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THE SECOND VIRIAL COEFFICIENT FOR STEAM*
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Abstract—Adsorption of water on the walls of the container is invoked to explain the non-linear
course of the isothermal experimental values of v(pv/RT — 1) and v In (pv/RT) as small steam densities
are encountered. It is noted that the known magnitude of the adsorption of water vapor on glass is in
accord with the low density behavior of the quantities v(pv/RT — 1) and v In (pv/RT) and indeed the
quantitative relationships for the 440°C steam isotherm are satisfactory. For the determination of the
second virial coefficient the superiority of the extrapolation function v In (pv/RT) is exhibited. The
advantages of (¢h/0p) measurements as a means of deducing virial coefficients free from adsorption
disturbances are illustrated and comparisons are made with virial coefficients deduced from p,v,t, data.

THE second virial coefficient for a gas is an
important quantity required for describing
analytically the p,v,t, properties and certain
derived properties (the enthalpy, entropy and
specific heat) assuming that a knowledge of the
“zero” pressure specific heat is available. The
coefficients are defined through the well known
relation,

pv = RT(+Bo[v + By/v* + (M

where B, and B,, etc. are the virial coefficients.

The determination of the coefficients has often
been based upon the use of the experimental
values of pressure and volume along the iso-
therms. Thus by forming the isothermal quanti-
ties, v[(pv/RT) — 1] and entering the values as
ordinates in a rectangular diagram with densities
as abscissae, the intersections of the projected
curves with the ordinate axis gives in principle
the values of the B, coeflicients for zero density.
The tangent at B, will be the value of B;. The
procedure is essentially simple and it would
appear that, since the value of R, the gas
constant, is accurately known exact and con-
sistent pressure-volume data are only required to
lead to reliable values of the coefficients.

* This work was sponsored by Project SQUID, which
is supported by the Office of Naval Research, Depart-
ment of the Navy, under contract Nonr 1858(25) NR-
098-038. Reproduction in full or in part is permitted for
any use of the United States government.

It will be perceived that an inaccurate deter-
mination of B, entails an inaccuracy in B, and
succeeding coefficients. Consequently any factors
which affect the accuracy of the low pressure and
the corresponding volume measurements are
important. For illustration, at 100°C for steam
the value of B, is known to be —24-5 cm?/g and
the saturation volume is close to 1673-5 at one
atmosphere, but B, in this instance is only
1-465 per cent of 1673-5 and volumes and
pressures along the 100°C isotherm should
accordingly be consistently known to a part in
2000 to secure about a three per cent accuracy
in B,.

Figure 1 is a diagram containing as ordinates
v(pv/RT — 1) values for the 440°C isotherm for
steam [1] and densities as abscissae correspond-
ing to 50 cm?/g to 10 cm?/g. The diagram also
contains the quantity v log (pv/RT) a function
expressible in terms of the virial coefficients
defined by equation (1) as follows,

v 1

viog gz = Bo+ (B —4B)_ (1)
The course of the curves, particularly for
v(pv/RT — 1) values, show a pronounced
curvature as the ordinate axis is approached.
It is of interest to consider what could divert
the course of the curves as increasingly large
specific volumes come under consideration. Let
it be assumed that measurements are conducted
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in a vessel of invariable volume V, whose surface
exposed to the substance being measured is S.

The mass increments M,, M,, (M,, = X M) are
i

injected progressively into the initially heated
and evacuated container of volume V, thus the
apparent specific volumes become (V/M,) = vy,
(V/M,) = vaq, - . . . U, at a series of constant tem-
peratures. The corresponding observed pressures
D1, p—are recorded and all relevant corrections
applied to the sets of data at each temperature.
The temperatures should, of course, be expressed
on the thermodynamic scale, but at present there
is available only the Beattie [2] results from
0° to 444-6°C international.

The “‘baking-out” of the container is an
important part of the procedure relating to the
securing of exact and consistent data for any
substance since it is widely known that appreci-
able amounts of water vapor, carbon dioxide and
other substances are adsorbed and in the case of
steel, oxygen may be released from the decom-
position of surface or dissolved oxides and
nitrogen from nitrides also. The adsorbed water

vapor can be particularly disturbing if not
completely removed, in the case of CO, and
NH,* and other water soluble gases.

The case of steam, under p,»,t, measurement
is special, because removal of adsorbed water
from the container surface is unavailing and the
water molecule is probably the most tenaciously
held of any substance in the adsorbed state and
likewise adsorbed in largest quantity. It there-
fore becomes of interest to consider the effect
of adsorbed water on the accuracy attainable in
measurements of the p,v,f, characteristics of
steam.

The amount of a substance adsorbed is
known to be a function of temperature and the
mass adsorbed diminishes rapidly with increas-
ing temperature. At constant temperature the
mass adsorbed rises rapidly with pressure to
near constancy at relatively low pressure.

* Carbon dioxide or ammonia when introduced into
an exhausted globe will dissolve in the adsorbed water
layer. This circumstance emphasizes the desirability of
“baking out” the container to be used subsequently for
D,v,t, measurements.
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Qualitatively, therefore, it is perceived that the
effect of adsorption will be important at low gas
densities and particularly in the case of the water
molecule. Some notion of the quantitative effect
may be obtained from observations of Irving
Langmuir* who found that, after exhausting a
glass vessel of 161 cm?® surface to a very high
vacuum at room temperature, on heating to
360°C, 241 x 10-* g of water vapor was
released from the glass surface, say, 1-5 x 10-¢
g/em?, At 100°C and under saturation pressure
the specific volume of steam is 1673-5 cm®. A
sphere of the latter volume would have a surface
of 678 cm? and on the basis of 1-5 X 10-% g/em?
adsorbed water, covered with 678 x 1-5 x 108
or 1.107% g of water vapor; a minimal amount
equal to about 0-1 per cent of the (glass) globe
contents. However, at saturation pressure the
surface adsorbed would be 01 X n per cent
where n could easily be 2 to 10.

Having obtained p,v,t, data by the procedure
sketched above its correlation can conveniently
begin by computing the quantity

U, . 1
w(fr—1) =ButBuy @

where v, is the apparent specific volume or
v, = V/M uncorrected for adsorption. Let s(p,f)
represent the mass adsorbed per unit area in a
specified container. Then s(p,f)S will be the
actual mass adsorbed at a specified temperature
and pressure for the container whose working
volume is V,t and whose corresponding surface
in contact with the vapor is S. Then s(p,1)S/M or
o is the adsorbed amount per unit mass of
material contained in a vessel at specified pres-
sure and temperature.

The unaffected specific volume, o, will
accordingly be
vV "
v . ®

TM—s(pnNS 1—o¢

* Langmuir many decades ago (1913) measured the
water vapor evolved from a glass bulb highly evacuated
at room temperature. The amount of water given up by
the surface at 360°C amounted to 24 x 10~%* g or
1:5 x 10-% g/cm?®.

t The volume of the adsorbed condensed phase is
neglected relative to the container volume.
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The virial coefficients are defined by equation
(1) where v is the exact and unaffected specific
volume of the gas.

In the absence of adsorption the expression
(2) with v substituted for v, will give B, assuming
accurate mass—pressure-volume measurements,
In the actual case, v = v,/(1 — o), we may write,

v (%w 1) — 0,/(1 — o) (”—~————~”“/SIHT ) _ 1)

— 0, (%— 1) + [%i‘i(z + o) — 1] v (4)
where the quantity

f 1
v (ﬁ— 1) — Boa+ Buo -+
refers to the apparent coefficients. We may then
write approximately,

1 1
Bo+Bl’B:BOa+Bxai,“

a

+ [’%;(2 +o)— 1] o (4a)

The second term of the right hand member of
(4) follows the sign of B, which will be positive
or negative depending on the temperature. In
any case, B; and B, are pure temperature
functions, negative for steam throughout the
region or existing data, namely 30-700°C. It
will be seen from the diagram Fig. 1 that
v, [(pvo/RT) — 1] tends to be increasingly too
large relative to the values on the straight line
vertically under the data at densities correspond-
ing to 20, 30, 40, and 50 cm?®/g. It will also be
noted that the quantity ve, the factor of the
adsorption term varies inversely as M?, the mass
in the container. Thus the accelerating aspect of
the v, [(pv,/RT) — 1] as the density diminishes is
forecast.

The advantage of employing the function
v, In (pv,/RT) in place of v[(pv,/RT) — 1] is
brought out in Fig. 1 by the course of
data in relation to the density. The values of
v, In (pv,/RT) at 10 cm?/g namely —3-62, at
12-5, —3-624 at 15, —3-622, at 17-5, —3-616, at
20, are nearly constant and nearly equal to the
extrapolated value of B, namely —3-63 given by
the closed expression,

B, = 2:062 — 2901-77 x 107-424-1043 [3]
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Of course the latter equation was based on the
data of reference [1] correlated by employing
the function v In (pv/RT) [4].

Should adsorption be the essential cause of the
curvature of the v,[(pv,/RT) — 1] or v In (pv,/RT)
isotherm values as small densities are ap-
proached the differences in v[(pv/RT) — 1] and
v.[(pr./RT) — 1}, equation (4) and (4a), namely
approximately v,0, should vary in proportion
to v, or o should be approximately constant.
Taking the differences between the experimental
values of v,[(pv,/RT) — 1] and the similar value
on the straight line vertically below we may
calculate o. Thus at 50 cm®/g o is 25 x 1073,
at 40 cm?/g, 2-5 x 1073, at 30 cm?/g, 2-5 x 1073;
larger than 1-1 x 10-3 derived from Langmuir’s
data on the vacuum adsorption of water vapor
on glass as would be anticipated.

An example of the application of equation
(1) may be cited for steam at 100°C and satura-
tion where the true value of vf(pv/RT) — 1] is
1673-5 [(1/1-0156) — 1] = —26-1, using the
adsorption of water vapor on glass found
by Irving Langmuir cited above, namely
10 x 10-% g, for the surface of a 1573 cm?
spherical container. The adsorption for 1 atm
of water vapor at 100°C may be set equal to
n x 1 x 10-3 g where n would undoubtedly be
a multiple of unity. We find for the second term
right-hand member of (4) [0-97] 1673 X o x 1073
x n = 1-6n. The value of v[(pv/RT) — 1] given
above is —26-1 and v,[(pv,/RT) — 1] becomes
—26'1 - 1-6n or a considerable error is in-
volved should # equal unity. In the case of steam
the amount actually adsorbed at 1 atm and
100°C would be a maximum since the saturation
line has been reached.

During the course of the earlier p,v,¢, measure-
ments [1] it was not found possible to obtain
consistent p,v,t, data below 200°C. As a conse-
quence it was not until 1938 [5] that measure-
ments of (6h/ép)r were reported for the range
40-125°C which provided values from which
the second virial coefficients for steam at the
five temperatures 389, 59-44, 80-02, 100 and
125 may be deduced. It will be noted that the
measurement of (h/dp)r or v — T(0v/0T) yields
values unaffected by adsorption.

The measurements of (0h/op) extrapolated to
zero pressure yields values of (dvr/or) where
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7 is the symbol for 1/T and
oot o T v
or U0t T v gy
As p approaches zero v = (RT/p) + B, from
equation (1) and
ovr  OByr T ov
er  er VT ler

Accordingly for p approaching zero,

oot . ‘oh . 0Byt 5

or = (a;) = >

From the experience with the earlier p,u,t,

data [1, 3] it was found that the B, values could
be well represented by the closed expression,

By =B — cr. 1067

Using this expression we find for p — 0:

oh OB ~
(55, = 2 =B = 2er. 1057 (1 - ) 6)

Transforming (6) relation

results,

the following

=2c.108" ()

Accordingly if a diagram employing log z and +*
is formed in the case of steam employing the
data for (oh/ép)r [5], a linear relationship
Fig. 2 should result. 8 = 2 cm®/g may be em-
ployed and ¢, = 17-09 . 10* from reference [3].
The Fig. 2 indicates that 2¢, the coefficient in
equation (7) (Paper VII) [3] is 6123 and ¢
(base 10) 7-126 x 10%. This compares with
5804 from (éB,7/07) using the value 2¢ == 5804
and ¢ = 7-243 x 10* from the (Table 1) B,
obtained from the earlier p,v,t, data.* Table 1
contains the values of (6h/9p) calculated from
the constants of the equation of the straight
line through the log z; 7% data of Fig. 2. The
Keyes—Smith-Gerry values of the third row in

* The value ¢, = 7-126 . 10* found from z [equation 8]
could be employed to obtain a second approximation
from the original (éh/ép) data. However, 7-126.10%
seems to be consistent with the precision of the original
oh/op.
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the K-S-G 1936 equation of state (Keenan and
Keyes Steam Table, equation 13, p. 15) but
employing the v In (pv/RT) extrapolation
procedure.

Table 1 are from the B, equation [1] originally
formulated from the K-S-G data using the
relation v[(pv/RT) — 1]. The fourth line is from
Steam Paper VII [3] based on the same data as

Table 1. Measured values of (oh/ép) for zero pressure and comparisons computed from first virial coefficients
derived from p,o,t, data

Units em®/g int. atm.

Temperature 3894 59-44 80-02 100 125 2A4/R & 104
(8h/8p)r obs. 2849 205-1 150-0 1172 880
(9h{2p)r equation of obs.t 2819 199-5 147-6 114-1 861 6123 7-126
(oh/op)r K-S-G* 331-5 2275 164-0 124-1 91-5 5283 8-087
(8h/op)r Keyes 1949 [3] 294-2 2062 151-3 1162 870 5804 7-424
B, equation of obs.t 50-9 386 303 247 197
B, K-S-G 1936 55-3 408 31-4 25-1 19-5
B, Keyes 1949 51-7 389 30-4 24-5 19-1
Saturation Volume 20039 7867 3394 16734 770-4
100{B,/vgni] 0-258 0-494 0-893 1-46 2-52

* Keyes, Smith and Gerry [1]
t The tabulated values correspond to the line drawn through the observed data entered on Fig. 2.
B, values “equation of obs,”” are calculated from the ¢ and &, derived from the equation for the observed data,

tine 2,
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Résumé—On explique la non-linéarité des valeurs expérimentales isothermes de v(pv/RT — 1) et
v In (pv/TR), quand on est en présence de pressions de vapeur faibles, par ’adsorption de I’eau sur
les parois du réservoir. La valeur connue de I'adsorption de la vapeur d’eau sur le verre est en bon
accord avec I'évolution aux basses pressions des quantités v(pv/RT — 1) et v In (pv/RT) et les relations
quantitatives pour I'isotherme 440 de la vapeur sont tout a fait satisfaisantes. Pour la détermination
du second coefficient du viriel, la supériorité de la fonction d’extrapolation v In (pv/RT) est mise en
évidence. Les avantages des mesures de (8h/dp) pour la détermination des coefficients du viriel,
indépendamment des perturbations dues a ’adsorption, sont notés et les résultats obtenus, comparés
aux coefficients du viriel déduits des données p,v,t.

Zusammenfassung—Die Adsorption von Wasser an den Behilterwinden wird herangezogen, um den
nichtlinearen Verlauf der isothermen Versuchswerte von v(pv/RT — 1) und v In (pv/RT) bei kleinen
Dampfdichten zu erkldren. Es ist festzustellen, dass die bekannte Grosse der Wasserdampfadsorption
an Glas in Ubereinstimmung mit dem Verhalten der Grossen »(pv/RT — 1) und v In (pv/RT) bei
kleiner Dichte ist und dass die quantitativen Beziehungen fiir die 440°C—Isotherme von Wasserdampf
befriedigend sind. Zur Bestimmung des zweiten Virialkoeffizienten wird die Uberlegenheit der Extra-
polationsfunktion v In (pv/RT gezeigt. Die Vorteile der 2h/op—Messungen zur Ableitung von Virial-
koeffizienten, die frei von Stérungen durch Adsorption sind, werden erlidutert und Vergleiche mit aus
pvt-Werten abgeleiteten Virialkoeffizienten angestellt.

AHHoTauMA—/InA 00BACHEHNA HeINHEHHOH BaBUCUMOCTH HKCIIEPUMEHTAJIBHBEIX BHAYCHMIt
o(pv/RT—1) n v In (pv/RT) [as ¥30TEPMUYECKHX IIPOIECCOB TMPH MAIBX NABIEHHAX Iapa
HCIIONb30BAHO ABJeHUe afcopCuuMy BONH HA CTeHKAaX KoHTeltHepa. OTMEYeHO, YTO CymIeCT-
BYlOUIad BeJIMUNHA a[cOPOIMN BOAAHOTO MApa HA CTEKJE COOTBETCTBYET 3HAYCHMIO BeJMYMH
v(pv/RT—1) u v In (pv/RT) OpuM HUBKOH IUIOTHOCTH, M, IEACTBHTEIbHO, KOJMYECTBEHHEIE
COOTHOIIEHHSA, TI0JLy4enHbIe 1A 440°C M30TepMHI Hapa, Aal0T YIOBIETBOPUTEILHLE peaylib-
TaTel. [ToKaszaHo IPeBOCXOACTRO BKRCTPATIOIANMOEHON GyHKuny v In (pv/RT) AIA oupeneneHus
BTODOTO BHMPHAJIBHOro Koaduimenra. ITpominmocTpupoBaHO NPEMMYINECTBO METOHA M3Me-
penus (8h/dp) ¢ 1eIpI0 BHIBOJA BUPHAILHEIX KOIPQUUUEHTOB, CBOGOAHEIX OT BIMAHUA
amcop0uuu, U cJe/TaHLl CPaBHEHUA ¢ BUPHAIBHBIMH KOD(OUITMHEHTAMU, BLIBEJEHHBLIMH U3
3HAYEHUIl MapaMeTpoB p, U I f.



