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INTRODUCTION AND SUMMARY 

The use  of  l i q u i d  hydrogen as a high-energy f u e l  in t roduces  numerous 
hazards  no t  o r d i n a r i l y  a s s o c i a t e d  w i t h  t h e  u s e  of  o t h e r  more convent ional  
f u e l s .  These hazards  are a t t r i b u t a b l e  t o  t h e  unique p r o p e r t i e s  of  hydrogen 
i n  t h e  l i q u i d  and gas states ( t a b l e  1). 
on explosion and r e l a t e d  hazards  of  cryogenic f u e l s ,  a r e sea rch  program w a s  
undertaken t o  o b t a i n  b a s i c  d a t a  on such dangers f o r  hydrogen and o t h e r  com- 
b u s t i b l e s  under t h e s e  cond i t ions ,  These data were used t o  o u t l i n e  emergency 
procedures f o r  p r o t e c t i n g  personnel  and equipment when an a c c i d e n t a l  s p i l l a g e  
o f  l i q u i d  hydrogen occurs  and t o  e s t a b l i s h  a quan t i ty -d i s t ance  t a b l e  f o r  t h e  
s t o r a g e  of  t h i s  f u e l .  

Since l i t t l e  work has been conducted 

The vapor i za t ion  of l i q u i d  hydrogen from a s u r f a c e  i s  t r e a t e d  as a prob- 
lem i n  h e a t  t r a n s f e r  theory.  Two extreme cases are b r i e f l y  considered:  (1) 
The t r a n s f e r  of  h e a t  occurs  a t  cons tan t  temperature  drop between t h e  b o i l i n g  
l iquid and the hot surface,  and ( 2 )  the transfer of heat i s  l i m i t e d  by the 
rate a t  which i t  can flow t o  t h e  s u r f a c e  from a ho t  i n s u l a t i n g  medium. The 
a v a i l a b l e  d a t a  i n d i c a t e  t h a t  t h e  former case (1) i s  a p p l i c a b l e  when vapor iz ing  
from a conducting s u r f a c e  and, i n i t i a l l y ,  when vapor iz ing  from an i n s u l a t i n g  
medium; t h e  la t ter  case (2)  is a p p l i c a b l e  a f t e r  i n i t i a l  f l a s h  vapor i za t ion  has  
occurred  from t h e  i n s u l a t i n g  medium. The vapor i za t ion  rate determines i n  p a r t  
t h e  rate a t  which flammable hydrogen vapor -a i r  mixtures  are formed above a 
s p i l l  area. However, t h e  rates a t  which h e a t  i s  t r a n s f e r r e d  t o  t h e  vapor,and 
a i r  i s  brought i n  con tac t  w i t h  it a l s o  are of  importance. Accordingly,  t h e  
d i s t r i b u t i o n  of  flammable mixtures  above a s p i l l  area w a s  determined exper i -  
mental ly .  
w i th in  t h e  v i s i b l e  vapor c loud.  

I n  gene ra l ,  flammable mixtures  w e r e  found t o  be  both above and 

- 1/ Work on manuscript  completed January 1960. The work upon which t h i s  re- 
p o r t  i s  based was done by t h e  Bureau of Mines, U.S. Department of  t h e  
I n t e r i o r ,  under U . S .  A i r  Force Delivery Order No. (33-616) 58-5 during 
t h e  pe r iod  January 1958 t o  December 1959. 
given i n  WADD Technical  Report 60-141. 

Laboratory,  Bureau of  Mines, P i t t sbu rgh ,  Pa. 

A r e p o r t  of t h i s  work is  a l s o  

- 2 /  Supervisory phys ica l  chemist ,  p r o j e c t  coord ina tor ,  Explosives Research 
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The hazards a s s o c i a t e d  wi th  t h e  i g n i t i o n  of  hydrogen vapor-a i r  mixtures  
above a l i q u i d  hydrogen s p i l l  area w e r e  determined by (1) i g n i t i n g  t h e  vapors  
above a dewar and (2)  i g n i t i n g  t h e  vapor-a i r  mixtures  above a s p i l l  area at 
va r ious  t i m e s  fol lowing s p i l l a g e  o f  vary ing  amounts (up t o  90 l i ters) o f  
l i q u i d  hydrogen. Flame he igh t  and width measurements w e r e  made fromimotion 
p i c t u r e s  of  t h e  r e s u l t a n t  f lames.  
s u r e  measurements were made a t  va r ious  d i s t ances  from t h e  flame. While t h e  
flame r a d i a t i o n  was  found t o  r ep resen t  an apprec i ab le  amount o f  t h e  a v a i l a b l e  
energy, t h e  overpressure  produced by t h e  r a p i d  combustion o f  hydrogen above a 
s p i l l  area w a s  q u i t e  s m a l l .  

I n  a d d i t i o n ,  radiant-energy and overpres-  

Burning-rate  measurements were conducted on pools  o f  va r ious  l i q u i d  f u e l s  
inc luding  hydrogen. 
feedback t o  a pool  t o  main ta in  s teady  vapor i za t ion  and combustion, 

These w e r e  used t o  c o r r e l a t e  burning rate w i t h  t h e  h e a t  

F i n a l l y ,  t h e  r e s u l t s  of t h i s  s tudy  were used t o  compile a t a b l e  o f  d i s -  
t ances  f o r  t h e  s t o r a g e  of l i q u i d  hydrog'en and t o  o u t l i n e  emergency procedures 
f o r  t h e  p r o t e c t i o n  of personnel  and equipment when an a c c i d e n t a l  s p i l l a g e  of 
hydrogen occurs .  
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DEFINITIONS AND THEORY 

Heat Trans fe r  t o  Boi l ing  Liquids  

Heat may be  t r a n s f e r r e d  t o  a l i q u i d  which i s  a't temperatures  below o r  
equal  t o  i t s  b o i l i n g  poin t . /  
vapor  bubbles are formed a t  t h e  h o t  s u r f a c e  and rise i n t o  t h e  l i q u i d .  
ever, t h e  bubbles may c o l l a p s e  as vapor condenses i n  t h e  coo le r  po r t ion  of  
t h e  l i q u i d .  
are formed a t  t h e  h o t  s u r f a c e  do no t  c o l l a p s e  a f t e r  leav ing  it. The phenomena 
a s s o c i a t e d  wi th  t h i s  lat ter process  are of  s u f f i c i e n t  importance t o  t h e  p re s -  
e n t  s tudy t o  warran t  a b r i e f  review of  t h e  c u r r e n t  theory  of  b o i l i n g .  A n  ex- 
c e l l e n t  comprehensive review o f  t h i s  s u b j e c t  was  presented  r e c e n t l y  by 
Wes twater .ftl 

A t  l i q u i d  temperatures below t h e  b o i l i n g  p o i n t ,  
How- 

A t  l i q u i d  temperatures  equal  t o  t h e  b o i l i n g  p o i n t ,  bubbles t h a t  

The t r a n s f e r  of h e a t  t o  a b o i l i n g  l i q u i d  may b e  accomplished by one of  
several mechanisms. I n  t h e  f i r s t ,  w i t h  r e l a t i v e l y  small temperature  d i f f e r -  
ences between t h e  h e a t  source  and t h e  l i q u i d ,  h e a t  i s  t r a n s f e r r e d  p r i n c i p a l l y  
by n a t u r a l  convect ion;  h e a t - t r a n s f e r  rates are noknal ly  somewhat g r e a t e r  than 
those  pre-ton's l a w  of  c o o l i n g  (q/A = h AT). I n  t h e  second,vapor 

- 3/  McCabe, Warren L.,  and Smith, J u l i a n  C. ,  Unit  Operations of Chemical 

- 4 /  Westwater, J. W . ,  Boi l ing  Heat Transfer :  American S c i e n t i s t ,  47, 1959, 
Engineering: M c G r a w - H i l l  Book Co., New York, N.Y.,  1956, pp. 482f.  

pp. 427-446. 
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bubbles are produced a t  such a r a t e  t h a t  t h e  n a t u r a l  convection c u r r e n t s  are 
augmented and t h e  h e a t - t r a n s f e r  r a t e  inc reases  w i t h  t h e  temperature  d i f f e r e n c e  
between t h e  h e a t  source  and t h e  l i q u i d  a t  a much g r e a t e r  rate than t h a t  pre-  
d i c t e d  by Newton's l a w .  This  i s  t h e  temperature  d i f f e r e n c e  reg ion  i n  which 
n u c l e a t e  b o i l i n g  occurs .  The h e a t - t r a n s f e r  ra te  cont inues t o  i n c r e a s e  as t h e  
temperature  d i f f e r e n c e  between t h e  h e a t  source  and t h e  l i q u i d  inc reases  u n t i l  
a l a r g e  p a r t  of t h e  source  i s  covered w i t h  a b lanket ing  vapor.  
b l anke t  i n s u l a t e s  t h e  h e a t  source ,  a temperature  d i f f e r e n c e  i s  u l t i m a t e l y  
reached which y i e l d s  a maximum h e a t - t r a n s f e r  rate f o r  t h i s  mechanism, The tem- 

Since t h i s  

p e r a t u r e  d i f f e r e n c e  a t  which t h i s  occurs  i s  termed t h e  c r i t i ca l  temperature  
drop. A f u r t h e r  i n c r e a s e  i n  t h e  temperature  drop causes  t h e  h e a t - t r a n s f e r  
rate t o  decrease  u n t i l  a minimum va lue  i s  a t t a i n e d  a t  t h e  Leidenfros t  p o i n t .  
With t h i s  temperature  d i f f e r e n c e ,  t h e  i n s u l a t i n g  vapor b lanket  i s  continuous 
so  t h a t  h e a t  passes  t o  t h e  l i q u i d  through t h e  vapor only.  
va lues  of temperature  d i f f e r e n c e ,  t h e  h e a t - t r a n s f e r  ra te  aga in  inc reases  wi th  
t h e  temperature  d i f f e r e n c e .  This  i s  t h e  reg ion  of f i l m  b o i l i n g .  The t r a n s i -  
t i o n  reg ion  between t h e  c r i t i c a l  temperature  drop and t h e  Leidenfros t  p o i n t  i s  
termed t h e  me tas t ab le  f i l m  b o i l i n g  r e g i o n .  

A t  s t i l l  h ighe r  

Each of  t h e  above reg ions  i s  i l l u s t r a t e d  i n  f i g u r e  1 which w a s  cons t ruc t ed  
from t h e  d a t a  of  N u k i y a m a E i  who r epor t ed ly  conducted t h e  f i r s t  s c i e n t i f i c  
s tudy  of b o i l i n g l l  wi th  water. 
i n  f i g u r e  2 f o r  l i q u i d  hydrogen;!!/ t h e  experimental  d a t a  w e r e  ob ta ined  wi th  
smooth, rough and greased hea ted  h o r i z o n t a l  Karma (Ni 73%, C r  20% + A 1  1- Fe) 
su r faces .  

S imi la r  d a t a  and a t h e o r e t i c a l  curve are given 

Thus f a r ,  w e  have considered only t h e  rate a t  which h e a t  can be  t r a n s -  
f e r r e d  t o  a b o i l i n g  l i q u i d  as a func t ion  of t h e  n a t u r e  of  t h e  s u r f a c e  and t h e  
cons t an t  temperature  d i f f e r e n c e  between t h e  l i q u i d  and t h e  hot  su r f ace .  How- 
ever ,  i n  many a p p l i c a t i o n s  a cons tan t  temperature  d i f f e r e n c e  cannot be e s t ab -  
l i s h e d  and a v a r i a b l e  ( t h a t  i s ,  time-dependent) h e a t - t r a n s f e r  rate i s  obta ined .  
With i n s u l a t i n g  materials,  f o r  example, t h e  h e a t - t r a n s f e r  rate may be  con- 
t r o l l e d  by t h e  rate a t  which h e a t  flows t o  t h e  su r face .  To i n v e s t i g a t e  such 
materials, cons ider  a s e m i - i n f i n i t e  i n s u l a t i n g  medium a t  an i n i t i a l  tempera- 
t u r e  T i .  I f  t h e  temperature  o f  t h e  free s u r f a c e  i s  suddenly lowered and kept  
a t  To,  t h e  temperature  d i s t r i b u t i o n  w i t h i n  t h e  i n s u l a t i n g  material can be  
found by so lv ing  t h e  l i n e a r  h e a t  f low equation:?/ 

- 5 1  Nukiyama, Shi ro ,  Maximum and Minimum Values of Heat Transmit ted From Metal 
t o  Boi l ing  Water under Atmospheric Pressure :  Jour .  SOC. Mech. Eng., 
Japan ,  3 7 ,  No. 206 ,  1934 ,  pp. 367-374. 

f e r  From S ing le  Hor izonta l  Wires t o  Boi l ing  Water: Chem. Eng. Prog., 44 ,  
- 6 /  McAdams, W. H. ,  Addoms, J .  N., Rinaldo, P. N . ,  and Day, R .  S . ,  Heat Trans- 

NO. 8 ,  1948,  pp. 639-646. 
- 7 /  See foo tno te  4.  
- 8/ Class, C .  R . ,  Dehaan, J .  R. ,  Piccone, M. ,  and Cost ,  R .  B . ,  Pool Boi l ing  

Heat Trans fe r  t o  a Boi l ing  Liquid: Wright A i r  Development Center  TR 
58-528 (ASTIA AD 214 2 5 6 ) ,  1958.  

- 9 /  C a r s l a w ,  H. S . ,  and J a e g e r ,  J .  C . ,  Conduction of  Heat i n  So l ids :  Clarendon 
P res s ,  Oxford, England, 1959. 
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FIGURE 1. - Heat Transfer Rates to  Boi l ing Water at 212" F. for Temperature Drops 

(1) 

Between 1 and 1000" F. 

w i t h  T = Ti f o r  y > o  and T = To f o r  y = 0 when t = 0. 

Under t h e s e  cond i t ions ,  t h e  (absolu te )  temperature  i n  t h  

T = To + (Ti - To) e r f  Y 

Leidenfrost 
point 

material i s :  

. . . .  . . .  . .. . ~ _  
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FIGURE 2. - Experimental and Theoretical Heat Transfer Rates to Boi l ing Hydrogen 
at -423" F. for Temperature Drops Between 1 and 1000" F. 
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FIGURE 3. - Theoretical Heat Transfer Rates to  Boi l ing Hydrogen Fol lowing Spillage Onto 
(A) an Average Soil, (B) Moist Sandy Soil (8% moisture), and (C) Dry Sandy Soil. 
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where 

k = -  i s  t h e  thermal  d i f f u s i v i t y  of  
sc 
K i s  t h e  thermal conduct iv i ty  

p S  i s  t h e  dens i ty  

c i s  t h e  s p e c i f i c  hea t  

he  i n s u l a t i n g  m t e r ia l  

y i s  t h e  d i s t a n c e  below t h e  s u r f a c e  of t h e  s e m i - i n f i n i t e  s o l i d  

and t i s  t h e  e lapsed  t i m e  from t h e  i n s t a n t  t h e  s u r f a c e  temperature  
i s  lowered t o  To. 

The h e a t  t r a n s f e r  ra te  a t  t h e  s u r f a c e  i s  

A 
g = - K  PI y = o  

Since t h e  temperature  g rad ien t  i s  

then ,  a t  t h e  s u r f a c e  

(3 

(4  

This  equat ion i n d i c a t e s  t h a t  t h e  h e a t - t r a n s f e r  rate varies inve r se ly  wi th  t h e  
squa re  roo t  of  t h e  e lapsed  t i m e ,  t. 
f i g u r e  3 i n  which q/A i s  p l o t t e d  as a func t ion  of  t f o r  l i q u i d  hydrogen a t  
20.4" K. i n  con tac t  w i t h  t h r e e  s o i l s  a t  an  i n i t i a l  temperature  o f  300" K .  

Examples of  t h i s  behavior  are shown i n  

The ra te  a t  which a l i q u i d  vapor izes  ( l i q u i d  r eg res s ion  rate) when t h e  
above hea t  i s  absorbed a t  i t s  b o i l i n g  po in t  i s  given by: 
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c- 

CI 

i 

Using equation (5) t h i s  becomes 

+- .  K .'i - To 
pL ( f ik t ) l I2  

(7) 

where L i s  t h e  h e a t  of  vapor i za t ion  pe r  u n i t  mass and p is  t h e  dens i ty  of t h e  
liquid. 

Assuming K, p ,  L and k t o  be independent of T ,  w e  g e t  by i n t e g r a t i o n  

where Ay is  t h e  change i n  l i q u i d  level i n  e lapsed  t i m e ,  t .  Figures  4 and 5 
g i v e ,  r e s p e c t i v e l y ,  t h e  v a r i a t i o n  i n  3 and Ay wi th  t, fo; l i q u i d  hydrogen i n  
con tac t  w i t h  t h e  t h r e e  su r faces  considered i n  f i g u r e  3 .  

A comparison of f i g u r e s  2 and 3 i n d i c a t e s  t h a t  t h e  h e a t - t r a n s f e r  rates 
given i n  t he  l a t t e r  f i g u r e  are too  l a r g e  f o r  elapsed times near the o r i g i n  
(from equat ion (5 ) ,  q/A inc reases  i n d e f i n i t e l y  as t approaches ze ro ) .  Using 
t h e  t h e o r e t i c a l  curve  f o r  hydrogen i n  f i g u r e  2 t o  e s t a b l i s h  an upper value f o r  
q / A  f o r  e lapsed  times nea r  t h e  o r i g i n  (broken curve i n  f i g u r e  3 ) ,  t h e  curves 
i n  f i g u r e s  3 ,  4 ,  and 5 can be  modified t o  y i e l d  somewhat more realist ic va lues  
nea r  t h e  o r i g i n .  

The above a n a l y s i s  assumes t h e  s p e c i f i c  s u r f a c e  area i s  equal  t o  t h e  
p lane  p ro jec t ed  area. However, i f  t h i s  i s  no t  t h e  case, 9 and Ay should be 
m u l t i p l i e d  by a f a c t o r  R def ined  as 

= t o t a l  s u r f a c e  area >1 
p ro jec t ed  area - 

so t h a t  

and 

Thus, vapor i za t ion  rates can b e  increased  i n  a p a r t i c u l a r  s p i l l  area merely by 
inc reas ing  t h e  s p e c i f i c  s u r f a c e  area ( t h a t  i s ,  by t h e  u s e  of a pebble  bed);  
conversely,  vapor i za t ion  rates can be  decreased by t h e  use  of  s m a l l  smooth 
diked areas. 

Burning Rate Theory 

T r a n s i t i o n a l  (Gas Phase) 

Hydrogen normally b u m s  i n  a i r  a t  a rate t h a t  i s  determined by t h e  compo- 
s i t i o n  of t h e  r e s u l t a n t  hydrogen-air  mixture .  Typica l  burning v e l o c i t y  d a t a  
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(A)an Average Soil, (B) Moist Sandy Soil (8% moisture), and (C) Dry Sandy Soil. 
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Sandy Soil, (8) Moist Sandy Soil (8% moisture), and (C) an Average Soil. 
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f o r  hydrogen a t  atmospheric p re s su re  and labora tory  temperatures  are given i n  
f igure 6 ; g /  the  burning velocity is t h e  v e l o c i t y  o f  t h e  flame f r o n t  relative 
t o  t h e  unburned gas .  The speed wi th  which a flame moves through space  depends 
on t h e  r e l a t i v e  motion o f  t h e  gas as w e l l  as t h e  burning v e l o c i t y .  For t h i s  
reason ,  f lame speeds cons iderably  i n  excess of  t h e  maximum burning v e l o c i t y  
are r e a d i l y  obta ined;  such speeds may approach t h e  l o c a l  speed o f  sound i n  t h e  
burning mixture .  The minimum energy requirements f o r  t h e  i g n i t i o n  of  hydrogen- 
a i r  m i x t u r e s . a r e  given i n  f i g u r e  7.111 
0.02 t o  1 m i l l i j o u l e .  However, i f  t h e  source  energy i s  increased  s u f f i c i e n t l y ,  
a de tona t ion  may be i n i t i a t e d .  
l i b e r a t e d  i n  a very  s h o r t  time when hydrogen-air  mixtures  are i g n i t e d  s o  t h a t  
adequate  precaut ions  must always be taken t o  prevent  t h e  accumulation of  such 
mixtures  i n  enclosed spaces .  

These energy va lues  are i n  t h e  range  

I n  any case, l a r g e  amounts of energy can b e  

Steady-State  Burning Supported by Pools  of Liquid 

The problem of s t e a d y - s t a t e  burning has been approached by burning f u e l s  
i n  open t r a y s .  A u s e f u l  precedent  f o r  t h i s  work w a s  encountered i n  a paper 
by Blinov and Khudiakovg/  i n  which t h e  au thors  showed t h a t  a v i a t i o n  g a s o l i n e  
i n  t r a y s  burned a t  a ( l i n e a r )  rate which w a s  diameter-independent i n  t h e  diam- 
eter range of 3 t o  70 f e e t  ( f i g u r e  8) .  The ch ie f  ques t ion  t o  be s e t t l e d  i n  
t h i s  p a r t  o f  t h e  program w a s  whether Blinov and Khudiakov's f i nd ing  could b e  
gene ra l i zed  t o  inc lude  t h e  case of l i q u i d  hydrogen. The work w a s  f a c i l i t a t e d  
f u r t h e r  by H o t t e l ' s  a n a l y s i s  of t h e  Russian w o r k . g /  I n  t h i s  work, r a d i a t i o n  
from t h e  flame t o  u n i t  area of  l i q u i d  s u r f a c e  was w r i t t e n  

The shape of t h e  curve of  burning ra te  ( fue l -vapor i za t ion  rate) versus  t r a y  
diameter i s  determined p r i m a r i l y  by t h e  term (1 - e-Kd) i n  which K i s  t h e  
opac i ty  c o e f f i c i e n t  and d t h e  diameter.&/ 
of  burning ra te  i s  a t t a i n e d  when e-Kd becomes e f f e c t i v e l y  zero .  
carbon flames t h e  v a l u e  of K i s  found from burning rates a t  two t r a y  diameters 
t o  be  of t h e  o r d e r  of 0.6-0.9 f t . - l ,  s o  t h a t  emKd approaches ze ro  when 
of  t h e  o r d e r  of 4 f e e t .  

On t h i s  b a s i s  a l i m i t i n g  va lue  
For hydro- 

i s  

- 10/  

- 11/ 
- 12/ 

L e w i s ,  B. ,  and von Elbe,  G . ,  Combustion, Flames and Explosions of Gases: 

Work c i t e d  i n  foo tno te  10,  p .  414. 
Bl inov,  V .  I . ,  and Khudiakov, G .  N . ,  Ce r t a in  Laws Governing t h e  Dif fu-  

s i v i t y  Burning of  Liquids:  Acad. Nauk, U.S.S.R. Doklady, 113, 1957, 
1094-1098. 

Liquids:  F i r e  R e s .  A b s .  and Rev., 1, 1958, pp. 41-44. 

tempera ture) ,  and TB ( l i q u i d  s u r f a c e  temperature ,  assumed t o  be  a t  t h e  
b o i l i n g  p o i n t )  should be  e f f e c t i v e l y  cons t an t  a t  l a r g e  diameters .  

Academic P r e s s ,  Inc . ,  New York, N.Y. ,  1951, p. 460. 

- 13/ 

14/ 

H o t t e l ,  H. C . ,  Review of Cer t a in  Laws Governing Di f fus ive  Burning of  

The f a c t o r s  cr (Stefan-Boltzmann c o n s t a n t ) ,  F (shape F a c t o r ) ,  Tf ( f lame 
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Radia t ion  From Hydrogen Flames 

I n  e s t ima t ing  t h e  t r a n s f e r  of  h e a t  from a flame t o  i t s  surroundings,  one 
commonly dea l s  w i t h  t h e  same f a c t o r s  as presented  i n  equat ion (11) f o r  estima- 
t i o n  of  r a d i a t i o n  f l u x  t o  t h e  l i q u i d  su r face .  It i s  normally assumed t h a t  
r a d i a t i o n  emanates almost exc lus ive ly  from t h e  luminous envelope of  t h e  f i r e  
which i s  taken t o  be  a grey body and t h a t  emission from t h e  ho t  (nonluminous) 
burned gases  i s  n e g l i g i b l e .  
graphs and flame temperature  and emiss iv i ty ,  o r  opac i ty ,  measured by s t anda rd  
methods .E/  However, i n  t h e  case of hydrogen flames where t h e r e  i s  no emi t t ing  
s u r f a c e  t h a t  even approximates a grey body, t h e  eva lua t ion  of t h e s e  f a c t o r s  
would p resen t  formidable  problems. 

The flame s i z e  and shape can be taken from photo- 

It i s  t h e r e f o r e  assumed t h a t  each s i z e  o f  flame r a d i a t e s  a c h a r a c t e r i s t i c  
percentage o f  i t s  t o t a l  h e a t  of combustion t o  t h e  surroundings and t h a t  t h i s  
percentage  approaches constancy as t h e  s i z e  of flame i s  increased .  This  i s ,  
i n  f a c t ,  a backward s t e p  i n  t h e  d e s c r i p t i o n  of  flames,  and, as has been 

- 15/ Rasbash, D .  J., Rogowski, Z .  E . ,  and S ta rk ,  G .  W .  V . ,  P rope r t i e s  of  
F i r e s  of  Liquids:  Fue l ,  35,  1956, pp.  94-107. 



12 

poin ted  o u t ,  every flame eventua l ly  disposes  of  a l l  of i t s  h e a t  o f  combustion 
by r a d i a t i v e  p rocesses .X/  However, t h e  percentage  of  h e a t  r a d i a t e d  from t h e  
combustion zone i t s e l f  i s  exac t ly  as fundamental a proper ty  as t h e  flame tem- 
p e r a t u r e ,  s i n c e  i t  i s  almost exc lus ive ly  by r a d i a t i o n  t h a t  t h e  f lame's  s u r f a c e  
temperature  i s  reduced from t h e  t h e o r e t i c a l  thermochemical va lue .  A n  i n t e r e s t -  
ing  i l l u s t r a t i o n  of t h i s  p o i n t  i s  given i n  t a b l e  2 ,  wherein t h e  second column 
l is ts  measured flame temperatures  and t h e  f o u r t h  column l is ts  t h e  expected t em-  
p e r a t u r e s ,  based on s to i ch iomet r i c  burning and measured r a d i a t i o n  t o  t h e  su r -  
roundings. The s m a l l  def ic iency  of  t h e  measured va lues  could r e f l e c t  an  
incompleteness of  combustion a t  t h e  s u r f a c e  of  t h e  luminous zone. 
temperature ,  as used i n  equat ion (ll), can be  assumed cons tan t  w i t h  inc reas ing  
flame s i z e  only i f  t h e  percentage of hea t  r a d i a t e d  is  cons t an t ,  which i n  t u r n  
r e q u i r e s  t h a t  t h e  flame approach cons tan t  geometric conf igu ra t ion .  

The flame 

EXPERIMENTAL RESULTS AND DISCUSSION 

Liquefac t ion  of  Hydrogen 

Hydrogen and o t h e r  gases  can be l i q u e f i e d  d i r e c t l y  o r  i n d i r e c t l y  by t h e  
u s e  of one o r  bo th  of  t w o  methods.E/  
ploys t h e  Joule-Thomson e f f e c t ;  t h e  second, o r  e x t e r n a l ,  work method u t i l i z e s  
t h e  r e v e r s i b l e  expansion of  t h e  gas  t o  perform e x t e r n a l  work. I n  t h i s  inves-  
t i g a t i o n ,  hydrogen w a s  l i q u e f i e d  i n  a modified Co l l in s  l i q u e f i e r  ( c r y o s t a t ) g /  
i n  which helium w a s  cooled i n  t h e  two expansion engines and w a s  then  used t o  
l i que fy  t h e  hydrogen d i r e c t l y  i n  t h e  c r y o s t a t ,  The unconverted hydrogen (a t  
room temperature ,  hydrogen c o n s i s t s  o f  a mixture  o f  25 percent  parahydrogen 
and 75 percent  orthohydrogen ( f i g u r e  9 ) ) g /  w a s  withdrawn from t h e  c r y o s t a t  
w i th  an evacuated t r a n s f e r  l i n e  (appendix 11). Converted hydrogen obta ined  
from an e x t e r n a l  source  w a s  used i n  conducting t h e  tests i n  which more than  
50 l i ters  of  l i q u i d  w a s  used. 

The f i r s t ,  o r  i n t e r n a l ,  work method em- 

I n  a d d i t i o n  t o  t h e  usua l  hazards  a s s o c i a t e d  wi th  t h e  use  of  gaseous hydro- 
gen, a new hazard e x i s t s  when prepar ing  and us ing  t h e  l i q u i d ,  s i n c e  a i r  i n  con- 
t ac t  wi th  l i q u i d  hydrogen w i l l  condense and form "ice" c r y s t a l s .  F lash  vapor i -  
z a t i o n  of t h e  hydrogen may then cause t h e  formation of  s l u r r i e s  conta in ing  a 
r e l a t i v e l y  l a r g e  amount of such ice.  S t i l l  another  hazard is  c r e a t e d  i f  hydro- 
gen is  t r a n s f e r r e d  i n t o  open dewars which have been precooled t o  temperatures 
below t h e  b o i l i n g  po in t  of  oxygen (minus 297" F . ) ,  s i n c e  oxygen may condense 
i n  such dewars and form shock-sens i t ive  mixtures  upon a d d i t i o n  of l i q u i d  
hydrogen. 

- 16/ 

1 7 /  Jackson, L. C . ,  Low Temperature Physics:  Methuen and Co., Ltd. ,  London, 

- 18/ C o l l i n s ,  S. ,  Ch. i n  Encyclopedia of  Physics:  Springer-Verlag,  Germany, 

- 19/ 

Discussion fol lowing t a l k  by M. Zabetakis  a t  F i r s t  I n t e r n a t i o n a l  Symposium 
on F i r e  Research, Washington, D. C . ,  November 9-10, 1959. 

England, 1955. 

1956, 14, pp. 132-133. 
Farkas,  A . ,  Orthohydrogen, Parahydrogen and Heavy Hydrogen: The Univer- 

s i t y  P res s ,  Cambridge, England, 1935. 
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Vaporizat ion of  Hydrogen 

I f  unconverted l i q u i d  hydrogen i s  s t o r e d  a t  i t s  b o i l i n g  po in t  (minus 
423" F.)  t h e  orthohydrogen i s  slowly converted t o  parahydrogen.%/ The rate 
of  t h e  n o n c a t a l y t i c  conversion i s  given by 
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where No i s  t h e  mole 
f r a c t i o n  o f  orthohydro- 
gen and k i s  t h e  ra te  
cons tan t  (approximately 
0.012/hr . ) .  Approxi- 
mately 339 c a l o r i e s  are 
l i b e r a t e d  p e r  mole of  
hydrogen i n  t h e  conver- 
s i o n  process .21 221 This  
i s  enough h e a t  t o  vapor- 
i z e  1.59 moles of  t h e  
l i q u i d .  To prevent  such 
vapor i za t ion  l o s s e s ,  nor-  
m a l  hydrogen must b e  con- 
v e r t e d  i f  it is  t o  be  
s t o r e d  f o r  an apprec i ab le  
per iod .  However, conver- 
s i o n  may n o t  be  necessary  
i f  t h e  l i q u i d  i s  t o  be  
used immediately a f t e r  
pro duct  ion.  

As wi th  any o t h e r  
l i q u i d ,  t h e  rate a t  which 
hydrogen i s  vapor ized  a t  
i t s  b o i l i n g  p o i n t  i s  

where L i s  t h e  hea t  of  
vapor i za t ion  (ca. 213 

TEMPERATURE, "K. 

FIGURE 9 .  - Equi l ibr ium Concentration o f  Parahydrogen Gas cai. /moleg/) 'and dQ/dt  
( t h a t  i s ,  q)  i s  t h e  rate Over the Temperature Range 20-273" K O  

- 20/ 

- 211 

- 221 

G r i l l y ,  E. R . ,  The Liquefac t ion  and Storage o f  P a r t i a l l y  Converted Liquid 

S c o t t ,  R .  B. ,  Cryogenic Engineering: 

Woolley, H. W . ,  S c o t t ,  R .  B. ,  and Brickwedde, F. G . ,  Compilation of Ther- 

Hydrogen: Rev. Sc i .  I n s t r . ,  24, No, 1, January 1953, pp. 1-4. 

N.Y. ,  1959. 

m a l  P rope r t i e s  of Hydrogen i n  I t s  Various I s o t o p i c  and Ortho-Para 
Modif ica t ions :  Jour.  Res, Nat. Bureau Standards,  4 1 ,  1948, 379, RP 1932. 

D. Van Nostrand Co., Inc . ,  New York, 

- 23/ See foo tno te  22. 
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a t  which h e a t  i s  absorbed by t h e  l i q u i d .  As noted  above under "Def in i t ions  
and Theory, ( H e a t  T rans fe r  t o  Boi l ing  Liquids)" t h e  rate a t  which h e a t  i s  ab- 
sorbed from a ho t  surface depends on t h e  n a t u r e  o f  t h e  con tac t ing  s u r f a c e  and 
on t h e  temperature  d i f f e r e n c e  between t h e  s u r f a c e  and t h e  b o i l i n g  l i q u i d .  A t  
normal ambient temperatures ,  t h e  rate of  flow of  h e a t  i n t o  t h e  l i q u i d  starts 
a t  a high va lue  bu t  decreases  as t h e  s u r f a c e  temperature  i s  lowered u n t i l  t h e  
Leidenfros t  p o i n t  i s  reached,  A f u r t h e r  decrease  i n  t h e  s u r f a c e  temperature  
w i l l  cause t h e  h e a t - t r a n s f e r  rate t o  i n c r e a s e  u n t i l  t h e  c r i t i c a l  temperature  
drop i s  reached and then t o  decrease  aga in  i f  t h e  temperature  drop falls  below 
t h e  c r i t i ca l  v a l u e  ( f i g u r e  2 ) .  Thus, i n  theory w e  can c a l c u l a t e  t h e  rate a t  
which l i q u i d  hydrogen i s  vapor ized  from u n i t  area of  a p a r t i c u l a r  s u r f a c e ,  i f  
w e  know t h e  temperature  drop between t h e  s u r f a c e  and t h e  l i q u i d .  Unfortu- 
n a t e l y ,  t h i s  temperature  drop i s  n o t  r e a d i l y  a v a i l a b l e  i n  cases involving 
a c c i d e n t a l  s p i l l s .  

The rate a t  which l i q u i d  hydrogen w a s  vapor ized  from t h e  s u r f a c e  o f  a 
b lock  of  p a r a f f i n  wax c a s t  i n  a 2.8-inch g l a s s  dewar w a s  determined by measur- 
ing the rates of  gas evolut ion w i t h  a dry-gas m e t e r  a t  various t i m e s  fol lowing 
s p i l l a g e  of t h e  hydrogen i n t o  t h e  dewar. 
s i o n  rates (3) i n  f i g u r e  10; they are represented  q u i t e  adequately by t h e  
t h e o r e t i c a l  curve  given by equat ion (7)  f o r  i n s u l a t i n g  materials. S imi la r  
data are given f o r  l i q u i d  n i t r o g e n  i n  f i g u r e  11. These also show q u i t e  con- 
c l u s i v e l y  t h a t  l i q u i d  r eg res s ion  rates of cryogenic  f l u i d s  can b e  c a l c u l a t e d  
a t  times t h a t  are g r e a t e r  than  those  corresponding t o  t h e  i n i t i a l  f l a s h  vapor- 
i z a t i o n  rates by assuming t h e  hea t  f l u x  t o  t h e  l i q u i d  i s  l i m i t e d  by t h e  rate 
a t  which h e a t  can flow t o  t h e  s u r f a c e  of  t h e  i n s u l a t i n g  material. 
t h e  i n i t i a l  f l a s h  vapor i za t ion  rates are n o t  l i m i t e d  by t h e  conduction of h e a t  
through t h e  i n s u l a t i n g  material and are probably determined by t h e  f i lm-  and 
nuc lea t e -bo i l ing  mechanisms d iscussed  previous ly  under "Def in i t ions  and 
Theory." 
s u r f a c e  temperature  approaches t h a t  o f  t h e  l i q u i d )  i s  given by a broken curve  
i n  f i g u r e  10; t h e  p o s i t i o n  of t h i s  curve is  n o t  e s p e c i a l l y  s i g n i f i c a n t .  

These are expressed as l i q u i d  r eg res -  

However, 

The gene ra l  t r end  i n  t h e  reg ion  of  v i o l e n t  b o i l i n g  (before  t h e  

The t i m e  r equ i r ed  t o  vapor i ze  a pool  of l i q u i d  hydrogen from t h e  s u r f a c e  
of  an i n s u l a t i n g  material i s  given by equat ion (8) ;  t h e  decrease  i n  l i q u i d  
level w i t h  e lapsed  time f o r  l i q u i d  hydrogen in con tac t  w i t h  t h r e e  s o i l s  i s  
given i n  f i g u r e  5. The curve  f o r  moist  sandy s o i l  i s  redrawn i n  f i g u r e  12 
which a l s o  g ives  l a r g e  s c a l e  vapor i za t ion  d a t a  r epor t ed  r e c e n t l y  .a/ Since 
t h e r e  i s  cons ide rab le  spread i n  t h e  experimental  d a t a ,  w e  can only conclude 
t h a t  some of t h e  va lues  f a l l  w i t h i n  t h e  range p red ic t ed  by t h e  t h e o r e t i c a l  
curve.  

A c rude  i n d i c a t i o n  of t h e  v a r i a t i o n  i n  t h e  i n i t i a l  vapor i za t ion  rates 
from va r ious  su r faces  i s  shown i n  f i g u r e s  13 and 14 which w e r e  cons t ruc ted  
from motion p i c t u r e s  of  hydrogen s p i l l  tests. I n  t h e  f i r s t  f i g u r e ,  t h e  
he igh t s  o f  t h e  v i s i b l e  clouds t h a t  were formed a f t e r  t h e  r a p i d  s p i l l a g e  of  
approximately t h e  same q u a n t i t i e s  of  l i q u i d  hydrogen on a smooth macadam 

- 24/  Arthur D. L i t t l e ,  Inc . ,  In t e r im  Report on an I n v e s t i g a t i o n  of  Hazards 
Associated With Liquid-Hydrogen Storage and U s e :  Contract  No. AI? 
18(600)-1687, C-61092, Jan .  15, 1959, pp. 92. 
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FIGURE 10. - Rate of Vaporization of L iqu id  Hydrogen From Paraff in in a 2.8-Inch Dewar: 
In i t ia l  L iqu id  Depth-6.7 Inches. 
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FIGURE 11. - Rate of Vaporization of L iqu id  Nitrogen From Paraff in in  6-Inch 
and 2.8-Inch Dewars. 
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FIGURE 12. - Decrease in L iqu id  Hydrogen Level  Fol lowing Spillage in  Diked Sandy 
Area (Data From Ref. 13), 

s u r f a c e  and on a four- inch l a y e r  of  g r a v e l  are p l o t t e d  a g a i n s t  t h e  t i m e  fol low- 
ing s p i l l a g e ;  t h e  e f f e c t  of  t h e  h igh  s p e c i f i c  s u r f a c e  of g r a v e l  i s  q u i t e  
marked. F igure  14 shows t h e  p o s i t i o n s  o f  t h e  flames produced by t h e  s p i l l a g e  
of  approximately 56 liters of  l i q u i d  hydrogen on g r a v e l  and smooth s teel  s u r -  
faces .  
t h e  l i q u i d  nea r  t h e  dewar; t h e  c e n t e r  o f  t h e  base of  t h e  flame w a s  much 
f a r t h e r  from t h e  dewar when vapor iz ing  from a smooth steel  p l a t e .  
condi t ions  were nea r ly  t h e  same i n  each case. 

The h igh  s p e c i f i c  s u r f a c e  of t h e  g r a v e l  causes  r a p i d  vapor i za t ion  of 

Atmospheric 

Mixing of  Hydrogen With A i r  

The s p i l l a g e  of l i q u i d  hydrogen i n t o  t h e  atmosphere p re sen t s  a gas  explo- 
s i o n  hazard because of t h e  r a p i d  vapor i za t ion  of t h e  hydrogen and . t h e  subse- 
quent formation of  flammable hydrogen-air  mixtures .  The volume of f r e e  (un- 
enclosed)  space  rendered flammable i n  t h i s  manner a t  any time i s  determined by 
t h e  ra te  a t  which t h e  l i q u i d  hydrogen vapor izes  and mixes wi th  t h e  surrounding 
a i r .  The vapor i za t ion  rate i s  determined by t h e  s p i l l a g e  rate and t h e  rate a t  
which hea t  i s  t r a n s f e r r e d  t o  t h e  l i q u i d ,  wh i l e  t h e  mixing rate i s  determined 
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ELAPSED TIME, seconds 

FIGURE 13. - Height of the V is ib le  Clouds Formed After the Rapid Spil lage of (A )  6.9 and 
(B) 6.8 L i te rs  of L iqu id  Hydrogen at 43'and 36" F., Respectively, on (A )  
Smooth Macadam and (B) Gravel. 

i n  p a r t  by t h e  rates a t  which h e a t  is  t r a n s f e r r e d  t o  t h e  vapor ,  and a i r  i s  
brought i n  con tac t  w i t h  it. 
of t h e  flammable volumes t h a t  are formed by t h e  s p i l l a g e  o f  l i q u i d  hydrogen 
cannot be  obta ined  r e a d i l y  from s p i l l a g e - ,  vapor i za t ion - ,  and mixing-rate  

hydrogen i n  t h e  range 0.5 t o  7.4 l i ters .  
from open-mouth dewars, i t  w a s  found t o  vapor i ze  i n i t i a l l y  i n  b u r s t s  o r  pu l se s  
and produce very  nonuniform vapor-a i r  mixtures  above t h e  s p i l l  area. F igure  15 
g ives  data t h a t  are t y p i c a l  of  t hose  obta ined  i n  t h i s  series of experiments;  
t h e  hydrogen concent ra t ion  found i n  t h e  a i r  a t  va r ious  he igh t s  above t h e  
s p i l l a g e  p l ane  i s  p l o t t e d  as a b s c i s s a  a g a i n s t  t h e  he igh t  as o r d i n a t e .  
hydrogen concent ra t ions  obta ined  a t  inve rva l s  of  2 ,  4 ,  and 6 seconds fol lowing 
s p i l l a g e  o f  t h e  l i q u i d  are jo ined  by smooth curves.  
mine t h e  ex ten t  of t h e  flammable mixture  compositions;  a l l  mixtures  conta in ing  
between 4 and 75 volume pe rcen t  hydrogen are considered flammable. 

Since s a t i s f a c t o r y  estimates o f  t h e  d i s t r i b u t i o n  

. d a t a ,  they were determined experimental ly  w i t h  va r ious  q u a n t i t i e s  o f  l i q u i d  
When t h e  l i q u i d  w a s  s p i l l e d  r a p i d l y  

The 

These are used t o  de t e r -  
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Motion p i c t u r e s  w e r e  used 
t o  c o r r e l a t e  t h e  p o s i t i o n s  of  
t h e  v i s i b l e  c louds and t h e  
flammable spaces  t h a t  formed 
a f t e r  each s p i l l .  I n  gene ra l ,  
t h e  v i s i b l e  c loud he ight  w a s  
found t o  be  below t h e  he igh t  
of  t h e  upper flammable zone. 
The d i f f e r e n c e  i n  he ights  var- 
i e d  wi th  t h e  re la t ive humidity,  
a i r  movement, and t h e  time f o l -  
lowing s p i l l a g e .  This  i s  i l l u s -  
t r a t e d  i n  p a r t  i n  f i g u r e  16 i n  
which t h e  ex ten t  of  t h e  flamma- 
b l e  mixtures  f o r  f i g u r e  15 and 
t h e  he ight  of  t h e  corresponding 
v i s i b l e  c loud are p l o t t e d  as a 
func t ion  of t h e  e lapsed  t i m e  
fol lowing s p i l l a g e .  

Figures  15 and 16 i l l u s -  
t ra te  several important p o i n t s .  
S ince  t h e  p o s i t i o n  of  t h e  v i s i -  
b l e  c loud does n o t  co inc ide  
w i t h  t h e  p o s i t i o n  of t h e  f i r s t  
flammable mixture  zone t h a t  i s  
formed fol lowing t h e  s p i l l a g e  
of  l i q u i d  hydrogen, t h e  v i s i -  
b l e  c loud cannot be  used as a 
p r e c i s e  measure o f  t h e  p o s i -  
t i o n  of  t h e  flammable zone. It 
should be p o s s i b l e  t o  i g n i t e  
flammable mixtures  o u t s i d e  as 
w e l l  as wi th in  t h e  v i s i b l e  
c loud.  On t h e  o t h e r  hand, 
s i n c e  flammable mixtures  may 

FIGURE 14. - Posi t ions of Flames Above (A)  a Gravel 
and (B) a Steel Plate Spi l l  Area. 

no t  extend t o  t h e  edge of  t h e  v i s i b l e  c loud,  i t  should be p o s s i b l e  t o  pass  an 
e lectr ical  d ischarge  w i t h i n  t h e  v i s i b l e  c loud wi thout  i g n i t i n g  t h e  hydrogen- 
a i r  mixtures  above a s p i l l  area; both phenomena have been observed. F i n a l l y ,  
s i n c e  detached flammable zones e x i s t  ( f i gu res  15 and 16) ,  a ques t ion  n a t u r a l l y  
arises concerning t h e  p o s s i b i l i t y  of flame spread  between ad jacen t  detached 
zones; t h i s  i s  d iscussed  i n  t h e  following s e c t i o n .  

I g n i t i o n  and Combustion of Hydrogen-Air Mixtures 

I g n i t i o n  of  t h e  flammable mixtures  above a dewar conta in ing  l i q u i d  hydro- 
Tests gen produces a momentary yel low f l a s h  and then a nonluminous flame. 

conducted i n  open-mouth g l a s s  dewars o f t e n  ended ab rup t ly  i n  an orange f l a s h  
fol lowing implosion of  t h e  dewar and t h e  subsequent explos ive  vapor i za t ion  of 
t h e  l i q u i d  hydrogen. T e s t s  conducted i n  open-mouth s t a i n l e s s - s t e e l  dewars re- 
s u l t e d  i n  f a i l u r e  of  dewars wi th  so f t - so lde red  r i m s ;  as t h e s e  f a i l e d ,  t h e  ra te  
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FIGURE 16. - Extent of the FlammableMixtures and Height 
of the V is ib le  Cloud Formed After the Rapid 
Spillage o f  3 L i t e r s  of L iqu id  Hydrogen on a 
Dry Macadam Surface in a Quiescent Air  
Atmosphere at  59" F. 
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of vapor i za t ion  of  t h e  l i q u i d  hydrogen and con- 
sequent ly  t h e  flame s i ze  inc reased ;  n e a r  t h e  
la t ter  s t a g e s ,  flames extended over  t h e  edge and 
along t h e  o u t s i d e  w a l l s  o f  t h e  dewar. Burning 
proceeded q u i e t l y  above s t a i n l e s s - s t e e l  dewars 
w i t h  welded r i m s .  

I g n i t i o n  of  t h e  flammable mixtures  above a 
9 - l i t e r  dewar followed by s p i l l a g e  of  t h e  con- 
t e n t s  of  t h e  dewar produced a b u r s t  o f  flame and 
r a p i d  burning above t h e  l i q u i d  on t h e  ground 
u n t i l  t h e  l i q u i d  had vapor ized .  

I g n i t i o n  of t h e  hydrogen-air  mixtures  
formed i n  unconfined (open) spaces  above a l i q -  
u i d  s p i l l  area produces rapid-burning flames 
wi th  dimensions t h a t  are dependent on t h e  volume 
of  hydrogen t h a t  i s  s p i l l e d ,  t h e  rate a t  which i t  
i s  s p i l l e d ,  t h e  n a t u r e  of t h e  s u r f a c e  on which 
s p i l l a g e  occurs ,  t h e  l o c a t i o n  of t h e  i g n i t i o n  
source ,  and t h e  t i m e  o f  i g n i t i o n .  

F igure  17 i s  p a r t  of  a motion p i c t u r e  se- 
quence t h a t  shows t h e  v i s i b l e  c louds and t h e  
flames r e s u l t i n g  from t h e  r a p i d  s p i l l a g e  o f  7 . 8  
l i t e r s  of l i q u i d  hydrogen on a g rave l  s u r f a c e  20 
inches below an open flame. Severa l  po in t s  of  
i n t e r e s t  are evident  from t h i s  sequence, F i r s t ,  
t h e  pu l sa t ions  d iscussed  i n  t h e  preceding sec- 
t i o n  are q u i t e  ev ident  here .  A t  least two sep- 
arate flammable volumes were apparent ly  formed. 
Af t e r  i g n i t i o n ,  t h e  lower volume expanded a t  
about 250 f e e t  p e r  second and i g n i t e d  t h e  upper 
volume. An a n a l y s i s  o f  t h e  complete f i l m  s t r i p  
i s  given i n  f i g u r e  18. 

FIGURE 17. -Mot ion Picture Sequence (16 frames/second) 
of  the Vis ib le  Clouds and FlamesResult ing 
From the Rapid Spillage of 7.8 L i te rs  of 
L iqu id  Hydrogen on a Gravel Surface at  65" 
F. Igni t ion Source Location: 20 Inches 
Above Gravel. 
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FIGURE 19. - Maximum Vert ical  Cross-Sections of  Flames Produced at Various Time Intervals 
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Fol lowing Spil lage of 89 L i te rs  of L iqu id  Hydrogen on 
Scale = Vert. Scale.) 
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LIQUID HYDROGEN SPILLED, liters 

FIGURE 20. - Maximum Vert ical  Cross-Sections of Flames Produced by the Spillage 
of  8 to 89 L i t e r s  of L iqu id  Hydrogen. (Hor. Scale = Vert. Scale.) 

Deta i l ed  s t u d i e s  o f  t h e  above p u l s a t i o n s  showed t h a t  detached f i r e b a l l s  
are o f t e n  produced. 
F igure  19 shows t h e  ver t ica l  c r o s s  s e c t i o n s ,  a t  s i x  t i m e  i n t e r v a l s  following 
i g n i t i o n ,  o f  t h e  flames produced by t h e  s p i l l a g e  and i g n i t i o n  of 89 l i t e rs  o f  
l i q u i d  hydrogen on a g r a v e l  su r f ace .  
c r o s s  s e c t i o n .  Such f i r e b a l l s  u s u a l l y  broke up and disappeared r a t h e r  qu ick ly .  
The maximum c r o s s  s e c t i o n s  a t t a i n e d  by flames t h a t  r e s u l t e d  from t h e  i g n i t i o n  
of t h e  vapors from 8, 15.7, 2 4 ,  56 and 89 l i ters  o f  hydrogen are shown i n  f i g -  
u r e  2 0 .  A p l o t  of t h e  maximum he igh t  and wid th  a t t a i n e d  by such flames p r i o r  
t o  breakup i s  given i n  f i g u r e  21 .  The d a t a  are r ep resen ted  f a i r l y  w e l l  by t h e  
equat ion  

These f l o a t  upwards a t  rates of about 20 f e e t  p e r  second. 

A detached f i r e b a l l  i s  shown i n  t h e  last 

. .. . . .  .~.. . . . .  . 
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FIGURE 21. - Maximum Flame Height and Width Produced 
by the Ignit ion o f  the Vapor-Air Mixtures 
Formed by the Sudden Spillage of 2.8 to 89 
L i t e r s  of L iqu id  Hydrogen (VI). 
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FIGURE 22. - Flame Volumes Produced by the Ignit ion of 
the Hydrogen Vapor-Air Mixtures Formed Above Pools 
of L iqu id  Hydrogen When Ignited Between 1.0 and 15.8 

where hax. and Wmaxe are t h e  
m a x i m u m  flame he ight  and width,  
r e spec t ive ly ,  Vi i s  t h e  volume 
of  l i q u i d  hydrogen i n  l i t e rs ,  
and M i s  t h e  mass of t h i s  v o l -  
ume i n  pounds. 

The flame volumes pro- 
duced by t h e  i g n i t i o n  of t h e  
hydrogen-air  mixtures  formed 
above t h e  pools o f  l i q u i d  hy- 
drogen ( i g n i t i o n  t i m e s  varying 
from 0 t o  15.8 seconds a f t e r  
s p i l l a g e  o f  t h e  l i q u i d  onto 
va r ious  s u r f a c e s )  are p l o t t e d  
i n  f i g u r e  22 as o rd ina te s  
a g a i n s t  t he  corresponding 
l i q u i d  volumes as absc i s sa .  
The time between t h e  i n s t a n t  
of  s p i l l a g e  from an open mouth 
dewar and t h e  i n s t a n t  of  i g n i -  
t i o n  (delay t i m e )  i s  l i s t e d  
oppos i t e  each experimental  
po in t .  The dependence of  t h e  
flame volume on t h e  delay t i m e  
i s  evident  from t h i s  f i g u r e .  
Under t h e  r a p i d  s p i l l a g e  con- 
d i t i o n s  used h e r e ,  t h e  maximum 
flame volume (V ) i s  ap- 

proximately equal  t o  t h e  lower 
limit mixture volume a t  81" F. 
That i s  

fmax. 

3 
= 750 1 V i (  f t .  (15) 

fmax. 
v 

where V I  i s  t h e  l i q u i d  volume 
i n  l i ters .  Delay t i m e s  were 
obta ined  by t h e  u s e  o f  an 
e lectr ic  t i m e r  o r  t h e  use  of  
open flames p laced  a t  va r ious  
he igh t s  above t h e  s p i l l a g e  
plane.  The former method 
y ie lded  da ta  t h a t  w e r e  less 
erratic s i n c e  t h e  i g n i t i o n  
source  (an electric match 
head) could b e  p laced  immedi- 
a t e l y  above t h e  s p i l l  area and 

Seconds After the Spillage of the L iqu id  Onto a '/-Inch w a s  no t  a f f e c t e d  by s l i g h t  
Steel P la te  or on 4 to  6 Inches of Loose Gravel. g u s t s  of  wind. I n  t h i s  method, 
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t h e  t i m e r  w a s  s t a r t e d  by a mercury swi tch  mounted d i r e c t l y  on t h e  dewar t i pp ing  
s t and .  I n  t h e  lat ter method, t h e  vapors from an ace tone-sa tura ted  wick were 
i g n i t e d  by t h e  u s e  o f  a spa rk  plug j u s t  be fo re  t h e  hydrogen was s p i l l e d .  

Th6 r a d i a n t  energy rece ived  by one o r  more surface- type lampb lack-coated 
12 - junc t ion ,  Bismuth- S i l v e r ,  Eppley Thermopiles equipped wi th  1 - m i d  l i m e t  er- 
t h i c k  CaF2 windows w a s  recorded w i t h  a Model 906A Minneapolis-Honeywell 
V i s i c o r d e r . g /  
l i ters  of hydrogen a t  i g n i t i o n  delays of 0 t o  6.3 seconds are given i n  f i g u r e s  
23 and 24. These i l l u s t r a t e  a number of i n t e r e s t i n g ,  po in t s .  F i r s t ,  t h e  t o t a l  - 
r a d i a n t  energy ( t h a t  i s ,  t h e  area between t h e  radiant-energy curve and t h e  
elapsed-time a x i s )  t h a t  i s  produced is  determined no t  only by t h e  quan t i ty  of  
l i q u i d  t h a t  i s  s p i l l e d  but  a l s o  by t h e  t i m e  delay be fo re  i g n i t i o n .  
o f  energy release a l s o  depends q u i t e  markedly on t h e  t i m e  delay.  
pu lses  of  flammable mixture  d iscussed  i n  t h i s  s e c t i o n  under Wixing  of Hydro- 
gen With Air" are manifested i n  some of t h e  r a d i a t i o n  records as v i b r a t i o n s .  
Such v i b r a t i o n s  are q u i t e  pronounced when i g n i t i o n  delays t h a t  are less o r  
g r e a t e r  than t h e  optimum va lue  are employed (curves B and C ,  f i g u r e  23; curve 
B ,  f i g u r e  2 4 ) .  F i n a l l y ,  s i n c e  a l l  measurements w e r e  made on r e l a t i v e l y  humid 
days (about 1 t o  2 percent  water vapor)  a cons iderable  amount of  r a d i a t i o n  was 
absorbed i n  pass ing  through t h e  a i r .  
3-1/2-inch and 7-inch cells y i e lded  an absorp t ion  c o e f f i c i e n t  o f  0.015/(percent 
water vapor-foot) .  
flame is  thus given by 

Typica l  records  obta ined  following t h e  s p i l l a g e  of  5 t o  90 

The rate 
Next, t h e  

Experiments conducted wi th  steam i n  

The i n t e n s i t y  of  t h e  co l l imated  r a d i a t i o n  from a hydrogen 

I = I .-0.015wr 
0 

where w = percent  water vapor 

and r = d i s t a n c e  i n  f e e t .  

The r a d i a t i o n  f l u x  thus f a l l s  o f f  q u i t e  r ap id ly  wi th  d i s t ance  i f  t h e  a i r  con- 
t a i n s  as much as 2 percent  w a t e r  vapor;  t h i s  i s  less than t h e  s a t u r a t i o n  v a l u e  
a t  temperatures  above 70" F. a t  sea l e v e l .  

The e f f e c t s  of t h e  s p i l l a g e  of  t h e  l i q u i d  hydrogen and i g n i t i o n  of t h e  
vapors on t h e  surroundings can be  seen from t h e  thermocouple and thermopile 
records  presented  i n  f i g u r e  25. The s p i l l a g e  of  5.4 l i ters of  l i q u i d  on a 
macadam s u r f a c e  causes t h e  s u r f a c e  temperature t o  drop quickly.  
t h e  vapors a t  approximately 0.7 second causes  t h e  rate o f  f a l l  i n  su r face  t e m -  
p e r a t u r e  t o  decrease  and t h e  a i r  temperature  t o  increase .  A s  is  t o  be ex- 
pected,  t h e  temperatures of  a l l  t h e  surroundings increased  t o  va lues  above 
ambient. 

I g n i t i o n  of 

% 

The b l a s t  p re s su res  produced by t h e  burning 0 5  t h e  vapors above a pool  of  
l i q u i d  hydrogen are q u i t e  s m a l l .  Measurements w e r e  made both w i t h  a General 

s u r e  d a t a  obta ined  160 feet from t h e  i g n i t i o n  source  wi th  t h e  n o i s e  ana lyzer  
'Radio Impact Noise Analyzer and wi th  a Kistler SLM System. Typical  overpres-  

- 25/ Reference t o  s p e c i f i c  makes o r  models of  equipment i s  made t o  f a c i l i l a t e  
understanding and does not  imply indorsement o f  such devices  by t h e  
Bureau. 
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FIGURE 23. - Radiant Energy Received 47.5 Feet From the Igni t ion 
Source Fol lowing the Spillage o f  (A) 5.0, (B) 8.0 and (C) 
7.4 L i t e r s  o f  L iqu id  Hydrogen; Ignit ion Occurred Approx- 
imately (A)  1.5, (B) 0.75 and (C) 0 Seconds Fol lowing 
Spillage of Liquid.  
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FIGURE 24. - Radiant Energy Received 110 Feet From the Igni t ion 
Source Fol lowing the Spillage of (A)  90, (B) 90 and (C) 
89 L i t e r s  of L iqu id  Hydrogen; Ignit ion Occurred 4.4,6.3 
and 1.4 Seconds, Respectively, Fo l lowing Spillage of  
the Liquid.  

. .  
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FIGURE 25. - Air  and Ground Temperatures Produced by the Rapid Spillage and Ignit ion 
of  5.4 L i te rs  of  L iqu id  Hydrogen on a Dry Macadam Surface in  a Quiescent 
Atmosphere at 62" F. (Temperature Measurements With Bare No. 28 
C o p p e r - Cons t a n tan The r m o co u p I e s) . 

are given i n  f i g u r e  26. The ef-  

.0092 

,0029 

.00092 

.00029 

1.3 

.42 
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.042 

FIGURE 26. - Overpressure (AP) Produced at a Distance 
of 160 Feet by the Igni t ion of the Hydrogen-Air Mixtures 
Formed Above Pools of L iqu id  Hydrogen (54 to 90 L i te rs  
as Noted) When Ignited at Various Times ( 7 )  Fol lowing 
Spillage of the L iqu id  Onto a %-Inch Steel P late or on 6 
Inches of Loose Gravel. 

f e c t  o f  t i m e  delay be fo re  i g n i -  
t i o n  i s  q u i t e  pronounced i n  
t h i s  f i g u r e .  The maximum over-  
p re s su re  va lues  obta ined  a t  
several loca t ions  are presented  
i n  f i g u r e  27. These da t a  i n d i -  
cate t h a t  t h e  overpressure  i s  
p ropor t iona l  t o  1 / D 2  f o r  d i s -  
t ances  (D) between 80 and 160 
f e e t .  I n  t h i s  connect ion,  i t  
is  i n t e r e s t i n g  t o  n o t e  t h a t  
Windesz /  found t h e  overpres  - 
s u r e  produced by a b l a s t  i s  
p ropor t iona l  t o  I / D ~  f o r  over-  
p re s su res  below 0.01 pounds p e r  
square  inch over  d i s t ances  o f  

- 26/ Windes, S .  L. ,  Damage From 
A i r  Blast: Bureau of 
Mines Rept. o f  I n v e s t i -  
ga t ions  3708, Progress 
Report  2, June 1943. 
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approximately 200 t o  2,000 
f e e t .  A t  s h o r t  d i s t a n c e s ,  
I r e l a n d z l  found t h e  over- 
p r e s s u r e  i s  p ropor t iona l  t o  
1 / D  f o r  p re s su res  i n  excess 
of approximately 0.1 pounds 
per square inch. The broken 
curve  i n  f i g u r e  27 g ives  t h e  
overpressure  as a func t ion  of 
l/D. 

Burning Above Liquid Pools  

Burning Rate as a 
Function of Time 

Flames supported by com- 
mon f u e l s  are expected t o  ex- 
h i b i t  a "burning-in" pe r iod  
during which a s teady  tempera- 
t u r e  g r a d i e n t  i s  e s t a b l i s h e d  
w i t h i n  t h e  l i q u i d  phase. I n  
t h e  c a s e  o f  pure  f u e l s  which 
b o i l  s l i g h t l y  above ambient 
temperature,  t h i s  burning-in 
pe r iod  extends f o r  30-40 sec- 
onds,  A t  t h e  moment t h a t  the  
l i q u i d  s u r f a c e  reaches  t h e  
b o i l i n g  po in t  t h e  burning rate 
approaches a s t eady  v a l u e  which 
i s  maintained as long as t h e  
l i q u i d  level i s  maintained con- 
s t a n t  w i th in  t h e  burner .  Ex- --- 

20 40 60 80 100 150 L"U per imenta l  v e r i f i c a t i o n  i s  
DISTANCE, feet shown i n  f i g u r e  28 f o r  flames 

FIGURE 27. - Variat ion in  Maximum Overpressure With 
Distance Produced by the Ignit ion o f  the Hydrogen 
Vapor-Air Mixtures Formed Above Pools o f  15.9 to  
9 0 L i t e r s  of LiquidHydrogen When Ignited Between 
4.4 and 12.5 Seconds After Spillage. 

O f  benzene, ether, and acetone, 
while methanol and unsymmetri- 
cal dimethylhydrazine (uDm) 
flames are Seen to burn at al- 
most constant rates from t h e  
start  of t h e  experiment. 

We f i n d  t h a t  methanol and UDMH are excep t iona l  i n  t h a t  r a d i a t i o n  from 
the i r  flames i s  absorbed very  s t r o n g l y  a t  t h e  l i q u i d  s u r f a c e  (see t a b l e  3 ) .  
Also, s i n c e  r a d i a t i o n  i s  absorbed w i t h i n  t h e  vapor zone above t h e  l i q u i d  (see, 
f o r  example, f i g u r e  2 9 ) ,  t h e s e  two f u e l s  are unusual i n  t h a t  conduction and 

- 27/ I r e l a n d ,  A .  T . ,  Design of A i r  Blast Meter and C a l i b r a t i n g  Equipment: 
Bureau of Mines Tech. Paper 635, 1942. 
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FIGURE 29. - Absorpt ion of Flame Rad ia t ions  by F u e l  Vapors. 
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convect ion are r e l a t i v e l y  important as compared t o  r a d i a t i o n  i n  h e a t  t r a n s p o r t  
t o  t h e  l i q u i d .  
evidence of  h e a t  t r a n s f e r  t o  t h e  l i q u i d  s u r f a c e  r a t h e r  than  t o  t h e  bulk  of  t h e  
l i q u i d .  Under comparable circumstances of temperature  and vapor  p re s su re ,  t h e  
burning o f  hydrogen should resemble t h a t  of  benzene and t h e  common hydrocar- 
bons as regards  a burning-in per iod .  

Therefore ,  t h e  " f a s t  starts" of  methanol ar,d UDMH are simply 

Such circumstances could only exis t ,  however, i f  t h e  l i q u i d  hydrogen were 

Then t h e  l i q u i d ' s  
poured onto a ve ry  we l l - in su la t ed  s u r f a c e  such as a wide shal low dewar and 
allowed t o  reach a s teady  evaporat ion rate be fo re  i g n i t i o n .  
temperature  must be somewhat less than t h e  b o i l i n g  po in t  (when l i q u i d  butane 

w a s  poured i n t o  a 30-inch- 

- p e r a t u r e  f e l l  from i t s  b o i l i n g  
p o i n t  of  0" C.  t o  minus 15" t o  
minus 20" C .  because of vapor- 
i z a t i o n  and, when i g n i t e d ,  i t s  

t h e  f i r s t  half-minute) .  But 
under most conceivable  circum- 

- stances of spillage, l i q u i d  
hydrogen would be kept  a t  i t s  
b o i l i n g  po in t  by conduct ive 
h e a t  t r a n s f e r  from t h e  ground 
and a burning-in pe r iod  should 
no t  be  encountered. F igure  30 
g ives  t h e  burning rates of 

- l i q u i d  hydrogen and of  l i q u i d  
methane a t  t h e i r  b o i l i n g  p o i n t s  
i n  6- inch dewars. Should i g n i -  
t i o n  of  such cryogenic  f u e l s  
occur  w i t h i n  t h e  f i r s t  minute 

10 20 30 40 50 
ELAPSED TIME, minutes 

burning ra te  would undoubtedly 
FIGURE 30. - Burning Rates of L iqu id  Hydrogen and of b e  h ighe r ,  r a t h e r  than lower,  

L iqu id  Methane at Their Boi l ing Points than  t h e  s teady  rate* 
i n  6-Inch Pyrex Dewars. 

I I I I I d iameter t r a y ,  i t s  bulk  t an -  

- burning r a t e  w a s  low during 

- 

6o a f t e r  s p i l l a g e ,  t h e  i n i t i a l  

Steady Burning Rate as Function o f  Pool Dimension 

The g r e a t e s t  e f f o r t  i n  t h i s  p a r t  of  t h e  program was devoted t o  a test  of 
t h e  p r i n c i p l e s  set  f o r t h  by Blinov and Khudiakov and by Hotte128 
cons ide ra t ion  of  t h e s e  ideas  as a p p l i e d  t o  hydrogen burning. An o v e r a l l  test  
o f  t h e  Ho t t e l  a n a l y s i s  i s  given i n  f i g u r e  31, i n  which l i q u i d  r eg res s ion - ra t e  
curves  c a l c u l a t e d  from equat ion (11) and t h e  p o i n t s  r ep resen t ing  experimental  
measurements a re  g i v e n . a /  
- 28/ 
- 291 
- 301 

29/ and t o  

It i s  seen t h a t  flames of butane (c rosses)  and 
Work c i t e d  i n  foo tno te  12 .  
Work c i t e d  i n  foo tno te  13. 
I n  equat ion  (111, p , TF, F, and TB a r e  assumed cons tan t ,  and K i s  eva lua ted  

from t h e  burning r a t e  a t  l - f o o t  diameter r e l a t i v e  t o  t h e  burning r a t e  a t  
very  l a r g e  diameter where e'Kd+ 0 .  
urements are given i n  appendix 111. 

Details of t he  experimental  meas- 
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FIGURE 31. - Burning Rates of L iqu id  Fuels as Correlated by Hottel 's  Equation, Assuming 
Radiat ive Heat Transfer From Flame to L iqu id  Surface. 

hexane ( s o l i d  do t s )  are w e l l  r epresented  by t h e  H o t t e l  equat ion ,  which impl ies  
t h a t  t h e i r  mode o f  hea t  t r a n s f e r  t o  t h e  l i q u i d  i s  p r i m a r i l y  r a d i a t i v e  and t h a t  
the i r  flame o p a c i t i e s  vary  i n  t h e  expected way w i t h  t r a y  diameter.  Benzene 
flames (open c i r c l e s )  e x h i b i t  a burn ing- ra te  p l a t e a u  such as t h e  one shown i n  
f i g u r e  8; t h i s  i s  d iscussed  f u r t h e r  as an e f f e c t  o f  wind i n  a subsequent para-  
graph o f  t h i s  s ec t ion ("Ef fec t  of Wind on Burning Rate"). Methanol ( t r i a n g l e s )  
and UDMH ( c ros ses )  burning rates are too  s l i g h t l y  dependent on t r a y  dimension 
t o  provide  a test  of t h e  theo ry ,  bu t  i t  i s  c l e a r ,  none the le s s ,  t h a t  each o f  
t h e s e  common f u e l s  e x h i b i t s  a f l a t t e n i n g  of t h e  curve  o f  burning rate versus  
t r a y  diameter.  I n  t h e  case o f  hydrogen, t h e  l a r g e s t  t r a y  (dewar) diameter w a s  
13 inches so t h a t  no independent estimate could b e  made o f  burning ra te  a t  
v e r y  l a r g e  diameters.  However, t h e  following experimental  evidence i s  appro- 
p r i a t e :  (1) Since  thermocouples i n  t h e  hydrogen vapor zone between flame and 
l i q u i d  show no sha rp  i n c r e a s e  i n  temperature as they leave  t h e  l i q u i d ,  h e a t  
t r a n s f e r  from t h e  flame t o  t h e  l i q u i d  s u r f a c e  i s  c l e a r l y  r a d i a t i v e  a t  even t h e  
smallest dewar diameters.  (2)  The percentage  o f  combustion h e a t  r a d i a t e d  t o  
t h e  surroundings i s  n e a r l y  t h e  same i n  t h e  13-inch-diameter dewar (25 pe rcen t  
r a d i a t e d ) s /  as i n  s p i l l a g e  experiments involv ing  a f i r e b a l l  of 50-foot diam- 
e te r ;  t h e r e f o r e ,  t h e  flame's opac i ty  t o  i t s  own r a d i a t i o n  must reach  a maximum 
i n  about t h e  same way as i n  t h e  flames o f  t h e  common f u e l s .  On t h e  b a s i s  o f  

- 31/ Compare w i t h  David, W.  T . ,  and Parkinson, R .  M . ,  Radia t ion  ' i n  Gaseous 
Explosions: P h i l .  Mag. S. 7 ,  15,  No. 96, 1933, pp. 177-192. 
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t h e s e  f i n d i n g s ,  t h e  curve f o r  hydrogen i n  f i g u r e  3 1  was drawn t o  b e s t  f i t  t h e  
t h r e e  experimental  p o i n t s ;  t h i s  r equ i r e s  t h a t  K have a v a l u e  of  1.5 f e e t - 1  o r  
t h a t  e-Kd be  e f f e c t i v e l y  zero  a t  a t r a y  diameter ,  d ,  of 3 f t .  The " l imi t ing"  
v a l u e  of burning rate i s  then  of t h e  o rde r  of  0.6 inch  p e r  minute,  a l though 
experimental  u n c e r t a i n t i e s  i n  t he  three measurements p l o t t e d  could easily have 
a f f e c t e d  t h i s  v a l u e  by as much as 50 percent.321 

Steady Burning Rate as Determined by Fuel  P rope r t i e s  

The b e s t  a v a i l a b l e  evidence f o r  t h e  co r rec tness  of t h e  above burning rate 
of l i q u i d  hydrogen i s  given i n  f i g u r e  32 wherein t h e  experimental  burning rates 
of  s i x  pure  f u e l s  are c o r r e l a t e d  q u i t e  s u c c e s s f u l l y  wi th  t h e  f r a c t i o n  o f  t h e  
f lame's  hea t  of  combustion which must b e  f e d  back t o  t h e  l i q u i d  t o  maintain 
s teady  vapor i za t ion .  M v a p o r i z a t i o n  i n  t h i s  f i g u r e  i s  an "e f f ec t ive"  l a t e n t  
h e a t ,  which inc ludes  t h e  i n t e g r a t e d  hea t  capac i ty  o f  t h e  l i q u i d  between ambi- 
e n t  temperature  and t h e  b o i l i n g  po in t .  All o t h e r  candida te  f a c t o r s ,  such as 
vapor  p re s su re ,  are success fu l ly  ignored. 
burning rates as es t imated  a t  very  l a r g e  t r a y  dimensions from f i g u r e  31. 
can a p p r e c i a t e  t h a t  such a c o r r e l a t i o n  could no t  poss ib ly  hold i f  burning rates 

The o r d i n a t e  o f  f i g u r e  32 r e f e r s  t o  
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FIGURE 32. - Relationship of Liquid Burning Rates at Large Tray 
Diameter to Two Physical Properties of Fuel. 

a t  s m a l l  diameters w e r e  
t o  b e  cons idered ,  For 
example, as shown in f i g -  
u r e  8, t h e  burning rates 
of  t h e  two hydrocarbon 
blends are much a f f e c t e d  
by f u e l  v o l a t i l i t y  i n  
t r a y s  of  small diameters  
bu t  almost independent 
of  t h i s  f a c t o r  i n  l a r g e  
t r a y s .  Unfortunately,  
pub l i s  hed informat  ion  
on burning rates of  o t h e r  
pure  f u e l s  almost i n v a r i -  
ab ly  r e f e r s  t o  t r a y  diam- 
eters of 1 f o o t  o r  less 
and i s  t h e r e f o r e  no t  use- 
f u l  f o r  f u r t h e r  t e s t i n g  
of t h e  above c o r r e l a t i o n .  
As suggested by t h e  s t r a y  
p o i n t  f o r  Blinov and 
Khudiakov ' s  "avia t ion  
gasol ine"  ( s o l i d  d o t ,  

- 32/ The major unce r t a in ty  l i e s  i n  t h e  c o r r e c t i o n  t o  be  made, i f  any, f o r  hea t  
conduction through t h e  w a l l s  o f  t h e  dewar. As shown i n  f i g u r e  36,  when 
t h e  l i q u i d  hydrogen burns down t o  approach t h e  bottom of t h e  dewar, t h e  
burning ra te  approaches a cons tan t  va lue ;  i n  t h e  6- inch dewar, t h i s  
hydrogen-loss rate (evaporat ion ra te)  i s  shown t o  correspond t o  t h e  
normal h e a t - l o s s  rate of t h e  dewar. We have t h e r e f o r e  s u b t r a c t e d  t h e  
f i n a l  measured rate a t  each diameter from t h e  i n i t i a l  burning rate t o  
o b t a i n  t h e  p o i n t s  i n  f i g u r e  31. It i s  by no means c e r t a i n  t h a t  t h e  
above c o r r e c t i o n  i s  j u s t i f i e d .  



f i g u r e  32)  t h e r e  i s  s t i l l  some unce r t a in ty  wi th  regard  e i t h e r  t o  blended f u e l s  
o r  t o  f u e l s  of  high b o i l i n g  po in t .  

Phenomenological Aspects o f  Pool-Supported Flames 

As w e  fol low t h e  c o r r e l a t i o n  l i n e  i n  f i g u r e  32 from methanol t o  hydrogen, - 
w e  pass  from "short"  t o  "tall" flames,and from pe r iod ic  t o  random f l u c t u a t i o n s  
of  flame shape,  as w e l l  as from slow t o  f a s t  burning. We t h i n k  t h a t  most of  
t h e  d e s c r i p t i v e  a spec t s  of  t h e  burning are r e l a t e d  c h i e f l y  t o  t h e  absorp t ion  
of  t h e  f lame's  r a d i a t i o n  by t h e  f u e l  vapor and by t h e  l i q u i d  f u e l .  
absorp t ion  by t h e  vapor r e q u i r e s  t h a t  t h e  flame s t and  c l o s e  t o  t h e  l i q u i d  t o  

Strong 
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FIGURE 33. - Experimental Temperatures in  L iqu id  Phase 
Compared With Theoretical Curves for Heat 
Input at the L iqu id  Surface. Combustion in 
30-Inch Diameter Tray. 

vapor i ze  f u e l  by r a d i a t i o n  and 
a l s o  raises t h e  temperature of  
t h e  vapor zone. Other t h ings  
being equal  , t h i s  improves t h e  
l i ke l ihood  t h a t  convection 
w i l l  p lay  a r o l e  i n  t h e  t r a n s -  
f e r  of  hea t  (wi th  methanol, 
UDMH and benzene f lames,  t h e  
l i q u i d  level could be loca ted  
p r e c i s e l y  by thermocouples, 
s i n c e  t h e r e  was a sharp t e m -  
p e r a t u r e  d i s c o n t i n u i t y  a t  t h e  
s u r f a c e ;  t h i s  method was use-  
less wi th  butane and hydrogen 
f lames) .  Strong absorp t ion  of 
t h e  f lame 's  r a d i a t i o n  by t h e  
l i q u i d  leads  t o  a s t e e p  t e m -  
p e r a t u r e  p r o f i l e  i n  t h e  l i q u i d  
phase ( f i g u r e  3 3 ) ,  decreases  
t h e  burning-in pe r iod  follow- 
ing i g n i t i o n ,  and undoubtedly 
s t r eng thens  t h e  coupling be- 
tween pulses  of f u e l  vapor iza-  
t i o n  and pu l sa t ions  of hea t  
t r a n s f e r  from t h e  flame. Ab- 
so rp t ions  of r a d i a t i o n  by t h e  
l i q u i d  and vapor phases are 
u s u a l l y  c l o s e l y  r e l a t e d .  

The absorp t ion  of flame 
r a d i a t i o n  by f u e l  vapor  w a s  
measured, using cells o f  v a r -  
ious  lengths  equipped w i t h  
calcium f l u o r i d e  windows. Where 
necessary t h e  cel ls  were e l e c -  
t r i c a l l y  hea ted  t o  prevent  con- 
densa t ion ,  s o  t h a t  a l l  d a t a  
r e f e r  t o  gases  o r  vapors  a t  1 
atmosphere p a r t i a l  p ressure .  
Resul t s  given i n  f i g u r e  29 
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i n d i c a t e  t h a t  hydrogen f lames,  d e s p i t e  t h e i r  nonluminosity,  should more n e a r l y  
resemble benzene than  methanol flames i n  gene ra l  behavior.  

Measurements of  absorp t ion  of flame r a d i a t i o n  by fou r  l i q u i d  f u e l s  are 
given i n  t a b l e  3 .  
comparative s tudy .  It i s  known t h a t  l i q u i d  hydrogen is  very  t r anspa ren t  
i n  t h e  i n f r a r e d ,  t h e  only excuse f o r  absorp t ion  being t h e  weak i n t e r a c t i o n s  
o f  quadrupoles.  It seems very  safe t o  assume t h a t  hydrogen occupies t h e  
t e rmina l  p o s i t i o n  i n  t h e  f u e l  series wi th  regard  t o  both  l i q u i d  and vapor 
phase abso rp t ion .  

No a t tempt  w a s  made t o  inc lude  l i q u i d  hydrogen i n  t h i s  

Re la t ed  t o  t h e  cons ide ra t ions  above are two o t h e r  q u a l i t a t i v e  a spec t s  o f  
f lame behavior  t h a t  have been repor ted .  Blinov and Khudiakovx/ have been 
much concerned about  tu rbulence  i n  flames of l a r g e  d iameters ;  f o r  g a s o l i n e  
f i r e s  they c a l c u l a t e  t h e  Reynolds number of  t h e  r i s i n g  vapor  stream t o  ap- 
proach 2000-3000 a t  about t h e  t r a y  diameter  w i t h  which t h e i r  burning rates 
approach a diameter-independent va lue ;  t h i s  implies  t h a t  hydrogen, w i th  i t s  
low vapor dens i ty  and h igh  kinematic v i s c o s i t y ,  might reach i t s  maximum burn- 
ing ra te  only a t  very  l a r g e  diameters .  However, on t h e  b a s i s  of  ou r  own ob- 
s e r v a t i o n s ,  w e  have no t  been a b l e  t o  a t t a c h  any s i g n i f i c a n c e  t o  turbulence  
i n  t h e s e  flames and cons ider  it only as a p o s s i b l e  second-order e f f e c t .  

Another phenomenon t h a t  has  been considered h e r e  i s  t h e  "creeping" of 
flames t o  cover l a r g e r  ground areas than t h a t  o f  t h e  flame-supporting p o o l  
of f u e l ,  
t r a y  diameter  and w a s  l a t e r  s imula ted  i n  t h e  l abora to ry  wi th  small benzene 
flames ( f i g u r e  34).  More r e c e n t l y  t h e  problem w a s  descr ibed  by Emmons.&/ 
Creeping i s  more l i k e l y  when t h e  f u e l  vapors a re  dense,  t h a t  i s ,  when t h e  
molecular  weight i s  h igh  and t h e  vapor zone i s  no t  hea ted  by absorp t ion  of 
r a d i a t i o n .  I n  t h e  case o f  hydrogen t h e  low molecular  weight seems t o  outweigh 
t h e  t ransparency o f  t h e  vapor so t h a t  flame movement is conspicuously upward. 

This  was encountered conspicuously w i t h  butane flames a t  2-1/2-foot 

E f fec t  o f  Wind on Burning R a t e  

From inspec t ion  of  equat ion (11) i t  appears  t h a t  r a d i a t i o n  from t h e  flame 
t o  t h e  l i q u i d  s u r f a c e  can be  augmented by (1) an i n c r e a s e  i n  shape f a c t o r ,  F; 
(2 )  an i n c r e a s e  i n  flame temperature ,  TF; o r  ( 3 )  an inc rease  i n  t h e  opac i ty  
c o e f f i c i e n t ,  K .  It i s  easiest t o  demonstrate t h e  e f f e c t  of wind on t h e  last  
of t h e s e  f a c t o r s ,  t h e  flame opac i ty ,  s i n c e  hydrocarbon flames are  extremely 
s e n s i t i v e  i n  t h i s  r ega rd ,  and t h e r e f o r e  t h e  in f luence  of  wind has probably 
been overemphasized i n  t h e  l i t e r a t u r e  on open flames. 

When a s l i g h t  d r a f t  i s  imposed on a s m a l l  benzene o r  hexane flame, t h e  
luminous s u r f a c e  is r u f f l e d  and t h e  burning rate is  immediately increased  
( t a b l e  4 ) .  
By p lac ing  a chimney over  t h e  flame, as shown i n  f i g u r e  35(B), t h e  burning 

- 3 3 /  See foo tno te  12 .  
- 3 4 /  Emnons, H . ,  Some Observations on Pool  Burning: Presented a t  F i r s t  Sympo- 

This  i s  c o n s i s t e n t  w i th  an inc rease  i n  (1 - e-Kd) o f  equat ion (11). 

sium on F i r e  Research, Washington, D.C., November 9-10, 1959. 
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rate can b e  increased  t o  i t s  l i m i t i n g  ( large-diameter)  va lue ,  c o n s i s t e n t  w i th  
(1 - e-Kd) approaching un i ty .  
cen t imeter  and 56-centimeter diameter (open circles) were obta ined  by burning 
benzene i n  steel  drums r a t h e r  than i n  f l a t  t r a y s ;  t h e  r e s u l t a n t  upward compo- 
nent  of t h e  convection c u r r e n t s  ev iden t ly  played t h e  p a r t  o f  a chimney-induced 
d r a f t ;  n o t e  s p e c i f i c a l l y  t h a t  t h e  burning rates w e r e  r a i s e d  almost exac t ly  t o  
t h e  l i m i t i n g  va lue .  

I n  f i g u r e  31,  t h e  p o i n t s  f o r  benzene a t  46- 

S i g n i f i c a n t l y ,  one cannot make small flames exceed t h e  l a r g e  diameter  
burning rate except by imposing such a d r a f t  t h a t  t h e  flame s u r f a c e  i s  t o r n  
from t h e  r i m  of t h e  t r a y  as i n  f i g u r e  3 5 ( C ) .  

increased f u r t h e r ,  but t h i s  
i s  caused by an i n c r e a s e  i n  
TF as t h e  i n c i d e n t  a i r  is  p re -  
mixed w i t h  f u e l  vapor (no t i ce  
t h e  b r i g h t  zone nea r  t h e  axis 
o f  t h e  flame i n  f i g u r e  35(C)). 
It i s  hard t o  imagine such 
t e a r i n g  of t h e  flame and pre-  
mixing of  a i r  and vapor  under 
condi t ions  of  wind o r  of  na tu-  
r a l  convection above a s p i l l  
zone unless  t h e r e  i s  some s o r t  
o f  b l u f f  body, such as t h e  rim 
of a t r a y ,  t o  s e r v e  as a flame 
s t a b i l i z e r  . 

Then t h e  burning rate is 

0 5 u 
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FIGURE 34. - Creeping Flame on L ip less  Dish (below) 
Compared With Noncreeping Flame on 
Dish With %Inch L ip .  

The only  i n s t a n c e  i n  which 
w e  have knowingly encountered 
an i n c r e a s e  i n  shape f a c t o r  has 
been w i t h  t h e  "creeping" flames 
of  butane.  With t h e s e  t h e  
burning rate reached t r a n s i e n t  
va lues  which were perhaps 20 
percent  l a r g e r  than  t h e  extra- 
po la t ed  l a r g e  diameter  va lue  
o f  0.32 inch  p e r  minute.  How- 
ever, t h i s  i s  a phenomenon 
which probably has  no s i g n i f -  
i cance  i n  hydrogen burning. 

The conclusion from t h i s  
work on t h e  e f f e c t  o f  wind i s  
t h a t  t h e  l i n e a r  consumption 
rate of l i q u i d  f u e l  i n  l a r g e  
f i r e s ,  and t h e  t o t a l  h e a t  t o  
b e  d i s s i p a t e d ,  can hard ly  be  
very  much a f f e c t e d  by wind. 
This  w a s  an agreeably s u r p r i s -  
ing r e s u l t  ; however, c rosscur -  
r e n t s  can s u r e l y  inc rease  t h e  

-, 

c 
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FIGURE 35. - Side Views and Under Views of 
Benzene Flames in 6-Inch Di-  
ameter Dish. 
(a) Flame Undisturbed. 
(b )  Radial Draft Induced by 

(c) Flame Torn From Rim of 
C h imney . 

Tray. 
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hazard of a f i r e ' s  spreading;  t h e r e  appears t o  be  no good way of a l l e v i a t i n g  
t h i s  problem. 

Radiat ion From Liquid-Supported Flames 

Two d i s t i n c t  problems w e r e  considered i n  regard t o  flame rad ia t ion :  
That r a d i a t i o n  from t h e  r eac t ion  zone t o  t h e  l i q u i d  s u r f a c e  must a f f e c t  t h e  
l i q u i d  vapor iza t ion  rate; (2) t h a t  r a d i a t i o n  from t h e  flame t o  i t s  surround- 
ings must determine minimum dis tances  f o r  s a f e t y  of personnel  and f o r  s to rage  

(1) 
c, 

of combustibles. 

DIAMETER, INCHES 
A 13 
0 6  
0 2.75 --- Evaporation rate 

without flame 

ELAPSED TIME. minutes 

FIGURE 36. - Burning of  L iqu id  Hydrogen in  Dewars 
of Three Diameters (Reconstructed From 
Flame Radiation Data). 

Measurements of r a d i a t i o n  
t o  t h e  l i q u i d  s u r f a c e  were 
overemphasized i n  ea r ly  s t ages  
of t h e  work because hydrogen 
flames were expected t o  be  
analogous t o  methanol flames, 
both being near ly  nonluminous . 
T h i s  expectat ion w a s  disproved 
when t emp er a t u r  e measurements 
w e r e  made i n  t h e  vapor zone 
above t h e  l i q u i d  sur face .  It 
then became apparent  t h a t  hea t  
t r a n s f e r  must be  almost exclu- 
s i v e l y  r a d i a t i v e  i n  hydrogen 
f i r e s  but  l a rge ly  convect ive 
i n  methanol f i r e s .  The in -  
strument developed f o r  m e a s -  
u r ing  r a d i a t i o n  t o  t h e  l i q u i d  
s u r f a c e  i s  descr ibed i n  appen- 
d i x  111. Some prel iminary 
measurements of r a d i a t i v e  hea t  
t r a n s f e r  wi th  t h i s  instrument 
are given i n  t a b l e  5. 
t h e  o v e r a l l  hea t  t r a n s f e r  rate 
wi th  methanol flames a t  1-foot  
t r a y  diameter w a s  1.2 w a t t s  
per  square cent imeter ,  t h e  i n -  
d i ca t ed  f r a c t i o n  of t r a n s f e r  
by r a d i a t i o n  w a s  about one- 
fou r th .  When it  was r e a l i z e d  
from thermocouple da t a  t h a t  
hydrogen vapor iza t ion  could 
only be  r a d i a t i v e l y  supported,  
conduction and convection from 
t h e  flame zone being n e g l i -  
g i b l e ,  t h i s  course of  s tudy 
was abandoned. 

Since 

As discussed above under 
"Defini t ions and Theory" 



37 

("Radiation From Hydrogen Flames"), one expects  t h e  percentage o f  t o t a l  hea t  
t h a t  is  r a d i a t e d  outward from a flame t o  i n c r e a s e  t o  a m a x i m u m  as t h e  diameter  
of  t h e  flame i s  increased .  This  w a s  t e s t e d  f i r s t  w i t h  a number o f  gaseous d i f -  
fus ion  flames w i t h  t h e  r e s u l t s  given i n  t a b l e  6. These r e s u l t s  were t h e  f irst  
i n d i c a t i o n  h e r e  of  t h e  unexpectedly l a r g e  f r a c t i o n  of  h e a t  t h a t  can be  r a d i a t e d  
by a hydrogen flame. They a l s o  permi t ted  a c a l c u l a t i o n  o f  t h e  f lame 's  average 
emis s iv i ty  based on a photographic estimate of t h e  s i z e  of t h e  gaseous d i f f u -  
s i o n  flame on t h e  16-inch burner .  As shown i n  t a b l e  7 ,  t h e  c a l c u l a t e d  emissiv- 
i t y  depends on t h e  assumed flame temperature;  from t h e  experimental  percentage 
of  h e a t  r a d i a t e d ,  one would expect TF t o  be  about 1,900" K.  so t h a t  t h e  average 
emis s iv i ty  appears  t o  be  about 0.01. 

The percentages of h e a t  r a d i a t e d  from l iqu id-suppor ted  flames i n  t a b l e  8 
are comparable t o  va lues  obta ined  wi th  gaseous d i f f u s i o n  flames.  Percentages 
r a d i a t e d  were found t o  inc rease  q u i t e  uniformly wi th  t r a y  diameter  i f  a cor -  
r e c t i o n  was made, i n  t h e  case of methanol burning i n  a 48-inch t r a y ,  f o r  ab- 
s o r p t i o n  of flame r a d i a t i o n  by atmospheric moisture .  
l e c t e d  f o r  t h e  hydrogen flames represented  i n  t a b l e  8, s i n c e  t h e  measuring 
instruments  were loca ted  w i t h i n  10 f e e t  of  t h e  flame. However, t h e  atmos- 
phe r i c  absorp t ion  of r a d i a t i o n  from a hydrogen flame i s  an important  s a f e t y  
f a c t o r  as noted previous ly  i n  t h i s  s e c t i o n  under "The I g n i t i o n  and Combustion 
o f  Hydrogen-Air Mixtures." It i s  worth not ing  i n  t h i s  connection ( t a b l e  9 )  
t h a t  such r a d i a t i o n  absorp t ion  i s  f a r  less f avorab le  i n  t h e  case of f i r e s  i n -  
volving convent ional  f u e l s  than of f i r e s  involving hydrogen. 

This  c o r r e c t i o n  w a s  neg- 

CONCLUSIONS AND R EC OMMENTl AT I O N  S 

The ch ie f  hazards  a s s o c i a t e d  wi th  t h e  u s e  of  l i q u i d  hydrogen i n  unconfined 
(open) spaces are those  a t t r i b u t e d  t o :  

A .  The formation o f  shock-sens i t ive  condensed ( l i q u i d  hydrogen- 
s o l i d  oxygen) mixtures .  

B. F i r e .  

The first hazard can be  e l imina ted  by excluding oxygen from a l l  systems wi th  
which l i q u i d  hydrogen comes i n  con tac t .  The most obvious s o l u t i o n  i s  t o  f l u s h  
such systems w i t h  an i n e r t  gas such as n i t rogen  o r  helium. However, s i n c e  
trace q u a n t i t i e s  of  oxygen are d i f f i c u l t  t o  remove from t h e  hydrogen gas  t o  
b e  l i q u i f i e d ,  s o l i d  oxygen depos i t s  may be b u i l t  up over  a pe r iod  of t i m e  i n  
s t o r a g e  con ta ine r s  from which l i q u i d  hydrogen i s  withdrawn p e r i o d i c a l l y ;  i t  
may be  necessary  t o  c l ean  such con ta ine r s  p e r i o d i c a l l y .  
can be  minimized by t h e  jud ic ious  placement of  ven t  s t a c k s ,  combust ibles ,  
equipment, and bu i ld ings .  
compositions over  which flammable hydrogen-air  mixtures  can b e  formed and t h e  
h igh  burning v e l o c i t i e s  of  such mixtures ,  f l a r e  s t a c k s  should not b e  used t o  
dispose o f  excess hydrogen. The c u r r e n t  quan t i ty -d i s t ance  table%/ used f o r  
t h e  s t o r a g e  of  l i q u i d  hydrogen i s  very  conserva t ive .  

- 35/ 

The second hazard 

In  gene ra l ,  because o f  t h e  wide range of  mixture  

The d i s t ances  i n  t h i s  

Ordnance Corps, Department of t h e  Army, Ordnance Safe ty  Manual: 
7-224, (1951), Sec. 1 7 ,  15 May 1958. 

ORDM 
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t a b l e  can be decreased s a f e l y  i n  a l l  cases i n  which t h e  formation of shock- 
s e n s i t i v e  mixtures  i s  precluded,  Based on t h e  r a d i a t i o n  and f lame-size da t a  
obta ined  i n  t h e  p re sen t  s tudy ,  a new quan t i ty -d i s t ance  t a b l e  has  been con- 
s t r u c t e d  as fol lows:  

Distance t o  inhab i t ed  bu i ld ings .  Assuming a l l  t h e  l i q u i d  hydrogen i n  a 
con ta ine r  can b e  s p i l l e d  and vaporized quick ly  t o  form flammable mixtures  w i t h  
a i r  t h a t  can be  i g n i t e d  and burned i n  less than 10 seconds ( t h i s  would s imula t e  
t h e  burning experiments descr ibed  i n  t h i s  r e p o r t ) ,  t h e  d i s t a n c e  g a t  which w e  
would expect t o  receive approximately 2 c a l o r i e s  p e r  square  cent imeter  (cal . /  
cm.2)(This i s  roughly t h e  r a d i a n t  f l u x  r equ i r ed  t o  produce f l e s h  burns and 
i g n i t e  certairr combust ible  materials i n  s h o r t  exposure t i m e s  .)E/ during t h i s  
s h o r t  burning pe r iod  i s  

where 7 i s  t h e  r a t i o  of  t h e  r a d i a n t  energy l i b e r a t e d  during burning t o  t h e  
t o t a l  a v a i l a b l e  energy, 

- = e  I -0.015wr, 
I O  

and M i s  t h e  mass of t h e  s p i l l e d  l i q u i d  i n  pounds. 
( t h a t  i s ,  30 percent  of t h e  t o t a l  a v a i l a b l e  energy i s  r a d i a t e d  during burning)  
then w e  have 

I f  w e  t a k e  7 t o  be 0.3 

r2 cal../cm. 

A p l o t  of  r2  cal , /cm.2 i s  given i n  f i g u r e  37  f o r  w = 0, 1 and 2 percent  water 
vapor and f o r  M between 10 and lo5 pounds of  hydrogen. The e f f e c t  of even 
s m a l l  q u a n t i t i e s  o f  water vapor i s  seen t o  be  q u i t e  pronounced. Considering 
t h e  assumptions t h a t  were made, t h e  va lues  of  r2  cal./cm.2 f o r  a water vapor 
concent ra t ion  of 1 percent  should be  q u i t e  conserva t ive  f o r  u s e  i n  e s t a b l i s h -  
ing a s u i t a b l e  t a b l e  of d i s t ances .  These va lues  were used t o  compile t a b l e  10. 

I f  t h e  l i q u i d  hydrogen i n  a con ta ine r  i s  no t  s p i l l e d  and vaporized 
quick ly ,  t h e  above a n a l y s i s  i s  no t  e n t i r e l y  app l i cab le .  I n  such a case, t h e  
t o t a l  f l u x  needed t o  produce second degree burns i n  50 percent  of t h e  personnel  
t h a t  are exposed i s  r epor t ed ly  given by t h e  expression:=/ 

(20) Qc = 3.56 I tl '0'9~ cal. / cm.  2 

where t i s  t h e  exposure t i m e  i n  seconds. 

- 36/ Glass tone ,  S., The E f f e c t s  of  Nuclear Weapons: 

- 37 /  See foo tno te  24. 

U.S. Atomic Energy Commis- 
s i o n ,  June 1957, pp. 296-308. 
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FIGURE 37. - Variation in  Distance to  Unbarricaded Inhabited Buildings (Class 950 
Materials) and r2 cal./cm.2 With Mass ( M )  of L iqu id  Hydrogen. 

I f  w e  aga in  t a k e  q t o  b e  0.3,  then f o r  dry sandy s o i l ,  with no water 
vapor p re sen t  i n  t h e  a i r  

M = 0.0856 (AI lbs.381 

and r = 3 .1  tl ft. 
Qc 

0.304 IA10.196 f t .  o r  r = 3.9 !MI 
Qc 

Where M i s  t h e  q u a n t i t y  of l i q u i d  t h a t  i s  burned i n  t seconds from a pool 
area A f t .  . 2 

I f  w e  t a k e  

- 38/ M = 0.149 lbs. f o r  moist  sandy s o i l .  
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then 

Equation (25  y i e l d s  d i s t a n c e s  t o  inhab i t ed  bu i ld ings  t h a t  are smaller than 
those  l i s t e d  i n  t a b l e  10A f o r  hydrogen q u a n t i t i e s  below approximately 10,000 
pounds but  l a r g e r  than those  l i s t e d  i n  t h i s  t a b l e  f o r  q u a n t i t i e s  above ap-  
proximately 10,000 pounds. Again, i f  a s m a l l  amount of  water vapor i s  p r e s e n t  
i n  t h e  a i r ,  t h e  va lues  given by equat ion ( 2 5 )  would b e  reduced s t i l l  f u r t h e r  
so t h a t  most o f  t h e  va lues  given i n  t a b l e  10A would be  l a r g e r  than  those  g iven  
by equat ion ( 2 5 ) .  However, from t h e  s t andpo in t  o f  s a f e t y ,  it would b e  wise t o  
use  t h e  more conse rva t ive  f i g u r e s  given i n  t h e  above t a b l e .  

I n t e r t a n k  s e p a r a t i o n .  Again, assuming a l l  t h e  l i q u i d  hydrogen i n  a con- 
t a i n e r  can b e  s p i l l e d  over  a wide area and vapor ized  quick ly  t o  form flammable 
mixtures  wi th  a i r  and t h a t  t h e s e  can be i g n i t e d  and burned quick ly ,  t h e  maxi- 
mum diameter  of  t h e  flame t h a t  would be  produced is  g iven  by equat ion  ( 1 4 ) .  
However, by l i m i t i n g  t h e  s p i l l  area wi th  d ikes  t h e  vapor i za t ion  rate and t h e  
e f f e c t i v e  flame diameter  can b e  reduced apprec iab ly ;  t h e  e f f e c t i v e  flame diam- 
eter i s  reduced t o  e s s e n t i a l l y  t h e  diameter  of  t h e  diked area. I f  w e  t a k e  
t h i s  t o  b e  approximately 0 .1  t h e  v a l u e  given by equat ion  (14), then t h e  diam- 
eter o f  t h e  flame should n o t  exceed t h e  va lue  

d = (3 f t .  (26) 

This  would g i v e  a t h e o r e t i c a l  l i q u i d  depth of  approximately 1 inch  which could  
b e  vapor ized  r a t h e r  qu ick ly  ( f i g .  5 ,  p.  8).  A p l o t  of  d i s  given i n  f i g u r e  38 
f o r  M between 10 and lo5  pounds. I n  practice,  i t  would b e  d e s i r a b l e  t o  use  an 
even smaller d i k e  diameter  f o r  l a r g e  tanks ( t h a t  i s ,  t h a t  ob ta ined  from equa- 
t i o n  ( 2 4 ) )  so t h a t  t h e  e f f e c t i v e  flame diameter  would b e  less than t h a t  given 
by equat ion  ( 2 6 ) .  
The f i r s t  d ike  would enc lose  a 6-inch pebble  bed and would b e  designed t o  
quick ly  vapor i ze  s m a l l  volumes (small leakage ra te ) ;  t h e  area o f  t h i s  d i k e  
should b e  approximately equal  t o  t h e  area o f  t h e  s t o r a g e  tank.  
o u t e r  d i k e  should b e  designed t o  vapor i ze  l a r g e  volumes a t  a s lower rate, thus  
decreas ing  t h e  rate a t  which hydrogen would b e  burned. 
t h e  d va lues  of  equat ion ( 2 6 )  should serve as a conse rva t ive  estimate o f  t h e  
i n t e r t a n k  s e p a r a t i o n .  
t h e  above va lues  of 
very  windy areas. 

One p o s s i b l e  arrangement i s  t o  use  a concen t r i c  d i k e  system. 

The second, 

Under t h e s e  cond i t ions ,  

Although t h e  e f f e c t  o f  wind has  n o t  been cons idered ,  
are q u i t e  conserva t ive  and should b e  a p p l i c a b l e  even i n  

These va lues  were used t o  compile t a b l e  10B.  

Personnel  who work i n  t h e  v i c i n i t y  of l i q u i d  hydrogen systems should wear 

I n  g e n e r a l ,  i f  an 
impervious,  f i r e - r e s i s t a n t  c l o t h i n g  t h a t  can be  removed r e a d i l y  i f  necessary .  
Adequate head and f a c e  p r o t e c t i o n  should n o t  b e  overlooked. 
a c c i d e n t a l  s p i l l  occurs ,  t h e  a f f e c t e d  area should b e  evacuated immediately. 

c 

u 

t 

'A. 
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Measured flame 
s u r f  ace 

Gasol ine . . . . . . . . . . . . . . . . . . . .  L/1520 

Fue 1 temperature ,  OK. 

APPENDIX I 

Ca lcu la t ed  
Percent  ag e s u r f a c e  

42 211550 

r a d i a t e d  temperature ,  OK. 

TABLE 1. - P r o p e r t i e s  o f  Hydrogen 

Molecular weight  ............. 2.0162 

Densi ty  o f  gas  a t  32" F.- ... 0.08988 g. /1 .  = 0.005611 l b . / f t .  1/ 3 * 

3 Density of  gas  a t  -423" F.2-l. 1.203 g . / l .  = 0.07510 l b . / f t .  
L 

Boi l ing  p o i n t  ................ -423.0' F. = 36.7" R .  = -252.8' C .  = 20.4" K. 

Density o f  l i q u i d  a t  -423" F. 70 g./l. = 4.37 l b . / f t . 3  = 0.584 lb . /ga l .  

3 S p e c i f i c  volume of l i q u i d  
a t  -423" F. . . . . . . . . . . . . . . . .  0.0143 l . / g .  = 0.229 f t .  / l b .  = 1.71 g a l . / l b ,  

H e a t  of  vapor i za t ion  ......... 213 c a l . / m o l e  = 7.40 k c a l . / l .  = 190 B.t .u . / lb .  

H e a t  o f  combustion ........... 68.37 kcal. /mole = 2400 kcal./l.= 61,720 B.t.u./lb. 

Heat o f  conversion. . . . . . . . . . .  339 cal . /mole = 11.77 k c a l . / l .  = 303 B. t .u . / lb .  
- I/ Densi ty  o f  a i r  a t  32" F.: 
- 2/  Calcu la ted  assuming i d e a l  gas  behavior .  

1.1573 g . / l .  = 0.07225 l b . / f t , 3  

.................... Ethylene I 311720 I 36 1780 
I 1570 I I 

- l/ 

- 2/  
- 3 /  

Rasbash, D. J . ,  Rogowski, Z .  E. ,  and S t a r k ,  G. W .  V . ,  P rope r t i e s  o f  F i r e s  

Gasol ine  assumed t o  b e  n-heptane f o r  purposes of  t h i s  c a l c u l a t i o n .  
Measured a t  two p o i n t s  i n  flame. 

o f  Liquids:  Fue l ,  35,  1956, pp. 94-107. 

Details o f  measurement t o  b e  inc luded  i n  
F i n a l  Report  t o  American G a s  Assoc ia t ion  on P r o j e c t  ZC-20, Chemistry of  
Very Rich Fuel-Air Flames, by J .  M .  Singer  and J .  G r u m e r .  I n  p r i n t .  
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Benzene................................................ 
H e x a n e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TABLE 3. - Absorption of flame r a d i a t i o n s  by 0.116-inch path- length 
o f  l i q u i d  f u e l  i n  ce l l  w i t h  CaF2 windows 

>98 
60 
71 

I Percentage 
Fuel  I absorp t ion  

Methanol............................................... I 100 

TABLE 4 .  - In f luence  of  c r o s s  wind on f u e l  consumption rates i n  t r a y s  
( f u e l  l e v e l  about 118-inch below r i m  of t r ay )  

Fuel  

Methanol 

Benzene 

Hexane 

Tray dimens ions ,  
inches 

5-112 x 5-112 

4 x 9  
9 x 4  

4 x 9  

4 x 9  

12, diameter- 2 1  

30, diameter21 

11 Jind v e l o c i t y  ,- 
Eeet per second 

0 
5 
9 

11 
9 
10 

0 
2 
4 
9 

11 
11-112 

>11-1/2 

0 

2 
4 

0 
4 
8 

' 9  

0 
5 
LO 

Burning r a t e ,  
cent imeter  
pe r  minute 

0.08 
0.10 
0.10, .14 
0.13, .14 
0.131 
0.133 

0.19 
0.24 
0.25 
0.27 
0.25 
0.23 

B l o w o f f  

(0.15) 

0.21 
0.18 
0.21 

210.35 
210.30 
210.29 

210.49 
310.56 
- 3/0.61 

Remarks 

T o m  
T o m  
T o m  

T o m  
T o m  

Estimated from rate 
i n  round t r a y  

Torn 

T o r n  

- 11 
- 21  
- 3 1  

Average of wind v e l o c i t i e s  a t  f r o n t  and rear edges of t r a y .  
Measurements made out-of-doors w i t h  some i n t e r f e r e n c e  by wind g u s t s .  
Measured as descr ibed  i n  experiments w i th  hydrogen bu t  w i th  only one 

thermopile .  

....... -. .. -. .. . 
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Vessel Pos i t i on  of probe 

Glass--66-mill imeter i n s i d e  diameter Center 

Metal--1-foot diameter. . . . . . . . . . . . . .  Center 
Do............................. Side 

Do.. . . . . , . . . . . . . . . . . . . . . . . . . . . .  1 inch  from leeward edge 
Do............................. 3-1/2 inch from leeward edge 
Do.................,........... 2-inch from windward edpe 

Radiant f l ux ,  
w a t t s  per square 

cent imeter  
0.32 
0.15 
0.32 
0.29 
0.33 
0.27 

TABLE 6. - Radiat ion by gaseous d i f f u s i o n  flames 

Fuel  

Carbon 
monoxi de 

Hydro g en 

Ethylene 

Burner  
liameter: 

inches 

0.20 
0.36 
0.73 
1.6 
3.3 
8.0 

16 .O 

0.20 
0.36 
0.73 
1 .6  
3.3 
8.0 

16 .O 

0.20 
0.36 
0.73 
1.6 
3.3 
8.0 

16 .O 

100 x 
r ad ia t ion  ou tpu t ,  
Thermal output  

(percent  ) 

17.6 
17.6 
21.4 
23.4 
23.1 
16.2 
16.5 

9.5 
9.1 
9.7 

11.1 
15.6 
15.4 
16.9 

27.5 
27.8 
35.3 
38.3 
38.4 
31.9 
35.8 

Fuel 

~~ 

Butane 

Methane 

Natura l  gas 
(95 per -  
cen t  CQ) 

Burner 
iameter, 

inches 

0.20 
0.36 
0.73 
1.6 
3.3 
8.0 

16 .O 

0.20 
0.36 
0.73 
1.6 
3.3 

8.0 
16.0 

100 x 
-ad ia t ion  o u t p u t ,  
Thermal output  

(percent  ) 

21.5 
25.3 
28.6 
28.5 
29.1 
28.0 
29.9 

10.3 
11.6 
16 .O 
16.1 
14.7 

19.2 
23.2 

* 

P 

t 

h 
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Assumed flame temperature ,  "K.  
2320............................... . 

TABLE 7 .  - Ehis s iv i ty  of hydrogen d i f fus ion  flame 
on 16-inch burner  

emi  s s i v i  t y 
0.0046 

I Average 

lgoo.. . . . . . . . . . . .  ................... 
1700................................ 
1600... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.01 
0.015 
0.02 

TABLE 8. - Radiat ion by l iqu id-suppor ted  d i f f u s i o n  flames 

Fue 1 

Methanol.. . . . . . . . . . .  

Ethanol. . . . . . . . . . . . .  

Benzene... . . . . . . . . . .  

Butane, . . . . . . . . . . . . .  

Vessel 
iiameter , 
inches 

1 
2 
3 
6 

48 
48 

3 
6 

2 
3 

18 
30 
48 

12 
18 
30 

13 Hydrogen.. .......... 

x 100, Radia t ion  output  
Thermal ou tpu t ,  

percent  
11.7 
14.3 
16.2 
16.5 
12.7 

Lj17.0 

19.1 
19.5 

37.8 
35 .O 
34.5 
35.0 
36 .O 

19.9 
20.5 
26.9 

25 
:mospheric moisture .  
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TABLE 9. - Percentage absorp t ion  of flame r a d i a t i o n s  by w a t e r  vapor 
(steam a t  100" C.)  i n  ce l l s  wi th  CaF2 windows 

Percentage absorp t ion  
Cell l eng t  2!l , 

i/ 7 -inches- 3 - 1/2-inches- 
Burning f u e l  Cell  length  

33 45 
U D M H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 - 
Methanol . , . . . . . . . . . . . . . . . . . . . . . . . .  13 - 
Hexane. . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-6 - 
- 1/ 

- 21 

Hydrogen .......................... 

Considered comparable t o  12 - f t .  pa th  w i t h  water vapor a t  15 mm. 

Considered comparable t o  24 - f t .  pa th  wi th  water vapor a t  15 mm. 
p a r t i a l  p re s su re  and 25" C .  

p a r t i a l  p re s su re  and 25" C .  

TABLE 10. - Proposed quan t i ty -d i s t ance  t a b l e s  f o r  l i q u i d  hydrogen 

Dis tance  t o  i nhab i t ed  bu i ld ings  I Dis tance  between s t o r a g e  I tanks 
Dis tance  Pounds Dis tance  Pounds 

Over I N o t  over  ( f e e t )  Over 1 N o t  over  ( f e e t )  
n I  2 00 100 0 1  2,000 50 - ~ _ .  

200 1 , 000 15 0 2,000 l0;oOo 100 

5,000 20,000 250 20,000 40 , 000 200 
1 , 000 5,000 200 10 , 000 20,000 150 

20,000 40,000 300 40,000 60 , 000 250 
40,000 100,000 350 60,000 100 , 000 300 
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APPENDIX I1 

Cryos ta t  and Associated Equipment 

The layout  o f  t h e  Co l l in s  Cryos ta t  and t h e  r e l a t e d  equipment i s  shown 
schemat ica l ly  i n  f i g u r e  3 9 ,  The c r y o s t a t ,  two four -s tage  compressors, t h e  
gasholder  and helium cy l inde r s  were set up i n  one area and t h e  hydrogen-supply 
and liquid-hydrogen dewars i n  a separate adjacent area that i s  covered by a 
hood and vented  by a vertical 20-inch s t a c k  leading  through t h e  hood. 
shown a t  t h e  l e f t  i n  t h e  f i g u r e  is  loca ted  nea r  t h e  c e i l i n g  t o  prevent  t h e  ac- 
cumulation of hydrogen t h a t  escapes from t h e  hooded area o r  from t h e  c r y o s t a t .  

A f an  

i 
A commercial gas  ana lyze r  w a s  adapted f o r  u s e  i n  de t ec t ing  leaks  i n  t h e  

above system. A hydrogen bui ldup t o  0.5 percent  i n  any of  t h e  f i v e  areas 
above t h e  working area o r  nea r  t h e  exhaust f an  causes  t h e  equipment t o  sound 
an a u d i b l e  alarm. The u n i t  w a s  found t o  work s a t i s f a c t o r i l y ;  hydrogen leaks  
w e r e  de t ec t ed  on several occasions wi th  t h i s  arrangement. 

I n  p r a c t i c e ,  approximately one hour is r equ i r ed  t o  i n i t i a t e  l i q u e f a c t i o n  
By precool ing t h e  hydrogen stream wi th  l i q u i d  a f t e r  s t a r t u p  o f  t h e  c r y o s t a t .  

n i t r o g e n  j u s t  be fo re  i t  e n t e r s  t h e  c r y o s t a t ,  a l i q u e f a c t i o n  rate of  6 t o  6.5 
l i ters  of  hydrogen pe r  hour i s  achieved. 

The l i q u i d  hydrogen is  t r a n s f e r r e d  from t h e  c r y o s t a t  through an evacuated 
t r a n s f e r  l i n e ;  helium is  used t o  p r e s s u r i z e  t h e  space  above t h e  l i q u i d  and e f -  
f e c t  t h e  t r a n s f e r .  
from t h e  volume of  gas  f e d  i n t o  t h e  system; t h i s  f i g u r e  i s  checked by t h e  u s e  
of  a resonance-type l i q u i d - l e v e l  i n d i c a t o r .  

The amount of  l i q u i d  produced during a run i s  c a l c u l a t e d  
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Liquid air trap 

FIGURE 39. - Schematic Layout of Col l ins  Cryostat and Related Equipment. 
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APPENDIX I11 

Measurement o f  Liquid Burning Rates 

The burning rates quoted f o r  l i q u i d  hydrogen a l l  depend on an assumption 
t h a t  t h e  ins tan taneous  l e v e l  o f  r a d i a t i o n  from t h e  flame i s  p r o p o r t i o n a l  t o  
t h e  burning rate a t  t h e  same p o i n t  i n  t i m e .  
t i o n  of  t h e  burning and t h e  t o t a l  depth of  l i q u i d  consumed, and has a r eco rd  
o f  r a d i a t i o n  ve r sus  t i m e ,  i t  i s  a s i m p l e  problem of  p r o p o r t i o n a l i t y  t o  con- 
s t r u c t  a curve  o f  burning rate versus  t i m e .  The r a d i a t i o n  records  w e r e  taken 
w i t h  two o r  t h r e e  Eppley thermopiles .  

Then i f  one knows t h e  t o t a l  dura-  

This  method was t e s t e d  w i t h  t h e  convent iona l  f u e l s  a g a i n s t  s e v e r a l  d i r e c t  

A p o i n t e r  can be  observed t o  touch (dimple) t h e  s u r f a c e  and f u e l  i s  
methods of  measurement: (1) With methanol flames one can observe t h e  l i q u i d  
v i s u a l l y .  
added t o  t h e  burner  a t  such a rate as t o  maintain t h i s  c o n t a c t ,  The burning 
rate i s  then determined from t h e  measured a d d i t i o n  ra te  of  f u e l .  (2 )  With 
methanol and benzene t h e  l i q u i d  l e v e l  can b e  al lowed t o  recede  p a s t  an a r r a y  
of  v e r t i c a l l y - s p a c e d  thermocouples. As each thermocouple breaks t h e  s u r f a c e  
t h e r e  i s  an immediate r i s e  . i n  t e m p e r a t u r e  of  s e v e r a l  hundreds of degrees .  The 
r e s o l u t i o n  i n  t i m e  of  t h i s  emergence i s  w i t h i n  2 seconds,  With hydrogen and 
butane  flames no sha rp  break i n  temperature  i s  observed as t h e  thermocouples 
emerge from t h e  l i q u i d  phase i n t o  t h e  vapor phase.  ( 3 )  With wa te r - in so lub le  
f u e l s ,  t h a t  i s ,  benzene, hexane, and butane,  measured volumes of  f u e l  can be  
poured onto water and allowed t o  burn t o  completion. 
f o r  example, 1, 2 and 4 i nches ,  are burned t o  comprise each burning ra te  
de termina t ion .  

Seve ra l  depths  o f  l i q u i d ,  

None o f  t h e s e  d i r e c t  methods o f  measuring t h e  s u r f a c e  level i s  a p p l i c a b l e  
t o  burning of l i q u i d  hydrogen, However, t h e  assumption t h a t  r a d i a t i o n  level 
i s  p r o p o r t i o n a l  t o  burning ra te  w a s  found s a t i s f a c t o r y  w i t h  each of t h e  f i v e  
common f u e l s ,  w i t h  burning ra te  e s t a b l i s h e d  independent ly  by one o r  more o f  
t h e  d i r e c t  methods. 
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APPENDIX I V  

Radia t ion  Measurements 

An instrument  devised h e r e  f o r  measuring r a d i a t i o n  t o  t h e  l i q u i d  s u r f a c e  
i s  shown i n  f i g u r e  40. The e n t i r e  capsule  conta in ing  t h e  d i f f e r e n t i a l  
(shielded-unshielded)  thermocouple i s  immersed i n  t h e  burning f u e l  and e.m.f. 
readings are taken as t h e  l i q u i d  level approaches t h e  t i p  of  t h e  thin-blown 
pyrex s h i e l d .  The readings  i n c r e a s e  t o  a p l a t eau  v a l u e  which is  maintained 

break sha rp ly  upward. Presumably, t h i s  "break" corresponds t o  hea t ing  o f  t h e  
pyrex which i n  t u r n  acts as a r a d i a t i o n  source.  
i s  used as an i n d i c a t i o n  of  r a d i a t i o n  received.  The ch ie f  o b s t a c l e  t o  f u r t h e r  
refinement and u s e  of  t h e  device  i s  t h e  problem of  ca l ib ra t ion - -on ly  a source  
of t h e  same wavelength d i s t r i b u t i o n  as t h a t  o f  t h e  flame can be used. However, 
i t  i s  f e l t  t h a t  t h e  measurements shown i n  t a b l e  5 are of t h e  r i g h t  o r d e r  of  
magnitude and t h e  method should be  a p p l i c a b l e  t o  t h e  s tudy of  o t h e r  fuel-f lame 
systems. 

* 

u n t i l  t h e  l i q u i d  level approaches t h a t  o f  t h e  s i lver  s h i e l d  whereupon readings  3 

The p l a t e a u  v a l u e  o f  e.m.f. 

Pyrex tubing blown 
to 0.018-in. thickness\ 

Rubber grommet ...- 

Myvawaxd , 

Silver shield 

4- Inner ceramic tube 
1.75 mm. 0.d. 

Outer ceramic tube 
&/ 6 mrn. 0.d. 

/--- No. 28 alumel wire 

I .. . 
. . .  . .  ... ' 

:I.;.' 

. . .- ',.: .' 

... :.. 
Pyrex tubing ... .. . 

. . ,  
.... . ... 
* .  
.. . . 
. .. . .. . - 

FIGURE 40. - Compensated Thermocouple for 
Radiation Measurements. 
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