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The so lub i l i t i e s  of %, 0 and a 2H2:102 mixture in water and s a l t  2' 
solutions have been correlated over the range of temperature from 25 t o  300' C 

and of pressure from atmospheric t o  2,000 pounds per square inch. Discussions 

and correlations are presented on t h e  water vapor concentration i n  the gas 

phases, the  r e l a t ive  v o l a t i l i t i e s  of several gases in water, and the  temper- 

ature changes upon adiabatic expansion of saturated vapors of these systems. 
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The solubility of gases in liquids may be correlated by Henry's Law 

constants for moderate pressures and temperatures at which the solvent is pre- 

sent in the vapor at low concentrations ( 4 ) e  Whenever the vapor pressure of 

the solvent represents a substantial part of the total pressure, it is better 

to consider solubility phenomena as vapor-liquid equilibria in which each 

cnnstituent is distributed between the phases. 

0 -H 0, and the (a2 .) 02) system on both bases at temperatures from 25 to 

300' C and at pressures from atmospheric to 2000 psia. 

solved salt on the solubility of gas in water is considered. The effect of 

This report treats the Q-H20, 

2 2  
The influence of dis -  

pressure on the enthalpy of H -0 -H 0 vapors is included. 
2 2 2  

SOLUBILITY OF H2 AI?D - 02 IN WATHi 

The data on H2-H20 systems are more extensive and they w i l l  be treated 

first. 

ammonia from nitrogen, the solubilities of E2 and H2 and 3:l mixtures of the 

two gases in water have been studied up to 1000 atmospheres pressure and f r o m  

0 to 100' C. 

(20)p (*I), (23). 

and Ipatieff (I7) made measurements from 100 to 225' C at hydrogen partial pres- 

sures (defined as total pressure minus vapor pressure of water) up to 116 at- 

mospheres. More recently Pray, et a1 at Battelle Memorial Institute 

As a result of the commercial development of the process for producing 

The most precise work appears to be that of Wiebe and co-workers 

The high temperature data are much more limited; Teadoravich 

made a preliminary investigation of the solubility of hydrogen and of oxygen 

i n  water up to 343' C, but at a maximum gas partial pressure of but 350 psi. 
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Sibbi t t  and Suciu (I5) at Purdue made measurements at total. pressures of loo0 

and 2OOO psis  from 100 t o  275' C fo r  the so lubi l i ty  of hydrogen and of nitrogen 

i n  water. 

These experimental. r e su l t s  are shown i n  Figures 1 and 2 as so lubi l i ty  

C, 760 m, s.T.P., per g. of H ~ O )  versus gas partial pressure, (cc of gas at 

defined as t o t a l  pressure minus vapor pressure of pure water. The 100' C 

curve is w e l l  established, although the tendency of the data of Teadoravich 

and Ipa t i e f f  t o  be low is apparent even at t h i s  temperature. A t  higher tem-  

peratures the so lubi l i ty  is less w e l l  defined, although it seems reasonable 

t o  assume that the Russian results are too low here as w e l l .  The data of 

Pray and Sibbi t t  agree reasonably w e l l  at temperatures of 200° C and above. 

A t  the  lower temperatures the range of pressures investigated are so different  

in the two cases tha t  d i rec t  comparison is not possible. 

100' C are defini te ly  too high i n  v i e w  of Wiebe and Caddy and S i b b i t t ' s  

, 

The Pray data at  

resu l t s .  It is clear  that extrapolation of the Pray data t o  high pressures 

on the basis of Henry's Law may lead t o  serious errors.  The solid curves 

drawn on Figures 1 and 2 are believed t o  represent the best  analysis of the 

available data. Figure 3 is  a cross-plot of these curves versus temperature. 

The experimental data of Wiebe and Gaddy at 50, 75, and 100' C are also shown 

on the  maph for comparison. 

O2-H2O System 

The data for the  so lubi l i ty  of oxygen i n  water a re  meager (sa) (4). 

The work of Pray ('O) apparently represents the only measurements above LOOo C. 

c The available infomation is  shown i n  Figure 4. For a final working plot of 

the oxygen solubi l i ty ,  reasonable curves were drawn through the data i n  Fig- 

ure 4 and cross-plotted versus temperature i n  Figure 5. 

-3- 
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Figure 3 - Solubili ty of H;? In Water as a Function of Temperature 
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Figure 4 - Solubility of O2 i n  Water Versus Pressure 
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Figure 5 - Solubility of O2 in Water as a Function 
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SOLUBILITY OF +:lo2 IN WATER 

Although no data are available on the so lubi l i ty  of % and O2 mixtures 

i n  water, it i s  possible t o  compute the so lubi l i ty  by assuming that one consti tu- 

ent has no ef fec t  on t he  other. Wiebe and Gaddy (23) measured the  so lubi l i ty  of 

76.4 mol$ H2 and 2 3 . q  IT2 i n  water at 25O C from 50 t o  lo00 atmospheres. 

computed t h e  so lubi l i ty  of the gas from the mixture by taking f o r  % 76.w of 

the so lubi l i ty  of pure H2 at the  same temperature and t o t a l  pressure and 2 3 . q  

They 

of the If2 solubi l i ty .  

experimental values within $. 
Table I shows that the so lubi l i ty  so computed checks the  

Table I 

Comparison of Measured and Calculateg Splubi l i t i es  of Gas 
Mixtures at 250 C (231 

Press. Atm. 

50 
100 
200 
400 
1000 

Calculated Solubi l i ty  from Measured 
Data on Pure Gases Solubi l i ty  

cc gas S.T.PJ cc gas S.T.P.1 
A ! ! L H r o  gmw 
0.822 
1.619 
3 123 
5 9914 
13.302 

0.8349 
1.643 
3.209 
6,068 
13 72b 

Using the  so lubi l i ty  r e su l t s  f o r  pure % and O2 described above, the 

so lub i l i t i e s  in water of a mixture composed of two mols of H2 t o  one mol of 

O2 (2H2:02) have been computed. 

Figures 6 and 7 show the separate so lub i l i t i e s  of % and O2 i n  a 

2H2:02 mixture i n  equilibrium with water. Figures 8 and 9 present the corn- 

bined so lubi l i ty  of hydrogen plus oxygen. I n  preparing these curves it w a s  

assumed t h a t  the p a r t i a l  pressure of each gas was equal t o  the t o t a l  pressure 

-9- 
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Figure 6 - Solubility of H2 in 2€I2:O2-H20 System a8 a Function of Temperature 
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Figure 7 - Solubi l i ty  of O2 i n  2H2:O2-H2O System as a Function of Temperature 
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Figure 8 - Solubili ty of 2II2:02 in Water as a Function of Temperature 
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minus the  vapor pressure of water; i.e., the p a r t i a l  pressure of hydrogen w a s  

= (P - 1)s) 0.667 ppH2 

= (P - P,) 0.333 ppo2 
and 

When Hew's Law applies, t h i s  i s  the same procedure as tes ted  by Wiebe and W d y  

i n  Table I. 

METHOD OF CORRFUTING SOLUBILITY DATA 

Although the  data show t ha t  Henry's Law does not hold a t  pressurs above 

about 500 t o  1000 psia, the constants are plot ted as a function of temperature i n  

Pigure 10. Henry's Law constants are defined by equation (1). 

pH - t o t a l  pressure - vapor pressure pure ~ 2 0 ,  ps ia  
N2 

(1) K = - -  mol f rac t ion  of gas i n  l iqu id  

The so lubi l i ty  of the gas expressed as cc of gas @ 0' CI 760 mm may be computed 
gm H20 

from Henry's Law constants, t o t a l  pressure and the vapor pressure of pure water 

aa follows: 

Solubi l i ty  as cc gas at S.T.P = 1244 pE 

K 
e H20 - 

A method of correlating so lubi l i ty  data which does not include the as- 

(7). sumption of Henry's Law has been developed by Krichevsky and Kasarncvsky 

When precise so lubi l i ty  data a re  available t h i s  method of correlation gives 

the  most accurate extrapolation of low pressure measurements t o  high pressures. 

The precision of the available so lubi l i ty  data fo r  hydrogen and oxygen, with 

the  exception of t ha t  of Wiebe and Gaddy is  not suff ic ient  t o  Just i fy  application 
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of the correlation procedure i n  this case. 

i n  Appendix I of t h i s  report. 

The method of approach is  described 

EE'FECI' OF DISSOLVED SALTS OH GAS SOLUBILITY 

. The so lubi l i ty  of a gas i n  an aqueous salt solution is less than i n  

pure water when no chemical reactions are involved. 

B i j i  (8), as w e l l  as Prutton and Savage (11), give data on gas so lubi l i ty  i n  

salt solutions over a range of salt concentrations, pressures, and temperatures. 

Figure 11 presents the  data of Michels f o r  the so lubi l i ty  of methane i n  Hac1 

solutions at 25' C and at  150' C.  

Michels, Gerver, and 

A theory f o r  t he  effect of salt Concentration on the so lubi l i ty  of 

gases i n  aqueous solutions has been developed by extending the thermodynamic 

treatment of Krichevsky and Kasarnovsky (7) for the  so lubi l i ty  i n  pure water. 

The development i s  described i n  Appendix I11 where a reasonably rigorous method 

of correlating so lubi l i ty  data is  presented. It is  a l s o  shown that t h e  follow- 

ing simple expression represents a good approximate solution: 

1 

In I f (nature and concentration of salt) 
12 (3)  

T h i s  equation states tha t  the r a t i o  of the so lubi l i ty  (mole fract ion N2') of 

the gas i n  the  salt solution t o  the so lubi l i ty  i n  pure water (lV2) a t  the  same 

pressure and temperature i s  independent of pressure and temperature and EL 

function only of the nature and concentration of t he  salt solution. 

centration is  considered on a normality basis t h e  effect of nature of the  salt 

is minimized, so that curves of so lubi l i ty  r a t i o  versus normality should not 

deviate too widely from each other. 

If con- 

-16- 
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1 -  'I ,rz-- G. 1- x t & i n s  O ~ E  gram equivglent of salt dissolved i n  a 

The effect of dissolved salts on the  so lubi l i ty  cjf gases at l i t e r  of solution. 

atmospheric pressure i s  given by Seide l l  (I4) and by Kobe and M a r k h a  

Typical data  f o r  hydrogen i n  various salt  solutions including known sulphates 

were examined and found t o  correlate  as r a t i o  of the  solu'ail ikj  i n  sait solution:: 

(63 ~ 

t o  t he  solubility: i n  water at  the  same temperature and pressure as a function 

of solution normality as suggested by equation ( 3 )  e 

F l g d r ~ s  and 12B. 

The data are p lo t ted  i n  

The data at high ~reasures and temperatures were computed as a r a t i o  

of t he  so lubi l i ty  i n  the  solution t o  tti 

a ture  and t o t a l  pressure and found t o  p lo t  i n  t he  sme general region on 

Figure 12A as the  atmospheric so lubi l i ty  data. It should be noted t h a t  t he  

curves of Figures 

salt on the  l iqu id  phase but also on any change i n  the  concentraticn of the  gas 

phase at constant temperature and t o t a l  pressure. 

- J ~ ~ i ~ i : i ~ y  ~ r i  wbLter a t  the same temper 

and 12B include not  only t he  effect of the dissolved 

The spread of the  data  on the  charts  i s  probably due t o  the  f a c t  t h a t  

the  s ignle  variable, normality, does not t ake  in to  account the  character is t ic  

behavior of di€ferent salts, Although a l l  gases and salt solutions are not 

l i k e l y  t o  agree exactly with the curves i n  Figures 12% and 1233, they may be 

used as first approximations of t he  so lubi l i ty  of H2 and O2 i n  salt solutions,  

WATER CONTENT OF GAS 3 3  H2-02-H20 SYSTEMS 

I n  general, it would be expected t h a t  the  mole f rac t ion  water i n  t h e  

gas phase i n  equilibrium with the  l iqu id  i n  systems. of water, H2, r;nd O2 would 

depend upon t h e  temperature, t o t a l  Fressure, and physical properties of t he  

-18- 
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Solution Ncrmality 

Figure 126 - Logarithmic Plot  of Solubi l i ty  Ratio VS. S a l t  Normality 

-20- 



hydrogen snd oxygen gases. If the l iqu id  phase (predominantly water) could be 

assumed t o  behave as an ideal solution and the gas phase as a perfect gas 

mixture, the properties of the H2 and 02 would noe be involved; i.e., the water 

vapor mole fraction, yw, would be given by the expression: 

pS% Yw = - P 
(4) 

Ps = vapor pressure of pure water 

P = t o t a l  pressure on the system 

A t  elevated pressures the assumption of perfect gas behavior is  i n  erroq 

but  yw could s t i l l  be computed without this  assumption by substi tuting fugaci t ies  

f o r  pressures i n  equation (4) : 

ff = fugacity of l iquid water a t  T and P 

fF) P fugacity of pure water vapor at T and P 

A t  temperatures and pressures where two phases are present i n  systems 

involving water and s l igh t ly  soluble gases such as He eurd 02, f@ is a hypothetical 

quantity because pure water vapor cannot ex is t  at the total pressure, P.  

To avoid t h i s  d i f f icu l ty ,  Sage and Lacey ( 9 )  (I2) i n  their  treatment of 

methane-water and ethane-water systems have replaced f& w i t h  EL proportionality 

fac tor  p which can now also absorb the e r rors  irjlherent in the assumption of an 

ideal l iquid solution. Equation (5) then becomes, 

ff, xw (6) 
yw = -7- 

Fer gases such as He: 02, m4, Cp €I6, which are but s l igh t ly  soluble 

in the  l iquid pharee, + can be taken a6 unity without appreciable error  so 

tha t  equation (6) becomes, 
-21- 



Available Data 

Sage and Lacey ( 9 )  (12) have determined @ from experimsntal values of 

yw and + fo r  the two systems jus t  mentioned, and a l so  converted t h e  so lubi l i ty  

date of Wiebe and GadW (20) (21) and Bartlett  t o  pvvalues. 

These resul ts  show a considerable variation of /with the nature of the 

gas, indicating t h a t  the  assumption of an ideal l iqu id  solution is not valid. 

The values of !determined f o r  t h e  propane-water system from the data of 

Kobayaski ( 5 )  verify t h i s  conclusion. Figure 13 presents typical  data of 

B a r t l e t t  f o r  H2 and If2 and of Sage and Lacey fo r  CH4. 

Correlation of Data 

While d varies with the gas, t h i s  variation can be generalized ap- 
P 

proximately by using pseudo reduced temperatures and pseudo reduced pressures 

of the vapor. Pseudo reduced temperature is the  absolute temperature divided 

by the pseudo c r i t i c a l  temperature, while pseudo reduced pressure i s  the r a t i o  

of the absolute pressure t o  the pseudo c r i t i c a l  pressure. Pseudo c r i t i c a l  

properties are the molal average c r i t i c a l  property fo r  a mixture such as the  

gas-water vapor mixture. 

reauced pressure with l i nes  of pseudo reduced temperature f o r  the mixture. 

While t he  data f o r  hydrogen and nitrogen (6) (2Q) (21) are iimited t o  low 

temperatures (50' C )  , t he  data fo r  methane and ethane go t o  230' C .  

Figure 14 presents as a function of pseudo 
P 

Figure 14 

correlates  the data fo r  %, 02, cH4, and c 9 6  reasonably w e l l  and appears t o  

o f f e r  the most accurate method now available fo r  predicting the  mole f rac t ion  

water i n  t he  gas phase. 

The data  of Saddington and Krase (13) and Sibbi t t  and Suciu ( '5 )  fo r  

the so lubi l i ty  of N2 were not of par t icu lar  value i n  preparing t h e  generalized 
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Figure 13 - //P Plot  for Ifg, 02 and CH4 
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correlation of //P because of their  inconsistency. T h i s  i s  i l l u s t r a t ed  i n  

Figure 15, where the available nitrogen data at 100 a t m  t o t a l  pressure are 

plotted.  

Figure 14 has been used t o  prepare Figures 16 and 17, whicii m e  ap- 

plicable  f o r  the  system 2H2:102 - water. 

computed Concentration yw t o  the ideal concentration determined from equation (4)  ; 

i.e., 

Figure 16 shows the r a t i o  of the 

ycomp. - - ff 
YIdeal 

In preparing t h i s  figure the  pseudo cri t ical  temperature and pressure were first 

evaluated on the  basis of an assumed value of yw. 

was read from Figure 14. 

Then f at the  given P and T 

This value for /B was employed i n  equation (8) t o  

by first determining the fugacity at the vapor pressure from a generalized 

(Perry, Chemical Engineers' Handbook, p. 536) and then correcting f o r  the effect  

chart  

of pressure on the l iquid fugacity by the expression: 

1 

It is observed t h a t  at  high temperatures and low pressures the computed value 

of yw i s  essent ia l ly  equal t o  the ideal r e su l t  based upon the perfect gas as- 

sumption. 

Figure 18 is  a p lo t  similar t o  Figure 16, based upon the  experimental 

data  fo r  the methane-water system. 

Figure 17 is a p lo t  of the computed yw values as a function of temper- 

Similar charts fo r  ature and pressure for  the two moles H2 t o  1 mol O2 mixture. 
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Figure 15 - Comparison of //P f o r  N2-%0 System a t  100 Atmospheres 
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Total preesure - psia 
Figure 17 - Computed Mol Fraction Water in Vapor Phase of %:02-H20 System 
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other combinations of gases wfth water could be prepared i n  the same way.  

ever, the  generalized p / P  chart should not be used f o r  gases of higher molecular 

weight than ethane. For example, the data of Kobayaski (5)  fo r  propane-water 

near the three phase c r i t i c a l  are not correlated by Figure 14, presumably be- 

cause of the more-nearly equal boil ing points of water and propane. 

How- 

S ibb i t t  and Suciu ('5) measured the mole f rac t ion  water vapor i n  the 

vapor phase of the %-water system a t  1000 ps ia  t o t a l  pressure. 

can be used t o  check the p / P  chart f o r  a system which i s  similar t o  the  2H2 - 02- 
water system. 

vapor obtained experimentally, from the perfect gas law, and from the  //P chart. 

This information 

The following table shows a comparison of the mole fract ion water 

. Table I1 

Comparison of Water Vapor Concentrations 

Total pressure = 1000 psia 

t-0 
OC Exper. Ideal ,8/P Chart 

Mole Fraction Water i n  Vapor 

suciu 
- - 

100 - 0.0147 0.0168 

150 0 9077 0.069 0 -075 
200 0.228 0.226 0.235 

250 0.588 0.580 0 591 

This  discussion has been limited t o  gases and pure water. When salts 

are  dissolved i n  the l iqu id  phase, the  concentration of water i n  the equilibrium 

gas phase w i l l  be reduced. 

concentration of water over the salt-free system by the r a t i o  of the vapor pres- 

sure of salt solution t o  the vapor pressure of pure water a t  the  same temper- 

ature.  

This reduction may be estimated by multiplying the  



EFFECT OF DISSOLVED SAW OB BOILII?G POIRlS 

Dissolved salts increase the temperature at which a l iqu id  will b o i l  

at a given pressure; the ef fec t  i s  often cal led a boi l ing point elevation. 

have been reported f o r  various solutions such as I'?aOH and H904 (Perry, 9. 173) 

and are generally correlated by means of Dubring l i n e  charts. L i m i t e d  data are 

Data 

available f o r  the  vapor pressure lowering of saturated Uo$O4 solutions at 

temperatures from 25 t o  70' C 

9.1 normal have been interpolated f o r  concentration and extrapolated for  

. These data at concentrations from 8.1 t o  (16) 

temperature by employing a chart  of log Vop* H@ versus 1 with the  NaOH data 
V.P. s o h  T 

used as a guide. Figure 19 gives the estimated boi l ing point elevations of 

.) UO$O4 solutions and the vapor pressure (bubble point pressure) fo r  these 

solutions at 250° C. 

The concentrations are given as grams of uranium per l i t e r  of solution 

at 250' C and were related t o  solution normality as shown in Table 111. 

Table I11 

Methods of Expressin@; UO2SO4 Concentrations 

gmsu gms u density of solutaon Normalitx 
l i t e r  s o h  at 30" C l i ter  soln at 250°7 30: c 250- c N 

37.1 
121 
236 
348 
457 

30 
100 
200 
300 
400 

gmlcc gmlcc 

1.05 85 0.34 
1 9  155 -955 1.02 
1.31 1.11 2.00 
1.46 1.26 2.93 
1.60 1.40 3.84 
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Figure 19 - Estimated Effect of Concentration on the Boiling Points of Ur- 
Sulphate Solutions 
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TES"EWI!URE CEAIIGE UPOW EXPAl!?SIOEI OF 
SATURATED VAPORS OF H2-02-W 

. 

The enthalpy change is  zero for the adiabatic expansion of a gas through 

e throttlw valve when the out le t  velocity returns t o  the inlet  velocity. The 

teqerature change fo r  a gas at  constant enthalpy i s  related t o  the  deviation of 

the gas from t he  ideal gas l a w ;  it is zero f o r  an ideal gas. 

pressure on t he  enthalpy of a gas may be computed from compressibility factors  

by equation (10). 

The ef fec t  of 

% = increase in enthalpy at constant temperature 

R = gas c o n s t a t  

T = absolute temperature 

P = absolute pressure 

2 I compressibility factor  i n  PV = ZnRT 

Tfte zf fec t  of pressure on the enthalpy has been correlated on the basis 

of reduced pressure and reduced temperature (Perry, p. 568) and has been very 

useful for hydrocarbon gases. The correlation permits computation of temper- 

ature changes upon expansion when specif ic  heat data are available at atmospheric 

pressures. 

To compute t h e  temperature change f o r  gases containing large concentra- 

t ions  of water, the  generalized reduced temperature - reduced pressure p lo t  fo r  

AH/k may be expected t o  be generally satisfactory.  Figure 20 has been drawn 
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. 

. 

using information from Perry, p. $8, but the low reduced temperature curves 

are based upon the data f o r  water since there was some differences between the 

water data and the generalized p lo t .  

on a reduced temperature - reduced pressure basis o r  f o r  mixtures on a pseudo 

reduced temperature and pseudo reduced pressure basis. 

This p lo t  may be used f o r  pure substances 

Specific heat data are 

plot ted at atmospheric pressure on Figure 21. 

The behavior of saturated steam may be read d i rec t ly  from the Mollier 

diagram a f t h e  steam tables. 

constant enthalpy is shown on Figure 22. It may be seen that steam at lo00 ps ia  

and 285' C e n t e r s  the two phase region upon expansion and leaves it at  135 psia.  

Thus steam follows t he  saturat ion curve f o r  the most par t  but becomes super- 

heated at low pressures, as shown at several temperatures. 

The temperature drop upon expanding steam at 

The behavior of' pnre hydrogen may be computed f'rom compressibility 

data or  obtained f'romFfgure 20. Deming and Shupe (3 )  computed the  Joule- 

Thomson coeffi'cients 

a factor  o f  41. 

p re s s ib i l i t y  fac tor  decreases with r i s e  i n  temperature even at  low pressures. 

Pure hydrogen wouId increase at  11' C from 250' C upon expansion from 1000 psia 

f o r  hydrogen, but they appear t o  be i n  e r ror  by 

Hydrogen is at high reduced temperatures and hence the com- 

t o  14.7 ps ia  as shown on Figure 22. 

The ?ffect cf pressure on the  enthalpy of fixtures may be computed 

from Figure 20 wnen the pseudo cr i t ical .  temperature and pseudo c r i t i c a l  pres- 

sure are used. 

computed from the arlalysis of the mixture and the  c r i t i c a l  conat ions  of the  

pure constituents. 

The pseudo c r i t i c a l  is the  molal average critical poper ty  
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The temperature change upon expanding saturated mixtures of %-O2-Q0 

from 1000 ps ia  t o  14.7 ps i a  has been computed f o r  a series of  saturation tern- 

peratures. The mixture composition is taken as having w a t e r  at a mol f rac t ion  * 

equal to its vapor pressure divided by the t o t a l  pressure; the hydrogen-oxygen 

ra t ion  is  taken 86 2.0. The r e su l t s  of the computations are p lo t ted  on 

Figures 22 and 23. 

The computations f o r  250° C are included as an example: 25Q0 C = 

523' K = 482' F = 942' R. Vapor pressure of water = 576 psia; t o t a l  pressure, 

lo00 psia.  

- Constituent M O ~  ~ r .  TC% C r i t .  T-. Psia  Psia  Cp Cp x E401 F'r. 

Pseudo 
C r i t .  Press PC Pseudo 

H2 .283 60 16.9 188 53 7.0 1.97 

02 .141 278 39.2 730 103 7.4 1.04 

576 1165 672 3206 
728"R 

1848 8.6 4.95 
2004 psia cP= 7.s16 

Reduced temperature = 942/728 = 1.3; Reduced pressure = 1000/2004 = 0.5 

AH/T from Figure 20 = 0.5; AH 0.5 x 523 calories/@ mol 

!he enthalpy absorbed i n  lowering the temperature is 261 cal/gm mol. 

= 3 3 O  c .  7.96 The temperature decrease is 

The temperature decreases f o r  a series of 2H2:02 vapors saturated with 

water at various temperatures when expanding from 1000 psia t o  14.7 psia  are 

p lo t ted  on Figure 23. 

If saturated l iqu id  water were expanded it would have a temperature 

relationship shown by the saturation curve of Figure 22; a mixture of l iqu id  

water and saturated vapor when expanded would l i e  at temperatures ' a w e r  than 

the saturation curve f o r  pure water as long as l iqu id  were present. A mixture 

of 8.3 lbs. of water and 1.98 lbs. of vapor (20 cu. ft. 2H2 and 02, S.T.P.) 

when expanded from 1000 ps i a  t o  14.7 ps ia  would be at 201' F (94' C)  with 
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Figure 23 - Temperature Drop Upon Expanding Saturated Vapors of 2H2-02-H20 System 
to Atmospheric Pressure 
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5 . 3  pounds of water remaining as liquid and the vlapor containing 1 9  of 5 and 

02. 

ditions when expanding the above mixture of  water and vapor from 1000 psia and 

250' C to 14.7 psia. 

The dotted curve on Figure 22 shows the general nature of the final con- 
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APPEN9IX I 

MEPEOD OF KRIcfIEvsKp AETD ICASABNOVSKY (7) FOR CORRELATION 
OF SOLUBILITY DATA 

( 7) 
The thermodynamic relationship derived by Krichevsky and Kasarnovsky 

for correlating solubility data appears to be suitable for gas-water systems. 

Their equation may be derived as follows: 

The partial molal free energy of a constituent dissolved in a liquid 

at constant temperature and concentration may be expressed by equation 11. 

N = concentration of constitueGt 

F = free energy of constituent in liquid 

v2 = partial molal volume of constituent in liquid 

P = pressure 
T = temperature 

By definition, the partial molal free energy is related to the fugacity by 

equation (12) : 

- 

dF2 = RTd In F2 

R gas constant 

f2 = partial molal fugacity of constituent - 

These two equations may be equated and put in integral form with integration 

between the limits of conditions at zero solubility at the vapor pressure of 

water to the conditions at some higher pressure, P. 



where 

the water or solvent. 

p a r t i a l  molal fugacity of constituent at the saturation pressure of 

p, = vapor pressure of water at T 

Formal internation requires that  the temperature remain constant urd 

t h a t  p a r t i a l  molal volume of the dissolved constituent (T2) i n  the l i qu id  state 

remain constant and unaffected by pressure (P )  and changes i n  concentration (I). 

The integrated form is given by equation 14. 

(14) 

Henry 's  Law i s  prac t ica l ly  always valid at  l o w  pressure f o r  low con- 

centrations of gas and i s  given by equation (15). 

% Henry's Law constant 

rJ2 : mol fraction of consti tuent in l iqu id  

The elimination of the  3~ between equations (14) and (15) yields  

equation (16) . 

This equation may be fur ther  simplified by incorporating ps i n  a modified Henry's 

Law constant Q: - 

The f b a l  equation with a modified Henry's Law constant then becomes: 
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The p a r t i a l  molal maci ty  72 i s  the same i n  the vapor as i n  the l iqu id  

at phase equilibrium. 

equation (19) from the mol f ract ion of the constituent in the gas phase and 

the fugacity of the pure constituent i n  the gas phase fg 

The value f o r  F2 may be obtained f o r  ideal solutions by 
s 

Equations (16) or (18) may be used t o  correlate  so lubi l i ty  data. A t  

a given temperature, the  concentration of gas (rS,)  is  known as a function of 

pressure (P). The fugactty of the gaseous constituent must be known and the 

m o l  f ract ion of the  gaseous constituent i n  the gas, the product of which yields  
- 
f2 when assuming ideal solutions. The data are plot ted as log T2/N2 versus 

P or  - ps and should describe a straight l i n e  of slope Tz and 
z7j03-E 'zmn@ 
intercept log & or log K. Extension of the l ine,  extends the  pressure range. 

Krichevsky and Kasarnovskg found t h i s  method very sat isfactory f o r  correlating 

the so lubi l i ty  of N2 and H2. 
I Kobayashi (5) a lso  found it an excellent t oo l  fo r  extending propane 

so lubi l i ty  i n  water from 3000 t o  10,000 pounds per square inch after having 

proved the method from data on methane and ethane t o  t h i s  pressure. 

Extrapolation o r  interpolation of temperatures may be accomplished by 

One must know t h e  gas fugacity plo t t ing  Ti2 and K as a function of temperature. 

at  the  new temperature as w e l l  as the concentration of gas i n  the vapor phase 

t o  predict  the  so lubi l i ty  from the  modified Henry's Law constant and the p a r t i a l  

molal volume. 

The correlationprocedure was not successful fo r  the H2 data at high 

temperatures because they were not of suf'ficient accuracy. However, t h e  nature 
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of the r e su l t s  will be shown for  the  method i s  believed t o  be the  best correlation 

too l  now available f o r  extending the  pressure range of accurate data. 

. Table IV presents the computations f o r  two isotherms of t he  H2 solubi l i ty  

data (17). Figure 24 is  a p lo t  of equations (16) and (18) The f’ugacity data 

fo r  He vapor were obtained from Deming and Shupe (2) (3)  . The water vapor con- 

centration (y1) was obtained from the  correlation given earlier i n  t h i s  report .  

It should be noted tha t  i2 is the  slope of the curves and when it is  

zero, Henry’s Law becomes exact and there  i s  no partial volume of the dissolved 

gas i n  the l iquid.  

smooth values of 

Krichevsky and Kasarnovsky 

as a function of temperature f o r  the  gases investigated. 

and Kobayaski (5) found 

. 
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TABLE IV 

COMPU!J!ATIONS FOR KRICHEVSKT AND KA8ARNOVSKY CORRELATIOH 

- total vapor P x 105 Mol Fr. In Mol Fr. Mol E'r. 
press. press. 2.303 RT 2.303 RT H@ ih H2 In fB f2  

a t m ,  psia H20 cc/mol cc/mol N 2 X l O  Liqui4 Vapor, y~ Vapor, y2 atm atm log  1;2/N2 
psia 

Temperature 500" F, 260' C, 533' K 

0 313 064 .136 54.2 7-37 4.373 
.230 61.4 14.12 4.206 

60.5 20.9 
53.9 780.0 600.0 52.6 6 073 
60.0 000.8 600.0 59.5 13.5 0.730 770 
66.8 980.8 680.8 66-1 20.2 1.003 9 695 305 4.320 

c I 
Temperature 600' F, 315' 5C, 588' 5K 

7.07 4.132 
110.8 1743 1543 106.9 12.2 1.06 0.885 0.115 123.8 14.33 4.131 
125.5 1843 1543 113.0 18.3 1.61 0 0839 0.161 131.2 21.1 4.117 

0.061 116 111.8 1643 1543 1m.5 6.61 0.521 0.939 P 



APPENDIX I1 

. 

I n  evaluating the r e l a t ive  concentrations of vo la t i le  gases i n  the gas 

phase i n  equilibrium with the  l iqu id  solution, a knowledge of r e l a t ive  vo la t i l i -  

t i es  i s  desirable,  The r e l a t ive  v o l a t i l i t y  of gas 

5 2  * 

where y = mole fract ion of 

x = mole fract ion of 

1 t o  gas 2 is defined as: 

y2/x2 

the component 

the component 

i n  the vapor 

i n  the l iqu id  

To obtain an approximate knowledge of the  d v a l u e s ,  Hem's and Dalton's 

Laws may be assumed. Then 

where K represents the Henry's Law constant. 

Figure 6 shows Henry's Law constants based upon the  low pressure 

so lubi l i ty  data. 

The values for xenon and krypton were taken from the work of van Antropoff 

and Valentiner (I8) l i s t e d  i n  the Handbook of Chemistry and Physics. The 

data f o r  helium is  from Wiebe and Gaddy (22) and Perry (lo), while that fo r  

nitrogen is  based upon Wiebe and Gad@ (20) and Saddington and Krase 

The r e su l t s  f o r  H2 and % were taken from Figures 3 and 5. 
419)  

(13) 

Figure 25 represents the r e l a t ive  vo la t i l i e s  (with respect t o  hydrogen) 

evaluated from Figure 6 using equation (22) .  
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APPENDIX I11 

EFFECT OF DISSOLVED SALT OB GAS SOLUBILITY . 

A theory for the e f fec t  of salt concentration on t h e  so lubi l i ty  of 

gases in water has been developed from thermodynamic considerations. 

integration of t he  Duhem equation (see Appendix I) Krichevsky and Kasarnovsky 

derived the  following expression f o r  the  so lubi l i ty  of a gas i n  pure water. 

By proper 

where F2 i s  the  fugacity of the  gas i n  the  vapor phase, N2 i t s  mole f ract ion i n  

the  l iquid phase, and :2 i ts  p a r t i a l  volume i n  the  l iqu id  phase. 

sumption i n  t h i s  equation is t h a t  the p a r t i d  volume, v2, i s  independent of 

temperature and pressure. 

The only as- 
- 

- 
If equation (23) is  applied t o  a salt solution 

(constant composition) at the same temperature and t o t a l  pressure the result 

where Nh represeats the so lubi l i ty  of the gas fn the  salt solution. 

ing equation (24) from (23) gives an expression for the r a t i o  of the so lub i l i t i e s  

of the gas i n  the  salt sclution and i n  water, N;/If2; i .e., 

Subtrcct- 

The r a t i o  ?$B2 represents the ra t io  of t h e  fugacities of the  hydrogen 

i n  the vapor phase. If t he  va2or phase is an ideal gas, 
I 

f2 f" y' 

82 = f0 y - 
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where fo is  the  

of the system. 

-city of t he  pure gas at the temperature and t o t a l  pressure 

Hence the r a t i o  may be wri t ten 

vhere the  last equal i ty  follows from the assumption of perfect gas behavior. 

This assumption i s  not serious because it is  made f o r  both the water and salt 

solut ion cases and the r e s u l t s  employed i n  r a t i o  form. 

becomes 

Hence equation (25) 

The last term of t h e  preceding expression is exactly zero i f  Henry's 

Law applies fo r  v2 and ;$ are both zero. Even if  Henry's Law does not hold, 

v2 and Gfi are probably about the same i n  magnitude so t ha t  the term would be 
- 
small. Likewise * - is approximately unity. Signif icant  deviations w i l l  

occur only at high temperatures and l o w  t o t a l  pressures where P - ps and 

P - p; w i l l  be small, and at high salt solutions where p and p'  are s i g n i f i -  

cantly d i f fe ren t .  

upon the solution concentration rather than temperature md pressure. 

the last two terms of equation (27) are small and can be adequately represented 

by a function of salt concentration. Similarly the r a t i o  of the Henry's Law 

constants is  dependent primarily on the  nature and concentration of t h e  salt 

P - B  

I n  both cases the magnitude of the terms xfll w e n d  primarily 

Hence 

and only t o  a minor extent upon the  temperature level .  

mate expression f o r  the  r a t i o  of the so lub i l i t y  of a gas i n  salt  solution t o  

that i n  pure w a t e r  is  

Therefore an approxi- 

I' I n  - -  2 - f (nature of salt, concentration) 
' IJ2 

c 3) 
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This  means tha t  8 plo t  of so lubi l i ty  r a t i o  versus salt concentration should be 

approximately independent of pressure and temperature. Also, i f  the concentration 

variaale employed is  normality the spread of the curves f o r  d i f fe ren t  salt 

so1ut;tons should be a minimum. 

The more general equation (27) can be used as a general method for  

correlating so lubi l i ty  of gases i n  salt solutions. A p lo t  of so lubi l i ty  data 

as I n  f2/IV2 VS. P - ps as described i n  Appendix I1 fo r  both water and aqueous 

salt solutions at  one temperature would permit the evaluation of i b ,  i2 and 

K and K' . 
pressure and temperature. 

Then equation (27) can be employed t o  evaluate the r a t i o  Nfi a t  any 
v2 
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Since the solubility of gases in heavy water, deuterium oxide, m y  

The only information be desired, the literature was surveyed for such data. 

0 found was the solubility of carbon dioxide in deuterium oxide at 25 

one atmosphere. 

C and 

The Ostwald coefficients are reported as 0.821 + ,007 for 
* - 

%O and 0,819 - 4 .005 for D20 at 25' C. The OstwGd coefficients are the 

volumes of gas at 25' 2 and one atmosphere dissolved in one volume of liqaid 

at 25' C. Thus the solubility of C02 in D20 may be taken to be the same 

as for 5 0  on a'volume basis. 

equal the solubility in H20 times 

25OC. 

The 

Until better information 

solubility of gas per gram of D20 w i l l  

(density of H2°) .997 = .903 at 
(density of D20) Or 

is available, this procedure of multi- 

plying the solubility of a gas in H20 by the ratio of the densities to 

obtain the solubility per gram D20 is suggested. 

..................... 
* Curry, J. arid Hazelton, C. L., J. Am. Chem. SOC. 60, 2771 (1938). 
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P = t o t a l  pressure 

ps = vapor pressure o r  saturat ion pressure 

K z Henry's Law constant 

PH = t o t a l  pressure - vapor pressure 

Ii = normality of solution 

~2 = mol f rac t ion  of holute (gas) i n  solvent (water) 

= mpl f rac t ion  of solute  (gas) i n  solvent (salt solution) 

y = mol f rac t ion  i n  vapor 

x I mol f r ac t ion  i n  l i qu id  

'I fugacity of pure l i qu id  
0 fy = fugacity of pure vapor 

C p fL xw 
e- 

YW 

T temperature 

R I gas constant 

v c volume 

H = enthalpy 

2 = compressibility f ac to r  

F s p a r t i a l  free energy 

v I p a r t i a l  molal volume 

f = p a r t i a l  molal fugacity 

d r e l a t ive  v o l a t i l i t y  

- 
- 
- 

Sub s c r i p t s  

1 consti tuent (1) (sometimes water) 

2 consti tuent (2) 

w water 
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v.p. vapor pressure 

8 

M OT? K I modified Henry's Law constant 

at saturation or vapor pressure 

It should be noted that both N and x have been used for mol  fraction in 
the liquid phase. 
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