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SUMMARY 

A graphic  method  for  determining  the  composition  and  phases  exist- 
ing  within a propellant  tank  when  liquid  oxygen is pressurized  with  ni- 
trogen  gas  is  presented,  and an example of the  calculations  tnvolved  is 
included.  The  assumed  limiting  conditions  are  that  the  pressurizing g a s  
f lows  adiabatically f r o m  the  pressure tank and  that  the  equilibrium  state 
exists in the  oxygen-nitrogen  system.  &thalpy-concentration  plots  for 
the  oxygen-nitrogen  mixtures  at  constant  pressures  from 100 to 600 
pounds  per  square  inch  absolute  are  presented.  Both  the  equilibrium 
considerations  and a small amount  of  experimental  testing show that gas- 
eous nitrogen  is  unsufted  for  pressurizing  liquid-oxygen  systems. 

INTRODUCTION 

Gas-pressurization  systems  provide a simple  and  commonly  used  means 
for feeding  propellants  into  rocket  combustion  chambers.  Nitrogen  and 
helium  are  often so used.  Ideally,  the  pressurizing  gas  should  neither 
dissolve in the  propellents  nor  condense  in  the tanks; helium  is  pre- 
ferred on both  counts. 

Nitrogen  is  considerably  cheaper  than  helium  and  is  widely  used, 
especially  with  systems  operated a t  ambient  temperatures.  However,  for 
use  at  the low temperatures  required  with  liquid  oxygen,  nitrogen  is far 
less  attractive  than  helium.  At  these l o w  temperatures and at  the  pres- 
sures of interest,  the  nitrogen can dissolve i n  the  oqygen  to  the  extent 
that  the  propellant  is  seriously  diluted.  The  dilution may vary  from 
negligible  amounts  to  equilibrium  concentrations,  depending on the 
elapsed  time  between  pressurizing  the  tank and dischargbg its  contents 
and on the  rate at which equilibrium  is  approached.  Therefore,  both  the 
equilibrium  state of the  oxygen-nitrogen system and  the  rate of solution 
are  factors i n  considering  the  feasibility of using  nitrogen  as a pres- 
surizing  gas. 

This  report  considers  the  vapor-liquid  equilibrium  for  the oxygen- 
nitrogen system with  the  assumption  that  the  pressurization  is 821 
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adiabatic  process.  The  extent  to  which  liquid  oxygen  must  be  diluted to 
attain a given  equilibrium  pressure  then can be  determined  by  using 
enthalpy-concentration  diagrams,  which  are  presented  herein  for  pressures 
f i o m  100 to 600 pounds  per  square  inch  absolute. Also presented is a 
limited  amount of experimental  data  that  roughly  indicate  the amount of 
dilution  experienced  in  one  propellant  system.  The  rate  at  which  equilib- 
rium  is  approached may be  expected  to be influenced  both  by  system  design 
and  by  method of aperation.  Therefore,  the  experimental  results  will  not 
be  directly  applicable  to  other  systems. 

. 

. -  

lb 

B 
F!Rocmm CD 

An enthalpy-concentration  diagram  for  oxygen-nitrogen  mixtures at 1 
atmosphere  is given by  Dodge in reference 2 .  This diagram is  based on 
the  enthalpy-temperature data of Millar and Sullivan for pure  oxygen and 
nitrogen  (ref. 2), where  the  zero  enthalpy  base for  both  components is 
taken  at  the normal boiling  point  of  nitrogen (139.3O R). Similar  dia- 
grams were  prepared  for  higher  pressures  by  the  followtng  method  (enthalpy 
data from ref. 2 were  used  throughout). 

#I 

In evaluating  vapor-liquid  equilibriums,  the  experimental  data of - 
DoQe  (ref. 3) at  low  pressures  were  combined  with  the  calculated data 
of Koch  and  Williams  (ref. 4)  at  high  pressures by preparing 8 plot of 
pressure  against  the  mole  percent oxygen in the  vapor  xith  constant  mole 
percent oxygen-in the  liquid as a parameter.  Smooth  curves  were  drawn 
through  the  two  sets of data  and  are  shown as figure 1. 

The  methods  used for  determining  the  enthalpy of oxygen-nitrogen 
mixtures at various  temperatures  can  be sbown by referr- to figure 2, 
where  curves for the  pure  components  were first drawn. 

The  enthalpy-temperature  relations for saturated  liquids  are shown 
as solid lines in  this  figure.  Below  the  critical  temperature  for ni- 
trogen  the enthalpy of  mixtures is shply a linear function -of cqmpoSi- 
tion,  and  curves  were so drawn.  Next, €lie criticai"conditions  for  the 
pure components were connected  by a straight  line  (shown  by  dot-dash In 
fig. 2), and  it  was  assumed  that  the  enthalpies of mixtures  at  their 
critical  temperature  lie on this  line  and are Wectly proportional to 
molar composition. This fixed  the  critical-point  condition for any mix- 
ture  and  permitted  the  saturated-liquid  curves  to  be  extended from the 
lower  temperature  region  by fairing through  the  critical  points. 

" "" . 

The  enthalpies  of  mixtures  in  the  saturated-vapor  state  (dashed - 

lines Fn fig. 2) were  estimated by adding  the  Latent heats of  vaporiza- 
tion  to  the  enthalpies of the  saturated  liquids.  Latent  heats of vapori- 
zation  were  estimated  by  using the relation  between  latent  heat and re-- 
duced  temperature  developed  by Watson (ref. 5) to  determine  the  latent 
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heat of the mixture. This re lat ion  indicates  that the r a t i o  of the 
l a t e n t  heat a t  a given  temperature to the l a t e n t  heat at the normal 
boiling  point i s  a unique  function of the  reduced  temperature. The par- 
t i cu l a r   r e l a t ion   fo r  this system w a a  developed by plot t ing the la ten t -  
heat ra t io   aga ins t  reduced temperature f o r  oxygen and for nitrogen on a 
common p lo t  and drawing the bes t  smooth curve  through the combined data. 
The single curve w a s  used for  all mixtures and w a ~  read in   r eve r se  to 
determine l a t e n t  heat as a function of temperature for   the  var ious mix- 
tures of nitrogen and oxygen. The l a t e n t  heat thus  determined was added 
to  the  enthalpy  curves  for the l iqu id  state t o  produce a smooth loop 
f o r  each  10-percent  increment of oxygen i n  the mixture, as shown i n  
figure 2. 

Figure 2 was used io determine the enthalpy for the enthalpy- 
concentration  plots at various  pressures. The assumption of no heat of 
mixing i s  implied  by t h i s  method. Dalton's and Raoult's l a w s  were used 
to   ca lcu la te  the equilibrium  composition f o r  the l iqu id   ex is t ing  at a 
given  temperature and at a predetermined total   pressure.  The enthalpy 
w a s  read, and a point w a s  marked on the  saturated-liquid  (bubble-point) 
l ine .  The equilibrium vapor  composition w a s  read from figure 1, and the 
vapor enthalpy was determined; this fixed a point on the saturated- 
vapor  (dewpoint) line.  Several  such  points determined both  l ines .  The 
resulting  enthalpy-concentration charts are presented for  several   pres- 
sures ranging from100 to  600 pounds per square  inch  absolute in figure 
3. 

APPLICATION 

The use  of figure 3 to estimate equflibrium compositions i s  shown 
by  the following example. The enthalpiea of gaseous  nitrogen and liquid 
oxygen are required, and figure 4 gives the enthalpy  for  nitrogen  over 
the region of in te res t ;  that f o r   l i q u i d  oxygen can be taken f r o m  figure 
2. 

Assume that l i qu id  oxygen at 1 atmosphere pressure and at i t s  normal 
boil ing  point  (162O R) is contained f n  8. tank w i t h  negligtble  ullage,  
and must be pressurized  to  200 pounds per square  inch  absolute with 
gaseous  nitrogen a t  1000 pounds per squwe  inch  &solute (68 a t m )  and 
520' R. The molar enthalpy of the liquid  owgen i s  280 Btu (f ig .  2) and 
fo r  the gaseous  nitrogen i s  estimated to be 4885 Btu  (fig. 4) .  These 
points are located on figure 3(c) ( for  X X )  Ib/sq in .  abs, wtth the  nitro- 
gen point  obtained  by  extrapolation). A strafght l i n e  is then drawn be- 
t w e e n  the  points; the intercept  of this l i n e  w i t h  the saturated-liquid 
curve  (point x on f ig .   3(c))   g ives  the composition of the l i qu id  phase 
at adiabatic equilibrium. In this case, suff ic ient   ni t rogen would have 
t o  be added t o  give a l iqu id  phase which i s  83 mole percent oxygen and 
1 7  percent  nitrogen. The temperature would then  be 2 l 8 O  R, and the vapor 
phase would be 42 mole percent oxygen and 58 percent  nitrogen. 
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The preceding example s h o w s  t ha t  the use  of  nitrogen to pressurize 
liquid-oxygen tanks can result i n  a substantial   dilution  of the propel- 
l an t .  A t  higher pressures  the  dilution would have  been more severe. 

However, in  the  practical   case,   nitrogen might be used  without 
s ignif icant   di lut ion,  because the  nitrogen would condense only a t  the 
surface of the oxygen and would be transferred  into the body of the l iq -  
uid by  diffusion  or mixing. If these  diffusion or mixing processes were 8 
suff ic ient ly  slow, much of the oxygen could be drawn off  as substantially 
undiluted  liquid. 

P 
(D 

To t e s t  this possibi l i ty ,  an insulated tank having a volume of  about 
1.z cubic f e e t  was f i t t ed  with a dip  tube  to the bottom to  take  off   l iquid 
phase and with a p res su re   l i ne   t o  the top  (fig.  5).  This tank was 60 t o  
80 percent   f i l led w i t h  l iqu id  oxygen and w a s  pressurized f r o m  a nitrogen 
supply at 1500 pounds per square  inch  absolute and 520' R. After holding - 

f o r  varying times, the l iqu id  oxygen was released  a t   ra tes  of 0.1 to  0.2 
pound per second, and samples were taken from the  product line at times 
corresponding t o  varying  percentages  of  liquid withdrawn. These samples 
were analyzed f o r  oxygen content. 

1 

While no consistent data were obtained, the r e su l t s  from two such 
runs are shown i n  figure 6, where the percent of oxygen found i n   t h e   l i q -  
uid  product i s  plot ted against the percent  of  liquid taken from the  tank. 
Data from runs made a t  450 and 900 pounds per  square  inch  absolute and 
with different  holdlng times are shown. The calculated  composition  for 
the equilibrium  liquid i s  72 mole percent oxygen and 28 percent nitrogen 
at 4-50 pounds per square inch  absolute. A t  900 pounds per  square  inch 
absolute the adiabat3c model predicts   that   there  would be no l iquid phase 
at equilibrium,  since 900 pounds per  square  inch  absolute i s  well above 
the   c r i t i ca l   p ressure  and cannot  be  generated from a simple  vapor- 
pressure  effect .  It may be assumed, however, that equilibrium  conditions 
were not obtained  for any of the  tests. I n  both  cases the first portion8 
of the l iquid taken from the tank were undiluted oxygen; this shows that 
nitrogen had not  diffused  to the bottom of the tank i n  the holding  times 
used. However, o a y  a pa r t  of the tank contents  could be withdrawn as 
substantially  undiluted oxygen, and t h i s  amount differed between these 
two runs i n  an  unexplainable manner. These &ata a r e  contrary to expecta- 
t ions,   since more undiluted oxygen was available  for the higher pressure - 
longer  holding time run. However, var ia t ions   in  the degree of mixing, 
heat input,  temperature  stratification, and so lubi l i ty  may account for 
these initial results. Nevertheless, i n  both  cases the l iqu id  withdrawn 
during  the later portions of these runs was seriously  diluted.  Rocket 
performance would be  appreciably  reduced with such a propellant. Pres- 
sur izat ion with helium gas  under the same conditions and at & pressure 
of 900 pounds per  square  inch  indicated no contamination of the  oxygen. 
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With an adiabatic  process  assumed,  enthalpy-concentration diagram 
are  developed  herein  that  can  be  used to estimate  the  equilibrium  com- 
position of the  liquid  phase  after  liquid  oxygen  is  pressurized  with 
gaseous  nitrogen.  At  equilibrium  the  liquid  contains  substantial  quan- 
tities of nitrogen.  Limited  experimental  work  also  indicates a serious 
dilution of the oxidant when  nitrogen  is  used as the  pressurizing  gas. 
Eowever, a barrier  at  the  liquid-ga8  interface  would  permit  the use of 
nitrogen. A float  might  be used, or possibly small amounts of helium 
added t o  the  oxidant tank prior  to  pressurization  would  serve  as an 
adequate  barrier to diffusion. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland,  Ohio, January 9, 1958 
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Figure 1. - Vapor-liquid equilibrium da ta  for oxygen-nitrogen mixtureem 
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Figure 2. - Variation of enthalpy with temperature for saturated solutions of oxygen and 
nitrogen. 
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(a) F??eseure, 100 pounde p a  square Fach absolute. 

Figure 3. - Variation of enthalpy  with  concentration for oxygen- 
. 

nitrogen mixtures at constant pressures. 
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(b) Pressure, 150 pounda per  square inch absolute. . 
Figure 3. - Continued. Variation of enthalpy with concentration 

for oxygen-nitrogen mixtures at constant pressures. 
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( c )  Preseure, 200 pounds per square Inch absolute. 

Figure 3. - Continued.  Variation of enthalpy with concentra- 
tion for oxygen-nitrogen mixtures at conetant presswee.  
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(d) Pressure, 300 pounds per square inch absolute. 

Figure 3 .  - Continued. Variatfon of enthalpy with concentra- 
t ion for oxygen-nitrogen mixtures at constant pressures. 
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Oxygen, percent 

(e) Pressure, 400 pounds per square inch  absolute. 

Figure 3.- - Continued.  Variation of enthalw nith C O n C e l l t r a -  
tlon for oxygen-nitrogen  mixtures at conetant  preseures. 
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Figure 3 .  - Contfnued. Variation of enthalpy with concentra- 
t i on  for oxygen-nitrogen mixtures at constant pressures. 
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(g) Pressure, 600 pounds per square Inch absolute. 

Figure 3. - Concluded.  Variation of enthalpy with  concentra- 
tion  for  oxygen-nltrogen  mixtures at conetaat pressuree. 



NACA RM E58A03a 15 

Temperature, % 

Figure 4 .  - Enthalpy of gaseous nitrogen. 
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Figure 5. - Rtg for testing Upuid-anygen dilution. 
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Figure 6. - Composition of oxygen  product *om nitrogen- 
pressurized system. 
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