *u*UL/XLX 
G27C CG=I. - 
0 2  11 C I N T U  = &nST 
~ ~ 7 2  I b l L A L l h l  . td .  6. .&NU. LACTHZ .EO. 0.1 1L 10 1 3 0  

C * 
C* TtIL IA i vh  1 l l J , u L 4 l ~ v - u t T  I T S  TEMPkRATUKE ANLI HEAT P ~ I . I L T R A T ~ I  5 
C + 



o 6 ~ 0 0 0 0  l x1301 lV3vvA  = v 51€0  
XN'I =x i301  OOF nn C I E ~  

' 093+71  = 7 1  F I E 0  
W ~ S - ~ + Y ~ S S O  r ~ 3 x . i  ZIEO 

-Id = t l d  I I E 3  
3 =lNfI7YI D I E 0  

O L n o o a o  0-1 t 7814 ~ U C O  
- -- 09510 I910 1.7 = IHW ROC0 

. > I Y U  f OEO 
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FORTHAN I V  G L t V E L  2 1  M A I N  . D A T t  = 73190 C P / J 4 / G l  YALE C C 1 4  

0484 TlMc=T.lMk+OELTA -- 
G 4 8 5  T S A V  = TSAV + ' D ~ L T A  
0 4 8 6  UTSbM=klSUM+QGSUM+ULSUM 
0 4 8 7  TG=TG-4ab. 
O W 8  I F I M b U I I P L I N T I M U D P N T l  - E O -  0 1  C A L L  OUTPUT 
0 4 8 9  TG=TL+*60 .  

- 
C4YZ I F t T S A V  .LT.  T P L U T )  GU T O  4 0 0 C  
0493 TSAV = U t L T A  
OCS4 I P L G T E  1 ... 
0 4 9 5  T I M U A l I N P T I  = T I M E  
C 4 9 6  00 3 P 6 C  l u f ~ X = l ~ N X  
0497 kP= I 
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C *  P L L ~  CNLV U N i  A~IAL LTATIUN.... I F  A L L  A K t  L t S I M t L f i  C@P T H t  u l M ~ l ~ ! ~ I c N  
C *  ON 1 E W b A l  ANU LOUP THROUOH NX S T A T I O N S -  



F O N T R A N  I V  G L E V t L  21  I N P U T  D A T E  = 73190 C 9 I 3 4 I L . 1  l'Ai.t 001, 1 

0001 S U B K U U T I N E  I N P U T  . b O C b O 0 1 G  
L C 6 2  LCIMMON I P K N T 1 5  I U C ( r O 0 0 4 0  
0003 C b M M b N  Y L A t ) l 4 1 I . X L A b 1 3 0 1 .  P L A 0 1 4 1 1  
OOO* CUMMIJN S Y A C E ( 4 1 . 1 2 1 1  
COC5 COMMON I S Y M l L I I  

.. . O b  12 kt- iL MR1. M H 2 r ~ A t i T H K  (10OUO 1 2 0  
GC 1.3 L L M H I J N / ~ ~ N / H U ~ T ~ M L ~ ~ ~  T O F T I M I 3 1  u C C ~ a C . l > u  
O O l *  L U M M U ~ / P K ~ N I I M U D Y N T  
C C I 5  LUMMOIY / b t N K L I  JELX. L P T N K .  t l .  t F I K t r  F K S t  4 C b L i  1+0 

I h t l l i T N h .  CcJ. b t L i ~ .  H F I .  MTOT. N E L *  P k .  T H I C K ,  K T A N K .  P k L .  LMU. ~ 0 C C 0 1 5 L  
2 T L t N T t l l T l i C M P r  CINSL. CINSZ. ~ t n l .  T E ~ ~ V  L~GTIII. 
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VI - I P t > A T i 4 0 b l .  TIM~AT~~OOI~ NRAD. NP.NSTAI,NSTAZ 

0017 LALL L L t A K l V ~ N P l i S l I l .  V A h E 4 1 b l  1 
G i l d  C A L L  C L ~ A K I U ~ L X I  F K Z  I 
00 19 ' R E A L * +  LAGTHL. L A b T H Z  

c 5 OLL! .1370 
c r  ~ : ~ l a  - II~,,T ~~I~T~I~IJTIONON C I ~ C U M F ~ H ~ ~ T I A L  L L ~ M L N T S  ~ t h  L I . E I ~ ~ H  VC.L:~@.~.HC 
C *  TLMI'X ' - r l h t  l l M P S  C I K C U M F t H C N T I A L L Y  U 1 S T K I n U T ; U  P t K  L L N ~ I I I  . C i ~ ~ 3 9 i  
CIP hNL. - HAUI-L L ~ C A T I C ~ N S  FOR HEATX AND T ~ ~ P X  I (t;l(.a*eo 

. .. L* r r n :  I - T l M r  I A ~ S L L  FL~U  IIURITION OF + I K ~  ~ ~ , 4 1 0  .~ - 
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' FORTRAN IV G L E V ~ L  21 . . INPUT DATE = 7 3 1 9 0  69 /34 /C 1 P A F t  ( C C i  
.. . . ... .~ . . I . . 

UOaO N A M t L I S T  / L A 0 1 9 1 /  HFT. LT. TLT. PLT. V G r r  VFT. GAMMA. . f ;bh~~!N. til.;T LLCUF4bO 
0 0 3  1 U t l l ; l : ~ l L A ~ l P ~ ~ l  I.Cd;>~t47C 

C* r O C C C 4 8 0  -. - - . -- 
C* L v K U  INYUT5: l lCOG~,4\~0 
C * L.CGG.5LG ' O,-c m.-.--.-. 
C* o A l &  SLT " L A u l f l G *  
C* L C C L i S 2 0  
C* tlFT - S V L C I F I C  ~ N T H A L Y Y  OF S A T U H A T ~ L !  L I ~ U I ~  LAUINL C003i.1530 

- C* LT, - l l t w T  L;F VAPUUlZATICIN UF L A b l N 6  <cbca;b40 . . -. . 
C* . T L T  - TEMPhRATWE VALUES FDk E N T H U P Y  AND VOLUME VATA COO00550 
C* P L T  - PRESSURE VALUES M R  ENTMLPV AN0 WLWE DATA bGCG(i56U 
C* VGT - S P E C I F I C  VOLUME OF SAT@ATED VAPORIZED L A D I N G  OOOOC57C 
C* VFT . - SPEC- VOLUME OF NG 0 0 0 0 0 5 8 0  . . 
C* HGT - GAS l i E A T T ( U W Y E R T U / F T * * 2 3 ( R  000005YC 
C* GASCON - GAS CONSTANT 0 0 0 0 0 6 0 0  
C* GAMMA - * R A T I D  OF S P E C I F I C  HEATS 0 0 0 0 0 6 l O  
C* (OG00hLP 

0 0 3 2  NAMELIST  /BURST/ TTT. POT . CCOCP630 
0 0 3 3  READl5 rBURST)  ~ .OOG0140  

C* L L C L C ~ ~ .  
C* CARD INPUTS: OCOGCbbO 
C* LCvGL67C 
C* uLTA S t T  -BURSTg LO01,0b@O 

!2 C+ (O[ILObYU - . 
OI C*  TTT - TLNK BURST TEMPERATURES 0&0700 

C* PbT  - - TANK BURST PH€SSIR€S ObCOC.710 
C* bCAL - FhACTIUN OF THE TANK THAT I S  I N V U L V t U  I N  F l R c  - T H I S  
C* I S  U j t U  Y l T H  A UNlFDRM VLLVE F W  HEATX 
C oL;C>U7ZO 

OC34 U H I T t l 6 . 1 0 ( * I  
0 0 3 5  1 6 0  F b K M A T l I H 1 ~ 4 0 X . a I N P U T  UATA FOR T A M  CAR ~KUGRAM@/I/I 
OO3b Y H I T t l u . l b l l  
b P 3 7  1-1 Fl lRMAT(34X.*THtMLIUINAMIL PROPERTIES U b  SATURATED L A U I N C 9 / / l  - 
0 0 3 8  U U l T k l o . 1 0 ~ I  
GO39 I D 2  F t i R I I A T l Y X r g . L l U l r l U * r Y X . * V A P U R ~ Z A T I O N * . 9 X . * T E M P t K A T U R t * t t ) X t ~ Y R i S S U k ~  

I'rl~lX.*IPtLIFIL'.LLX~'SPECIFIC1~ .. . 
0040 W R I T L I L I I ~ ~ I  
0 0 4 1  1 0 3  FUHMATIIX.* s P i C I F I C g r  l lX . *LATENT*  .5IX.*VULUME',I3X. 'VULIJMc' I 
C,E 4 2  W H I l r t b . l i s )  
G0*3 LC4 bUKMA'T18d1' tNTHALPY'r12X.*HEAT' ;54Xr*GAS*.14Xv ' L I Q U I D * )  
0 0 4 4  ' d U l T t l b . l U 5 b  
CIW5 l i b  kuKMATlrhr'6Tu/Lb*.llX~g8TU/LR~,17Xt*oF',l5d~*PSlAg~l4X'FT;/Lbg~ 

113?..'FT3/LB'/) 
t i 0 4 6  Y k l T E l b i l O 6 l  
OU47 l u6  F O n M A T l I G X . g H F ~ * r 1 6 X . ' L T ' ~ 1 8 X ~ g T L T g , L 5 X t ~ P L T g ~  1 6 X ~ g V G T ' ~ 1 5 k ~ ' V F T '  t 
OG40 W U l T t t b . l O 7 t  ~ H ~ T I K l ~ L T I K l ~ T L T l K I t P L T l K l ~ V b T l K l t V F T l K l ~ K ~ l ~ ~ 5 l  
0 0 4 9  l u 7  ~ O H M A T I  ~ X . E Y . Y . ~ ~ X ~ ~ P . ~ . ~ ~ X ~ F Y . ~ ~ I O X , ~ ' Y ; ~ ~ I ~ X ~ ~ ~ . ~ ~ ~ ~ ~ X ~ ~ Y .  >I 
0 0 5 5  ~ K l T t t 6 . l C 6 I  GAMMA 
0 0 5  1 LO8 F u H M L T I / / I O X . ' L A U ~ ~ G - R A T I G  OF S P E C I F I C  HtATS8.7X.Fh.4*/ l  
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I N P U T  D A T E  73190 G Y / 3 4 / 0 1  ' FORTRAN 1 V  G L E V t L  2 1  PACE i:u J 

. ~ . . ~0s.' W R I T E l b b l G Y l  GASCON 
. U L 5 3  l L V  FOUHATI IL .X ,  'LALIING GAS CONSTANT lFT-LdF/LnM/UFI'riA.FU.4//1 

O C 2 4  Y k l l t l o . l l d i  
0 0 5 5  ILL, ~ u R M ~ T I / / L ~ X . * C O ~ K ~ L A ~ I L ~ N  ~ E T H E  EN S H ~ L ~  C L ~ H E N T  T : M Z L U A T U K ~  A N  nn 

I X I M U M  S H t U  P W t B S U R t  '//I 
0 0 5 6  Y K I T E l o ~ l l l )  
0 0 5 7  111 F U K M A T l 4 S X . * T E M P t ~ A T U k t C ~ I O X ~ g P R t S S U H t 1 ~ / / 4 Y X ~ ' U F ' ~ l 7 X ~ ' ~ ~ l ~ ' , / ~ ~ 6  

I r ' T T T * s 1 7 A . * P B I ' l  - -. 
GO56 W H l l t ( b . l l i l  l I T T l K l r P h T l K l ~ K = l r 3 0 )  
0059 112 k O H M A T l 3 u 1 4 o X . ~ 5 . 3 . 1 1 X ~ t Y . 3 / 1 1  
C 0 6 C  W K I T C l o . 1 1 3 i  
O C t l  I l t  ~ ( ~ K ~ A T I / I ~ L X , * ~ A T E H N * L  I I E A T  TRANSFER L u ~ . F F I L I L . N T  ANIJ C IH:  lLb iP!  b .A l  - - 

I b K t ' / / , )  
0 0 6 2  W k I T c l 6 ~ 1 1 4 i  -. 

. GU6> 1 1 4  F U K M A T l 3 I A . * H t A I  T R A N S F E k  C O t F F I C I E N I * . 1 4 X . ' F I k t  T t M P t H ~ l u f l ~ ' / ~ l X ~  
I ' F U k  t A T i k N a L  SUH+ACE u F * 1 1 2 X . g C U R R r S P u N S I N G  T u  n : ~ J a C t N l ' / r ~ ? X , ' l a N  
i K  CLH* .L4X. *HrATX V A L U ~ ' / ~ ~ X . ' ~ . T U / F T ~ / H U / ~ I F * . L ~ X ~ ' U F ' / I  

0364 H K l l c l ~ , 1 1 5 i  

0065 '115 F U R M A T I * ~ X . * H E A T X P ~ Z ~ X . * T E M . P X * I  
5066 . W K I T t I 6 t 1 1 6 1  l l ~ H E A T X t I r J ~ K I ~ T E M P X ~ I t J ~ K l ~ I ~ I ~ 3 L ) l ~ J = 1 t l 0 i ~ K ~ I ~ N X i  
6 6 6 7  116 F O W M A T ~ ~ Y & . ~ P ~ ~ . ~ ~ ~ . ~ X I ~ P E ~ . ~  I ' . 
0068 W R I T t l 6 ~ 1 1 7 i  ANG 
L U 6 V  117 F C R M A T I / / *  R A D I A L  ANGLE D I S T R I B U T I O N  O F  S H E L L  ELEMENT CENTHOIOS-0  

N I t G R E t S - O E F l N t S  ANGLE I N C R E M E N T S  U S E 0  I N  HEATX-TEMPX T A t ) L E * / / I l C I F I  
0 
.I 2L.Li)I 

C 0 7 0  U R I T E l 6 . 1 1 8 1  TIMET. 
b G 7 1  116 F U U M A T I I I *  H E A T I N G  T I M € - S E C O N O S - O E F I N E S  T I M E  INCREMENTS U S t O  I N  H 

IEATX-TEMPX T A B L t * / / I l O ~ F I Z . 2 i ) / / / l  
l i b 7 2  N A M t L I S T I G E N R L I  OELX. VENPOS. VAREA. CPTNK. €1. E F l R E t  FK5.  bCGCOPOO 

1 RHUTN<* L D t  D t L T A .  HFI. M m T .  NEL. PR. THICK.  UTANK. PWL. EMU. O Y O O O 9 I O  
2 TLFNT~LT~CMP. C l N S 1 .  CINSZ; TEM1. T t M Z .  L A G T H I .  
3 LAGTHZ. F k l t  Fk21 PLOT. TPLOT. NRAO, MOOPNT.NSTAllNSTAZ 

GO73 H E A D l 5 r G t N R L J  0 0 0 0 0 9 4 0  . 
C* OOOOb9SO 
C* CAUU I N P U T S :  OClOClD9bb 
C* MlOOOS 70 
C* L ' A l b  S L T  " 6 t N U L n  0 0 0 0 0 * f l ( ~  
L* c0I)CIOYFC . 
C* CPTNK - S P t C I F I C  H E A T  OF TANK CAR S H E L L  M A T t R I A L  -.$ b T U / i 6 - ! ) C b O , O ~ O l ~ O O  
C* I ( T A ~ ~ K  - HAL~IUS OF TANK CAR ... FT ~ ( i o o ~ o ~ a  
CI t l  t W l S 5 l V I T Y  O F  I N S I D E  O F  TANK S H t L L  U 0 0 0 1 0 2 Q  
C* t k l k t  - t M l S S I V I T Y  O F  F I R E  OOC.01030 
L* b h S  - THERMAL C O N D U C T I V I T Y  OF TANK S H E L L .  o ~ c Q l o r o  
C* KtlClTNK . -  O t N S I T Y  O F  TANK CAR S H E L L  OCCO LOSO 
C* b A H t A  - A h i A  UF k E L l E F  V A L V E  ..... F T * * Z  OOOQlObO 
C *  LL, - K t L l t F  V A L V t  FLOW C O E F F I C I E N T  @0Q L0.'0 
C* I l c L X  - L t N G I H  OF t A C H  TANK CAR ELEMENT & ? ~ 9 1 0 6 0  

- i* U L L T A  - T I R E  I N L R t M E N T  I N  C 4 L C U L A T I O N  .. m .  SCCONOS 00001090 .- 
C P  I l k 1  - I N I I I A L  S P t C I F I C  H F A T  OF L A D I N G  O O O O i  1 6 9  
L *  NT!:T - l N 1 1 1 ~ ~  I O T A L  MASS O F  L I U l l l U  A T  L A L l k b  .... L ~ l i l  OcaL: 1 L I U  



i E ' L J ' X € Z g a i S 3 3 U 4 3 O t  U V 3  Y N V L  30 3 1 9 N V  H ? 1 1 d . b X ~ 1 1 1 V Y U 0 4  F t I  660 '3  
H ? l T d  i G 7 1 ' 9 1 3 1 1 U M  R 6 0 0  

( € ' L ~ ' ~ ~ ( S ~ M ~ N I I  S S 3 N Y 3 I H l  1 1 " H S a a X O I  I I V Y U ~ i  L600 
Y 3 I H l  1 6 Z l ' O I 3 1 T U M  0690 

~E.LJ~X*Z*.I I ~ ~ J I  321s 1 ~ 3 ~ 3 - 1 3  ~ V N X O ~ ~ I S N O ~ .  'XOI t ~vnuo j  EZI 5535 
x i 3 0  1 ~ 7 1 ' 9 1 3 1 1 ~ ~  f 600 

I € - L 4 ' X 9 E ' a l 1 3 3 4 )  Sn lOV11 ~ O I S N I I ' X R T ~ ~ V W W O ~  Z Z T  ~ 6 0 n  
Y W V ~ U  1 ~ ~ 1 ' 9 1 3 1 1 ~ ~  2600 

(E.~lI-~31e * Y O 1  t l V U L I O 4  I71 1610 
U l Y 3 1 1  ( l Z 1 ' 9 1 3 1 I I M  0600 

. . ( / e m 3  W I V ~ ~ ~ X O ~ ~ I V Y ~ O ~  021 6800 
( O Z 1 ' 9 1 3 1 I U M  UBOO 

~fl- m ~ X I S t l V U ~ O 4  6 n  L800 
( 6 1 1 ' 9 1 3 1 I l M  9800 .. , ., 4 .*-.O€StY3 -‘f ++I 

'l'09++l1'1'l~XdY31J~Y3.03~.41S*~*~L~~1~Ibf~IdYftSl~ll'l'1~XlV3H~M3b 5800 
0821 0000 . 3 M I 4 3  -03 $800 
O L 7 l O O O O  a ( 3  4 3  € 8 0 0  
0 9 z 7 0 0 0 0  @-X11. = ?)IS - 2800 
05710000 Y N l d 3  = 3 l U 0 0  
o*z1ooon d SIJ - YY ouoo 
OEZTOOOQ i m3sv9 =dn 61.00 
OZZlOOOO VYYV?) r d Y  ' 0100 
01z10000 -. - .- .- WNIOM~ - own LLOO - -- - . - - - - -- 
m l p o a o  13 - 13 0 i ~ 3  

j 33il"" 7 x 3  YO3 3 b l l l l V W ~ d W 3 1  3 3 N Z U 3 4 3 Y  - - M i l  . 33' 
4  930 ."' 1 x 3  YO3 3 Y C l l V b 3 d U 3 1  7 3 N 7 W 1 j l H  - 1 P 7 1  83 

N : l I l V l O S N I  Y 3 N N I  YO4 A 1  J A T J  ?n?Nn? r3  
l V U H 3 H l  40 N q T l W U V A  3 Y n l V Y 3 d Y 3 1  Y V 3 N I l  4 f l  7 d n l S  - ~ 5 h l T ~  *7 

N O l l W l n S N J  U31110 U O J  A l l A I J ? n O N n 7  07 
~ V U H ~ H I  jn  N ~ I ~ V I Y V A  3 n n l v d w 3 l  W V - N I ~  jn  . j d 0 1 ?  - ~ " h r ?  o ?  

U H - ~ ~ ~ I J - ~ J / I I ~ U  -..- ~ U I I L ~ U ~ ~ W ~ I  +7 
' 3  17 N T l I l V l n S I I 1  H q N N I  3 0  A l I A 1 1 7 i l i l N L l ?  1WUWqt I I  - 7 x 4  8 3  

nn- jma- l j /n ln  --.- a n n l v v 3 d u ' l  *7 
3?F!7W?SaH 1 W  Y C l T l V l n S N I  a q l n o  3 0  AlIAIl%lONO3 lVHU3141 - 1 x 4  17 

- H~NI '." N n I l V l n S N J  3 n  Y 3 A V l  H 3 N N J  J O S S ~ N Y 3 T l l l  - ' .U11Vl  *7 -. 
H' INI  N C l I l V l n S N T  40 Y 3 A V 1  U31 l lC l  3 9  S S ~ N Y ' I l l l l  - T l i l ? V l  +3 

W I Y I l v r J L l  1 +LO'? 
OL110001CC 5 3 A l V A  4 0  S N n l l W 7 n l  - Y O 4 U 7 A  *? 
07110000 3 O J S l n 0  Y V 3  Y N V l  3 9  A l I A I S S I U ?  - flu2 83 
OST 1 0 0 0 0  l I W I 1  3 A l V A  3 l n S S 3 W d .  M n l  - 1 V d  *3 



FORTRAN I V  G LEVEL 21 . I N P U T  OATE 1 7 3 1 9 0  ' 09/3410,1 PAGE 1 1 0 6  

~ . . . . ~ . .~~  . ~ 

S I L O  u Y I T ~ l b . I Z c )  FKS 
0 1 0 1  1 2 6  t O H M A T l I O ~ . * T H t R M A L  CONOUCTlVlTV OF SHELL MATERIAL I B T U I F T I H K I U F ) '  

1.3X.F7.31 
O l U Z  U R I T E ( 6 ~ 1 Z 7 )  CPTNK 
0 1 0 3  I L 7  FURMATI10X1*SP6CIF IC  HEAT OF SHELL MATERIAL I B T U I L B M ~ ~ F ~ ' I I Z X I ~ ~ . ~  

1 I 
0 1 0 4  W R I T t l b ~ L Z 8 )  RHOTNK 

1 Z I  F U R M A T I l 0 X ~ ' O E N S I T V  OF SHELL MATERIAL l L B M I F T 3 ~ ' ~ 2 1 X ~ F 7 . 3 1  0 1 0 5  
0 l e b  Y K l T E l o . 1 2 9 1  N E L  
0 1 6 7  I 2 9  FOkMATlICX.'NUMBEK OF SHELL ELEMENTS AROUND C I K C U M F E R E N C ~ ' P I I X * I ~ ~  

V R I T E 1 b ~ 1 3 0 l  NX 0 1 0 8  
0 1 0 9  l3b FORMATllGX.'NUMBER OF SHELL LENGTH E L t M E N T S * * 2 5 X v l S l .  
C l l C  W H I T t 1 6 ~ 1 5 6 l  HCT 
6 1 1 1  1 5 6  FOKMATIICXI'GAS H ~ A T  TRANSFER C O F F F I C I t N T  FOR l N T t Y N A L  5 H t L L  h1;HbA 

I C E  IUTUIFTilHR/UFl'.F?.3IL) 
6 1 1 2  W h 1 T t l b ~ 1 3 1 )  
0 1 1 3  1 3 1  t U R M A T l I O X . ' W t L l t F  V A L V E ' I I  
0 1 1 4  Y R I T E l c l 1 3 L l  l1UtLX~VtNPOSlIDELX).V*REAlI~ELXl~IDtLX=l at  
C115  1 3 2  FOHMATI~>X. *LENLIH  tLEMENT'.IOX.*VALVE P O S I T I O N ' r 9 ~ l ' M ~ X l M U M  VULVt  

~ ~ r 1 4 ~ X 1 ~ N U M M E K * . 1 4 X ,  
I O F k u h  cNU OF c ~ K * ~ l l x , ~ F L o W  A R E A * 1 7 0 X . D F T g ~ 2 0 X ~ * F T L ~ I I 1 4 5 X ~ I ~ ~ ~ I X t  
~ F o . 3 ~ l l ~ , k o . 4 l f / l  

N 
C l l b  W K I T E 1 6 ~ 1 5 3 )  T I L T  

0 C I I 7  l a3  FOKMATIlUX.'RULL ANGLE TO CENTERLINE OF R E L I E F  VALVES I D E G k t E S l g t >  
V) IX.FI.31 

0 1 1 8  U K I T t I b . 1 3 4 l  YY 
E l l 9  1 3 4  FDRMATIIGXI'TANK PRtSSURE TO OPEN R E L I E F  VALVE IPSlA i ' .13X.F6.J l  
O l Z U  U H l T t l ~ * 1 3 5 l  YYL 
0 1 2 1  1 3 5  kUYMATIIOk.DLUYEK L I M I T  FOR R E L I E F  VALVE OPEN l P S l A l * ~ l 4 h ~ k 8 . a l  
0 1 2 2  U K 1 T € l e r 1 3 e l  CO 
0 1 2 3  1 3 6  FOYMATIILX.'VALVE FLOW C O E F F I C I E N T ' ~ 3 2 X ~ F 8 . 3 / / l  
0 1 2 4  W K I T t ~ b ~ I ~ 7 ~  
0 1 2 5  1 3 7  FOKMATIIGX.*TANK CAR SHELL INSULATION' / )  
0 1 2 6  W H 1 1 t l b t 1 3 8 1  LAGTHI  
.- . 

0 1 2 7  1 3 8  FORMATIlOX~~THLtWIESS-OUTER I M S U A T I O N  L A V E ~ ~ I - & H T S - ~ ~ . ~ ~ X . F ~ . * ) -  
0 1 2 0  YRITElb .139)  L4GTH2 
0 1 2 9  1 3 9  FORMATIlOX. ' lMICIUIESS-INNER I M S U A T I W  LAVER 4 INCHES) .26X.F9.4) 
0130 Y R I T E l b . I M )  F K 1  

140 FORMATI IOX. * C O N R n T I V I T V - O U l E R  LkVER OF I N S U A T I O N  AT REF. TEMP. 1 0 1 3 1  
1 6 T U I F T I H R / P F I ' r F 9 . 4 l  ' 

0 1 3 2  Y R I T E l 6 g 1 4 1 l  FK2  - 
0 1 3 3  1 

I B T U I F T I H R I O F I ' I F ~ . ~ ~  
0 1 3 4  W R I T E l 6 r l 4 2 )  C I N S l  
0 1 3 5  1 4 2  FORMAT(IOXI'SLUPE OF VARIATIOW OF CONClUCTIVITV-OUTER I N S U L A T I O N ' P I  

lbX1F9.41 
0 1 3 6  W R l T E l b ~ 1 4 3  I C I N S Z  
0 1 3 7  1 4 3  FORMATI IOX. '~LUPE OF V A R I A T I W  OF CONWCTIV ITV- INNER I N S U L A T I G N ' . ~  

1 6 X ~ F Y . 4 I  
0 1 3 8  WRITEl6 .1441 T t M l  



F U R I R A N  1 V  6 L t V E L  2 1  I N P U T  D A T E  = 73190 C V / 3 4 / 0 1  k & ( t  ~ 0 0 6  

0139 144 F U R M A T l I O X . ' H E ~ t l t N C E  TEMPERATURE-OUTER I N S U L A T I U N  I U F l ' , L 4 X . F Y . 4 )  
0 140 W R I T t l b . 1 4 5 1  T t M 2  
6141 145 F O R M A T i l G X 1 ' R t F t N E N C t  T tMPERATURE- INNER I N S U L A T I O N  I U F ) ' r 2 4 X . k Y . 4 1  
0142 Y U l T E i 6 ~ 1 4 b l  TDCMP 
0143 146 F G R M A T ~ ~ G X . ~ I J ~ N S I T Y - S P E C I F I C  H E A T  PROOUCT- INSULATION l B T U / F T 3 / L b l '  

l ~ I 4 X * F 9 . 4 / / 1  
0144 Y R I T E I 6 ~ 1 4 7 l  
0145 147 F O R M A T i I U X ~ ' 1 N F O R M A T I O N  FOR P L O T T I N G  O F  GRAPHS' / )  
6146 Y H I T E i b ~ I * ( I I  P L O T  
0147 148 k O U r ( A T l I O X 1 * 6 R A P H S  REQUESTEO iI.0=YES~0.0=N01°.13X1FVYZl 
0148 W R I T t I b ~ 1 4 9 1  T P L O T  
0 1 4 9  149 FORCIATI LUX*  ' T I M t  I N T E R V A L  FOR TEMPERATUNE GHAPHS I S E C U N U J I  '.kY.- I 
0150 W R I T E i b v 1 5 0 )  N R A b  
0151 I 5 0  FORMAT I I U X I ' U A O I A L  S T A T I O N  INCREMENT FOR TEMP+ GRAPHS* 5X, I b  I 
0 1 5 2  Y H I T t  i b r l 5 1 1  N L T A I v N S T A 2  
0 1 5 3  151 ~ L I H H A T I ~ O X . ' G R A P H ~  TO 8 6  P L O T T E n  AT L E N G T H  S T A T I O N 5 ' r l l X 1 1 ~ . '  A h l l "  

I ~ I r / / l  
0154 Y R I T E i 6 . 1 5 L I  
0155 152 F O R U A I I ~ ~ X I ' I N I T ~ A L  C U N O I T I O N S * / l  
G 1 5 b  W R l T L l o ~ l 5 3 1  H k l  
0 1 5 7  153 ~ ~ H H A T ~ I C X I ' E N T H A L P Y  O F  L I Q U I D  L A D I N G  I B T U / L B M I * I I ~ X . F I U . ~ )  
0158 Y R 1 T E i t 1 1 5 ~ l  M I O T  

N 
I- U 1  59 154 F O H M A T I I G X I ' T U I A L  MASS U F  L A O I N G  I L B M / F T I ' I L ~ X . F I O . L I  
0 0160 W R I T t l o ~ 1 5 5 J  OCY 

0161 155 F C U M A I ~ ~ O X I , * C O L O  WALL H E A T  TRANSFER TO TANK CAR S H t L L  I I ) T I I / F T L / I I W I  
I * V F I C - L / / I  

U 1 6 2  Y H I T t i 6 ~ 1 5 7 1  
0163 157 bLRMATiIOX.'EMlSSIVITltS'/l 
0164 Y H I T t I o . 1 5 8 1  E l  
0 1 6 5  151 k U R M A T 1 1 O X ~ * I N ~ I ~ E  SURFACE O F  TANK C A R  S H ~ L L ' I I X I F ~ . ~ ~  
0166 W R I T E i b ~ 1 5 9 1  E M 0  
0 167 159 F U R M A T I  1 0 X 1  'OUTSIDE S m F A C E  OF TANK CAR S H E L L *  .Ft).31 
0168 Y R I T E l 6 . 1 6 0 1  E F I R E  
0169 160 F O R M A T 1 1 0 ~ ~ a F I R E ' ~ Z 9 X ~ F 8 . 3 / / l  
C 1 7 Q  Y R I T f l b . 1 6 1 )  D E L T A  
(1171 l b l  F O R M A T I l O X . * T H t  T I M E  S T E P  W R I N G  COMPUTATIONS IS*.Fb.L**  S c C b N O b ' J  
0172 Y R I T E 1 b r l b 5 1  F R A C  
0173 165 FORMATI IOX. 'FHACTIUN O F  THE TANK THAT I S  I N W L V E O  I N  F I K t ' . F b . j I  
0174 Y R I T E i b ~ 1 6 2 I  
0175 I 6 2  F U h M A I  I l t I 1 )  
0176 R E T V H N  U O C J l b l O  
0177 5 0  C O N T I N U L  

... . . . - . - -. - . . .- -- . . 
0178 STOP ' 

0179 E N 0  O G L C 1 6 L U  



FORTRAN I V  G LEVEL 21 HUNTEM M ~ E  I tU90 0 9 1 3 * 1 0 1  PAGE 0 0 0 1  
' - .,, . . 

0 0 0 1  SUBROUTINE HUNT t M  IVIX.N.J) 
COO2 DIMENSION X I N )  

C* V - THE INUEPENDEHT VA(lSA8LE 
- * * 

r t  - 
0 0 0 3  L = N - I  
OOG4 0 0  2 0  1=i.L 
GO35 I F I X t I - I t  .LE- V .AND. V.LE. X I S )  .OR. 

X I I - 1 1  .GE. V .AND. V .GE- X l 1 ) l  64 TO 30 
OOCb 20 CONTlNUE 

C* 
C* ARRIVAL H E R t  I M P L I E S  THE USE OF THE L A S T  VARIABLE 
C* 

OC07 I =L 
COG8 3G CUNT INUE 
0 0 0 9  J = 1-1 

c t . 
- C* J POaNTS TO X AKRAV FCR 3 POINT F I T  INOEXING 

CO1S R t  TURN 
0 0 1 1  ENO 

N 
I- 
I- 



FORTRbN 1V G LEVEL 2 1  FPLT DATE 73190 0 9 / 3 4 / 0 1  PAC t vOO l 

0001  SUBROUTINE FPLT(PL. PLT.HFT.RT.Vn.VCTrL7t R.VG. VFeHF. L l  
0002 OIMENSlU( PLT(1)~HFT(l) .TLTIlJ- .WT4lB.VBT(Li.LT(I I  
0003 REAL*4 LT.L 
0004 X L A G R ~ C O ~ C I ~ C ~ ~ ~ U O ~ U I ~ U Z # ~ ~ C X - C I J * I C X - C Z I / l C O - C 1  I I fCO-CZ )*UO- 

I ~ C X - C O ) * ~ C X - C Z  ) I ~ C O - C ~ ) / ~ C ~ - C ~ ) ~ ) ~ + ~ C ~ - C O ~ * ~ C X - C I I / ~ C O - C ~ ~ / ~ C ~ - C ~ ~  
2*U2 - 

0005 0 0  6 J'2.20 
0006 1FtPLTtJ)-PLI 6.6.7 
0007 L CONTINUE 



'FORTRAN I V  G LEVEL 2 1  OUT PUT DATE = 7 3 1 9 0  0 9 / 3 4 / 0 1  PAGE 0 0 0 1  

0 0 0  1 SUBROUTINE W T P U T  . .  . tOOGOOl0 . ..: 
0 0 0 2  COMMON /PLOTS/ PLOT.TPLOT.NPT. UP). f 1200. 2 5 ~ b l ~ ' T I I P O T l 5 0 0  1 r 

I P U A T l 5 0 0 l .  TIMOAT12Qb). NRAO!%WSTAl.NSTA2 
0 0 0 3  COMMON/MUOSFY/ WATXl30.10.h). T H I P W . 6 1 .  AN6130 l .  T I M E T 1 1 0 1 ~ 0 0 0 0 0 1 4 0  

I TILT.PITCH.NX..FRAC 
0 0 0 4  LOMMON/WTPUlf TIIE.HF.PL* ~ITI.vOLL. V O C G s  MG*IIL.IR~THEI 

* D A N G ~ T I N T ~ 3 0 ~ 6 l ~ S I G C r S I G T r T G r Q I N T O ~ ~ G S l ~ ~ Q L S W ~ Q T S U M  
0 0 0 5  COMMONITEMPI T(  30.6). T T I  30.6).TSURF1 3O.bl.LT1251. 

THSl3t .61.  TTHSl3O.b lv '  H F T I Z S l ~ T L T I Z 5 l ~ P L T l 2 5 l ~ V F T l 2 5 I ~  OOOOOlZO 
*VGTlZ5I .  T T T l 3 O l ~ P B T l 3 0 l  . X14.51.5151 OOOtiOirbO 

0006 LDMMON/VALVES/ VENPOS16l r  VAREAICI  DUOGOOYO 
UUC7 COMMON I G E N H L I  UELX. CPTNK. €11 € F I R E v  FUS. 0 0 0 0 0 l S 0  

I RHbTNK. CD. DELTA. HFI .  MT07. WELI PI.  THICK*  RTANK..PRL. EMU* ~ S t i L 0 1 3 C  
Z TLkNTY.TDCMPv C I N S l r  C I N S 2 r  TEM1. TEM2r LAGTHI. 
3 LAbTH2. FK1. FKZ 

GGJ8 LOMMUNlTOl TO1 30.6) 
0 0 0 9  WEAL KK.KP.MTOTrL.MG.ML.LT.MCG.MR i (r (rCl i i '3C 
b O l 0  D l M t N b I W  L S E l l b l r  S T A ( l O 1  
0011 DO 3 0  K=NSTAl.NSTAZ 
0 0 1 2  1FlTlMt.EO.UELTAl L S E T I K I = O  
0 0 1 3  I U N l T  = K+7 

........................................................................ 
C* 

N c* IFNX = I. IUNIT M A Y  BE SET  TO'^ FOR SYSOUT 
C C* (* 

C*********************************************************************** 
OC14 I f 1  MUD l L S € T l K l r 2 5 l - E O -  0 I WRITEI IUNIT .10001  K 
0 0 1 5  lbO6 F D R M A T I I H I ~ ~ O X I ' A X I A L  STATION NU. *. I ~ / ~ X I ' T I M E ' . ~ X I ' T A N K ' ~ ~ X ~  '5 

I H t L L ' ~ > X ~ ' T U T A L ' r 3 X ~ ' A N G L E ' 1 Z X ~ * B U R S T * ~ 3 X ~ * L I Q U I D * ~ l X ~ ' V A P t i K ' ~ Z X ~ '  
~ K E L I ~ F * ~ L X I * H E A T ' ~ ~ X ~ ' H E A T ' ~ ~ X ~ * A C C U M U L A T ~ V E * ~ I X ~ * L I U U I U ' ~ ~ X ~ ' L I U U  
3 I U * ~ / 8 X ~ ~ P R E S S ~ ~ 2 X ~ ~ t L E M E N T * ~ 1 X ~ * M A ~ S g ~ 4 X ~ g T O ~ ~ 5 X ~ * P K E S S ~ ' ~ 2 X ~ g ~ t M  

' 4P.~.iXr*TEMP.*~2Xt'VALVE*.3Xt*INPUT'r2Xt*INPUT~r2X.*HEAT'.1X.'lNPU 
5 1 ' ~ 3 X ~ * V 0 L U M E * ~ 1 X ~ ' E N T H A L P Y ~ ~ / 1 5 X ~ ' T E M P - * 2 X * 0 F b X 9 L 1 O U 1  AT'. 
6ZGXr 'MASSw.4Xr 'GAS/ '.3X.'LIQUID TO TANK CAR INv . /  15%. 'VAPUH'. 3 X . '  
RADING' .9X . * tL tMENT* .15Xr 'FLOW' .4Xr 'T IME / T I M E * r 1 5 X r ' T A N K ' . / I S X ~  
U*bPACt* , lSX.*TEMP. ' . I7X.  ~ L B M / H R 0 ~ 2 X ~ * S T E P * ~ 3 X ~ * S T E P * ~ l b X v ' C A 8 ' ~  
Y / 2 X I * S E C * ~ 3 X . * P S I A ' . 3 X ~ m O F ' ~ b X ~ * L B M / F T * ~ 2 X ~ * O ~ G . ' ~ 3 X ~ * P S I A ' ~ 4 X ~  
*'Uk*.5X.'UF*.5X.'/FT*~5Xe 'BTU/FT*. lX. 'BTUIFT*. IX.*bTU/FT'v)XI  
*'FT3/FT'rlX.*BTU/LBM*/l . 

~ 0 1 6  00 Z O  5-2.25 
0 0  17 I F I T T T I J I - T l I . K l l  2 0 . 2 0 i Z I  
G U l n  i(. LONTINV~: 
0 0 1 9  21 Z=lTlI.Kl-TTTIJ-Ill/lTTTlJ)-TTTIJ-Ill 
0 0 2 0  ~B~l*1r~T15l-Y8T15-lll+P0T1J-1l+15.7 
OOL l Y R I T t l I U N I T r l l i l ~ l  T I M t r P L ~ T l I ~ K l ~ M T U T ~ T H ~ ~ P P ~ T L ~ T G ~ M R ~ U G S U M ~ U L S L ~ M ~  

I O l  SUMvVULLvHF 
2022  1 F R M A I  F~.O.LX.F~.I.IX.F~.Z.IX.F~.I.~X.F~.~.~X.F~.~~LX~F~.I~~A~~ 

IF6.1.IX.F7.u~IX~Fo.l~1X~F66I~1X~FIZZ1~iX~F6.2~lX~F7.2/l 
0 0 5 3  L S t T l K l  L S C T ~ K I  + I  
OC24 3 V  LLINTINUt 
0 0 2 5  HtTUWN 
0 0 2 6  eNb 



-N i - l j~ lu , .  SV 3NnAH3S S l V A H 3 l N I  3 Y 0 Y  S  A 1 1 V n 1 3 V  3 H V  3 M 3 H 1  1 ~ ~ 1  2 l O N  3 
' N O 1 1 3 3 W I l l  -X 3 H I  N1 S W A Y 3 1 N I  1 V 0  3 d A l  5 1 1  ONV N 0 1 1 3 3 Y I O  3 

- A  7111 N I  S l V A W 3 1 N I  d l Y S  CC NO (13SV8 S U 0 1 3 V j  3 l V 3 S  3 1 V - ' I l 1 l V l  3 
7 

002 01 09 IXVYSAS ' 8 3 . ~ 1 ~ ~  ' ~ n '  XVYSAS ~ o ~ * N I Y Y ) ~ ~  €700 
I ~ L ~ L ~ L J L Z / X V Y S A S  v l * o  zzoo 



. . 
FORTRCN I V  G L E V E L  21 . .  . . ,. 0 9 1 3 4 1 0 1  PLGc COO: 

0 0 2 4  UELX = IXMAX-XMINl1116.  
0 0 2 5  @ E L I  = (YMAX-YMIN1135. 
0 0 2 6  I F I U t L X - t o .  0.01 DtLX=I.O 
0 0 2 7  IF (0 tLY . tO .  0.01 UELY= 1.0 
0 0 2 8  L A L L  NUWMAL I U € L X ~ I X P N T I  
0 0 2 9  CALL  NURMAL(UELV~IVPNT1 

C C PRINT 9999. DELXt  OELVt  IXPNT. I Y P N T  
9999 oKX, Darr zxPwfaT! rrm--a--- ~ ~ -. . . . .. 

OD30 . ~. r 2110) 
C . . 
C 'WORMAL- p I E T  TO XX.XXXXXX 
C gNDRRAL' RETURNS A .I10(1- I N  POYER OF 1 0  NOTATION. - 
C NOH SELECT A SCALE FOR WE I O I ( U L I Z E 0  NUMBER SUCH THAT I T  I S  
C NEAREST TO 2. 4. 5. 6. 8.  OR 10. 
c - 
c 

0031 C A L L  A X S C A L t O E U I  
00 3 2  C A L L  AXSCALIOELV) 

C P R I N T  1234. XMIN.VMIN 
0 0 3 3  XSCALE = ~ELX*~IO.**IXPWT~ 
0034 V S C A L E ~  DkLV*(  10.**IYPNTI 
0 0 3 5  I D E L X  = OELX 
0 0 3 6  I O t L Y  = LjELV .., .- 

t- C* 
m L* E S T A b L I S H  PLOTTER O R I G I N  AT 1XIN. I V R I N  

0 0 4 2  1 0 5  I X M I N  = 0 t L X e X K  - .5 - .  
0 0 4 3  GO TO 109 
0 0 4 4  1 0 6  IF(XSCALE*XK.GT. XMINB GO TO 107 
0 0 4 5  XI( = XK + 10. 
0046 60 TO 1 0 6  
0047 1 0 7  I X M l N  = 0€LX*(XK-10.01 
0 0 4 8  109 XK = 0.0 
0 0 4 9  I F l Y M l N  NGT. 0.8 GO TO 1 2 1  
0 0  5 0  110 IF(VSCALE*XK .Lt. YMINJ GO TO 120 
0 0 5 1  XK = XK - 5.0 
OC52 60 TO 1 1 0  
0 0 5 3  I Z C  I V M I N  = OELVLXK - - 5  
0 0 5 4  GU TU 1 2 5  
00 5 5  1 2 1  IF(VSCALE*XK .GT. YMIN)  GO TO 1 2 2  
0056 XK = XK+ 5.0 
0 0 5 7  GO TU lil 
0 0 5 8  1 2 2  I V M I N  = OELV*IXK-5.0) 



FORTRAN 1 V  G LEVEL 21 . . PLOTTR . . . . DATE 9 73190 0 9 / 3 4 / 0 1  PAGE C003  

0059 .~ 
.. .. . 

12g cbNT 
. . - 

- 

C 
0 0 6 0  XMIN = IXMIN*lO.**IXPNT 
OGbI  YMIN = I YMIN*lO.O**IVPNT 

C* PRINT 1234. XMIN. YMIN. OELX. OELY. IOELX. IDELY. IXMINI  lYMlo3 
0 0 6 2  1234  FORMATIIX, 4 6 1 5 - 4 ~ 4 l l O I  

C NOY PREPARE TO ORAY A YAXIS AT JXX ON THE X- A X I S  
C 

0 0 6 3  . . JXX = 1 - I X M I N / l D E L X I + 1  
0064 I F I J X X  .Lt. 1 .OR- JXX .GE. 1 2 1 1  GO TO 7 
0 0 6 5  00 6 K = 1.41 
OObb PLUTIK.JXX1 = PLUS 
0 0 6 7  6 CONTINUE 
0 0 6 6  7 CONTINUE 
0069 JVV 4 2 - 1 - I V I I I W I O E L V  + I 1  
0070 I F I J Y V  .LE. 1 .OR. JVV .GE. 411 W TO a 
0 0 7 1  00 7 0  K -1.121 

N 0072 PLOT1JVY.K) 9 PLUS 
C 
m 0073 70 CONTINUE - 

0074 8 CONTINUE 
0 0 7 5  XSCAL = IOELX*lG.**IXPNT 
0 0 7 6  VSCAL = IOtLV*10.**IVPNT 
0 0 7 7  LO = 1 
0078 L H I  = 0 , 
0 0 7 9  00 1 5  K = 1.20 
0 0 8 0  I F I I S V M I K I  -10. 0) GU TO 16 
0081 L H I  I S V I I ( K 1  + L H I  
0 0 8 2  U a  1 0  J = LU.LHI 
OOb3 JXX = I X O A T A I J I - X M I N l / X S C A L  + 1.5 
0 0 8 4  JVY = I V O A T A I J I  - VMlNl /YSCAL + 1.5 
0 0 8 5  I Y Y  = 4 2  - JYY 

I F I I Y Y  .LT. I .OR. I V Y  .GT. 41) GO TO 10 . . 0 0 8 6  
0 0 8 7  1 F  (JXX .LT. 1 .W. JXX .GT. 1 2 1 1  GO TO 10 ' - 

OO8b . PLOTI IYV.JXXI  = SVWBOLIKI 
0 0 8 9  10 CONTINUE 
0090 LO. = L H I  + I 
0091 1 5  CONTINUE 
0 0 9 2  16 LONTINUt  
0 0 9 3  00 21 1=1113 
0094 X A X I S ( 1 I  = I X M I N  + ~ 1 - 1 I * l O * I O E L X  
0 0 9 5  2 1  CONTINUE 

00 55 J 5 1.41.5 0 0 9 6  
t o 9 7  K = 4i-J 
0098 Y A X I S I K I  = I Y M I N + ( J - I I * I O E L V  



FORTRAN 1 V  G L E V E L  2 1  P L U T T R  DATE = 73190 G Y / 3 4 / 0 1  PACE CCU4 

- 
0099 22 C O N T l N b E  
0100 25 W R I T t ( 6 . 2 0 0 0 )  1YPNT.IXPNT 
0101 2 0 0 0  F O R M A T ( l n l t  5GX~llnYSCALE=I~*.12t5X111HXSCALt=lC**~12r///~ 
0 1 0 2  00 30 J = 1.41.5 
0103 K = J + 1  
0 1 0 4  L = J + 4  
0105 W R I T E l b 1 < U 0 5 1  Y L A b ( J ) * Y A X l S ( J l . ( P L O T l J , I  1. l = l r l 2 1 1  
0100 Z L U S  F 0 R M A T ~ l X ~ A l ~ F 1 0 ~ 0 ~ 1 2 1 A l l  
0107 I F l J  .tU. 41) GO TO 36 
0108 00 29 M = K.L 
0109 W R I T E l b t L ~ I O I  YLA8(II)~IPLOTIII~IltI=l~121) 
0110 2 0 1 0  F G R M A T ~ l X ~ A L ~ l O X ~ l 2 l A l l  
0111 29 C U N T I N U E  
0112 30 C U N T l N U E  
0113 Y R I T E l o l l O I U )  X A X I S  
0114 1010 F O R M A T I ~ ~ X I  131F L O - O ) / )  
0 1 1 5  W R I l t t O . 1 0 1 5 )  X L A 8  
0116 1 0 1 5  FORMAT i 3 0 ~ 4 )  
0117 RETURN ~~ 

0 1 1 8  200' W R l T E l b r 1 0 5 0 1  
0119 1 0 5 ~  FORMATI* PLOT DIAGNOSTIC **** PLOTTER ORIGIN A T  SYSTEM M A X ~ M L I M  

*** CHECK I N P U T  TO PLOT.') 
N 0120 RETURN 





FORTRAN I V  G LEVEL 21 N m H A L  01- = ~ 3 1 ~  6 9 / 3 4 / 0 1  PAGt Cbu-1 

0001 SUBROUtlllE NDRHU CUI.fRIT). 

C 
C FALL THROUGH I M P L I L S  1.0 .LE. ABSIXNb - 1 1 .  10.0 

0 0 0 6  lPNT = -K 





FORTRAN I V  G LEVEL 21 PLOTR DATE = 13190 09./35/01 I PAGE OOU1 

0 0 0 1  >UbKOUTINE PLOTR 
UOUZ COMMON l P R N T ( 5 1  0 0 0 0 0 0 7 0  
0 0 0 3  COMMON YLAD1411rXLA8(301 .  P L A B 1 4 1 1  

- COO4 LGMMUN P L O T l 4 1 ~ 1 2 1 1  
COG5 COMMON l S Y M ( 2 1 1  

( i O O b A X I S 1 4 1 I  
0 0 0 7  COMMUN IPLUTS/WMMY;TPLOT.NPT. NPP. TEMOATl200. Z 5 ~ 6 l ~ T I M P O T 1 4 0 0 1 ~  

1 POATI4C10). TIMDAT(Z00).  NRAO. NP.NSTAI.NS1AZ 
0 0 0 0  C U M M O N I M D I F Y I  HE~TX(30 (10 .61 .  TEWPXl30.10~61. A N t l 3 0 1 .  T I M E T 1 1 0 l r 0 0 0 0 0 1 4 0  . 

1 T1LT.PITCH.NX.FRAC 
COO9 COMMON /GENRL/ DELX. CPTNK. E l .  EFIREI FKS. 0 0 0 0 0 1 9 0  

1 HHOTNK. COW DELTA. Wl. MTOT, NEL. PR. THICK. RTANK. PRL. EMO. UOOOO200 
2 TLtNTH.TOCMP* C I N S l .  CINS2. T E l l t  TE IL .  LAGTHI. 
3 LAGTHZ. FK1. F K L  

C* 
C* NOTE THAT NX MUST BE 1 FOR C O M P A T I B I L I T Y  V I T H  SIZE Of TtMUAT 
c* . - 

b & I L  NX= 1 
C O l l  uL LG M= NSTAI. NSTA2 
r G l 2  1SYM111 = NPT 

-. 0 0 1 3  I S Y M ( Z 1  = O ." 
N -- C* 
C C* 

C* SINGLE PLbTS ONLY REOUIRED 
GO14 I10 1 0  L=l.NP 
L 3 1 5  LALL PLOTTR(TIMOAT.TEMDAT(1.L.MI~NPTl 
~ L 1 6  LEVEL= I +  NHAD*IL-11 
OC17 - W H I T t 1 6 r 1 0 0 0 1  M t  L t V t L  
GO18 l W L  ~ ~ R M A T I I I I G X ~ ' A X 1 A L  STATION NO- *.15.1OX.'CIRCUMFERENTIAL STATION 

*NO.'.151 
0019 I C  L U N T l N U t  

UOL1 -- I S Y M l l I  = hPP 
1 c 2 2  n~ 36 1=1,41 
0 0 ~ 3  5 u  Y ~ l h ( l ) =  Y L A U ~ I )  
v o L r  LACC PLUIT~(TIMPUT,PUAT.NPPI 
OOLb K i T U h N  
OD26 t NL, 




