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Theoretical Asnects of the Effect of Pressure

on Gas - COondensed Phase Equilibria.

by T.J.Webster
Summary

The effect of pressure on the equilibrium between an
inert gas anmda liquid or solid phase is to increase the
vapour pressure of the condensed phase above its normal
value. The theorctical increase in the vapour pressure
of the condenscd phase can be conlculated by Poyntings
Thermodynamic Relation but the vapour pressure eclevation
predicted by this Relation is usually much less than
that found by experiment.

The results of different workers who have studied
the effect of pressure on the equilibria between water
and the inert gases Helium, Hydrogen, Air,Nitrogen and
Carbondioxide have been examined in detail and it has
been ghown that the vapour pressure increase obtained
with a particular gas can be related to the concentration
of dissolved gas in the water. The effect of a given
concentration of dissolved gas in increasing the vapour
pressure of the water is shown to %' practically
independent of pressurc or temperature; the activities
of different gases are not the same however but dccrease

in the same order as the diameters of the gas moleculcs.



An ompirical formula has been derived which enables
the vapour pressure increase produced by an ideal gas to
be predicted with congiderable accuracy over a wide range
of temperature nnd pressurec from the resultg of a single
experimental determination of the activity coefficient

of the gas. : !

|

As it is difficult.ta reconcile & theory based on the solution of inert gas |
in the condensed phase, with the known behaviour of systems in which no liquid

i

is present it is concluded that the factor of fundemental importance in determining -

lthe extent of vapour pressure elevation is the formation of a solution in the gas
{phase of molecules which would otherwise condense.

e — = -

Introduction

The earliest observations of the increase in the
volatility of a condensed phase in the presence of a
compressed gas were made by Hannay and Hogarth (1880)(1)
who examined the solvent properties of some fluids for non-
volatile solids during the passage of the solvent through
the critical point. It was shown by these workers that
no preciﬁgtion of solid occurred when a solution consisting
of potassium fodide dissolved in alcohol was heated in an
enclosed tube to a temperature above the critical
temperature of the solvent. It was observed that potassium
iodide crystals were precipated from the gaseous alcohol

only after the pressure developed due bdo the evaporation

of the alcohol had been roleased. The experiment indicated
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clearly that a gas under certain conditions of temperature
and pressure could cause the volatilisation of an otherwise
involatile solids In studying the system cebaltous~chloride
alcohol Hanngy snd Hogarth showed that above its critical
point the solution had egsentially the same absorption
gpectrum as in the liquid state indicating the persist%nce
of the normal ionic condition of the salt above the
critical temperature of the solutions The concentration of
cobaltous chloride in the superecritical phase was far
higher than could be accounted for by the normal vapour
pressure of the salt.

Altschul (1897) () investigated the influence
of temperature on the solvent power of goses. He filled a
strong glass tube with a solution of potassium iodide in
alcohol and heated the tube to the critical temperature of
the solvent. At this temperature the potagssium iodide
remained in solution but on heating the tube to a higher
temperature deposition of solid was observed showing that
the solvent power of gas is not independent of temperature
and pressure and may in fact decrease as the gas is heated
at constant volume.

Between 1903 and 1910 Centnerszwer (3) (4) made a
systematic quantitative study of the ceritical points of
solutions of different salts. These experiments

demonstrated that the presence of dissolved salts normally
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causcs a rise in the eritical temperature of o liquid
analogous to the rise in the normal boiling point, the
extent of the increase being proportional tc the concentration
of the salts The importance of critical phenomena in
geological processes was pointed out by Niggli in 1912 (5).

Quantitative studies of the increase in the vapour
pressure of liquids and solids have been carried out by
many workerse Pollitzer and Strebel (6) determined
exporimentally the moisture content of air, hydrogen and
carbon-dioxide in equilibrium with water at 50°C and
70°C at pressures upto. 200 atmospheres. Bartlett ()
who wag interested in the effect of inert gas pressure on
vapour pressurc in connection with the manufacture of
synthetic ammonia determined the equilibrium moisture content
of hydrogen, nitrogen and 3:1 Hy = Np mixtures between 25
and 50°C at pressures upto, 1000 atmospheres. The system
water - nitrogen was studied experimentally at pressures
upto. 300 atmospheres by Saddington and Krase (8)- The
golubility of different compressed gases in water was
examined by Wiebe, Gaddy and Heins (9)- The water content
of natural gas and helium under pressure has been measured
by Deaton and Frost (10). The equilibrium molar
concentration of carbondioxide in air compressed upﬁgjfﬂ
atmospheres was measured by Gratch (1945) who showed that

under certain conditions the vapour pressurc of carbon-
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dioxide is 1increased by a factor of ten when the solid is
subjected to inert gas pressure (11). An even more remarkable
result was obtained by Diepen and Scheffer (12) in studying
the solubility of naphthalene in supercritical ethylenea.

These workers showed that at 12°C and 100 atmospheres the
naphthalene concentration in the ethylene gas is over
25,000 times as great as it would be if the nﬁpﬁgiene

exerted its normel vapour pressure.

The theoretical aspects of the change in vapour

pressure when a condensed phase issubjected to pressure by
an indifferent gas have been considered by Poynting (13)
who derived the following thermodynamic relation expressing

the magnitude of the pressure effect ( _dp ) = V1

in which p vapour pressure of the liquid

P = total pressure on the liquid

Vg = molal volume of the vapour

Vi, = molal volume of the liquid

.. The formula is known as the Poynting Relation after

itg discoverer. The increase in vapour presgsure calculated
by the formula is usually much less than that determined by
actual experiment. Tﬁis is due to the fact that the Poynting
effect is nqﬁer obtained alone and is usually obscured by a

solubility effect,

Derivation of Poynting Equation

The Poynting formula was derived by considering the
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equilibrium between two phases of a pure substances. The
condition for equilibrium in any process occurring at constant
temperature and pressure is defined by the equation dF a;lf)
where F = the frec energye. If P1V3T; and PoVpT, are the
pressures, molal volumes and molal free energies of. the
two phases respectively at equilibrium at constant temperature
then on increasing the pressure by an amount dP] in one phase
there will be a corresponding change in pressure dP> in the
other and it can be shown that

dPp = dFp  gnd dP, = dF
V1 Vs

But for cquilibrium dFy = dFp

Therefore dP; = Vp

OT(_Jﬂi_ﬁ = Vg, or/ Vg where Vi, Vg and Vg = molal
dP /¢ “va L____ volumes of liquid gas and
VG solid respectively.

The theoretical derivation is based on the agsumption
that a semi=-permeable membrane maintains the different
pressures on the two phasese The only practical means,
however, of increasing the total pressure on a condensed
phase in equilibrium with its vapour is to introduce an inert
gag into the system. As no real gas is entirely inert it
is impogsible in practice to devise a method for determining
the Poynting effect alone, and for this reason a discrepancy

is always found between experimental recsults and those
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calculated from the thermodynamic equation.

Theorctical increase_in water vapour pressure with pressure
The effect of pressure in increasing the vapour

prossure of water and lce-is calculated as follows from

the Poynting Relation. Assuming that the vapour conforms

to the perfect gas laws (i.e» Vg = _E%_} and that the

molal volume of the condensed phase is unaffected by pressure

the Poynting equation can be integrated to give:-

—13-—— = Ve (P"'ps)
Ps RT

in which p is the vapour pressure of the condensed phase under
pregsurc P and pg is the saturation vapour pressure of the
condensed phase ( molal volume Ve) at temperature T in the
absence of indifferent gas pressure. Factors ({p showing
the relative increase in the vapour pressure o% %ﬁé condensed
phase have been evaluated for ice and water at different
temperatures and pressures; these arc given in Table 1

in comparison with the practical values shown in brackets

obtained from the smooth curves in Figure 4 (14) .
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TABLE T
Factors :f p.\ calculated from Poynting Relation
\ g
t
Tempgga ure _35 o 5 15 50
Pressure : 5
atmospheres Factor { o) \
gauge e }
£

50 1.05 (1.59) 1.04(1.38) | 1.04(1.25) | 1404(1.20)| 1.,03(1.14)

100 1.10 (2.16) 1.10(1.76) | 1,08(1.,50) | 1.08(1.39) | 1,07(1,28)

150 Lels (2475) | 1424(2.15) | 1.13(1.75) | 1.12(1458) | 1.11(1.42)

200 1420 (3.33) | 1.19(2.53) | 1.17(2.00) | 1.26(277) | 1.34(1.56)

# Values in brackets have been obtained from smoothed

experimental data (14)

It can Be gsecen from the above results that the

experimental factor / }

temperature and

factor.

p
\ Ps

is greater at any particular

pressure than the calculated

In addition to the Poynting effect there is

clearly another effect contributing to the total vapour

pressure increasc.

as follows:=

in which

P

Ps

p

1l

1

This ¢

an be expressed mathematically

=p3+pp*px®

the actual vapour pressure. of the
condensed phase at pressure P,

the normal

saturation vapour pressure

of the condensed phase at temperature T.
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vapour pressure ineresse of the condensed
phase due to the Poynting effect at
temperature T and pressure P.

5
]

P, = Vapour pressure increase at temperature T
and pressure P additional to that caused
by the Poynting Effect.

From this equation it follows that

4 = {Ps y Pp\ + R

Pg L Pg
But pg + pE = Fp where Fp is the calculated Poynting Factor,

Pg
s s Fp = Fp = px where Fp is the actual Factor determined

—— by experiment.,
Ps

or Fy-F, =Fx (2) where Fy is a factor showing the relative V.P.

increase caused by effects other
than the Poynting Effect.

Numerical values of Fx for the system air-water at 0°, 15° and
50°C have been calculated for different pressures upto, 200
atmospheres using the factorg Fy and Fp given in Table 1,

Thesc are shown in Table 2.
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TABLE 2

Calculated Factors (Fx)for'system air-water

Temperature
gg 0 15 50
Pregsure
atmospheres Fx (=T - Fp)
gauge
50 21 .16 il
100 W42 <31 a2k
150 62 46 »31
200 <83 61 42

It can be seen that the factor (Fx) varies linearly
with pregsures this must of course happen as the factors
Fp and Fp each vary linearly with pressure.

Correlation between Inert Gas Solubility and the Vapour .
. regsure Factor (Fy)

Attention has already been drawn to the fact that no
real gas can be regarded as being completely inert when it
is employed to increase to a relatively high value the
external pressure on a liquid or a solid. The gas penetrates
the condensed phase and would therefore be expected to alter
the normal forces of molecular attraction within the phase
thus affecting the vapour pressure of the condensed substance.
In the case of a liquid the extent of the inert gas

penetration will depend on the solubility of the inert gas
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and the increase in the vapour pressure of the liquid in the
presence of the compressed inert gas would be expected to be
related in some way to the gas solubility. In the case of
water and air such a relationship can be shown to exist,.
This can be seen from the values given in Table 3 in which
the solubilities at normal pressure of air in water at the
temperatures 0, 15 and 50°C are compared with the factors
(Fx) for the systom air-water at the same temperaturé and
at different pressures upto. 200 atmospheres. Tho factors
(Fx) at O, 15 and 50°C have been designated Fx0, Fx15 and
Fx50 in Table 3. The following data on the solubility
of air in water was obtained from the International Critical
Tables (15),

Solubility at 0°C

n at 15°C 165 x 10=7 -ditto-

1l

L at 50°0C = 106 x 107 ~ditto~

232 x 10~7 mols air/mol of solution (80)

(815)
(850)
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The above values show clearly that the ratio of the
factors (Fx) at two different temperaturecs remain practically
congstant with increcasing pressure and is in rcmarkably close
numerical agreement with the ratio of the gas solubilities at
the game temperatures and at atmospheric pressure. As it is
indicated by the results that Fx0 : Fxl5 t Fx50 = SO s S15 & S50
we can express the results by the gencral equation

Fx = K.S where K is gonstant ot a
given pressure.

We know however that for the system air-water Fx
varies linearly with pressure also that the actual solubility
of the gas (SA) varies linearly with pressure if Henry!'s
Law is obeyed (i+e+ SA = P,S) therefore assuming that the air
behaves ideally we can writei=

Px= E.2.3.(3)

in which Fx = vapour pressurec factor due to dissolved gas
at pressure P and at temperature T

8 = solubility of the gas in the liquid at
atmospheric pressure and temperature

X = o congtant which is independent of temperature
and pregsure.

Equation (3) implies that the factor (Fx) at any
temperature and pressure is fixed by the molar concentration
of air in the liquid and by a constant K which measures the
activity of the air in elevating the vapour pregsure of water.
If this equation were shown to be true it would mean that in

the case ofﬁﬁystem obeying Henry'!s Law we could calculate from
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solubility data at atmospheric pressure values of Fx at any
tomperature*éﬂ'prussurc, having carricd out a single
experiment to dctermine the numerical value of K. The
overall vapour pressure factors (FA) could then be caleulated
from equation @ .

For a system not obeying Henry'!s Law but in which
the factor (Fx) is proportionol to the actual solubility

of the gas (SA) equation (3) becomes:-

Fx = K.SA QD where SA = the molar concentration
of gas in the liquid.

Substituting (;) in equation (2) we obtain
Fo-Fp =K. 8 (0

If equations (4) and (5) were true they would enable the
factors Fx and Fy to be calculated for any temperature and
pregsure at which the gas solubility was known after the
numerical value of K had been determined by a single experiment.

To 1llustrate how clogely equation (5) applies in the
oage of a system which does not deviate widely from Henry's
Law, K values at different temperatures and pressures have
been calculated for the system Air-Water using the known Fx
values for the system and published data on the solubility
of air in water at normal pressure (15). These are shown

in Table b



= 15

L6T o TOC 90T 0¢
78T 9" TOC Gt ST
8LT £8° TOC cee 0
£6T EE® TST 90T 0%
G8T ar TST $91 ¢t
LLT c9* TST cee 0
96T Te® TOT 90T 0¢
98T ¢ 1 TOT G9T Gt
64T o7t TOT cee 0
702 tr* 14 90T 0%
06T ar* T4 S9T at
8LT Te® TG cee 0
JOT X §
(egutosqe) uoTgnTos Touw/aTe sTou
*Sd (€ oTqer ©9°8) sagoydsouge axoydsouqe T Do
Xl = b d sanssaag - 98 L9 TTTQUTOS oangersdue]

axeydsouwq® T 98 JI99BM UT JITe JOo AJTTIQUIOS UO paseq J938M~-ITB WeqlSAs JoJ senysA Y

7 TTEY L




- 16 -
Congidering the range of temperature-and pressure over
which they were determined the K values are in remarkably
close agreement and lend considerable support to view
that dissolved air is regpongible for the vapour pressure
increase represented by the factor (Fx)e Although the
results show that the numerical value of K tends to increase
with increasing temperature they are neverthelegss sufficiently
consistent to enable the factors (Fx) and (Fa) to be
calculated with reasonable accuracy for different temperatures
and pregsures from any particular value of K,
For instance K = 178 at 0°C and 51 atma
Using thig K value to calculate the total vapour pressure

factor for the system Air-Water at 201 atma and 50°C we have

Fp~F, =TFx=KPsS, (2 & ()

1l

Fj - 1.14 = 178 x 201 x 106 x 10~7
= 938
FA = 1.52

The experimental value ( see Table 1) = 1.56

The fact that overall vapour pressure faetors can
be calculated over a wide range of pressure and temperature
in this way does not necessarily mean that the ability
of a given concentration of gas to increase the vapour
pressure of the solvent is completely unaffected by changes
of temperature or pressure. It indicates, however, that any

effect of temperature or pressure on the activity of the
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gas is small compared with that of tho concentration change
accompanying the variation in temperature and pressure.

The manner in which the activity of the dissolved
gas is affected by pressure and tomperature can however be
deduced by examining in detail the wvalues given in Table 4.
In deriving these values it was assumed that the system
Air-Water obeys Henry'!s Law but at the high pressure for
which the values were calculated this assumption is not
fully justified and to obtain real K values we must congider
the effect on the system of deviations from ideal behaviour »
If Henry's Law dis not obeyed the concentration of air in
the water at a given pressure will be less than the ideal
value, which means that the real K value will be greater
than the ideal K value at a given pressure, Now, in general,
deviations from Henry's Law increase with increasing
concentration of gas in the liquid phase i.e. with increasing
pressure and with reduction in temperature. It is therefore
reagonable to assume that the difference between the actual
and ideal K values will increase with increasing pressure
and as the temperature falls, Thus whereas the ideal K
values at a given temperature (Table 4) are seen to remain
practically constant with increasing pressure K values
baged on actual solubility data would increase with
increasing pressure at a particular temperature, the extent

of the increase depending on the deviation of the system
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from Henry'!s Law. This suggests thﬁt the vapour prsesure
increase caused by a given concentration of alr in water
increages as the air pressure is raised. An increase in the
attractive forces between the molecules in the gas phase
might of course account for this effect but it is more
probable that the effect is duec to conditions existing in
the liquid phases

The results in Table 4 show that the ideal K value
at a fixed pregsure increases slightly as the temperature
is raised. The correctioﬁ'for_the deviations from Henry!'s
Law will, however, be greater the lower the temperature thus
the actual K values at different temperatures will either be
more nearly equal numerically than the ideal values or will
decreagse with increasing temperature. As the system under
consideration does not deviate greatly from Henry'!s Law it
is doubtful if the latter effect would be obtained; it is
more probable that the actual K values increase slightly
with increasing temperature. This suggests that the activity
of the dissolved gas increases slightly as the temperature
1s raised. Normally such an effect would be completely
masked in practice by the mush greater effect of temperature
on the gas concentration in the liquid.

It appears from these considerations that dissolved
gas 1s capable of increasing the vapour pressure of the

golvent by an amount which would account for the discrepancy
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between the actual and the ideal vapour pregsure elevation
which is ', wsually found when a gas=liquid system is
subjected to pressure. The influence of the dissolved
gas is proportionsl to its concentration in the solvent
and ig practically independecnt of temperatﬁre or pressure
although there is some evidence of a slight increase in
the activity of the gas with increaging temperature and -
pressure.

Real K values for the System Air-Water

Reliable data on the golubility of No in water at
high pressure is available in the literature and we can
use this information to calculate the true solubility of
air in water at high pressure if it is asgsumed that the
systems air-water, nitrogen~water deviate similarly from
Henry's Law at a given temperature and pressure. The
experimental values for the solubility of Np in water at
500C and at different pressures which were obtained by
Wiebe, Gaddy and Heins (9) are compared in Table 5 with
ideal values calculated from the solubility of No in water
a t 50°C and at atmospheric pressure (16) , 4 column has
been included in the table showing the percentage deviation
of the system N, - water from ideal behaviour at different

Pregsures,



of Ng in

- ol o

TABLE ‘5

Comparison of real and ideal values for the solubility

water at 5000 and at different pressures.

Pressure _ | Solubility of N in water % Deviation from
(atmospheres 8)x 106 mols N5/mol solution | Ideal Behaviour
absolute )
Experimental (9)| Ideal (16)
1-0 - 8085 ]

51,0 429 451 449

101,0 810 895 9.5

201.0 1475 1780 Aty ek

If it 1s assumed that the systems Air-Water, Nitrogen~

Water deviate similarly from Henry's Law we can estimate the

real solubility of air at different pressures by applying

the above corrections to the ideal solubility values for air,

This has been done and the results are tabulated belowa

|58 -




- Real values for solubility of
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TABLE 6

air in water

at 50°C

Pregsure Solubility of air in | % Deviation |Real solubility
(atmospheres | water assuming that from Ideal |of air in water
absolute) | Henry's Law is obeyed | Behaviour Sy x 106
mols air/mol selution| (see Table |[mols air/mol sol®
Sux 106 5 )
1.0 10.6 -

51,0 541 449 514

101.0 1070 9.5 967

201.0 2130 17.1 1766

Real values of K for the system air-water have been

evaluated from the cdata on the actual golubility of air in

water and are shown in Table 7.

IABLE 7
Real K values for the system air-water at 500C
P | Factor (Fx) Solubility of air _—
atm | (see Table 4) | in water (Table 6) K (= -3
(aouge) SA x 106 mols air/ A
L mol solution

50 11 514 PAVA
100 21 967 218
200 42 1766 238

the K values for air;

These results indicate the true effect of pressure on

an attempt to derive any relationship
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between the K value and pressure on the basis of the results
would not however be justified.

The results confirm that K values based on the true
solubility of air in water increase slightly with increasing
pressure .

By a method of calculation similar to that employed
in deriving the results in Table 7, K values have been
estimated for air at 25°C from published data on the solubility
of Np in water at this temperature@!) » The K values obtained
are shown in Table 8 in comparison with the values for 50°C.

TABLE 8

Real K values for the system Air-Water at 25° and 50°C

T
(atmogpheres ( S% ) -
gauge) 25,000 50°C
50 174 214
100 204 218
200 230 238

The results show that the K values at a given pressure
increase as the temperature isg raised indicating that the
activity of the dissolved gas increases slightly with

increasing temperature. In practice any increased activity
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with temperature elevation is compleotely masked

by the reduction in gas solubility with the result that the

vapour pressurc factor (Fx) decrcases as the temperature

is raised.

K values for the system Nitrogen-Water

K values for the system Nitrogen-Water have been

calculated from the smoothed experimental vapour pressure

data of Bartlett (7)and Saddington and Krage

These are shown in Table 9 belows

ITABLE 49

K valueg for gystem Nitrogen-Water at 50°C baged
on experimental data for solubility of Nitrogen in water(g)

Pregsure Fp Fj Fx(= FA"Fp) K(=Fx) X
(aim)
o ( EET Averag
Bartlett Sadd & ||Bartlett Sadd & Solubll%ty
Krase" | Krage SA x 1?/ “ﬁ;;%:“g;g
i mols Np |Sai
mol Soln A6 |
50 1.03 1.15 1,21 «12 18 429 280 420 350
. [
100 1.07 1429 1.43 22 | W36 810 272 445 358
200 [1.14 1,55 | 1,81 ol 67 1470 279 455|367
300 l.22 LT 229 55 1.07 2040 397

269 |525
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The experimental factors obtained by Bartlett are
consistently lower than those obtained by Saddington and
Krase thus the K values calculated from the two sources
are not in numerical agreement. A4s =ir contains 79%
Nitrogen the behaviour of the system Nitrogen-Water would
not be expected to differ greatly from that of the system
air-water. We should therefore expect the K values for
N, to increase slightly with increasing pressure. It cdan be
seen that the K valueg calculated from Bartlett'!'s data
become lower with increasing pregsure and that those
calculated from the data of Saddington and Krase show a
relatively sharp increase with increasing pressure particularly
between 200-300 abs« Now any inacc uracy inherent in a
particular experimental method of determining vapour preésure
factors usually becomes accentuated as the pressure is raised
and it would appear therefore that Bartletts results are low
and those of Saddington and Krase are high, the deviation
from reality being in each case greater at the higher pressures.
If this is so then K values obtained by averaging the results
from the two sources should give a more accurate picture
of the influence of pressure on the K values than the X
values from either source. Average K valuep assessed in this
way are shown in Table 9, These conform with the values
obtained for the system Air-Water in showing thet K increases

slightly with increasing pressure, It is interecsting to note Fal
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the numerical value of K is greater in the case of Np than
for air. This indicates that the activity of dissolved Np
is greater than that of dissolved air. If we assume that the
average K values shown in Table 9 rcprescent the true wvalues
for the system No_yater it follows that there is remarkably
little change in K value with pressure up to 300 atmosphereg.
This means that factors Fj for Np could be calculated with
considerable accuracy at pressures up to 300 atmospheres
from the equation

Fp - Fp

using the K value derived from a single experiment carried

=KSA

out at some intermecdiatc pressurec.

K Valuc and Incrt Gaos Composition

Congideration of the systems Air-Water and Air-Nitrogen
has shown that there is a marked correlation between the
vapour pressure increase of the water and the gas solubility.
To establish whether or not the solubility effect is independent
of the composition of the inert gas it is necessary to
determine K values for systemg in which water is subjected
to pressure by different inert gases, Fortunately this can
be done for the effect of pressure on the equilibria between
water and the gases Helium, Hydrogen, Nitrogen, COp and Air
has been gtudied by different workers. Although the published
results display many discrepancies they are consistent in

showing that the vapour pressure increase of water in the
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prQsenoo of these gages riség.in the order of He, Hy, Alr,
N, and COp. The owerall vapour pressure factors (Fy)
obtained with these gases at 50°C and at 50 atmospheres

pressure are shown in Table 10 in comparison with the

solubilities of the gases at 50°C and at atmospheric pressure,

TABLE 10

Factors (Fy) for different gases at 50°C
and 50 atmospheres.

Gas Fy Solubility in water at 50°C
and 1 atm, S x 107 mols gas/
mol solution

o

Ho 1,0 73 (20)
+*xX

H, 1.04 131 (16)

Air 3.3 106

Ny 1,15 8845
=

€O, 2,20 3540

Agsuming that at 50 atmospheres the gases are soluble
in thc same order as at 1 atmosphere it follows from the values
tabulated above that there is no fundamental relation between
the activities and solubilities of different gases. Clearly
it is not only solubility which determines the vapour pressure

x Deaton and Frost at A0 atmospheres

xx Bartlett
xxx Pollitzer and Strebel
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elevation produced by a particular gas but also the activity
of the gas, which according to the data given in Table 10_
varies with the nature of the gas. It is not surprising
to find that activity varies with the nature of the gas for
if as has been supposed dissolved gas is respongible for
increasing the vapour pressure of the ligquid we should expect
the magnitude of the vapour pressure increase to depend not
only on the concentration of the gas but also on certain
fundamental properties of the gas and liguid, The size of the
gas molecule in relation to the space available for molecular
motion within the liquid is a factor which would be expectel
to influence the activity and it can in fact be shown that a
relationship exists between the size of the gas molecules
and activity.

K valug and size of Inert Gas Molecule

It has been shown that 1he K values for the systems
Air-Water and No-Water change 1ittle with variation in
temperature or pressure, This indicates that the numerical
value of K is determined chiefly by some property of the gas
which is unaffected by temperature or pressure, and suggests
that the K value may be a function of the size of the gas
moleculeg. We can examine this possibility by comparing
the K values for different gases with the diameters of the
gas moleculeg. This has been done using vapour pressure

factors and solubilities for the gases He, Hy, Air, No and
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002 and the results are shown in Table II,

Top B L B 1T

K values for different gases at 50°C and 50 atmospheres pressure

Gas |Fp |Fp |Fx [Solubility at 5000 ( Fx Molecular Dia (18)

and 50 ats RKi=s cms x 108

Sy x 106 mols gas/ (S

mol solution
X

He 1.0 | 1,03 - 354 =L 1.9
Hy |1.04|1.03 .01 605 (9) Lo 244,
Air lll/{. 1103 pll BM 21.119 341
No  [1.151.03| .12 429 (9) 280 3415
C0, |2.20{1.03| .17 14,000 12 3.34

x Calculated from solubility at 1 atmosphere assuming

4+9% deviation from Henry's Law at 50 ats.

In general the results show that the K values for the

different gases vary in the same order as the diameters of the

gas molecules, 002 being the only gas to display exceptional

behaviour, The low K wvalue for 002 in relation to the diameter

of the COp molecule can be explained by the fact that this gas

is not inert but actually combines chemically with the water,

This will have the effect of reducing the vapour pressure

inorease to a wvalue lower than would be obtained if 002 were

entirely inert towards water, and the K value for the gas

will therefore be abnormally low,

The results in Table II
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support the view that the gize of the molecule is an
important factor in determining the vapoﬁr pressure
incrcase duc to dissolved gas.

Unfortunately the results must be looked upon as
providing a qualitative rather than a quantitative picture
of the rclation between molccular dimension and vapour
pressure increase for although the experimental values of
different workers are congigstent in placing the activities of
the gases in the order shown in Table II there are many
instances when the actual experimental values are in
considerable disagrecment.
Discussion

A detailed examination has been made of experimental
results obtained by several workers who have studied the
effect of pressurc en the equilibrium between water and the
inert gasecs Air, Hp, He, Ny and 00g and it has been shown
that each of these gases with the exception of Helium
increases the V.P. of water by an amount which is greater
than would be expected theoretically, It has been shown
that the difference between the actual and the theoretical
V.P, increase when a particular system is under pressure is
directly related to the concentration of gas in the condensed
phase, This suggests that in addition to the vapour pressure
increase due to Poynting effect there is further vapour

pressure increage for which dissolved gas is responsible,
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the magnitude of the latter increase varying linearly

with the concentration of the dissolved gas, It has been
shown that the activity of the dissolved gas varies with
the nature of the gas but is little affected by change of
either temperature or pressure; an increase in either of
thee variables has the effect of slightly increasing the
activity, The activities of different gases decrease in the
order of decreasing gas molecule diameters .

The following empirical equation has been derived
relating the actual vapour pressure increase obtained when a
liquid is in the presence of inert gas under pressure and the
solubility of the gas in the liquid ‘

FA-Fp =K. 8§
in which
Fj is the relative increase in V.P. of the liquid

Fp is the " ) n W of the liquid
due to the Poynting cffect.

Sy is the molar concentration of the gas in the liguid

K is a congtant determined by the activity of the
gag in solution.

For the system Air-Water at temperatures from 0°C to
5000 and at pressures up to 200 atmospheres and for the
system No & water at 500C and at pressures up to 300 abs this
equation gives values of Fp which arec in close agreement with
published data. The published data for the system Hp — water

1s insufficiently consistent to justify any attempt to determine
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accurately the activity coefficient K for this gas although
it will clearly have a value numerically iower than that
for Air or Nos The workers Deaton and Frost found no increase
in the V.P, of water in the presence of He compressed to 40 ats,
Ag it is doubtful whether any inert gas would fail to produce
a vapour pressure elevation due to the Poynting effect even
if there were no additional vapour pressure increase due to
dissolved gas it is probable that the method used by Deaton
& Frost was insufficilently sensitive to detect the effect of
compressed He on the ligquid phase vapour pressure. The fact
that Deaton and Frost were unable to observe any vapour pregsure
increagse with He suggests that dissolved He increases the'
vapour pressure of water by only a very small amount if at all:
in fact it is reasonable to assume that the activity eoefficient
for He has a numerical value lower than that for Hy. If this
1s so, the behaviour of He is in conformity with that of the
gases Ho, Np and Air in showing that activity decreases with
reduétion in gas molecule diameter. A gas such as ethylene
which has a relatively large molecule would be expected to
have a marked effect in increasing the vapour pressure of sa
liquid phase and it is interesting to note that this is borne
out by the results of Diepen and Scheffer {12} who found that
the vapour pressure of acetylene is increased to 25,000
times its normal value at 12.0°C in the presence of ethylene

gas compregssed to 100 atmogpheres. The activity of a particular
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gas will of course depend not on the properties of the gas
but also on the properties of the liquid in which it is
dissolved. We would expect the activity coefficient to vary
according to the forces of cohesion and the mean free path
in the liquid or so0lid subjected to inert gas pressure. This
could explain why air at pressures up to 200 ausiospheres
shows a much. greater effect in increasing the vapour prcssure
of C0g (17)(19)(11)then of water (14) for the foreecs of
cohesion in-water are very high,

Conclusion

Although an intercsting relation has been
ostablished between dissolvced inert szas and the elevation
in solvent vapour pressure in a two phase system under
pressure there are scveral objcctions to viewing gas
solubility as the fundamental impulsc causing vapour
prossure elevation. It is for instence impossible to
formulate a theory bascd on the solution of inert gas if
consideration is given to a system in which no ligaid
phase is present. High pressure air conteining a known
concentration of water vapour rcprescnts such a system.
If we cool such a system at constent precssure the effect
of pressure on the vapour pressure of water manifests itsclf
as a lowering of the condensation temperature of the water
vapour below the velue calculated using normsl vapour

pressure deta. As =n increrse in vepour pressure can in
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this way be obtained in the absence of liquid, circumstancas
cloarly exist in which vapour pressurc elév;tion cannot be
oxplained by the influencc of ﬁissolvcd gas. A further
difficulty arises in the consideration of solid—gas cquilibra
for ong cannot recadily accept the solution of the gas in the
solid which the dissolvcd gas theoory requires.

In vicw of these consideorations e can only attach
sccondary importancc to the relationship between incrt gas
solubility and vapour pressure clsvation which has bcen
revesled in the present étudy. There is littlc doubt
that solubility in the gas phase is the factor ‘fundamentally
rosponsible for vapour pressure clevation, The available
experimental ro;ults are nov being examined from this point
of view and it is hoped to publish soon & detailed account

of this study.
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art 2 - Solubility Effccts in the Vapour Phease

It has been shown in the paper cbmprising the first
part of this study that a theory based on ths soluﬁion of inert
gas in the condensed phase cannot explain ll the phenomena
associated with the systems which have been considered. This
does not render valucless the results vhich havs so far been
obtained for elthough they must be looked upon as representing
only a secondary effecct,it is reasonablc to assume from their
consistency that a solubility effeect is in fact responsiblé
for the observed vapour pressure clevation and this suggests
thet the primary effect is thc formation of & solution of
condenscd phase molecules in the incrt gas. If this 1s the
case it would appear from the observations made in Part 1
of this study that the solvent power of an inert gas and
its ability to dissolve in a liquid are similarly affected
by pressure and temperature.

In a two phase system comprising gas and liquid
the concentration of gas in the liquid veries directly as
the pressure,if Henry's Law is obeyed. In other woris,
a8s the gas becomes more dense its solubility incresscs. As
it has shown that the vepour pressurc elcveation of a liquid
varies disectly as the inert gas solubility in the liquid it is not
inreazsonable to antleirate thet the concentretion of condensed
phase molecules in the gas phase will also increase with-inert

gas density. In considering ges-solid equilibria according to
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this theory it would no longer be nccessary to postulate

the existence of & gas—solid solution to account for the
elevation in the vapour of the solid,for this would occur

as a dircet rosult of the increcased solvent power of the

inert ges at higher pressures. A liquid—-gas system we can
regard as a system having conjugate solutions i.e. a solution
of component A in component B in equilibrium with a solution

of ~omponent B in component A, The components 4 and B

would in this case comprise the gas and liquid phases
respectively. Any physieal change in conditions affecting

the solubility of the gas in the liquid would be expected

to effect similarly the solubility of liguid moleculss in

the gas. This would explain why it is possible to relate

inert gas solubility and vapour pressure slevetion. 4s
fundamental importance can only be attached to changes occurring
in the gas phase, further consideration will now be given to

the experimental results obtained in investigating the systems
air-water and air-carbondioxide in order to establish any
relationships which mey exist.

System Lir-Water

As it is an object of this investigation to examine
the factors governing the solubility of water vapour in air
under pressure we must distinguish clearly botween water
vapour that can be lookcd upon as being dissolved in the air

and water vapour which is precscnt in the air as a result of
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of the vepour pressurec of the liguid or solid. If no such
distinection is made then the solubility of water vapour

in the air at a particular temperaturc st atmospheric

prossure will be relatively high,shilc we erc looking for

an effect which is reelised only at highor prossures. As
shovm previously the fectors Fx provide a measurc of the
solubility effcet. Feactors Fx between —550 end 50°C have been
calculated from the deta given in.Table I and are tabulated

below in Table 12,

TLBLE 12

Calculated factors Fx for system air—water/ice

I [
Temperature °C | -85 |  —20 0 15 | 50
Pressure
atmospheres Fx ( = Fy - Fp)
gauge
T I
50 54 | .34 21 | .16 11
100 s T 42 | .31 .21
|
150 1.61 1.01 62 | .46 .31
200 " 2.13 1.34 85 | el .42
|

We can employ the above factors to czlculate the
actual concentration of water in the air et different temperatures

and prossurcs due to the solvent offeet of the air.

Thus if Wis = mgms/litre of water in satureted
vapour in the absence of air pressure.
Wx = mgms wetor/litre of compresscd air

at T°C duc to the solubility effcet
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Then Wx = Fx.Ws.
Calculcted Values for Wx at differont
temperetures and pressurces ere given bclow.
LBLE 13

Calculated values Wx for system sir-water/ice

Temperature °C i ~35 | -20 | 0 | 15 50
FWs mgns/1itre : .2052 . 866 | 4.849 J 12.80 | 82.77
Prcesure E o =
atmospheres E ix = ( Fx.Ws)
gauge | |
50 | .aap .302 1.02 2.04 9.11
100 218 | .58b6 2.04 3.96 17.4
150 « 331 .895 %.00 5.89 2547
200 4306 1L ) 4,02 7.80 a 34.8

% The values for Ws were teken from referencs 14

In Fig.l the velues for Wx at differscnt temperatures
ar¢ plotted against pressure and it can be seen that straight
lines are obtained in each case. The amount of water vapour
diséolved by the air expressed as mgms water per litre of

linearl,

compressed air increases*hiﬁ% the air pressure. Now the
weight of air per uhit volume increases linearly with
pressure therefore it follows that the weight of water
dissolved by a given weight of air romains constant with
increasing pressure. This explains why the vapour pressure

factors F4 inecreasc with increasing pressure at a given
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temperature, for whereas normal. vapour prossure considerations
lead us to expect a decrsase in the emount of watof per unit
weight of air with inereosing pressurc,ve must includec a
quantity of water vhich remains constant with increasing
pressure in estimating the actual vapour pressure at some
higher pressure, It follows that the relative significance
of the solubility effect will increase as the pressure is
raised and above a certain pressure it should become the sole
factor in determining the water content of the air. With a
system in this condition any further increase in pressure should
produce no iicrease or decrcase in the amount of water contained
in unit weight of air. That this does in fact happen can be
secen from the graphs in Fig.2 which show the moisture content
of air saturated et differcnt pressures and temperatures ,for
at the lower temperaturcs the graphs run parallel to the pressure
axis above sbout 100 atmospheres.

The consistency of the rasults obtained in studying the
solubility of water vapour in air under pressure can probably
be attributed to the fact that the air bsheves almost as if
it were an ideal gas over the rangc of pressurc and
tempereture investigeted. In a system deviating from ideal
bechaviour the density of the ges may be considerably higher
at 2 given pressure than it would be if the gas werec ideal
and it is conceivable that the abnormal density of the gas

would affect its solvent power. If this were so it would
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not be unreasonable to mnticipate the possibility of having
a system in which the solubility of the condensed phase on
a gravimetric basis, increassd with increasing pressurc.
It is interesting to note that this behaviour is displayed
by the system cerbon-dioxide-air which was studied under
conditions at which air is known to deviate markedly from
the idsal gas laws.

The effcet of temperature on the solubility of
water vapour in air under pressursc can be scen from
Tables 12 and 13. Thc actual weight of dissolved water
vapour per litre of compresscd air falls with rcduction
in tomperature (Table 13) but in relstion to the amount of
weter present in the air due to vapour preésure, the
solubility increeses with increasing tempecrature.

In Fig.3 velucs of the logarithm of Wx are plotted
egainst corresponding values of _1  and it can be sscn thet
straight lines having the seme slggg arc obtainecd at different

PresSsures, Eéch graph in Fig 3 will have thc cquation

'Loc\ e Wx = -2.28+ ¥ () (&)
where S = the slope which is constant at all pressures

K = a constent which varics with pressure
At a particular pressure P we can evaluate S and K
from the results of two experiments carried out at different

temperatures.
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(=2.38 + K) (&)

Now from (4) Wxpp = e T & (&) @

in which Wxpr = the value of Wx at
pressure P and temperature T°K

Knowing S & K at pressure P we can use kéﬁ to calculate
Wx at different temperatures and at pressure P

But we also know that

fffli = - By ey @

Wx PT rEa

.

@ &
From equations (&) and (&) we obtain the expression

el e
P

At 50 atmospheres S = 1695 } = Fwﬂ !
K = 14.3 :

. . at 200 atmospheres and 50°C (523°K)

(3900 x .0031 + 14,3 )
Wx = 200 x 2.72

50

= 4!0 x 2.72

= 4.0 x 2.72 Rk
- 4.0 x 8-1.’?
= 32.68

In Table (13) the velue given for Wx at 200 atmospheres
and 50°C is 34.8.

The expression Wx = Fx.Ws enablss Fx to be calculated
if Wx is known, Ws being calculated from normal vapour pressure

data end the total vapour pressure can then be calculated from
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equation (2) once the Poynting factor has been evaluated.

Thus from the results of only two experiments
carried out at a particular pressure in order to fix the
constants in equation ﬁ?f'wa can estimate with considerable
accuracy using the above expressions vapour pressure factors
for the system air—water/ice over the range which has been
investigated experimentally. In applying the methods
described above to calculate vapour pressure factors outside
the field at present iﬁvestigafed experimentally it is probable
that reasonable accuracy would be ebtained provided deviations
from the ideal gas laws were not excessive under the chosen
conditions.

On the basis of the results of present study it
seems reasonablc to conclude that the abnormally high
vapour pressure of water or ice observed when the liguid
or solid is subjected to pressurc by an inert gas is caused
by condensed phase molecules dissolving in the compressed
gas. The resulfs sugeest that the factor of primary
importance in determining the concentration of solute
molecules in the solvent gas at a given temperature and
pressure is the density of the gas at that temperature
and pressure, in relation to its density at the seme temperature
end at atmsopheric pressure. According to this theory increasing
pressure will produceno.increase in the concentration of water

molecules in the air if there is no accompanying change in the
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density of the air. Now the density of liquid air remains
practically unchanged as the pressure is increased, thus at a
temperature sufficiently low to maintain the eir in ligquid
form we should expcct the solubility of ice in the licuid air
to remain constant with increasing pressure. This prodiction
is consistent vith known behaviour,for in genzval the solid-
liquid equilibria of inorganic substances are little affected
by pressure.

System Air/Carocn-dioxide

The study of the system air/carbon—dioxide is
sinplified by the faect that the solubility effect is so
much more pronounced than the Poynting effect in increasing
the vapour pressurc of the carbon-dioxide that the latter effect
can be neglected. The factors governing solubility should
bz similer to those observed in exemining the system air-water/
iece. OSpecisal attention will, however, have to be paid to
cxceptional conditions nrising as & result of deviations of
the air from idﬁal behaviour for the study covers a range of
temperature and pressure over which the air cen no longer
be considered & neerly perfect gas.

The velues in Teble I reference (17) show the
equilibrium molar concentration of COp in &ir at different
temperaturcs. The molar concentration e of COs in the

compressed ges will be numerically equal to thet in the
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expanded gas i.e. to the values for x given in the Tablal (l?)
If Vs and Vo ere the specific volumes of air at prossurc Ps

and at 1 stmosphcre rospectively then

el o Mo
Vo
whcre Ve = moles of COg per litre of comprcszed air.

In thq cesc of the system air—watsr/ice the woight
of water dissolved in unit volume of comprcsscd air at a
particular tempcraturce was found to vory dirccetly eos the
density of the compressced sir. If solubility is responsible
for Ws moles 002 per litre of compressed air, wc should
expcet Ws for the system air-carbon-dioxide to vary dirccetly
#with donsity end bhis -ould bc satisfied if

Ws = a constant ot a given temperature
a

where d = density of thc compresscd air.
In order to facilitate the cxaminttion of the
results for thc system air-carbon—-dioxide it is first of =11
nocessary to know the spccific volume of eir et the different

tomperatures end pressurcs covered by the experimental

!

investigetion. This data was obtained from a psper by
Din entitled "A New Thermodynamic Diagram for Air" which

is in the course of publication.
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TABLE 14

Specific Volume of Air at Different Temperatures and Pressures

Temperature OK| 163 | 152 (143 |133 (128 (123 PO | 79
C|-110 |-121 +130 +140 1456 <150 -183 -196
Pressure atm :
Grioaald Vs litres/mol
1 13.4 | 12.5 [11.7 ilO.Q 10.5 [10.1 028 .026
11 1.15 | 1.06 | .97 i 96 | .92 | .86 LO28| .026
21 S7 | 2 ) 46| .40 | .39 | %6 %
- - { ! |
31 36 | .32 | .28 | .22 | .057| .050|
41 26 | .22 | .18 | .083 .055| .04
51 9 | e | .107| .08 .050| .045l.028
H
61 45 11| 077 .052] .48 :
71 .119(  ,087| .064[ .0BL| .047 f
i |
81 .100|  .074] 057 .049| ,045|
91 .084| 087l - - = }
101 076/ .06l .051 .046 .042/  .040.028| .026
151 .067| 050 .047 .042 .040|  .038.028
201 .052} .047| .045  .040| .038{  ,035,0B8| .026
1 |

We represent:the sum of the carbon-dioxide molecules

present in the air due to

(a) the normal vapour pressure of carbon dioxide at the

(b) the Poynting effect

and (c) the solubility effoct

temperature under consideration.

With increasing pressure (a) will remein constant;

the magnitude of the contribution of carbon dioxide molecules

at difforent pressurcs duec to (&) cen thereforc be cstimated
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from normal vapour pressure data. The Poynting cffect can

bo neglected at all pressures as the increase in vaﬁrur

pressure which it produces is very small compared with the

known solubility at different pressurcs. With increasing

pressurc (a) will also become negligible compared with (c)

and & pressurcin excess of about 60 atmosphercs it can be

assumed that the solubility effeet is responsible for all the

carbon dioxide in the gas phase. By subgtracting the calculated
velues for (a) from the total concentration of cerbon dioxide
present in the air at different pressures we obtain true values

for the solubility of carbon dioxide in air at those pressures.
Values for We at different tcmperatures and prossurcs were

obtained from the informetion given in Table 1 ( rof.l7)

and Table 14 using tho expression We = Mc (whorc Me = x in Table 1
Rof.17) &

Ws wos then celculated using the squation

Ws = We ~ Wp where

=
01}
]

moles COz/litre of eir duec to solubility

Wp = —do—- due to the normal vapour pressure.
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To make the method of calculating Ws quite clear
the following example is given:

Calculation of Ws at 11 atmospheres absolute and

-110° .
Mc at 1 atmosphere = 456 x 10™% mols COz/mol air
Mc at 11 atmsopheresz= 49.2 x 1074 mols COg/mol air
Vo = 13.4 litres/mol eir
Vs = 1.15 litres/mol air
.o. Wp = 456 x 1004 = 34.0 x 1074 mols Coa/litre gir at 11 atma
13.4
We = 49.2 x 107¢ = 42.8 x 107 mols COy/litre air at 11 atme
1.15
N Ws = 42.8 x 107 = 34.0 x 10~4

= 8.8 x 10~* mols COp/litre air at 11 atma
The calculated values for Ws over the range of
temperatures and mressures covered by the experimental study ere

given in Table 15.
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TABLE 15

Concentretion of carbon dioxide in compressed air due to

solvent effect.

163 1562 143 | 13 128 123 | 20 79

'Temperature OK .
I O¢ -110 -121 | -130| -140 -145 -150 | =-183 | -196

|
Pressure |
ats. absolute E

|

4
Ws x 10 moles COp/litre of compressed =ir

1 1 ! | ! I
1. (Wp) | se.0| 91| 28] 2| 21| .08 | 43 | .07
1 [l amall gl el ean| os | 00 fo.0
21 IR s Sl S 60| .20 { |
31 | 43.2| 1e.8| 9.9| 3.4 |11.6 109 | |
41 | 76.0 | 33.0| 25.8]| 65.5 | 75.3 |82.0 | |
51 | 125.0 | e8.a| 86,4125 [116 | 95.5 |
61 | 218.0 | 126.9 | 167.0(149 1127 b Seaol
71 | 380 | 2a6 |26¢ 169 (148 - |
81 | 295 370 |327 (199 | - = !
01 A (R AR R S |
101 881 | 631 |446 [260 P70 p21 | 0.0 |
151 1626 |1031 |578 [330 192  [146 0.5
201 2366 :1221 (ee7 |l 228 hee | 0.70 % .038
| | | L

If we assume that at each temperature the density of the

gas at atmospheric pressure is equal to(do)then we get Ws.dw = Ws. Vs
ds Vo

in which ds = Gensity of compressed gas at temperature Ts

Vs specific volume of compressed at temperature Ts

Il

Vo

]

specific volume of air at atmospheric pressure end
at temperaturs Ts

If the carbon dioxide content of the compressed air at a

particular tcmporature is proportional to the density of the eir



and independent of pressurc
Values for Ws.Vs

in Tables 14 and

Vo

Valuecs Ws.Vs

15 and the

- 48

thoen Ws. Vs

Vo

will be constant.

have been worked out from the data given

TABLE 16

recsults src shown in Teble 16.

for the systom sir—carbon dioxide at different

Vo

temperatures and pressures

Temperature OK | 163 Yoz [ 14& O 1ss | 128 f 125 ['80 ] W%
°c | =110 | -121 |-130 | -140 |-145 | -150  |-183 |-196
Pressure ] 4
ats.absolute { Ws,do x 10* ( = Ws. Vs x 107 )
; ds ( Vo )
| | | i
* s = T e e e (RRad e e L T
11 0.8 | .26 .14 | .026 | .009 |  .007 | 00 | .00
! ! | i ! {
21 (0t O RS U e W ST R (o8 S o o 18 |
' : " i' ! " = ’
31 | 1.2 43| .24 | .068( .063 | .054 | ;
| | ! i |
41 | 1.5 58| .40 | .50 | ..39 374 | ;
| . : :
51 | 1.8 87| .61 | .65 | .55 a2 | .00
61 | 2.4 sIr B I S B | |
71 | 2.9 17 | 1.4 76 | .68 ;
| | : I f
81 3.7 2l ? 1.6 .89 | - i 00 |
o1 4.3, 2.7 | - - - * |
| |
101 5.0 g |19 | i .68 48 | .00 |
151 6.9 40 { 2.3 | L3 .73 54 | o35 |
201 9.1 g6 { 2.6 | 1.8 | am 58 | (.70)] .03
| ,

pressure at different temperatures.

x This value is doubtful

In Figures 4 and 5 values

for (Ws.de ) are plotted against

ds

These graphs show the

relation between the gravimetric concentration of carbon dioxide
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in the air and pressure. It is interesting to note that at
the highest temperature studied ( -110°c) the relation is
alimost linegr. The curves show an increasing tendency to
inflect as the critical temperature for air is approached
and below the critical temperaturc ( sez Fig.5) they becomé
discontinuous at the condensation pressure for ai% the
solubility of carbon dioxide in liquid air bsing much greater
than in gaseous air. Thc curves at ~145°C and —15000 show
clcarly that the solubility of COp in liquid air incrcascs
slightly with increasing pressure.

It can be scon from the rssults in Teble 16
that a particular tempcreture the fzctor s do  for
the system sir—carbon dioxide docs not reiaindjznstant
with increassing pressure. For this system gas density
is not the solc factor determining thc solubility of
condenszd phease molececules; superimposed on the density
cffezet thore anpears to be 2 specific cffeet of pressure
in increasing fhe solubility of the carbon dioxide in the
air. Unfortunately however the relationship between
pressure snd solubility under the conditions studied is too
complex to yield an expression which would enable the
solubilitics at different pressures to be celculated from
the known solubility at & particular pressurc. At the
highest temperature covered by the experimental investigation

(~110°C) the relation botween prossurc end solubility is
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almost lincar and mey becomec dcfinitely lineer at higher
temperatures. The grephs in Fig.b show that at temperatures
sufficiently low to enable the air to be liquefied pressure
has an increased effect on solubility when it is accompanied
by the liquefaction of the air.

It is interesting to note (Fig.5) that the solubility
of carbon dioxide in liquid air increases slightly as the
pressure is increased. This could explain the difference
in behaviour of the systems air-water/ice end air carbon-
dioxide when they are subjected to inereasing pressure at &
pevticular temperature, if it is assumed thet increessing
pressure has no effeect on the solubility of ice in liquid
air. Wec should not cxpect a specific effcet occuring when
the air is in the liquid stete to disappocr under conditions
in which the air exists as ges. As tho solubility of carbon
dioxide in liquid air increcases with inceressing pressurc ve
should expect pressure to influence the solubility of carbon
dioxide in gascous air; we should not however cxpcet pressure
to influence the solubility of ice in gaseous air.

It has not been found possible to obtain an
expression for the system air-carbon dioxide relating
temperature and solubility in the gas phase, consequently
no ettempt can be made to calculate values for the vapour
pressure of carbon dioxide at different temperaturcs and

pressure.
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It must be concludcd that the cxtent of the vepour
pressure incrcase obtained when a particular 2-component system
Ls subjected topressurs depends to & large extent on the
specific influence of the nature of the componcnts comprising
the systom and is therefore elmost impossible to estimete
from physical data. The important factor in determining
the vapour pressure of thc condensed phasc appears to be its
solubility in the gas phese when the system is subjected to
pressure. We cannot predict the extent of this solubility
in the complete ebsence of experimentsl data but in the
case of certein ideel systems expressions can be derived
which enable the prediction of vapour pressure over a wide
range of tomporature and pressurc from the results of & few
cxperiments carricd out undcr known conditions of tomperature

end prcssure.

TIW/RKM
252,55
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SUMMARY

A new type of elsctrical ice-point hygrometer known
as the contact hygrometer, which was designed by the author
is described in this paper . In this instrument the ice
point of the ges being tested for humidity is indicated by the
break in an electric circuit caused by the deposition of ice
on an electrical conductor which is cooled to the saturation
temperature of the gas. The instrument can be used to detect the
deposition of any electrically non-conducting solid from a gas.
Ice points betvween 0° and -80°C havs becn determined
with an accuracy of one or two dcgrecs by the contact hygrometer
and it has besn shown that tho instrumcnt is capeble of
determining ice points as low as ~100°3. Thesc results were
obtaincd on a prcliminary dosizn of contact hygromstor and higacr
accuracy hes bcen obtzincd from a fully antomatic instrumesnt
which is being developed. The method is not suitablec for the

mcasurement of dew points above 67,



Tntroduction

In oxygen manufecturc tho impoftancc of having a simple
and reasonebly accurats method for detormining the moisturc
sontont of giscs is well krown., Information concerning the
deprec of dryncss of the air lcaving liguid oxygsn plent
?rying units is necessary in eveluating their cfficicney
end in dceciding how best thcy can be operated. In the
purification of rare geascs it is froquent ly nceossory to
know accurately the moisture content of the gas 2t some
stage in thc purificetion proccss. Cortain cylinder gases are
required to contcin less than a certain maximum concontretion
of weter., It is thercfore desirablc to have a method of
tosting the moisturc content of thesc geses =nd as it would
bec undosirsble to withdrew a lerge volumc of gas from a
cylindor for test the mothod choscn must be capable of
giving an eccuratc rosult on 2 very smell gas sample .

The moisture content of 2 compresscd or uncompresscd
gas can be mcasurcd accurately using & gravimetric method (1)
but the procedure is invericbly tsdious, it demsnds the
attention of = skilled testcr smd it rcecssitates the
wit hdrawel of largs gos samples for cach tecst. Kaowing the
dow point or icec point of & ges,it is possiblec to cveluate
its moisturs content from dats on the vepour pressurc of

weter., Scveral types of hygrometer are evailablc for
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determining the dew and ice points of gasss, but none of
these is entirely suitable for the measurements reguired
in the oxygen industry. For iustance the optical hyzromster
cannot be cmployed above 2 moderate pressure <nd thore is
rcason to doubt its accursacy in very dry ges; the clectrical
conductivity hygromocter can be designed to opersts under
pressure, bubt it is inaccurate in relatively dry ezasss also
it is inconvenicnt to opcrete as it hes to be rseslibrated
becfore prectically svery dow point determination.

The preliminery dosign of contact hygromoter described
in this papcr hes becn subjoctsd to tosts which have shown
that it is copeble of measuring icc points from 0° to —=1000C
end cven lowcr. The hygrometer recquircs very little gas
for en ice point determination #nd it could resdily be
modified to opsrate et high pressure., An importent foature
of the hygrometer is thot it could be arrenged for fully
automotic snd rcéording opcretion; thousc rofinoments heve
in fact becn successfully includcd by othor workors who cre
engagod in the dovelopment of the instrument. It is belicved
th=zt the hygrometcr will climinctc mony of the prosent
difficaltics of moisturec dcterminetion in the liquid oxygin
industry #nd thst thc instrument will find cpplicetion in

other fieldes,
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Difficultics in Asscssing Moisturc Traces

Most of the hygromcters et present sveilable zre not
cntirely suitable when used to estim-te low conccntrations of
water vapour in gascs., Th: hair hygromcter 'nd
skin hygrometer hive ¢ considereble lag snd crc insufficiently
sensitive 4t low temperabures to pormit their usc in determining
the dow point of rclatively dry gas. Although cmsiderable
success has beon schicved by Durniore (2)(3) in developing
the oclectrical conductivity hygrometcr for metcorological
work tho instrument hns many disadventeges which miliktate
against its genernl usc in industry. Briefiy, the method
depends on the variation in electrical resistrnce of surfaces
cocted with films of certain acids °nd salte, with the humidity
of the eir in contact with the surfaces. The completc unit
compriscs & moisture sensitive element included in en electrical
circuit capable of measuring or balancing the resistance of the
element. Unfortunetcly meny fectors influence the satiefactory
opecration of thc instrument, On over—exposure to moisture the
film is displaccd. Chemical ection m:.y teke place between
the film end its support, adsorption cffects mecy occur duc to
the crazing of the film suppory, ulsc polerisation mey ba .
encountered. The resistance of fhe element varies with temperature
necessitating the use of corrective devices which add to the
complexity of the instrument. The next serious disadvantage of

the conductivity method is the failure of the elements to retain
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their original characteristics and although considefable success
has been achicved in producing elcments of increascd stebility
thc necessity for recalibration at frequent intervals has &s
yet by no means becn obviuted where high eccuracy in moisture
determination is essential,

An extremely sensitive optical hygromcter .has baen
dcveloped by the Air Ministry (4) for the determinztion of
frost points as low as -909C. Although this instrument is
sensitive over the range of humidity normally encountered in
the oxygen industry there zre several reasons why it cunnot
rondily be adopted in that particular branch. The method
involves the observation either visually or by some nphoto—
eleetric means of the formation of ice crystals on & cooled
polished slement over which is passed the &ir or gas whose
moisture content it is required to determine. The tempercture
of the cooled clement 2t th'.t instant when the first
eppesrence of a deposit is noted measures the frost point
of the g-s being tested. In using such =n instrument
difficulty is frecouently 6ccssionad by the fact th-t the
deposit does not always appear in the form ¢f hoar frost
but may be in the form of liquid sven at temperaturcs os
low as -909C. As therc is an appreciable differencc between
the vapour pressure of icc =nd thet of water =t a given low
temperature a considerable error mey be introduced in calculating

the moisturc content of ths air if the neturc of the deposit
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is not recognised by the tester. Ties range of the ihstrumcnt
is limitod by the fact that at temperatures below -90°C
the deposit is in the form of a glass which cannot rcadily
bo detected by the person 1sing the instrument. Aaother
source of error in determination lic¢s in the fact that
certein goses, for example air, tend to become supersaturated
with weter on being cooled bclow the condensation point so
that the observed ice formation takes place at a temperature
below the true ice point. The instrument cannot be employed
directly to determine the dew point of high pressure gas owing
to the difficultics in construection imposed by the neccssity
for using transparent matericls nor ceh it rcadily be
adapted for fully sutomatic &nd reccording operation.

Operating Principle of Contact Hysrometer

If a gas containing water vepour is pessed over a
cooled clement water will condense on the element &s soon
as its tcomperature is reduced to the point at which the ges
is satureted with weteor vapour. If the saturation point is
below 0°C the condensate will be in the form of ice. In
the contact hygrameter & copper element which can be cooled
at alcontrolled rate is mede to form part of an slectric
circuit which is closed at frequent intervals by causing a
platinum wire to touch the surface of the cooled element.

A slow streem of the gas being tested is pzssed over the
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cooled surface, the temperature of which is gradually reduced

to the ice point of the gas. As soon as the ice point is reached
ice begins to condense on the copper element on which it forms
an insulating layer and sutsequent contact with the platinum
wire fails to complete the electrical circuit. A@ micro-ammeter
placed in the circuit shows clearly when this stage is resched.
The temperature of the cooled surface when the micro-ammetcr
first indicates the failure of the platinum to make electrical
contact with the copper is the saturation temperature or ice
point of thc gas being tested. A uhermocouple positioncd
immediately under the surface of the copper cnables this
temporature to be determined.

There is nothing in the principgi employed in the
contact hygrometer which precludes the construction and
operation of a high pressure instrument, The marked sensitivity
of the device in the prescnce of very dry gas suggests, however,
that for most industrial purposcs sufficiently accuratc rosults
could boc obtained by testing the gas aftor cxpanding it to
atmosphoric pressure. The method is not suitable for the
determination of dew points above 0°C as the water film then
obtained does not form an efficient insulating layer.

Nature of Icc Deposits

In using thc contect hygromster it has been found
that below about -20°C the icc film is not deposited uniformly

over the whole of the polished coppor surfacc but occurs
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preférentially at the point of contact between the cooled
surface and the pletinum wire. This inecrcases considerably
tho sensitivity of the instrument as it concontrates the formation
of the ice film within & very small ereca. It is clear that the -
moving contact tonds to "secd" the formation of ice crystels
from the air znd it is probeble that this prevents the air
from beecoming supersatureted with water es it is cooled down
bclow the condensation point. Carcful visual obse<vation
has never revealed the formation of liquid water on the
cooled element of the contact hygromcter although the
tendency for water vapour to condensc &és ligulid on a
polished surface even at very low temperaturcs is well known.
Tho occurrence of the deposit at that point of disturbance
where the moving contact strikes the polished surface
probably accounts for the fact that the water vapour always
condenses in the form of ice in the hygrometer. At
temperatures bzlow -90° «hen it hes not becn possible to
observe eny ice formation the instrument hes given a clear
ice point indication. Under these circumastences it is
probable thet the ice is prescnt in the form of a glass
which is extremely difficult to observe visually.

Description of Contact Hygrometer

The constructional details of the hygrometer
are described with reference to Figure la. The polished

end of a %“ dia copper rod A is inserted into a rubber
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bung B which is fitted in the end of a glass veséel through
which the air being tested is possed at atmospherio pressure,
The end of the copper rod remote from the polished surfece is
cooled by immersion in a Dswar flesk containing liquid nitrogen
or liquid oxygen. In this way heat is removed from the
polished surfece, the temperaturc of which can be reduced
at eny desired rete and to any desired value by adjusting
the depth of immersion of the copper bar in the liquid codlant.
A calibrated copper constantan thermocouple insecrted in the
copper bar just below the polished surface enables the
tempereture of the surface to be determined accurately. The
copper bar forms part of en eleetricel circuit in which

is included an Avo-meter and a fine pletinum wire suspcnded

from a torsion ber in such a way that the lower end of the
pletinum wire, which is curved, can be brought into mechenical
contact with the polished copper surfece; by depressing the
lever sttached to the frec end of the torsion ber. ZEach time
mechenical contect is established between the platinum and

the copper the electrical circuit is completed end the Avo=-
meter is cesuscd to deflect. Figurcs lb znd lc shown an
end—oclevation cnd plen of the hygrometor respectively.

Method of Operation

The gas undergoing thc humidity test is passed
$hrough the hygrometer at a rate of about 10 litres/hour.

The Dewer flesh is cherged with sufficient liquid nitrogen
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to ceuse the temperature of the polished end of thé caopper rod
to decroase gredually =nd the lever sttached to the torsion
bar is operated at intervels of a few scconds. Provided there
is no ice on the cold copper surface & full scule deflection
of the Avo-mcter will occur cach time the torsion bar lever
is dcpressed. As soon as ice begins to condsnse, however,
the deflections of the Avo-meter will bscome cerratic end a
fow seconds later it will ceese to give any response. The
temperature indicated by the Avo-mcter when the erratic
behaviour of the Avo-meter is flrst observed is the
saturetion temperature or ice point of the air passing
through the hygrometer.

The ice film usually becomes visible a few seconds
sfter the electrical indicetion. At temperatures between
0°C end sbout -20°C. @& uniform coeting of ice usuelly forms
over e£ll the polished surfece. At temperatures bolow -209¢C
the ice is precipiteted initislly only =t the point of contact
between the platinum ~nd the copper end a patch of ice
grows radially from this nucleus &s deposition proceeds. Wien
the ice point is below =90°C the film cennot usually be seen
even after the instrument ﬁas given g clear iﬁdication that

the ice point has been reeched.
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The rcsults of a series of cxperiments in thich
the contrct hygreometer wes employed to determine the ice
points of air seturcted with water at different temperaturcs
2re given in Table 1

TABLE I

Ice point determinztions by Contact Hygrometer

%
Saturation Temperature Ice point indicated Moisture content of
of air ©C by Hygrometer °C seturated air
mgms/1 &t 16°C end
760 zms
-13.0 -15.0 1.44
-24.0 ""‘8800 0064
-35.0 -34.0 0.21
—-38.5 -3845 0.12
-43.0 ~43.0 0.07
v -54,0 -51.0 0.025
-55.0 -55.0 0,016
-56,.0 =52.0 0.023
-56.0 ~56.0 0,014
-60.0 -58.0 0.011
-09,0 =70.0 0.0019
=74.,0 =75.0 0.0009
=76.0 -76.0 0.0008
-85.0 : -81.0 0.00035
-87.0 -84.0 0.00020
-183.0 -956.0 0.000027
-183.0 -95.0 0.,000027
Air ex Pg0g tube -100.0
~d5- ~103.0 < 0.000005

# Ag indiceted by Hygrometer
The . above results show clcerly that the Contact

Hygremoter is capable of determining ice points as low as -80°C
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with an accuracy of about one or two degrecs. The discrepancy
betwoen the ice point determinatisn cnd the swuturation
temperature at -18300 can probebly be accocunted for by the
evaporation of occluded mcisture from the glass lines and the
rubber Bungs used to seel the hygrometer from the atmospherer
also fine particles of ice may heve becn carried forward
from the saturstor despitec the precsutions teken to prevent
entrairment. The results at -100° and -103°C obtained on
the air leaving a phosphorous pentoxide tube would probubly
have been lower had rubber been eliminated from the apparatus;
they zre not however unrsesonable aud suggest that the
instrument is capable of determining ice points as low as
-100°C with considerable accuracy., Bearing in mind the
somewhet crude design of instrument on which the above rcsults
were obtained a higher accuracy can bc enticipzated from a
well designed cutomatic instrument.

Development of Contact Hygrometer

The instrument describsed in this paper rcpresents
a preliminery design of which the chief merit is that it hes
emply demonstrated the pcssibilities of the method which
promises to be more sensitive snd in several rospects more
convenient then any other at present availeble. here is
still much scope for improvement in design end much

development is required to produce e setisfactory instrument
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for routine oporation but scme suggcstions mey be affercd
concorning the lines on which & fully sutem:tic instrumcnt
might be designed.

The moving contect could be cpercted mechanieally
or elcctromagnetically et reguler intervels cnd en eleectric
hester placecd nenr the warm end of the copper conductor
could be arrenged to increese thc temperature of the polished
end of the conductor &#s soon as the formation of ice on the
polished surface was detceted by the electrical indicating
circuit, The indicating circuit could be arranged to switch
off the electric heater =s soon as ths ice on the polishe
surfrnce had evapcrated sc that the surfeeo would be cooled
until the formation of ice vies agein detected. Rocorders
showing the temperaturc of the coolcd copper surfece ond
the resistance of the indicating circuit could be fittcd
to pl:nt instruments to give & permenent rcecord of cech
ice point detormined by on sutometic instrument.

The instrumsnt described in this paper could
probebly bz impreoved considerasbly by coveringthe surfacc
of the copper with & non-oxidisable mctal such 2s platinum,
palladim or gold. Little information hes s yot been
obtained concerning the optimum dimensions of the moving
platinum contact or thé optimum boaring pressure of the
platinum on the polished surfoce,

Since the method dose not Adepend upon visual
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observation for the-detection of the ice film, the.dctecting
doeviece could be totclly snclosed within & vesscl containing
ges a2t high pressure. As it would then be unnccessary to
expand the gas to & low pressurc before testing,thc sensitivity
of the dectermination would be greatly increased. 1In assessing
the moisturc content of high pressure gas it would of course
be necessary to have information concerning the effect of
pressure on the vapour pressure of ice at the particular
ice point temperature indicated and in this connection the
experimentel deta whieh has been obtained by the author (1)
would prove of coreidereble velue. As the contact hygrometer
cen determine ice points directly in high pressure gos it
could prove a valuable tool in assessing the effect of
different high pressure.inert geses on the vepour pressure
of ice. Unfortunately the instrument was not available vwhen
the effect of pressure on the equilibrium between ice and
air wes being investigated for by speeding up the work it
would have enabled studies to be cerried out over & wider
range of temperature and pressure then was possible in the
time evailable.

The principle could be employed to detect the
pressure of eny electricelly non-conducting solid on an
electrical conductor znd it is not unrecsonable to suppose
that many applizuti-ns will be found for the instrument in

addition to the specific application roferred to in this

paper.
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The Effect of indifferent Gases on the Vapour Pressure of
Carbon-Dioxide

By T. J. WEBSTER

Introduction

In the low temperature separation of air the carbon-dioxide
must be removed to prevent the occurrence of plant blockages. It
is frequently inconvenient to employ the standard method of carbon-
dioxide removal by sodium hydroxide and an alternative method is
to condense the carbon-dioxide as solid in liquid air from which
it is separated by filtration. Calculations based on Dalton’s Law
suggest that the carbon-dioxide would be precipitated from the
cooled compressed air before reaching the point at which the air is
liquefied. It is known, however, that the carbon-dioxide only begins
to condense at temperatures lower than would be expected, but
there is no certain theoretical method of predetermining the actual
saturation temperature and it is therefore very important to deter-
mine it experimentally. The work described in this report was
carried out in order to obtain the desired information.

The means employed was to measure by a dynamic method the
carbon-dioxide content of gaseous and liquid air in equilibrium
with solid carbon-dioxide under known conditions of temperature
and pressure. Experimental studies were carried out at pressures up
to 200 ats over the temperature range —110° to —196°C. At the
higher pressures and lower temperatures the air in the apparatus
was condensed to the liquid phase, and the measured concentration
of carbon-dioxide therefore represented its solubility.

Apparatus

The apparatus which was designed to operate at a maximum
pressure of 200 ats and a minimum temperature of —200°C. con-
sisted of a stainless steel saturator by means of which air at a fixed
temperature and pressure was saturated with carbon-dioxide. This
was followed by an expansion valve, a metal heating coil and a
carbon-dioxide filter maintained at the temperature of liquid oxygen
in which all the carbon-dioxide present in the air was precipitated.
The volume of the air leaving the filter was measured on a wet gas
meter. A line diagram of the apparatus is shown in fig. 1.

After each experiment the carbon-dioxide retained by the filter
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was evaporated by warming the filter, the gas being displaced by a
stream of purified air to a train of weighed U- tubes containing
soda asbestos and magnesium perchlorate. The weight of the CO.
which had been precipitated in the filter was thus determined. In
those experiments in which the carbon-dioxide content of the air
was relatively high the carbon-dioxide filter was dispensed with and
the expanded air was passed directly through the soda asbestos
tubes before entering the wet gas meter,

The saturator f'bee fig. 2) which was preceded by a high pressure
activated alumina drier consisted of a stainless steel coil (% inches
I.D. and 6.0 feet long) followed by a stainless steel tube fitted
internally with a 1 inch plug of tightly wound glass tape to act as
a carbon-dioxide filter. The coil and filter tube were immersed
in the bath of a cryostat, the temperature of which was controlled
by an ethylene vapour pressure thermometer and a gas thermometer
at the higher and lower temperatures respectively. A small electric
heater placed in the cryostat was operated by the appropriate
controlling thermometer on a make and break electrical circuit.
The heater was designed to compensate the fall in temperature of
the cryostat fluid produced by the passage of liquid nitrogen at a
roughly controlled rate through a copper coil immersed in the fluid.

The temperature of the cryostat was measured to an accuracy
of #=0.1°C. using a calibrated copper-constantan thermocouple. The
air pressure was measured by means of a Bourdon gauge reading to
400 ats and accurate to 0.8 at.

The filter employed to remove the carbon-dioxide from the
saturated air consisted of a metal cooling coil followed by a 3 inch
length of copper tube containing six closely fitting fibre plugs.

The same equipment was used both for the vapour pressure and
solubility measurements, the nature of the determination being fixed
by the experimental conditions, Experiments carried out at different
air velocities gave consistent results and thereby established that the
saturator prevented entrainment. That equilibrium was established
in the saturator was proved by employing the apparatus to deter-
mine the vapour pressure of carbon-dioxide at atmospheric pressure
and at different temperatures.

Experimental Results

The results are given in Table 1 expressed as a factor F equal to

the ratio —g— in which p is the nominal partial vapour pressure of
5

carbon-dioxide in the compressed gas saturated at the experimental
temperature T. and p, is the normal vapour pressure of carbon-
dioxide at the same temperature. The partial vapour pressure p is
the product of the total saturation pressure P and the molar con-
centration of carbon-dioxide (x) in the saturated air. Each value of
F 15 calculated from the average of six experimental determinations
of (x) among which the standard deviation did not exceed 2.0%
at the higher temperatures and 10% at the lower temperatures.
Values for p; were obtained from published data on the vapour
pressure of carbon-dioxide.!
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TasLe 1

3 ; Pix :
Factors I’ | = IT\ ) found by experiment
5

Temperature ~110°C, —121°C. —130°C. -140°C.-145°C. ~150°C..
pe (mms of He) 34.63 8.57 2.31 0.431  0.168  0.060
Pressure P _atmg)

~ P.x
Factor F (= o )

10 1.19 1.25 1.50 15 1.5 1:4

20 1.50 1.61 2.02 2.3 3.0 34

30 1.92 2.28 3.61 4.8 94 2128
40 2.6 3.4 7.0 39.5 78 195
30 3.4 55 12.4 65.0 134 275
60 4.9 8.2 26.3 84.0 169 -
70 6.7 14.0 40.0 108 220 —
80 9 20.1 50.1 140 245 485
100 15.4 34.9 76.1 215 327 611
150 31.2 69. 136 370 527 1040

200 54.0 103.0 200 542 775 1481

Discussion of Results

Graphs showing the relation between the experimentally
determined factors and the superimposed pressure at different tem-
peratures are shown in fig. 3. 'The factor F shows the ratio of the
actual concentration of carbon-dioxide to the concentration that
would be found if Dalton’s Law and the perfect gas laws were
obeyed. It can be seen that the relative increase in vapour pressure
becomes greater as the temperature falls and as the superimposed
air pressure is increased and that the actual vapour pressure may be
a thousand times as high as would otherwise be expected. The
practical significance of this is that it becomes possible to cool the
air to a much lower temperature than would be expected before
the carbon-dioxide is precipitated. This behaviour may be used to
advantage in the removal of carbon-dioxide in the process of air
separation. If the air is compressed above 40 ats. it can be cooled
to a temperature of —150°Ci. without depositing carbon-dioxide. If
it be then expanded to atmospheric pressure the air will be partially
liquefied, and the carbon-dioxide will appear as a solid suspension
in the liquid fraction, from which it can be removed by filtration.
Graphs showing the relation between the experimentally deter-
mined equilibrium carbon-dioxide concentration (x) and the super-
imposed air pressure at different temperatures are given in fig. 4.
It can be seen that at pressures in excess of about 25 atmospheres
the molar concentraticn of carbon-dioxide in the saturated air
increases as the pressure of the system is increased. This means that
in contrast with normal behaviour increasing compression would
cause evaporation of carbon-dioxide instead of condensation, At
~130°C. the carbon-dioxide content of the air compressed to 200 ats.
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15 approximately equal, as a result of the pressure effect, to the
saturation value at atmospheric pressure; at lower temperatures the
equilibrium carbon-dioxide concentration actually exceeds the
normal value.

The apparent anomaly shown by the crossing of the low tempera-
ture isotherms in the region of the critical pressure for air is ex-

" plained by the fact that the air liquefies at progressively lower

pressures as the temperature is reduced below the critical value.

The experimentally determined solubilities at —183°C. and
~196°C. expressed as molar concentrations (x) were 0.12 x 10+
and .003 x 10~ respectively and with increasing pressure no increase
in these values was obtained. The isotherms at these temperatures
have been omitted from fig. 4 as the molar concentrations would
appear insignificant on the scale used.

Phase Rule Consideration

The remarkable behaviour of carbon-dioxide in the presence of
compressed air can be explained if one considers in general terms
the behaviour of a two-component system in which one component
condenses to a solid and the other to a liquid phase. A full dis-
cussion would be beyond the scope of this paper, but it is hoped
to give elsewhere a more detailed account of the theoretical aspects
of the experimental results.

Acknowled gment

The author is indebted to the Directors of the British Oxygen
Company Limited for permission to publish this work.

Reference
1 Elaudb-:!)ﬁ!; of Lhcuusuy and Physics, 30th Edition, p. 1833, Chemical Rubber Publishing
0. (1947).




SN1VYVddY 4O WVESVId 3NN

| 914
IVISOAID Ni
3 £8i-dval e
3aIXOId e I
NOSavD _ () ol
110D ¥O1VdOd % g I——C w\ 43140
SNIIVIH 1 I Sy
D = dlv ainOl 1 ==/ VNINNTY
9 W W == Q3LVAILDV
= <= = ] |
¢ g
_ 4 INIVA _ ______ 4§V
zo_vaz&xw J3SSIINOD
§ VA J L v V' = M0, = =
5 B g 5 off
. gV NI

3AXOId NOBYVD




A

\\\\\\\\\\'

M\

—

:ZE ' i
ANLET ‘r ‘;i“ --
TUBE

A{‘i‘{‘lll B
Jolobblolol

SCALE DRAWING OF
SATURATOR

PERF. STAINLESS PLATE

COPPER GASKET RING

ﬂ//f// GLASS TAPE PLUG

7

COPPER
TURNINGS

|
®
v

|




o
%
/ = L
AP

T |

A

:ié; /

L/ /

Y/

PRESSURE ATMS.

GRAPH OF RELATIVE CARBON DIOXIDE VAPOUR PRESSURE
Ve SUPERMPOSED ~ PREGSURE.
FIG. 3




COa MOL FRACTIOMxx 104

140

120

OF RELL»TION BE

GRAPH TWEEN
EQUILIBRIUM ION OF |
CARBON DIOXIDE IN AIR |AND
PRESSURE.
FlG- 4 -110%
S /

—arc

-130°c

-140°c

-145°C

=150*c

PRESSURE (ATMG)




Brit ish Patent Application No.24989/51 —

Improvements in or Relating to the Separation of Air.

by T.J.Webster

On the basis of the experimental results given in the preceding
paper a patent application releting to a method for the removal of
carbon-dioxide in air separation units has been made, the suthor
being named as the sole inventor. The manner in which the resul?s
have been applied in developing this method is discussed below and
the method is described.

Significance of Experimental Results in Oxyzen Manufacture

Carbon- dioxide occurs to the eitent of about ,03% by volume
in atmospheric air and an oxygen plént must be provided with some means
of removing this impurity which would otherwise condense in the cold
sections of the plant and cause stoppages. On most liquid oxygen plants
the carbon dioxide is removed completely by scrubbing the air with caustic
soda before it enters the low temperature sections of the plant. The
complete removal of the carbon-dioxide by this method entails the use of
purification equipment of considerable size and on very large air separation
units the provision of caustic soda scrubbers of the requisite gize
is frequently impracticable .

A non-chemicel carbon dioxide purification process has recently
been developed and successfully operated in America. In this process
the carbon-dioxide is removed as solid by filtration from the ligquid air

passing into the rectification column. The success of this method depends



on the passage of the carbon-dioxide in the presence of high pressure air
through the plant heat exchangers without precipitation. After.
expansion of the air leaving the main heet exchanger the carbon-dioxide
is collected as solid in the liquid air formed, the precipitated carbon-
dioxide being removed by filtration together with other impurities.
Technical aspects of this method are discussed below on the basis of the
results obtained in the experimental study.

Carbon-dioxide will not be precipitated from the air passing fhrough
an oxygen plant unless its molar concentration in the air exceeds the
saturation value at the temperature and pressure existing at some point
in the plant circuit. Atmospheric air contains .03% by volume of carbon-
dioxide which is equivalent to a molar concentration of 3.0 x 10~4., At
atmospheric pressure the carbon-dioxide would condense from this mixture
at a temperature of -143.5°C et which the vapour pressure of solid carbon-
dioxide is 0,228 mms. If the air were compressed say to 165 atmospheres
it would begin to deposit solid carbon—-dioxide at a temperature of -109%
if the gas obeyed Dalton's Law. It can be seen, however, from Fig 4
in the preceding paper that the molar concentration of carbon-dioxide
in air saturated at -109°C and 165 atmospheres is about 100 x 10'4, due
to the effeet of the inert gas. At this pressure precipitation of the
carbon-dioxide from the air would not in fact begin until the temperature
of the system was reduced to about =-155°C. The experimental results have
thus shown that the condensation femperature of carbon-dioxide in air
compressed to 165 atmospheres is much lower than it would be in air
at atmospheric pressure, The temperatures to which it is necessary

to cool atmospheric air at different pressures before solid carbon-
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dioxide will be precipitated sre given in Table 1 below. The

saturation temperatures at different pressures have been obtained

from the T — x diagrams Fig 4 ( Proc. Roy. Soc. paper) assuming that

the mol fraction of carbon-dioxide in atmospheric air is 3.0 x 1074,

TABLE 1

Saturation Temperatures of Carbon-dioxide in Atmospheric

Air at different Pressures.

Air Pressure
(Atmospheres
gauge)

0

10

20

30

40

50 to 200

|

|

|
Saturation l
Temperature °C
(below which CO -143.5
is precipitated?

-130

-129

-128.5

-150

-155(approx)

These values show that carbon-dioxide will not be precipated

from atmospheric air at temperatures above -155°C if the air pressure

exceeds 50 atmospheres; precipitation will however occur at about

-130°C if the air pressure is between 10 and 30 atmospheres. A liguid

oxygen plant usually operates at a pressure in excess of 50 atmospheres

and it is clear from the above results that if such & plant is equipped

with a filtration system for the removal of carbon-dioxide, the

temperature of the high pressure air passing through the exchangers

must not be allowed to fall below about -155%C if blockage is to be

avoided. This places a serious limitation on the process of carbon-
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dioxide removal by filtration for in order to obtain the maximum
thermodynamic efficiency from the liquefaction cycles generally
employed in liquid oxygen manufacture it 1s necessary to cool
the air to =170°C in the main heat exchanger of the plant before
expanding it into the rectification section. The filtration process
can however be retained without loss of cycle efficiency if the
concentration of carbon-dioxide in the air entering the plant is
reduced below the eguilibrium value in the presence of the high
pressure air at —170°c. The experimental results enable us to assess
how much of the naturally occurring cerbon-dioxide must be removed
from the zir in order to satisfy this condition. The experimental
equilibrium molar concentrationsof cerbon-dioxide in air at 50
and 150 atmospheres pressure at different temperatures between

—14000 and —18300 are shown in Table 2.

TABLE 2

Equilibrium molar concentrations of cerbon=-dioxide in air

at 50 and 150 atmospheres

Temperature °C | -140 | -145 | =150 | -183
Pressure
(atmospheres Molar Concemtration x x 10%
gauge)
50 7.0 5.5 4,3 () E
150 13.0 B.6 5.5 041




-5 =

The above values have been plotted in Figure 1 to enable the
equilibrium values at =170°C to be interpolated. It can be seen
from the graphs in Figure 1 that at -170°C the equilibrium molar
concentration of carbon-dioxide in air compressed to above 50
atmospheres exceeds the value 1.0 x 10_4 which is equivalent to
100 parts per million by volume. This means that no deposition
of carbon-dioxide will occur in a heat exchanger in which air
compressed to above 50 atmospheres is cooled to —1?000 provided
the carbon~dioxide content of the air does not exceed 100 p.p.m.
by volume. Atmospheric air normally contains about 300 p.p.m.
of carbon-dioxide)therefore in order to avoid blockage it is
necessary to remove only two thirds of the COg present in the air
before the air is passed through the low temperature heat exchanger.
The size of the caustic soda scrubber regquired to effect this partial
purification is of course much smaller than that of a scrubber
designed to eliminate completely the carbon-dioxide present in
atmospheric air. The carbon-dioxide remaining in the purified air
can readily be removed by filtration from the ligquid air as
explained earlier. The removal of carbon-dioxide from air by partial
purification followed by filtration is the process to which the British
Patent Application 24989/51 relates.

The invention provides & method for the low temperature separation
of air which, while fully protecting the separation plant heat exchangers
and rectification section against carbon-dioxide blockage, enables the
size of the purification equipment and the consumption of chemicals

therein to be decreased, whilst permitting the plant to be operated at




- B =
its maximum thermodynamic efficiency. According to the invention
a process for the separation of air by liquefaction and subsequently
rectification comprises reducing the carbon-dioxide content of the
air tb not more than 100 p.p.m., compressing the air to at least
50 atmospheres pressure, cooling the compressed air in heat exchangers,
liguefying at least part of the cooled compressed air whereby the
residual carbon-dioxide is precipitated as solid therein, removing
the precipiteted carbon-dioxide from the liquid air and thereafter
feeding the air to a rectification zone.

Since the initial reduction of the carbon-dioxide content of
the air is only to 100 p.p.m., the purification apparatus necessary
is considerably smaller than would be required to eliminate the
carbon-dioxide completely end the quantity of chemical absorbent

required is also proportionately smaller.

TIW/RKM
13,10.52.
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The influence of pressure on the equilibrium between
carbon dioxide and air

By T. J. WEBSTER

Research and Development Department, The British Oxygen Co. Lid.,
Morden Road, London, S.W.19

(Comanunicated by E. Griffiths, F.R.S.—Received 13 February 1952)

The equilibrium between solid carbon dioxide and air has been examined at pressures from
atmospherie to 200 atm and at temperatures from —110 to —196° C. At the lower tem-
peratures and higher pressures within this range the air was condensed to the liquid state.

The concentration of carbon dioxide in the mixed phase, particularly at high pressures and
the lowest temperatures, was found to be many times greater than would be expected from
Dalton’s law, even when modified by Poynting’s relation for the effect of the compressed
gas phase. Under extreme conditions the deviation was more than a thousandfold.

The behaviour of this system is shown, by general phase-rule considerations, to be con-
sistent with that of a binary system in the neighbourhood of the critical point of the
more volatile component when the second component separates as the solid phase.

INTRODUCTION

Dalton’s law of partial pressures is found to be inaccurate when it is applied to
calculate the condensation temperature of a condensable component from a gas
phase which contains indifferent gas at high pressure. The deviation from Dalton’s
Jaw is usually much greater than that predicted by Poynting’s equation (Poynting
1881; Porter 1907, 1908). This behaviour was recognized in the early studies of
the critical phenomena of gases (Hannay & Hogarth 1880), but few quantitative
measurements of the effect have been made.

Recent developments in the methods employed to eliminate carbon dioxide in
the separation of air at low temperatures have prompted a comprehensive study
of the influence of an indifferent gas (air) at pressures up to 200 atm on the apparent
vapour pressure of solid carbon dioxide. The experimental technique employed
in this work is described, and the results, which were obtained over the tempera-
ture range — 110 to — 196° C, are presented in detail. It has been found that the
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apparent vapour pressure of carbon dioxide under these conditions may be several
hundred times its normal value. At the higher pressures and lower temperatures
covered by the experiments the air was condensed within the apparatus. Under
these circumstances the concentration of carbon dioxide in the condensed phase
represented its solubility.

APPARATUS

The arrangement of the apparatus, which was designed to operate at a maxi-
mum pressure of 200 atm and a minimum temperature of —200° C, is shown in
figure 1. The compressed air was first dried by passage through activated alumina
and brought to equilibrium with solid carbon dioxide at the experimental tem-
perature. It was then expanded to a pressure low enough to avoid condensing
the air and cooled to the temperature of liquid oxygen. The carbon dioxide was

carbon dioxide in air expansion valve

9

compressed air

B
N
B
activated saturator in liguid-air  carbon heating gas meter
alumina cryostat evaporator dioxide  coil
drier trap,

—183°C

Ficure 1. Line diagram of apparatus.

precipitated and retained by a filter immersed in the liquid-oxygen bath. The air
was finally expanded, heated to atmospheric pressure and temperature, and
measured by passage through a rotary gas meter which had been previously
calibrated. The carbon dioxide was subsequently displaced by warming the filter
and passing through it a slow stream of purified air. From this the carbon dioxide
was collected and weighed in a train of U-tubes containing soda asbestos and
magnesium perchlorate. When the carbon dioxide concentration in the compressed
air was reasonably high it became unnecessary to collect it in the liquid-oxygen
trap, and it was absorbed directly in the soda-asbestos tubes.

The saturator, or equilibrium vessel, consisted of a stainless steel coil, of 6 ft.
total length, and 0-375 in. bore, followed by a vertical stainless steel tube of } in.
internal diameter filled with copper turnings and fitted at the outlet end with a
filter consisting of a plug of tightly wound glass tape 1in. wide. The complete
assembly was immersed in a cryostat.
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The cryostat consisted of a bath of liquid which was cooled by a stream of
liquid nitrogen passing through a submerged coil at a controlled rate. The rate
was adjusted to cool the bath slightly below the required operating temperature,
and the cooling effect was compensated for by means of an electrical heater within
the bath. The heater was controlled to maintain the required temperature by
a relay system operated in the temperature range between —110 and —130°C
by an ethylene vapour-pressure thermometer, and at lower temperatures by a gas
thermometer. Different cryostat fluids were used according to the temperature
to be maintained, and are listed in table 1. The temperature of the eryostat bath
was measured with an accuracy within 0-1° by means of a calibrated copper-

constantan thermocouple in conjunction with a Cambridge potentiometer reading
to 0-003 mV.,

TaBLE 1
temperature (°C) eryostat fluid
— 110 to =130 5-component mixture of organie liquids (Scott 1941)
— 140 to — 145 petroleum ether (b.p. 40 to 60° C)
— 150 liquid propane
—183 liquid oxygen boiling at 1 atm
— 196 liquid nitrogen boiling at 1 atm

The supply of compressed air was obtained from a battery of three cylinders
each of 2:0 cu.ft. actual capacity, and charged to a maximum pressure of 250 atm.
The pressure within the saturator was measured by means of a Bourdon-type
gauge reading to 400 atm and accurate within 0-8 atm.

The trap and filter used to collect the carbon dioxide from the air leaving the
saturator consisted of a copper cooling coil followed by a brass tube 3 in. long
containing six closely fitting felt plugs.

METHOD OF OPERATION

The method of operating the apparatus is described with reference to figure 1.
Before starting an experiment the cryostat temperature was adjusted, and a
quantity of carbon dioxide was condensed within the saturator by passing through
it a stream of air laden with carbon dioxide. The carbon dioxide, diluted with air,
was admitted through valve 2, and a quantity of several grams was introduced
for each experiment. The air was allowed to escape to atmosphere through the
carbon dioxide trap, which at this stage in the experiment was not cooled. Dry
air was then slowly admitted to the saturator by opening valves 1 and 3, and as
soon as the desired pressure had been reached the flow through the apparatus
was set at the required rate by adjustment of valves 3, 4 and 5. The pressure
in the saturator was maintained by adjusting valve 3, and the flow-rate was
controlled by valve 4. After steady conditions had been maintained for about
15 min the experiment was started by simultaneously immersing the carbon
dioxide trap in liquid oxygen and noting the reading of the gas meter. After each
experiment the gas meter was replaced by the train of U-tubes used for collecting
the carbon dioxide, and the carbon dioxide trap was gently warmed in a bath of
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water. Any carbon dioxide remaining as gas in the filter was displaced by a slow
stream of purified air. The amount of carbon dioxide collected during the experi-
ment was measured by weighing the U-tubes. To ensure that no trace of water
or carbon dioxide entered the soda-asbestos tubes from the atmosphere they were
followed in each experiment by protective tubes.

In those experiments in which the expanded air was passed directly into the
absorbent tubes, a by-pass was fitted to ensure that no air passed through the
tubes before starting the actual experiment.

DIScUSSION OF EXPERIMENTAL TECHNIQUE

The experiments described in this paper presented three major difficulties.
First, it was necessary to ensure that the air in the saturator, which was in the
form of compressed gas or liquid according to circumstance, achieved complete
equilibrium with carbon dioxide at the fixed temperature and pressure, but
emerged free from suspended particles of solid carbon dioxide. The second
difficulty was to collect and measure accurately the carbon dioxide, which in
many cases was in volumetric proportions of only a few parts per million in the
expanded air. Thirdly, it was necessary to maintain accurate control of the
cryostat temperature over a wide range.

The apparatus and methods which have been described were devised to over-
come these difficulties, and proved very successful in practice. The activated
alumina effectively dried the air and also removed from it all traces of oil and
suspended impurities. Experiments in which air was passed through the saturator
at different velocities gave consistent results. This established that equilibrium
was attained within the saturator, and that carbon dioxide was not carried for-
ward by entrainment. The capacity of the saturator coil was adequate to ensure
that the air passing through it reached the temperature of the cryostat. This was
proved by using the apparatus to measure the vapour pressure of carbon dioxide
at atmospheric pressure. The results obtained were in close agreement with
published values (Handbook of chemistry and physics).

The solubility of carbon dioxide in liquid air under pressure at — 183 and
—196° C is very low. When the solution is evaporated and the gas is brought to
room temperature the volume of gas necessary to give a weighable amount of
carbon dioxide is large, and the carbon dioxide cannot conveniently be collected
by passing the whole of the air through glass U-tubes packed with an absorbent
mass. This difficulty was overcome by the use of the carbon dioxide trap and filter.
(Calculations based on published values of the vapour pressure of carbon dioxide
indicated that the amount of carbon dioxide vapour in the air leaving the trap
under low pressure at —183° C would be negligible. No trace of carbon dioxide
could be detected experimentally in the air leaving the filter.

The ethylene vapour-pressure thermometer and the gas thermometer employed
to control the temperature of the cryostat were effective in maintaining the
temperature of the cryostat within the accuracy of measurement, which was
+0-17 €, Liquid oxygen and liquid nitrogen boiling at atmospheric pressure were

o
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used in the cryostat to maintain the temperatures of —183 and —196° C respec-
tively.

In the experiments carried out at — 183 and —196° C sufficient air was passed
through the apparatus to deposit between 25 and 50 mg of carbon dioxide in the
carbon dioxide filter; at higher temperatures amounts up to 100 mg were collected.

Rusurrs
The experimental results are given in table 2 and are depicted graphically in
figure 2, which shows the relation between the molar fraction of carbon dioxide (z)
in the equilibrium mixture, and the superimposed air pressure at different tem-
peratures.

TaBLE 2. KQUILIBRIUM MOLAR CONCENTRATION O CARBON DIOXIDE
IN AIR AT DIFFERENT TEMPERATURES AND PRESSURES

temperature
(°C¢) ... =110 —121 — 130 — 140 — 145 — 150 —183 — 196
pressure
(atm gauge) equilibrium molar concentration of carbon dioxide in air (x) x 10t
air in vapour phase
0 456-0 115-0 30-4 567 2-21 0-50 — —_
10 49-2 12-8 4+19 0-77 0-30 0-10 012 0-002
20 336 8:65 2:92 0-62 0-32 0-13 0-11 0-002
30 28-1 8-33 3-54 0-87 0-67 I 0-55 —_ 0002
40 28-5 9-33 519 546 4-15 3-8 — —
50 30-6 12-2 739 7-21 5:81 4-3 - -
60 36-5 15-1 13-1 7-82 G-16 — 0-12 0-003
70 43-3 22.2 17-1 8-65 6-88 — — 0-004
80 52-9 28-0 18-8 9-79 6-70 4-78 0-11 —
90 61-0 34-7 - - - S — —
100 69-5 39-0 22-9 12-0 7-14 4-86 0-12 0-002
150 94-9 52-0 27-3 13-9 7-69 5:50 0-13 —
200 123-0 581 30:2 15-3 §-49 5-90 0-14 0-003
air in liquid phase

For temperatures from —110 to —130° C each value of @ is the average of six
experimental determinations among which the standard deviation was less than
2:09%,; at the saturation temperatures —140, —145 and —150° C the results
showed a standard deviation between 5 and 10 %, The values given for the
temperatures — 183 and —196° C were obtained from single experiments. The
values of @ at atmospheric pressure were computed from published data concerning
the vapour pressure of carbon dioxide (Handbook of chemistry and physics). A line
is drawn in table 2 to indicate the division between cases in which the air was in
the liquid and vapour phases respectively under the conditions of experiment.

According to Dalton’s law of partial pressures the molar fraction of carbon
dioxide in the vapour phase should be expressed by

ﬂ:=21)§,
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in which g is the saturated vapour pressure of carbon dioxide at the temperature
of experiment, and P is the total pressure. If this rule were obeyed the curves of
figure 2 should be rectangular hyperbolae asymptotic to the pressure axis. Con-
siderable deviations are evident, and it is convenient to express the deviation by
means of a factor (F') defined by F = Px[p,, which is the ratio of the real and ideal
molar concentrations.
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Ficure 2. Equilibrium concentration of carbon dioxide in air in relation to pressure.
O, air in gaseous phase; @, air in liquid phase.

Freure 3. Relative carbon dioxide vapour pressure against superimposed pressure.

The caleulated vapour-pressure factors are given in table 3 in comparison with
those obtained by Gratch (1946) which are shown in brackets. The normal vapour
pressure of carbon dioxide (p,) is expressed in millimetres of mercury, and the
values were derived from published data (Handbook of chemistry and physics).
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The relation between the logarithms of the vapour-pressure factors given in
table 3 and the superimposed air pressure at different experimental temperatures
is shown in figure 3.

TasLe 3. DEVIATION OF CARBON DIOXIDE IN AIR TROM DALTON’S LAW

temperature (°C)... —110 —121 — 130 — 140 — 145 — 150
saturated vapour

pressure of

carbon dioxide

(mm of Hg) ... 34:63 8:57 2:31 0-431 0-168 0-:060
total pressure
(atm) factor I = Pa/fp,
10 1-19 1-25 1:50 1:50 1-5 1-4
20 1-55 1-61 202 23 3-0 34
30 192 228 (2:6)  3:61 (3-3) 48 (4+6) 94 (6:6)  21-3
40 2:6 3+4 (3-9) 7-0 (6-0) 39:5 780 195
50 34 5:5 (5:5) 12-4 (10-0) 65-0 134 275
60 4-9 82 26-3 840 169 —
70 6-7 14-0 40-0 108 220 ==
80 9-4 20-1 50-1 140 245 485
100 15-4 34:9 76-1 215 327 611
150 31-2 69-2 136 370 527 1040
200 54:0  103-0 200 542 775 1481

Graphs showing the relation between the measured concentration of carbon
dioxide in the fluid phase @ and the saturation temperatures at different pressures
(in atmospheres) are shown in figure 4.
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Ficure 4, Relation between equilibrium concentration of
carbon dioxide in air and temperature.
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DIscussIoN oF RESULTS
(a) The effect of pressure on carbon dioxide vapowr pressure

It can be seen from the results plotted in figure 3 that the apparent vapour
pressure of carbon dioxide is increased when the solid is in contact with a com-
pressed gas, and that this increase becomes progressively greater as the tem-
perature falls and as the superimposed air pressure is increased. Similar behaviour
has been observed by Gratch (1946), who measured the concentration of carbon
dioxide in the vapour phase at different temperatures under superimposed air
pressures up to 50 atm. Where comparison is possible there is, in general, good
agreement between corresponding values (see table 3), the only significant dis-
crepancies occurring at the temperatures —130 and —145° C at pressures of 50
and 30 atm respectively. It is interesting to note that the vapowr pressure of
solid carbon dioxide at —150° C is increased to more than a thousand times its
normal value in presence of air at 200 atm.

(b) The effect of pressure on carbon dioxide concentration in air

It can be seen from figure 2 that at total pressures above 20 to 30 atm the molar
fraction of carbon dioxide in the saturated air increases as the pressure of the
system is increased. This means that in contrast with normal behaviour increasing
compression would cause evaporation of the carbon dioxide instead of con-
densation.

At the saturation temperature —130° C the carbon dioxide content of air com-
pressed to 200 atm is approximately equal, as a result of the pressure effect, to the
saturation value in the absence of air pressure. At lower temperatures the carbon
dioxide content of air saturated at 200 atm exceeds the normal saturation value
at atmospheric pressure.

(c) Effect of solvent phase change on the carbon dioxide conlent of saturated wir

Tt will be seen from figure 2 that, at temperatures below the critical temperature
of air (— 140-7° C) (Keunan & Clark 1917), the effect of pressure on the equilibrium
carbon dioxide concentration is much greater between 30 and 40 atm than at
higher pressures.

This can be explained by the fact that the critical pressure of air is approximately
37 atm, and condensation can therefore occur above this pressure. Under these
conditions carbon dioxide is present as a solution in liquid air, and as the solubility
of a solid phase is not usually affected to any great extent by pressure, there is
little change with increasing pressure.

The apparent anomaly shown by the crossing of the isotherms for temperatures
of —130 and — 140° C in the region of the critical pressure of air (figure 2) can also
be explained by the fact that the air is liquefied at the lower temperature. The carbon
dioxide may be regarded as being in solution either in the gas or liquid phase. At
a pressure slightly above the critical, a fall in temperature from — 130 to —140° C
is accompanied by condensation. As carbon dioxide is more soluble in the liquid
than in the gas phase the effect of decreasing temperature on solubility will be
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more than compensated for by that due to change of phase. The condensation
pressure falls with temperature, and the pressure at which consecutive isotherms
intersect therofore becomes lower as the temperature falls. The isotherms for
—150 and — 183° C intersect at a pressure of about 6 atm.

At temperatures of — 183 and —196° C the solubility of earbon dioxide in liquid
air does not change appreciably with increasing pressure, but at high temperatures
the solubility increases. The isotherms at — 183 and —196° C have been omitted
from figure 2, as the concentrations of carbon dioxide at these temperatures would
be insignificant on the scale used.

(d) The effect of temperature on the equiltbrium concentration
of carbon dioxide at different pressures

The solubility curves of carbon dioxide at different pressures (figure 4) are
smooth when the air pressure exceeds 90 atm. At lower pressures the curves show
inflexions which oceur at progressively lower temperatures as the pressure is
reduced. This behaviour is consistent with the fact that at higher pressures a fall
in temperature below —140° C produces no discontinuous phase change of the
air, whereas at pressures below the critical (37 atm) there is a discontinuous phase
change accompanied by an increase in the carbon dioxide concentration owing to
solution in the liquid phase. At pressures below 20 atm the condensation tem-
perature would fall below —150° C, and the inflexion of these isobars, if it oceurs,
is outside the range of the diagram.

(e) The phase relations of the air|carbon dioxide system

The remarkable behaviour of carbon dioxide in the presence of compressed air
can be reconciled in general terms with the behaviour of a two-component system
in which one component condenses to a solid and the other to a liquid phase.
Schematic P-x and T-x diagrams for the air/carbon dioxide system are shown in
figure 5 @ to ¢ and d to f respectively. The schematic diagrams (figure 5 @, b and c¢)
indicate the general shape of the equilibrium curves at three different temperatures
in the critical region as they are predicted from phase-rule considerations. The
elliptical region defined by the broken lines indicates the liquid-vapour relations
which would oceur if there were no separation of solid phase. Clearly, each curve
representing the equilibrium of the solid phase (shown by thickened lines) will
have a definite point of inflexion at the condensation pressure of the air/carbon
dioxide mixture, the critical pressure of the mixture being slightly below that of
air. The behaviour as the temperature of the system is reduced is indicated by
figure 5, graphs ¢, @ and b consecutively. The inflexions in the different equilibrium
curves will occur at progressively lower pressures as the condensation pressure
falls. Above the critical temperature of the mixture no liquid will be formed as
the pressure on the system is increased; inflexions will still occur, however, in the
equilibrium isotherms, but with increasing temperature they will tend to become less
marked and they will occur at progressively higher pressures. Figure 5, graphs @
and b, illustrate the possibility that air saturated at a given temperature may
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contain more carbon dioxide than air saturated at a higher temperature but at
the same pressure, the liquid L’ in figure 56 having a higher carbon dioxide
content than the vapour V' in figure 5a.

S+L
37atm(B)  37atm
CPyp, m
I p
CO, a air CO, b air CO, e air
T=—140-7°C T<—-1407°C T = critical temperature
(eritical temperature for air) of mixture (> — 140-7° C)

P, P, critical pressures of air and mixture;
CP,, OP,, condensation pressures of air and mixture.

T T
LT
'“14%]-7"(,' ~140-7C
CO, d air CO, e air CO, ¥ air
P =37 atm P <37 atm P>37 atm

T, T, eritical temperatures of air and mixture;
ar,, 1, eondensation temperatures of air and mixture.

Ficure 5

The experimental P-z curves in figure 2 show all the characteristics deseribed
above, and these considerations show that their behaviour is consistent with
phase-rule theory.

The T'-z diagrams (figure 5, graphs d, ¢ and f)show that the equilibrium curves will
have an inflexion at the condensation temperature of the mixture, which at
37 atm will be slightly above the critical temperature of air. The temperature at
which the inflexion occurs will be inversely related to the pressure. At pressures

—
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considerably above the eritical pressure for air the equilibrium curves will tend
to become continuous. All these characteristics are shown by the experimental
T'-x curves in figure 4.

GENERAL

The remarkable solvent ability of gases under pressure was recognized in the
early studies of the critical phenomena of gases. Hannay & Hogarth (1880)
showed that a solution of potassium iodide in alcohol could be heated above the
critical temperature of the alcohol without the precipitation of the involatile
potassium iodide. Recently it has been shown by Diepen & Scheffer (1948) that
the concentration of naphthalene in ethylene vapour compressed to 100 atm at
12° C is 25600 times as great as the value based on Dalton’s law and the normal
vapour pressure for naphthalene. The apparent vapour pressure of ice at —35° C
in the presence of air at 200 atm has been shown to be more than three times its
normal value at atmospheric pressure (Webster 1950).

Clearly the effect of compressed inert gas in increasing the apparent vapour
pressure of a solute of low volatility is common to many systems in addition to
that described in this paper. The magnitude of the effect cannot be predicted
quantitatively, but it is qualitatively consistent with normal phase relations.

The author is indebted to the Directors of The British Oxygen Co. Ltd. for
permission to publish this work.
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THE EFFECT ON WATER VAPOUR
PRESSURE OF SUPERIMPOSED AIR
PRESSURE

By T. J. WEBSTER

In a compressed gas saturated with water vapour the vapour
pressure of the water exceeds the normal value by an amount which
is greater than can be predicted by Poynting’s thermodynamic
relationship. A quantitative knowledge of this behaviour is impor-
tant in the design of equipment for drying compressed gases, particu-
larly for drying by refrigeration, which is commonly used in the
low-temperature separation of air.

The equilibrium moisture-content of compressed air at pressures
from atmospheric to 200 atm. has been experimentally determined
at temperatures between 15° c. and — 35°c. It has been found
that the vapour pressure of water and ice increases progressively
as the total pressure on the system is increased and that the relative
increase in vapour pressure at a particular pressure becomes
greater as the temperature of the system is lowered. At a total
pressure of 200 atm. and a temperature of — 35°c. the water
content of saturated air is more than three times the calculated
value assuming the normal vapour pressure and 2.6 times that
derived from Poynting’s relationship.

Many industrial drying processes involve the removal of
moisture from air or gas which is highly compressed. It has
been demonstrated both theoretically and experimentally that,
at high pressures, the concentration of water in the vapour phase
at saturation point is greater at any particular temperature in
the presence of an inert gas than it would be in its absence.

It is therefore necessary in deciding the performance of high-
pressure drying equipment to know the magnitude of the effect
of inert-gas pressure on water-vapour pressure.

The theoretical increase in the vapour pressure of water
when the liquid is subjected to an increasing pressure can be
calculated by Poynting’s thermodynamic relation?: 2:

doiln ¥
dPly — Vg

Where p is the vapour pressure of the liquid, P is the total
pressure on the liquid, and Vi and V, are the molal volumes of
vapour and liquid under pressures p and P respectively.

It has been shown however that the increase in vapour pres-
sure predicted by this equation is usually much less than that
found by experiment. Superimposed on the pressure effect
there appears to be a solvent effect of the indifferent gas.?

Previous workers’-® have measured the increase in vapour
pressure at temperatures above atmospheric, but no informa-
tion has been published concerning the effect at lower tempera-
tures. In the separation of air by low-temperature fractionation
it is necessary to dry the air very thoroughly in order to avoid
obstruction of the heat exchangers and other parts of the equip-
ment by ice deposits. The pressures used in these processes
vary between 15 and 200 atm. and the method most frequently
used for removing the last traces of water is to cool the air, after
compression, to a temperature at which the residual vapour
pressure of water becomes negligible. The work described in
this paper was undertaken in order to provide information for
the design of refrigeration-drying systems of this type. The
means employed was to measure by a dynamic method the
water content of air saturated with water vapour at a fixed
temperature and total pressure. The range of temperature
covered was from 15° C. to — 35° C., and the air pressure was
varied between atmospheric pressure and 200 atm. (gauge).

Apparatus

The apparatus consisted of a saturator in which air at a
fixed temperature and pressure was saturated with water vapour
followed by an analytical train for the purpose of estimating
the water content of the saturated air.

A line diagram of the apparatus is shown in Fig. 1 ; detailed

DRY AIR

COMPRESSED
AR’ ]
i
! COLD TRAPS
L (-80°c.) AND
( ICE FILTERS
ACTIVATED

ALUMINA DRYER

F16. 1. Line diagram of apparatus

sketches of the saturator and the ice filter used in the moisture
analyses are given in Figs. 2 and 3 respectively. The compressed
air was first dried and purified by passage through a vessel
containing activated alumina. It was then passed through the
saturator which consisted of a mild-steel coil (3 in. 1.D. and
8 ft. long) fitted internally with a cotton tape moistened with
water. The coil was followed by a mild-steel tube (} in. 1.D.
and 6 in. long) packed with copper rivets to ensure temperature
equilibrium, and to separate any entrained water. The coil
and filter tube were totally immersed in a bath of methanol,
the temperature of which was kept constant by the controlled
addition of solid carbon dioxide. A calibrated alcohol thermo-
meter was used to measure the temperature of the methanol.
The gas pressure was measured by means of a Bourdon-type
gauge reading to 400 atm. and accurate to within 0'8 atm.
The water contained in the air leaving the saturator was collected
by passing the compressed gas through cold traps fitted with
filters and totally immersed in a bath of trichloroethylene cooled
with solid carbon dioxide to a temperature of — 80°c. This
water was subsequently displaced by a stream of warm dry
air at atmospheric pressure and absorbed by phosphorus pent-
oxide. The quantity of water was estimated by weighing the
tubes containing the phosphorus pentoxide before and after
absorption. _

The cold traps consisted of metal cooling-coils, and the filters
were each packed with six closely-fitting fibre plugs. After



344 WEBSTER—WATER VAPOUR PRESSURE
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FiG. 2.

Detail of saturator

FELT PADS
SUPPORTED —
ON GAUZE

FiG. 3. Detail of ice filter

“the second filter the compressed air was passed through a
heating coil ; then it was expanded through a v:alve to atmo-
spheric pressure, and it was finally measured with a dry gas-
meter. The air supply was obtained from a battery of three
high-pressure cylinders each of 2-cu.ft. actual capacity.

Method of operation

The method of operation is described with reference to
Fig. 1. Before starting an experiment the ice filters were
immersed in a bath of hot water and thoroughly dried by a
stream of dry air introduced at (3), after valve (4) had been
fully opened. All the valves were then shut, the ice filters

J.S.C.L, 69, November, 1950

were immersed in the baths of trichloroethylene cooled with
solid carbon dioxide, and the cryostat was adjusted to the

temperature of the experiment. Dry air was admitted to the(}!
i

saturator by opening valve (1). As soon as the pressure gauge
indicated that the desired pressure had been reached the flow
of gas through the apparatus at that pressure was set at the
required rate by slowly opening valve (2) and carefully adjusting
the needle-valve (4). The pressure required in the saturator
was maintained by adjustment of valve (1). The capacity of the
saturator was adequate to ensure that the air passing through
it reached the temperature of the cryostat. The volume of air
passing through the saturator was measured on the dry gas-
meter after it had expanded to atmospheric pressure. ~After
eachexperiment the ice filters were immersed in hot waterand the
dry gas-meter was replaced by a weighed P,O; tube. The
moisture was then removed from the filter elements by
evaporating it in a stream of dry air, introduced at (3), from
which it was absorbed in the P,0; tube and weighed.

Experiments were carried out at saturation temperatures of
+ 15°0% 0° —20° and — 35°cC. under superimposed air
pressures up to 200 atm.

Discussion of experimental technique

The chief difficulties in technique presented by these experi-
ments were first, to ensure that the compressed air was fully
saturated with water vapour at the required temperature, but
free from suspended particles of water or ice ; and secondly,
to estimate the water vapour in the saturated gas with a high
degree of accuracy. The first difficulty was overcome by the
use of cotton tape in the saturator coil, which provided a large
surface of contact with the gas, even when the water with which
it was impregnated was frozen. It was established, by ex-

that this device also prevented entrainment. The accuracy o
the experimental method was proved by measurements of the -
vapour pressure of water at atmospheric pressure which gave
results in close agreement with accepted values.

At low temperatures and high pressures the moisture
content of saturated air is so low that a large quantity of air
is necessary to contain a weighable amount of water. If the
air were expanded before attempting to remove this water by
absorption, the time required for the treatment of a suitable
quantity of air with P,O; would be very long, or the size of the
P,0; tubes would be excessive. This difficulty was avoided by
freezing out the water before expanding the air, and subse-
quently displacing the water at low pressure. The loss of water
vapour in the compressed air leaving the cold traps at — 80° c.
was negligible, and no trace of water could be detected in the
air after passage through the filters, in tests carried out both
at high and low pressures.

In the low-temperature experiments sufficient air was passed
through the apparatus to deposit 50-100 mg. ice in the ice fil-
ters ; at higher temperatures up to 200 mg. ice was collected
in each experiment. It was found by experience that a slow
stream of dry air flowing for about 20 min. was sufficient to
evaporate all the water from the ice filters. In the actual experi-
ments the air was allowed to flow for 30 min.

periments at different air velocities, which gave consistent resultsifj

Theoretical

In deciding the effect of superimposed pressure on the water
concentration in the vapour phase the compressibility of the
inert atmosphere must be taken into account at high pressures.

The compressibility factor K is defined by the expression O_'

PV, = KRT.
in which the subscript s refers to the compressed inert gas. The
gas, when expanded to atmospheric pressure, may be assumed

J
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to obey the perfect-gas laws, and the effect of water vapour on
the compressed volume may be neglected.

The relation between the volumes of gas before and after
expansion is thus

PV, KT;
PVe T,
If pressures are expressed in atmospheres (absolute) and P,
= T atm.
__KT.V,
V, = PT,

and the concentration of water vapour in the compressed gas
is

M MPET,
V; KT‘; Vn
in which x is the weight (mg.) of water per litre of compressed
gas at temperature T, M is the weight (mg.) of water collected
and V, is the measured volume of gas after expansion to
1 atm. (absolute) at temperature 7'.

The effect of the superimposed gas pressure on the concentra-
tion of water in the vapour phase may be expressed by the
ratio x/x,, in which x, is the concentration of water in the vapour
phase at a temperature T above pure water (or ice) under its

own vapour pressure, in mg./l. Values of K and x, have
been obtained from published data.’>®

Results

The results and the calculated vapour-pressure factors are
given in Table I. Each of the factors is derived from the average
of six experimental determinations of x which showed a stand-
ard deviation of less than 29%, in the experiments carried out at
o°c. and at 15°c., and of less than 4%, in the experiments
carried out at the lower temperatures. A column has been
included showing the factors obtained by Pollitzer and Strebel,
who studied the- effect of air pressure on the vapour pressure
of water at 50° c. The figures given in brackets at the foot of
Table I show the factors at 200 atm. calculated from the Poynt-
ing relation.

Table I
Factors (x[x,) found by experiment
Tempera-
ture —35°c. —2z20°c. o’ c. -+ 15% €. - s0°c.t
x0* 02052 - 8866 4-849 12-80 82-77
Pressure, Factor (= x/xg)
atm.
25 — - — 1-10 —
50 1-60 1-36 1:24 1-19 I-14
5 = = g 1-29 —
100 | 2-17 1-82 1-48 1-36 1-28
150 ‘ 2:.92 2.24 1-78 1-58 1-42
200 | 3-14 2:39 2-01 1-77 1-56
200 (1-20) (1-19) (1-17) (1-16) (1-14)
(Poynting)

* y, is expressed as mg./l. water in saturated vapour in the absence
of air pressure. Calculation is assisted by the fact that the vapour pres-
sure of water in mm. of mercury is numerically equal to the concentra-
tion of water expressed as mg. /L. at 16° ¢. and 760-mm. pressure.

t The results at 50° ¢. are those of Pollitzer and Strebel.!

Graphs showing the relation between the experimentally
determined vapour-pressure factors and the superimposed
ir pressure at the different experimental temperatures are
given in Fig. 4.

Graphs showing the plot of the logarithm of the vapour
pressure against the reciprocal of the absolute temperature at
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different pressures are given in Fig. §5; the values on which
these graphs are based were taken from Fig. 4. Inert-gas
pressures are given in atmospheres (gauge), and the water
vapour pressure p is defined by

X
b= % - Po
where p, is the normal vapour pressure of water or ice.
Straight lines are obtained when the logarithm of the actual
vapour pressure at temperature T, computed from the values

in Fig. 4, is plotted against the reciprocal of the absolute
temperature at particular pressures. By extending these lines
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extrapolated vapour pressures at temperature below — 35° C.
can readily be obtained.

The experimental results show clearly that the vapour
pressure of ice is increased when the solid phase is subjected
to air pressure and that this increase becomes progressively
greater as the temperature falls and as the superimposed air-
pressure is increased. In each case the magnitude of the vapour-
pressure increase obtained by experiment is greater than that
predicted by the Poynting relation.
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