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Introduction 

Of late, liquid hydrogen has become a very popular fuel for space 

missions. 

more, hydrogen is the ideal working fluid for nuclear powered space vehicles 

currently under development. In these applications, liquid hydrogen fuel is 

generally transferred to the combustion chamber by a combination of pumping 

and pressurization. 

to the combustion chamber; gaseous pressurant holds tank pressure sufficiently 

high to prevent cavitation at the pump inlet and to maintain the structural 

rigidity of the tank. 

It is being used in such programs as Centaur and Saturn. Further- 

The pump forces the liquid propellant from the fuel tank 

The pressurizing system, composed of pressurant, tankage, and associated 

hardware can be a large portion of the total vehicle weight. 

can be reduced by introducing the pressurizing gas at temperatures substan- 

tially greater than those of liquid hydrogen. 

thereby induced complicate gas requirements during discharge. These require- 

ments must be known to insure proper design of the pressurizing system. 

Pressurant weight 

Heat and mass transfer processes 

The aim of this paper is to develop from basic mass and energy transfer 

processes a general method to predict helium and hydrogen gas usage for the 

pressurized transfer of liquid hydrogen. 

perimental investigation, the results of which are described in this paper. 

This required an analytical and ex- 
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Analysis 

BASIC RELATIONS. Figure 1 shows a schematic of tile discharge from a 

cy l ind r i ca l  tank as considered i n  t h i s  ana lys i s .  The i n i t i a l  u l lage  volume, 

Vo, i s  rap id ly  pressurized t o  the desired discharge pressure,  P. Thereupon, 

discharge i s  s t a r t e d ,  i n l e t  gas displacing l i q u i d  hydrogen u n t i l  t he  tank i s  

near ly  emptied (u l l age  volume now equal t o  

general ly  small, about 10-15$ of the t o t a l  volume. 

V f ) .  The i n i t i a l  u l lage  volume is  

This ana lys i s  i s  concerned only with pred ic t ing  t h e  gas required t o  d i s -  

charge tile tank (as opposed t o  the  gas required t o  pressur ize  the  i n i t i a l  u l lage  

volume). This gas usage i s  not  simply a matter of displaced volumes, s ince  the  

enter ing i n l e t  gas i s  cooled on contact  with t h e  colder tank w a l l s  and dome. 

Furthermore, mass t r a n s f e r  niiy occur at the  gas- l iqu id  i n t e r f a c e .  These 

processes can be r e l a t e d  t o  t h e  gas requirements through a gas phase energy 

balance as shown i n  Figure 2 .  The changing volume gas phase (enclosed by the  

dashed l i n e s )  i s  chosen as the  thermodynamic system. 

Within a d i f f e r e n t i a l  of discharge t i m e ,  dcp, the  following energy processes 

occur ( a l l  symbols defined i n  nomenclature) : 

(1) enthalpy i s  ca r r i ed  i n t o  the  system by the  pressur iz ing  gas, hi dm; 

( 2 )  t he  e n t i r e  gas phase experiences an i n t e r n a l  energy change, dU; 

( 3 )  flow work i s  done i n  extending the  system boundary (P/J)  dV; 

(4)  enthalpy i s  l o s t  from the  system by mass t r a n s f e r  a t  the  in t e r f ace ,  

(5) there  i s  heat  t r a n s f e r  f r o m  the gas phase t o  the surroundings, dQ. 

A d i f f e r e n t i a l  energy balance f o r  the whole gas  phase can therefore  'be 

, wri t t en  as 
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From the  de f in i t i on  of enthalpy 

and, s ince  f o r  a constant pressure process 

d(PV) = P dV 

the re  obtains  from equations (1) , ( 2 )  , and (3) t h a t  

h i  dm - [dH + hs d m t  + dQ] = 0 (4) 

Since both hi and hs are e s s e n t i a l l y  constant ( i n l e t  gas temperature and 

hydrogen sa tu ra t ion  temperature a r e  constant) ,  equation (4) can be in tegra ted  

over the e n t i r e  t i m e  of discharge t o  give 

h i  Clm - [AH + hsmt + Q] = 0 (5) 

This  can be rearranged t o  y i e l d  the  gas required t o  e f f e c t  discharge 

AH + hsmt + Q 

h i  A m =  (6) 

Thus, for a given gas i n l e t  temperature (determines h i )  and l i q u i d  d i s -  

charge pressure (de te ra ines  

f o r  discharge,  i s  s impl i f ied  t o  t h a t  of pred ic t ing  the  more basic  terms 

and Q. F i r s t ,  the  change of gas phase enthalpy, AH, w i l l  be considered. 

hs) , the  problem of pred ic t ing  Ani, the  gas requi red  

AH, %, 

GAS PHASE ENTHALPY CHANGE. A theo re t i ca l  expression for gas phase enthalpy 

change can r ead i ly  be determined i f  the gas i n  t h e  u l l age  volume can be consid- 

ered as an  idea1,constant-specific-heat gas within t h e  temperature ranges i n -  

volved. A t  temperature T within t h i s  range, the  s p e c i f i c  enthalpy can be 

wr i t t en  as 

i h = 1 1 ~  + Cp(T - TR) ( 7 )  

Since 'che lowest temperature the  gas i s  l i k e l y  t o  a t t a i n  i s  the  sa tu ra t ion  tem- 

pera ture  of the l i q u i d  hydrogen, the  sa tura t ion  state (constant  during discharge) 



can be taken as the reference value for equation (7). Thus 

h = h, + Cp(T - T,) ( 8 )  

Inasmuch as the ullage volume is a non-isothermal region, the total gas 

phase mass and enthalpy are given respectively by 

m =  I P d V  

and 

H = 1 hP dV 
Combining equations ( 8 )  , (9), and (lo), 

H = (hs - CpT,)m + Cp [ TP dV 
Substitution of the ideal gas relation 

MP TP = R 

and integration at constant pressure then yields 

H = (h, - CpTs)m + V ("6") 

(9) 

"lie change in gas phase total enthalpy during discharge (from original to final 

volume) is then 

AH Hf - Ho = (hs - CpTs) (mr - mo) + (y) P AV 

Now from conservation of mass 

m o + A m = m f  + %  

so that, finally 

AH = (hs - CpTs) (Am - mt) + r$) P AV 
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Subs t i t u t ion  of equation (16) i n t o  equation (6)  then y i e l d s  f o r  t h e  gas 

mass 

(17)  
Q 

( h i  - hs) + CpTs 
am= + CpTsmt + ( C ~ M / R )  P nv 

( h i  - hs) + CpTs x h i  - h,) + CpTs 

In  equation ( 1 7 )  t h e  f irst  term on t h e  r i g h t  hand s i d e  represents  t h e  mass 

requi red  t o  merely d isp lace  t h e  l i q u i d ,  the second term is  t h a t  requi red  be- 

cause of i n t e r f a c i a l  mass t r ans fe r ,  and the t h i r d  represents  t h e  mass requi red  

t o  counteract heat loss. As Cp, M, and R a r e  p rope r t i e s  of t h e  pressurant  

and P, AV, h i ,  and hs a r e  obtained from prescr ibed  operating conditions,  

t h e  problem i s  now reduced t o  determining mt and Q. 

INTERFACIAL MASS "SFEE. Mass can be t r a n s f e r r e d  across  t h e  l i q u i d  

hydrogen i n t e r f a c e  by means of condensation or evaporation. There i s  evidence 

, t h a t  t h e  condition of t h e  l i q u i d  in t e r f ace  markedly influences gas - l iqu id  mass 

t r a n s f e r .  I n t e r f a c i a l  mass t r a n s f e r  might be of p a r t i c u l a r  s ign i f i cance  i n  

systems i n  which t h e  i n t e r f a c e  i s  ag i t a t ed  by tank v ib ra t ion .  

During p res su r i za t ion  with hydrogen gas, t h e  l i q u i d  hydrogen i s  subcooled. 

This r e s u l t s  i n  r ap id  condensation of hydrogen a t  t h e  in t e r f ace ,  quickly r a i s i n g  

the  i n t e r f a c e  temperature t o  the  sa tu ra t ion  temperature corresponding t o  tank 

pressure .  Thereafter,  t h e  r a t e  of  condensation i s  s e t  by the rate of heat 

t r a n s f e r  from t h e  i n t e r f a c e  t o  t h e  colder l i q u i d .  

t h a t  t h i s  heat t r a n s f e r  process w a s  similar t o  t r a n s i e n t  heat conduction i n t o  

a semi - in f in i t e  slab, estimated that gaseous condensation was neg l ig ib ly  small. 

However, t h i s  theory has not received adequate experimental confirmation. 

Clark ( r e f .  l), assuming 

When helium pressurant i s  used on hydrogen l i q u i d ,  t he  complication of a 

two component system i s  encountered. Because of t he  complexity of t h i s  system, 

an ana lys i s  not contingent upon r e s t r i c t i v e  or  u n r e a l i s t i c  assumptions d i d  not 



seem poss ib le .  It w a s  f e l t  des i rab le ,  therefore,  t o  obtain an experimental 

evaluat ion of the  general  magnitude of t h e  i n t e r f a c i a l  mass t r a n s f e r  t e r m  of 

equation (17)  f o r  hydrogen and helium pressurants,  and t o  a sce r t a in  i t s  s i g n i f i -  

cance compared t o  the  other  two terms. 

HEAT TRANgFER. Heat t r a n s f e r  takes place from the gas t o  the  tank piping 

and i n l e t  d i f fuser ,  the  tank dome, and the tank walls. In  general ,  it is  ex- 

pected t h a t  heat  t r a n s f e r  t o  the  tank w a l l ,  &w, w i l l  be the  dominant f ac to r  i n  

the  heat  t r a n s f e r .  It is  therefore  convenient t o  express the  t o t a l  heat  t rans-  

f e r  as 

& = % + & e  (18) 

where Qe 

the  upper end of the  tank.  

heat  t r a n s f e r  i s  d i f f i c u l t  t o  achieve since t h i s  heat  input  w i l l  depend on the  

p a r t i c u l a r  tank and piping design, dome geometry, e t c .  However, t he  wall heat  

t r a n s f e r  i s  amenable t o  ana lys i s .  

i s  the  heat  input  t o  the  components (piping, screens,  and dome) i n  

The development of a predic t ion  technique f o r  end 

The t h e o r e t i c a l  method developed by Clark ( r e f .  2) f o r  ca l cu la t ing  w a l l  

heat  t r a n s f e r  could not  be appl ied  t o  l i q u i d  hydrogen discharges,  as t h e  re- 

quirements of constant gas and w a l l  propert ies  cannot general ly  be met. Under 

conditions encountered i n  a s ing le  hydrogen discharge,  gas dens i ty  can vary 10 

f o l d  and w a l l  s p e c i f i c  hea t  100 fo ld .  Therefore an a l t e r n a t e  approach, dimen- 

s iona l  ana lys i s ,  w a s  used. It was hoped i n  t h i s  way t o  develop a r e l a t i v e l y  

simple empir ical  w a l l  heat  t r a n s f e r  cor re la t ion .  

Preliminary data and t h e o r e t i c a l  considerat ions ind ica ted  t h a t  t h e  heat  

t r ans fe r r ed  t o  the  s i d e  walls of a cy l indr ica l  tank, &w, can be expressed as a 

funct ion of the following va r i ab le s  

Qw = f (  8 ,  8,  C, Cw, D, L, G,m) (19) 
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where t h e  gas phase and w a l l  thermal capac i t ies  (per  u n i t  w a l l  a r ea )  a r e  

respec t ive ly  

C = CpFD 

and 
- 

cw = Cp,wPwG ( 2 1 )  

i s  the  heat t r ans fe r r ed  t o  t h e  w a l l  i f  the  e n t i r e  w a l l  were s,, The term 

heated t o  the  temperature of the  i n l e t  gas,  

rTi 

From equation (19) t h e  following dimensionless equation r e s u l t s  

The group (aw/Q,- 

t r a n s f e r .  The groups C/Cw and &/C, represent  t he  tendency f o r  t he  w a l l  

t o  oecome heated. The former expresses w a l l  response t o  gas phase temperature 

po ten t i a l ;  t he  l a t t e r  expresses w a l l  response t o  ti-e heat t r a n s f e r  c o e f f i c i e n t  

and discharge time. 

h ie  gas involved i n  the  w a l l  heat t r ans fe r  process.  

needed t o  determine the  function @ of equation ( 2 3 ) .  

i s  the  f r a c t i o n a l  approach t o  the  t o t a l  poss ib le  hea t  

The f i n a l  group, L/D, i s  a r e f l e c t i o n  of the f r a c t i o n  of 

Experimental work is  

If t h e  proposed heat t r a n s f e r  co r re l a t ion  proves f eas ib l e ,  t he  working 

r e l a t i o n  for gas requirement w i l l  b e  given 

as 

from equations (17), (18), and ( 2 3 ) ,  



Experimental Set-up 

An experimental i nves t iga t ion  of l i qu id  hydrogen discharge with gas pres -  

surant  w a s  made t o  study the  phenomenon and t o  evaluate t h e  unknown parameters 

and func t iona l  r e l a t i o n s  of equation ( 2 4 ) .  

- i a l l y  t e s t  the  theore t ica l ly-der ived  equation (16) upon which equation (24)  

It w a s  a l s o  des i r ed  t o  experimen- 

depends. A b r i e f  summary of the  apparatus, instrumentation, and tes t  proce- 

dures used and the  major r e s u l t s  of t h e  t e s t s  w i l l  now be given. 

APPARATUS. Expulsion conditions were s tud ied  using a 27-inch diameter 

c y l i n d r i c a l  tank w i t h  dished head ends, 89 inches long ove ra l l ,  made of 5/16 

inch t h i c k  304 s t a i n l e s s  s t e e l  p l a t e .  Heat l e a k  t o  the  tank w a s  con t ro l l ed  by 

a vacuum jacke t  surrounding t h e  e n t i r e  tank. An isometric view of t h e  tank i s  

shown i n  Figure 3. 

The i n l e t  gas d i f fuse r ,  which w a s  overdesigned t o  insure  t h a t  flow w a s  

d i r ec t ed  v e r t i c a l l y  downward with a f l a t  ve loc i ty  p r o f i l e ,  occupied t h e  e n t i r e  

upper end. The d i f f u s e r  and the  instrumentation i n  the  upper end of the  tank 

a r e  shown i n  f igu re  4 .  The inner  surface of t h e  tank dome w a s  i n su la t ed  with 

a 1/2-inch l a y e r  of cork, and the  d i f fuse r  p a r t s  and'screens were r i d e  t h i n  i n  

order t o  minimize cooling of the  incoming gas. 
4 

The c y l i n d r i c a l  por t ion  of the  t a n k  was  l e f t  c l e a r  (no slo.sh b a f f l e s ,  r i b s ,  

e t c . )  t o  avoid a r t i f i c i a l  disturbance of t he  l i q u i d  or gas during outflow. The 

l i q u i d  o u t l e t  w a s  centered i n  t h e  bottom sur face  and no vor tex  s p o i l e r  was 

i n s t a l l e d  . 
E i t h e r  hydrogen or helium pressur iz ing  gas w a s  ava i l ab le  from supply cy l -  

inders .  The gas w a s  drawn from p a r a l l e l  p ressur iz ing  systems and passed through 

a flow r a t e  measuring o r i f i c e  before entering the  tank. 
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INSTRUMENTATION. Liquid and gas temperatures in s ide  the tank were sensed 

w i t h  f ixed  semiconductor (carbon r e s i s to r )  probes. 

and ca l ib ra t ion ,  an absolute  accuracy be t t e r .  than kO.2' R a t  37' R w a s  ind i -  

cated ( r e f .  3 ) .  

probes spaced 1/3 inch apa r t .  

l e v e l  with 1/4 inch spacing near the  w a l l .  

loca t ions  a r e  ind ica ted  by the  s o l i d  dots i n  Figure 3 .  

Through se l ec t ion ,  ageing 

A v e r t i c a l  survey was made a t  the  mid-radius pos i t ion  with 

A transverse survey w a s  made a t  t h e  50$ ul lage  

Spec i f ic  f l u i d  temperature measuring 

Metal temperatures were sensed w i t h  copper-constantan thermocouples s o l -  

dered d i r e c t l y  t o  t h e  outer  sur face  of the tank w a l l .  

locact ions a r e  a l s o  ind ica ted  i n  f igure  3 by the  t r i ang le s  on the  tank w a l l .  

These thermocouple 

Probe s igna l s  were sampled a t  the  r a t e  of 18 per  second, so t h a t  any par- 

I t i c u l a r  temperature p r o f i l e  w a s  surveyed i n  about 1- seconds. 2 

PROCEDURE. Each expulsion trial began with t h e  tank f i l l e d  t o  within 6 

inches of t h e  d i f fuse r  o u t l e t  screen (15% ul lage)  with l i q u i d  para-hydrogen 

boiling a t  atmospheric pressure,  and a l l  metal temperatures s t a b i l i z e d .  The 

tank w a s  p ressur ized  within 10 seconds, and l i q u i d  outflow w a s  i n i t i a t e d  and 

s t a b i l i z e d  within 10 seconds. 

pressure constant .  The outflow r a t e  was he ld  constant .  

Gas w a s  continually supplied t o  keep the  ullage 

Ten experimental runs were made using ambient temperature hydrogen or 

helium as pressurant .  

and tank pressures  were 60 and 160 ps i a .  

ings w a s  low, general ly  about 40 Btu/hr-sq f t .  

Resul ts  and Discussion 

Nominal l i q u i d  outflow r a t e s  were 0.3 and 1.0 lb/sec 

Heat leak from t h e  ambient,s,urround- 

The operat ing conditions,  major r e su l t s ,  and measured and ca lcu la ted  quan- 

t i t i e s  o f  i n t e r e s t  obtained from the  t e s t  runs a r e  summarized i n  table 1 and 

discussed i n  the  following sec t ions .  
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INTERFACIAL MASS TRANSFER. A gas phase inventory method was used t o  de- 

termine the  quant i ty  of i n t e r f a c i a l  mass t r a n s f e r ,  mt, from t h e  experiiiiental 

da ta .  In  t h i s  method, the quant i ty  of gas i n  the tank a f t e r  discharge i s  com- 

pared t o  the  quant i ty  o r ig ina l ly  present p lus  that added during discharge.  

may be expressed mathematically as 

This 

mt = mf - (h + mol ( 2 5 )  

The gas added during discharge, Am, w a s  determined from supply cyl inder  

temperature and pressure before and a f t e r  discharge.  

corroborated by in t eg ra t ion  of o r i f i c e  gas  flow r a t e s .  

These quan t i t i e s  were 

The o r i g i n a l  mass of u l lage  gas mo and the  f i n a l  mass mf were evaluated 

by numerically in t eg ra t ing  the experimental gas dens i ty  p r o f i l e  throughout t h e  

respec t ive  gas phase volumes according t o  equation ( 9 ) .  

i n  these in t eg ra t ions  were obtained from real gas property data a t  the  tank 

pressure and l o c a l  gas temperature. Hydrogen gas state da ta  were obtained from 

reference 4 and helium gas densi ty  w a s  obtained using the  Ekattie-Bridgeman 

equation. 

Values f o r  gas dens i ty  

For t h e  hydrogen pressurized discharges, it was found i n  a l l  the  runs t h a t  

the  type of  mass t r a n s f e r  encountered was evaporation r a t h e r  than condensation. 

Of t he  gas added during discharge, t he  percent t r ans fe r r ed  w a s  2.8% on the  aver- 

age and 7.8% i n  the extreme case (column 7 of table 1). 

For helium pressurized discharges,  it w a s  assumed t h a t  t h e  helium com- 

pressed t h e  hydrogen gas i n i t i a l l y  i n  the tank i n t o  a l a y e r  above t h e  l i q u i d .  

The tank the re fo re  w a s  assumed t o  consist  of  tn ree  zones: l i q u i d  hydrogen, 

vaporous hydrogen, and g a s e ' b  helium. 

l a r l y  t o  t h a t  j u s t  described f o r  the one component system, with the  d i f fe rence  

t h a t  i n  t h e  ca l cu la t ion  of mo and m f ,  allowance was made f o r  t he  two gas 

zones. 

A mass inventory w a s  ca r r i ed  out s i m i -  
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The r e s u l t s  showed t h a t  i n  some runs, condensation of hydrogen vapor, and 

i n  o thers  evaporation of l i q u i d  hydrogen, occurred. In  two runs, t h e  calcula-  

t i ons  indicated t h a t  helium dissolved i n  t h e  l i q u i d  hydrogen. In  no run d id  

the  ca lcu la ted  mass t r a n s f e r  exceed 12% of the pressurant  usage (column 7 of 

t a b l e  1). It was believed t h a t  these  ra ther  e r r a t i c  r e s u l t s  were due t o  t h e  

assumption of gas phase s t r a t i f i c a t i o n .  The magnitudes of t h e  mass t r a n s f e r  

ca lcu la ted  f o r  heliuni w a s  therefore  considered somewhat questionable.  

ENTHAWY CHANGE. I n  t h e  development of t he  equation f o r  enthalpy change 

(eq.  (16)), it w a s  assumed t h a t  the  gas i n  the u l lage  volume can be represented 

by t h e  ideal gas equation of s t a t e  and has a constant s p e c i f i c  heat  f o r  the  

temperature range Ts t o  T i .  I n  order t o  obtain an ind ica t ion  of t he  v a l i d i t y  

of equation (16) a comparison was made of values of AH ca lcu la ted  using equa- 

t i o n  (16) and those obtained from experimental gas phase data. 

AH from equation (16), experimentally determined values of Am and m t  were 

I n  evaluat ing 

used. 

a r i thmet ic  mean temperature, 

$pec i f ic  heat which a c t u a l l y  i s  not constant,  was evaluated a t  the  

This based s p e c i f i c  heat  on r ead i ly  ava i lab le  temperatures. 

Experimental gas phase data w a s  used t o  obtain AH by numerical in tegra-  

t i o n  of gas densi ty  and s p e c i f i c  enthalpy p r o f i l e s  according t o  

Gas d e n s i t i e s  were obtained as indicated previously i n  the mass t r a n s f e r  calcu- 

l a t i o n .  Spec i f ic  enthalpy data were obtained from reference 5 f o r  hydrogen and 

reference  6 f o r  helium. 
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The comparison of these  two methods fo r  evaluat ing enthalpy change i s  

shown i n  columns 8 through 10 i n  t a b l e  1. 

w i t h  a maximum deviat ion of -6.74% and average deviat ion of  -2.7%. 

ca tes  t h a t  t he  assumptions made i n  t h e  der ivat ion of equation (16) and the  

evaluat ion of the spec i f i c  heat  a t  temperature 

c i ab le  e r r o r  i n  determining AH f o r  t h e  10 t e s t  runs. 

The agreement i s  seen t o  be good, 

This i nd i -  

% did  not  introduce an appre- 

€EAT TRANSFER. The heat t ransfer red  from t h e  gas  phase during the l i q u i d  

discharge per iod 

t a l l y  determined values of &I, Am, and mt. These values of t o t a l  heat  t r a n s f e r  

a r e  l i s t e d  i n  coluon 11 of t a b l e  1. 

Q w a s  ca lcu la ted  from equation (6)  by s u b s t i t u t i n g  experimen- 

DISTRIBUTION. In  order t o  obtain an ind ica t ion  of t he  d i s t r i b u t i o n  of 

t he  t o t a l  hea t  t ransfer ,es t imates  were made of the  hea t  input  t o  the  tank w a l l ,  

Qtr, and the  tank end region, Qe. 

inputs  t o  the  dome, d i f fuse r ,  and piping. End region heat  input  w a s  computed 

i n  two ways: from t h e  s p e c i f i c  hea ts ,  masses, and measured temperature rises 

of the  respec t ive  components; and from the drop i n  enthalpy of t h e  i n l e t  gas 

due t o  i t s  temperature change between the i n l e t  p ipe  and the  lower d i f fuse r  

screen.  Resul ts  of both methods checked f a i r l y  well ,  and values obtained from 

the  former method a r e  l i s t e d  i n  column 1 2  of table 1. The tank heat  input Qe 

i s  a small term which does not vary g rea t ly .  

ind ica ted  f o r  the t e s t  runs. 

The end region heat  t r a n s f e r  included the  heat  

An average value of 130 Btu was 

The heat  input  t o  t h e  tank w a l l  was ca lcu la ted  from the mass, spec i f i c  

heats ,  and measured temperature r i s e s  of t h e  w a l l .  In  order t o  properly account 

f o r  longi tudina l  temperature va r i a t ion ,  t h e  w a l l  w a s  d ivided i n t o  20 cy l ind r i ca l  

s h e l l  volume elements, and the  heat  input t o  each summed. 

a r e  tabula ted  i n  column 13 of t a b l e  1. 

These values of Q 
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The sum of &w and Qe obtained in this manner was then compared to the 

total heat transfer Q obtained from the energy balance. Deviation varied from 

13.7 to 30.8$, with Q always greater. It is believed that this discrepancy is 

due primarily to possible inaccuracies in the calculation of the wall heat trans- 

fer. The prime source of inaccuracy here m y  be in the uncertainty of the data 

used for specific heat of stainless steel." A second possible source of inaccu- 

racy nlay have been due to the existence of temperature gradients across the tank 

wall due to the transient heating of the walls (wall teiliperature measurements 

were made on the outer surface of the wall). However, preliminary calculations 

indicate that these transient gradients are minor. 

In view of the uncertainty in the calculated w a l l  heat transfer, it was 

decided to use the difference Q - &e f o r  &w. These values are listed in 

column 14 of table 1. It is seen that wall heat transfer increases with in- 

creased tank pressure and discharge time, and was approximately the same for 

hydrogen and helium. 

It is valuable to compare the heat the wall receives from the gas with 

that it receives from the ambient surroundings via heat leak through the vacuum 

jacket. 

ambient-wall heat flux was only about 40 Btu/(hr) (sq ft) . 
ambient heat leak is negligibly low. 

A good average for gas-wall heat flux was 2000 Btu/(hr)(sq ft) , whereas 
This indicates that 

*Experimental information is scarce for temperatures below room temperature. 

data w e d  in this report (obtained from ref. 7) were calculated from the Debye 

equation on the basis of 18% chromium, 8% nickel, the balance 

adjusted for agreement with experimental values near room temperature. Thus the 

specific heat data are based on a theoretical equation the results of which are 

1 weight averaged. 

The 

Y-Fe and then 
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CORRELATION OF WALL HEAT TRANSFER. Evaluation of t he  parameters of 

equation ( 2 3 )  required the  determination of C, Cw, and a .  
gas proper t ies  Cp and i n  C were evaluated a t  the  mean temperature as 

defined i n  equation ( 2 6 ) .  The mean w a l l  s p e c i f i c  heat  i n  Cw w a s  evaluated as 

For s impl ic i ty ,  t h e  
- 

An ove ra l l  heat  t r a n s f e r  coef f ic ien t  f o r  each discharge was calculated 

I 
from the  s tandard co r re l a t ion  fo r  v e r t i c a l  f r e e  convection ( r e f .  8 ) .  

t 

l For equation ( 2 9 ) ,  all gas proper t ies  were evaluated a t  t h e  mean temperature de- 

f ined  by equation ( 2 6 ) .  Also,  s ince  3 i s  not  p a r t i c u l a r l y  s e n s i t i v e  t o  AT, i t  

w a s  found s u f f i c i e n t  t o  use .an  average value of AT for a l l  the  runs. This value 

w a s  175' R which represents  a va lue  of AT/(Ti - Ts) of approximately 0.375. 

1 

Comparison between these  ca lcu la ted  heat  t r a n s f e r  coe f f i c i en t s  and experimen- 

t a l l y  determined values  showed f a i r  agreement as indica ted  i n  columns 15, 16, 

and 17  of t a b l e  1. 

I 

Values of t he  dimensionless groups used i n  the  co r re l a t ion  a r e  given i n  

I columns 18, 1 9 ,  and 20 of t a b l e  1. As L/D w a s  e s s e n t i a l l y  constant  a t  a 
I 

value of 2 .5 , i t s  e f f e c t  on heat  t r ans fe r  could not be experimentally cor re la ted .  

The co r re l a t ion  i s  presented as a p l o t  of (e)/@$30'55 versus (k) as 

, shown i n  Figure 5.  

A s  extensive data were not  taken and the  ind iv idua l  e f f e c t s  of a l l  the  

var iab les  not  s tudied,  t h i s  co r re l a t ion  should be viewed as a t e n t a t i v e  r e s u l t .  

Also,  f o r  these reascns,  no attempt w a s  made t o  inathematically represent  the  
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f a i r e d  curve. 

l i s t s  t h e  range of each of t he  var iables  s tud ied .  

The l imi t a t ions  of che cor re la t ion  a r e  implied i n  t a b l e  2 which 

COMPARISON OF TERMS. The dependance of gas usage on the  processes occur- 

r i n g  during disciiarge i s  expressed by equation (24) .  The por t ion  of t he  t o t a l  

w&S gas usage a t t r i b u t a b l e  t o  each term within the  bracket of equation (24) 

determined by dividing each term by the common f a c t o r  [ ( h i  - hs) +.CpTs 

These q u a n t i t i e s  (units of mass) a r e  tabulated i n  columns 2 1  through 24 

t a b l e  1. 

of 

It is  c l e a r  from t h i s  comparison t h a t :  (1) the  major cont r ibu tan ts  t o  

gas usage a r e  the  displacement and w a l l  heat  t r a n s f e r  terms; (2 )  t he  end hea t  

t r a n s f e r  i s  a small e f f e c t  which makes its l a r g e s t  cont r ibu t ion  fo r  low pres-  

sure ,  r a p i d  discharges; and (3) t h e  e f fec t  of the  i n t e r f a c i a l  inass t r a n s f e r  

term may be neglected.  

Predic t ion  of Gas Requirements 

Using equation (24) ,  the experimental discharge conditions,  and the  

methods o f  ca lcu la t ion  and predic t ion  herein developed, gas requirements 

were ca lcu la ted .  

p ressurant  was as follows: 

Am 

The procedure involved f o r  a given P, AV, 8, T i ,  T,, and 

(1) The s p e c i f i c  enthalpies ,  h i  and h,, were obtained from T i ,  T,, P 

and t h e  data of references 6 and 7 .  

( 2 )  All gas proper t ies  were evaluated a t  the  average temperature between 

T i  and T s .  

(3) Wall heat  capacity and maximum heat  addi t ion  were computed from equa- 

t i ons  ( 2 8 )  and (22)  respec t ive ly .  

(4)  G a s  t o  w a l l  temperature drop i n  equation (29) was estimated froill 

AT/(Ti - Ts) = 0.375. 
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(5) The groups @e/Cw) and (C/C,) were computed and 0 obtained from the  

co r re l a t ion  of Figure 5. 

( 6 )  A value of 130 Btu w a s  used for Qe. 

( 7 )  Gas usage, An, i s  then calculated from equation (24 ) .  

Predicted values of gas requirement were ca lcu la ted  according t o  t h i s  

procedure f o r  t he  t en  t e s t  runs and compared with experimental values  as de te r -  

mined from the  gas supply cyl inders .  These r e s u l t s  a r e  shown i n  colwms 25 

through 27 of t a b l e  1. Deviation was 4.48% on the  average and 14.0% maximum. 

In using the method proposed herein t o  p red ic t  gas requirements under 

conditions other  than those s tudied  i n  t h i s  r epor t ,  t he  following problems and 

l i m i t a t i o n s  should be noted: 

(1) Tank movement, p a r t i c u l a r l y  osc i l l a t ion ,  may d i s t u r b  the  gas l i q u i d  

i n t e r f a c e  s u f f i c i e n t l y  t o  cause s ign i f i can t  mass t r a n s f e r .  

( 2 )  The t e n t a t i v e  hea t  t r a n s f e r  cor re la t ion  i s  based upon data l imi t ed  

both i n  quan t i ty  and i n  the  range of operating conditions s tud ied .  Furthermore 

t e s t  condi t ions such as i n l e t  gas temperature, w a l l  mater ia l ,  heat  l eak  and 

tank geometry were not  var ied .  

( 3 )  End heat  t r a n s f e r  w i l l  d i f f e r  from system t o  system depending upon such 

va r i ab le s  as d i f fuse r  design and dome geometry. In  order t o  f a c i l i t a t e  ana lys i s ,  

t h e  tank used i n  t h i s  study w a s  designed to minimize end hea t  t r a n s f e r .  

i n  a r e a l i s t i c  system, end heat t r ans fe r  could wel l  be important, and therefore  

warrants considerat ion.  

However 

The proposed predic t ion  method, while r e s t r i c t e d  i n  i t s  a b i l i t y  t o  quant i -  

t a t i v e l y  predic’c gas requirements, can be very he lpfu l  i n  q u a l i t a t i v e l y  

analyzing t h e  e f f e c t s  of system parameters. To f a c i l i t a t e  q u a l i t a t i v e  study, 

equation (24) was s impl i f ied  by: (1) dropping t h e  small terms (illass t r a n s f e r  
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and end hea t  t r a n s f e r )  ; ( 2 )  subs t i t u t ing  i n t o  i t  the  approximate r e l a t i o n s h i p  

f o r  h i  

and a l g e b r a i c a l l y  s i m p l i e i n g ;  and (3) s u b s t i t u t i n g  i n t o  it the  w a l l  hea t  

trans f e r  co r re l a t ion  

0.55 
Qw = Qw,w p) of(&) 

These changes y ie lded  

For ins tance ,  t he  e f f e c t  of choice of pressurant  on gas requireinents can 

i s  about oe seen. 

4 f o r  helium and 2 f o r  hydrogen), t h e  displacement term [ (M/R)P AV/Ti] f o r  

helium pressurant  i s  twice t h a t  f o r  hydrogen pressurant  a t  the  same i n l e t  tem- 

A s  helium's molecular weight is twice t h a t  of hydrogen (M 

pe ra tu re .  For t h e  w a l l  heat t r a n s f e r  term,  t h e  main d i f f e rence  i s  due t o  

e f f e c t  of s p e c i f i c  heat,  

hydrogen's i s  about 3.05 Btu/lb-mass%. It should be noted that ne i the r  t h e  

product C PD comprising C, nor the  heat t r a n s f e r  c o e f f i c i e n t  i n  t h e  group 

&/Cw) have s i g n i f i c a n t l y  d i f f e r e n t  values f o r  helium than f o r  hydrogen. 

. Helium's s p e c i f i c  heat i s  about 1 . 2 5  Btu/lb-mass OR, cP 

- -  
P 

Thus 

the  wall heat  t r a n s f e r  term i s  about 2 .4  Limes as l a r g e  f o r  helium than f o r  

hydrogen pressurant .  Experimental results ( s e e  t a b l e  1) revealed t h a t  about 

twice as much helium as hydrogen w a s  needed f o r  a given discharge, which agrees 

with t h e  q u a l i t a t i v e  ana lys i s  described above. 

The e f f e c t s  of o ther  va r i ab le s ,  e.g., i n l e t  gas temperature and tank pres-  

sure  can be s i m i l a r l y  inves t iga t ed  by ana lys i s  of equation ( 3 2 ) .  

4 
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Sumnary 

An a n a l y t i c a l  r e l a t i o n  has been developed expressing gas requireiiients f o r  , 

the  pressurized t r ans fe r  of l i q u i d  hydrogen from a cy l ind r i ca l  tank as a func- 

t i o n  of known system parameters and two quan t i t i e s  t o  be experimentally de te r -  

mined, i . e . ,  i n t e r f a c i a l  mass t r ans fe r  and gas phase hea t  t r a n s f e r .  For the  

experimental t e s t  conditions s tud ied  ( i n  p a r t i c u l a r ,  a quiescent  gas- l iqu id  

in t e r f ace  and low hea t  l eak  from the ambient) t he  e f f e c t  of mass t r a n s f e r  on 

gas requirements w a s  found t o  be negligibly small. The hea t  t r ans fe r r ed  t o  the  

w a l l ,  which cons t i tu ted  the  major contributant t o  gas phase heat  t r ans fe r ,  w a s  

p red ic ted  by a co r re l a t ion  developed herein w i t h  reasonable c e r t a i n t y  within 

the  range of t he  experimental t e s t  conditions considered. 

From the  a n a l y t i c a l  r e l a t i o n  and the genera l iza t ion  of t he  experiinental 

r e s u l t s ,  gas requirements were predicted w i t h  reasonable accuracy for the  ex- 

perimental  t e s t  condi t ions.  Furthermore, t he  e f f e c t  of system parameters on 

gas requirements could be qua l i t a t ive ly  estimated from an approximate r e l a t i o n  

derived from the ana lys i s .  

Nomenclature 

C thermal capacity,  Btu/(sq f t )  (OR)  

s p e c i f i c  hea t  a t  cunstant pressure, Btu/(lb mass) ( O R )  cP 

D tank inner  w a l l  diameter, f t  

g 

H enthalpy of gas phase a t  any time, Btu 

AH enthalpy change of gas phase during discharge,  Btu 

34 

l o c a l  g r a v i t a t i o n a l  accelerat ion,  f t / s e c  2 

average hea t  t r ans fe r  coef f ic ien t  between gas and w a l l ,  

BLi/(hr) (sq f t )  (OR)  

h spec i f i c  enthalpy of gas, Btu/lb mass 
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J 

k 

L 

M 

m 

am 
P 

Q 

Qw,, 

R 

T 

AT 

U 

v 
av 

P 

6 

e 

P 

P W  

Q,@' 

cp 

J o u l e ' s  constant,  778 f t - l b  force/Btu 

thermal conductivity of gas, Btu/(hr) (sq f t )  (OR) 

l eng th  discharged, f t  

molecular weight, lb mass/lb mole 

mass of gas phase, lb mass 

mass of pressurant  requi red  f o r  discharge, lb nmss 

tank pressure,  lb force / ( sq  i n . )  

hea t  t r a n s f e r r e d  from the  gas phase during discharge, Btu 

hea t  t r a n s f e r r e d  t o  the  tank w a l l  i f  w a l l  hea ts  t o  temperature of 

i n l e t  pressurant,  Btu 

gas l a w  constant,  (lb force/sq i n . )  (cu f t ) / ( l b  mole) (OR) 

gas o r  w a l l  temperature, OR 

temperature dr iv ing  force  f o r  heat t r a n s f e r ,  OR 

i 

i n t e r n a l  energy of gas phase, Btu 

volume of gas phase a t  any t i m e ,  cu f t  

volume change of gas phase during discharge, cu f t  

thermal c o e f f i c i e n t  of expansion, OR-' 

wall thickness,  f t  

discharge time, h r  

v i s c o s i t y  of gas, ~b mass/(ft) (sec) 

geometric constant 

dens i ty  of gas, lb mass/cu f t  

dens i ty  of w a l l ,  lb mass/cu f t  

express func t iona l  r e l a t i o n s  

t i m e ,  h r  
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Subscripts:  

e tank end 

f f i n a l  gas s t a t e ,  a t  end of discharge 

i state of i n l e t  gas 

M a r i thmet ic  mean 

0 o r i g i n a l  gas s t a t e ,  a t  start of discharge 

R re ference  value 

S s a tu ra t ed  condition a t  pressure P 

t t r ans fe r r ed  a t  i n t e r f a c e  

W tank w a l l  

Superscr ip t :  
- 

mean va lue  
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TABLE 2. - RANGE OF PARAMETERS AND GROUPS FOR WALL 

HEAT TRANSFER CORRELATION 

PARAMETER OR GROUP 

cy B T U / ( ~ R ) ( S Q  FT) 

a, BTU/(HR) (SQ FT) ( O R )  

e ,  HR 

Cw, BTU/(OR)(SQ FT) 

D, FT 

Q w y  BTU 

Qqq,,, BTU 

L/D, DIMENSIONLESS 

C/Cw, DIMENSIONLESS 

3e/c,, DIMENSIONLESS 

&w/&wYw, DIMENSIONLESS 

RANGE 

0.206 - 0.739 

0.958 - 1.019 

8.15 - 14.94 

0.0242 - 0.102 

2.26 

848 - 3900 

19,500 - 23,000 

2.32 - 2.65 

0.211 - 0.754 

0.213 - 1.432 

0.0422 - 0.187 

VARIATION 

3.59 FOLD 

ESSENTIALLY CONSTANT 

1.83 FOLD 

4.21 FOLD 

CONSTANT 

4.59 FOLD 

ESSENTIALLY CONSTANT 

ESSENTIALLY CONSTANT 

3.57 FOLD 

6.72 FOLD 

4.43 FOLD 
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Figure 1. - Schematic of tank discharge. 
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