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Correlation for the Second Virial Coefficient of Water
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A new correlation has been developed to represent the second virial coefficient of
water (H,0O) as a function of temperature. The formulation was fitted to experimental
data, both for the second virial coefficient itself and for a quantity related to its first
temperature derivative, at temperatures between approximately 310 and 1170 K. The
high-temperature extrapolation behavior was guided by results calculated from a high-
quality intermolecular pair potential. The new correlation agrees well with the experi-
mental data deemed to be reliable, and at high temperatures is a significant improvement
over the best previous formulation. 004 by the U.S. Secretary of Commerce on
behalf of the United States. All rights reserveOIl: 10.1063/1.1587731
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1. Introduction

The second virial coefficient of water is a fundamental
thermodynamic quantity for an important fluid. In addition to
being useful in its own right, knowledge of water’s second
virial coefficient B [and sometimes its temperature depen-
dence,B(T)] is needed in order to extract information on
cross second virial coefficients from data for aqueous vapor
mixtures; these cross coefficients are important for accurate
thermodynamic descriptions in a variety of systems, such as
combustion gases and humidity standards. Also, theoretical
chemists who develop intermolecular potentials for water of-
ten compare second virial coefficients calculated from their
potentials to those of real water; such comparisons have not
always used the best available values.

Harvey concluded that the best existing representation of
B(T) in the range he studied was given by Hill and
MacMillan2 However, their correlation was fitted only at
temperatures up to 573 K. Some applications, such as com-
bustion gases, requirB(T) at higher temperatures. Also,
new data foB(T) have been published by several grodps.
Our goal was to produce a correlation that took into account
these new data and covered a larger temperature range. We
limited our work to ordinary water (kD). Hill and
MacMillan? also considered heavy water {D), but we did

of less importance and few new data have been reported.
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370 A. H. HARVEY AND E. W. LEMMON

2. Data Sources TasLE 1. H,O second virial coefficient8 derived from saturation data of
' Osborneet al 1%

2.1. Data for B from pVT Measurements

T B Uncertainty inB
The second virial coefficient of a fluid may be extracted (K) (cm*-mol™) (cn-mol™)
from precise pressure—volume—temperatyr ) measure- 323.127 844 43
ments, often involving successive expansions of the fluid.  333.125 —-728 21
However, for water below approximately 500 K, adsorption ~ 343.124 —634 1
on the apparatus distorts these experiments significantly. ggggi :igg ;
Since the magnitude of this effect was not fully appreciated 575754 454 5
until relatively recently, second virial coefficients for water 423.135 —287 6
published prior to about 1980 are effectively obsolete, espe-  473.153 —200 16
cially at lower temperatures. We therefore will use only val-
ues ofB from recent studies where adsorption has been ex-
plicitly taken into account, or from studies at temperatures
sufficiently high that adsorption effects are negligible. volume change of vaporization. Osboraeal'**! reported
Eubanket al2 reported the results of Burnett expansion calorimetric measurements of the quantjtydefined by
experiments at temperatures from approximately 348 to 623 dp®
K, taking great pains to correct the results for adsorption. yzv"Tﬁ, (&N

Two different sets of results were recommended, reflecting

two different methods of dealing with adsorption. Set Il cov-wherev” is the molar volume of the saturated vapbiis the
ered a wider range of temperatures; Set Ill covered a subsabsolute temperature, anp® is the saturation pressure.
of the points in Set Il and was said to have smaller adsorpKnowledge of the vapor-pressure cup&T) allows calcu-
tion corrections (though the reported uncertainties were lation ofv” from vy. Then, the virial expansion can be written
somewhat larger for Set )lIAgreement between the two sets for the saturated vapor as

is excellent, well within their estimated uncertainties. At %"
temperatures where values for both Set Il and Set IIl were

given, we took their arithmetic mean; otherwise the Set Il RT
values were used. Three of these points were later duplicateghereC is the third virial coefficient andR is the molar gas
in a different analysis by Warowny and Eubahwe did not  constant. At sufficiently lowp®, contributions from the third
add these points to our study since they were essentiallind higher virial coefficients are negligible and E2) can

B C
:1+—”+TZ+..., (2)
v 1%

identical to those from the earlier work. be solved directly foB; at somewhat higher pressures, esti-
Kell et al® reported adsorption-corrected valuesothat  mated values o€ can be used.
superseded previous work from the same labordtdiyese In order to calculaté from measurements of with Egs.

data range from approximately 423 to 773 K; their claimed(1) and (2), we usedp%(T) as correlated by Wagner and
uncertainties are for the most part somewhat smaller tharruR?andC(T) as given by the equation of state of Wagner
those of Eubanlet al3 and Pruf??® The original measurements gfin “international
Abdulagatov et al® extracted second virial coefficients joules” were converted to Sl joules by multiplying by
from pVT measurements at four temperatures from approxi1.000 165; this factor affectegby an amount slightly larger
mately 523 to 653 K. While no adsorption corrections werethan the uncertainty in measuring The results of these
made, the temperatures are high enough that such correctiopslculations are given in Table 1. We note that Table 1 does
are likely to be small. not cover all temperatures for whichwas measured; reli-
Hendl et al” reevaluated older data from their laboratory able values oB can be obtained only in a window of tem-
and derived adsorption-corrected values Bobetween 381 peratures. At low temperaturéand therefore low values of
and 524 K. Their results, while internally consistent, for theps), pS”/RT is so close to unity that the derived valueRf
most part disagree with the studies mentioned previously; wés overly sensitive to the uncertainty in the measurement of
will discuss this disagreement in a subsequent section. . At higher temperaturegnd therefore higip®), the con-
At high temperaturesabove 773 K, the only available tributions of higher-order terms are too large.
data forB appear to be those derived fropV T measure- The uncertainties in Table 1 were computed from three
ments by Vukalovictet al® components. The first is the effect @ from the standard
deviation in the reported measurementg @it each tempera-
ture. The second contribution is the effect Bnfrom the
uncertainty inp® at each temperature; here we used the un-
certainties quoted by Wagner and Prifér their correlation
The vaporization data of Osbormet a can yield reli-  of p(T). The third contribution was a rough estimate of the
able values oB at some temperatures; this calculation uti- combined effect of uncertainty i@ and of ignoring higher-
lizes the Clapeyron equation relating the enthalpy of vaporerder terms in Eq(2). This contribution was non-negligible
ization to the slope of the vapor pressure curve and thenly for the four highest temperatures in Table 1, but it pro-

2.2. Data for B from Saturated Vapor Measurements

IlO,ll
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vided the majority of the uncertainty for the points at 423 TaBLE 2. Values of°=B—T(dB/dT) from u,r data of Ertlé®

and 473 K. For the points at lower temperatures, the uncer- > —
inty fi d that fromp® were of similar magnitude o~ Uncertainty ing
One might think of adding a contribution from the uncer-

tainty in dp¥dT in Eq. (1). However, these measurements of 222-22 _1%2;'1 1;-2
y were also used in correlating the temperature dependence ., "¢ _ 5084 30
of ps.1? Therefore, any errors iy and in ¥dT will be 57225 4538 37
highly correlated. Furthermore, because those two quantities 623.04 —-350.1 3.6
appear on opposite sides of H4), these errors would tend 673.15 —278.6 3.7
to cancel each other out in the calculationudf An extra ;?g;; ‘igi-g 2‘2‘
uncertainty component forpd/dT is therefore not needed. 82298 _1613 20
873.00 -137.8 1.8

923.43 -119.1 1.4

2.3. Data for B—T(dB/dT) 973.40 _1040 12

. . : 1023.66 -90.7 0.9

More information onB(T) can be obtained from expan- 7 Z>" _705 0.7

sion experiments on steam. The second virial coefficient and
its temperature dependence can be combined into the func-

tion ¢°, defined by )
tures is much better than would be expected based on the

$°=B— Td_B &) scatter in the reported measu_rements. This st_rongly suggests
ar’ that the data points reported in Ertle/s; experiments and

o7 experiments are not completely independent. In the re-

mainder of this work, we will restrict our attention to the

points in Table 2, since the points in Table 3 are effectively

redundant.

¢° is related to the low-pressure limit of the Joule—
Thomson coefficientu ;1= (dT/dp)y, whereh is the molar
enthalpy and of the isothermal throttling coefficiefts;
=(dh/ap)+] by the following relationships:

¢ ZL'TO or ) 2.4. Estimated Values of B from a Pair Potential
#°=—c%lim . (5) As mentioned previously, high-temperature dataBom)
Po0 are scarce; the only data above 773 K are from Vukalovich

wherec is the molar isobaric heat capacity in the ideal- aSet al,’ and their experimental procedure and uncertainty are
state. We use: as correlated b Cog é‘r)\//vhmh < alsog not well documented. Above 1173 K, there are no data at all.
Y P For applications such as combustion gases, it is desirable to
used in the mternatlonal standard equation of state fohave a good estimate &(T) at higher temperatures
13 .
water. It is possible to calculatB(T) from statistical mechanics,

mvr?tlu?/is OfE¢ &t))tar:n(\a/d fLomnlsotPLtTirmhaldtht:ottlénglg”ﬁxpe::;j provided the intermolecular pair potential is known with suf-
ents via £g. ave been publisned by LOUNS and .o accuracy. For small molecules, it is now possible to

5
Keyes® and by McGlashan and WormalfiThe latter paper derive accurate pair potentials froab initio quantum me-

contains (in reanalyzed form data from the thesis of chanics; such potentials have been used to derive values of

\é\f/oém_?ldl ht/lhcitalgzﬂ;:e;ngss\cljolr%sa??z ger:/(')zzz f(;rmt'é%t;%?;B(T) considered more reliable than those obtainable experi-
(M) 1ag P mentally for heliuni® and for cross second virial coefficients

heat leak that distorted the lowest-temperature values res, . o\ o oo gaséd-23 For pure water, Harvéyde-

ported by Collins and Keyes and provided corrected num; eirmmed that this route t@(T), with quantum effects in-
bers; we use those corrected values here. The isothermal

throttling measurements of LeFevet al!® were too scat-

tered to be of use in this work. TaBLE 3. Values ofg® =B—T(dB/dT) from &; data of Ertlé®
In addition, Ertlé® reported measurements of bgifr and —
57 for steam over a range of pressures at temperatures up to 1 ¢° Uncertainty ing®
(K) (cm?-mol™ 1) (cm®-mol™1)
1073 K. At each pressure and temperature, seveslally
four) data points were reported. We converted these data to 622.45 —352.4 3.1
¢° with Egs. (4) and (5); the results are given in Tables 2 673.31 —279.0 4.1
and 3. In both tables, the uncertainties giene standard 72343 —229.1 28
iati It both from the scatter among the duplicate 77342 1909 24
dey|at|9|') result b 9 p 823.12 -161.1 2.0
points in the original data and from our estimate of the un-  g73.15 —137.7 18
certainty in the extrapolation to zero pressure; the scatter in  923.55 -119.2 1.4
the data is in all cases the dominant contribution. 973.52 —103.8 0.9
1023.78 -90.7 0.9

If one compares Tables 2 and 3, it is apparent that the

. 1073.97 —-79.5 0.5
agreement of the derived values #f at common tempera-
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372 A. H. HARVEY AND E. W. LEMMON

cluded to first order, was not sufficiently accurate at low and TasLE 4. Parameters for E¢6)
moderate temperatures. This was attributed in part to Iargei

. . . a; b;
rotational quantum correctioridue to water’s large intermo-
lecular torques and small moment of inertiat at the time 1 0.34404 —-05
could not be calculated to sufficiently high ordesubse- g _;i'ﬁﬁ% _’;’585
quently, Schentéf presented a method for incorporating ro- 4 _3978.2 _83

tational degrees of freedom in a fully quantum calculation of
B(T)]. Because these quantum effects are much smaller at
high temperatures, they can be treated to first order and still . . S
produce reliable values to guide the high-temperature beha@igits printed in Table 5 should not be taken as an indication
ior of our correlation. of uncertainty; Section 5 should be consulted for that infor-
For this purpose, we used the SAPT-5s potential of Magnation. - _ _ _
et al % Other pair potentials of similarly high quality existin ~ In addition to comparing Eq6) with experimental data,
the literature?®®~28we chose SAPT-5s because computer codave will include in our comparisons the correlation of Hill
was available in convenient form and because it produce@nd MacMillan? which was judged previousiyo be the best
values ofB(T) that closely matched the data of Kell al>  existing correlation, at least in its temperature range of va-
above 700 K and that agreed reasonably well with the data dfdity. We also compare with values d&(T) given by the
Vukalovich et al? Second virial coefficients, including first- current international standard equation of state for the prop-
order quantum corrections, were calculated at temperatur@éftleisof water and steam, as documented by Wagner and
up to 3000 K by procedures identical to those described by’rufs-” This equation was not specifically fitted to second
Hodges et al?* The uncertainty in the numerical eval- Virial coefficients, so it cannot be expected to reproduce
uation of B(T) from the pair potential is less than 0.1 B(T) as well as correlations fitted directly to those data.
cn-mol L.

3. Fitting Procedure TaBLE 5. Values ofB and of ¢°=B-T(dB/dT) calculated from Eq(6)
. T B ¢°
All temperatures for experimental data were converted to (K) (cme-mol™ 1) (cme-mol™ 1y

the ITS-90 scale by standard procedures. Effects of tempera=

ture scales were insignificantly small except in the process- ggg _f%gg_'g 4 :2222:3
ing of the saturation measurements of Osbarnal 19! 350 _58011 29384
The functional form to whichB(T) was fit was that used 375 —443.32 —2101.9
previously for correlating cross second virial coefficients of 400 —351.11 —1578.0
water with nonpolar gasés?? This form obeys the neces- 425 —285.75 —12309
sary boundary conditio_ns_ th&(.T) is bounded from aboye. f’;g :;gg:?é :Z?Z:gg
and goes to negative infinity in the low-temperature limit. 500 ~171.97 —684.12
The number of terms was increased until additional terms did 525 —148.94 —583.45
not improve the fit significantly. Data points that appeared to 550 —130.18 —504.11
be outliers were excluded if omitting them significantly im- 575 —114.67 —440.34
proved the root-mean-square deviation of the fit. ggg __lgé'gi :zig'gg
The fit was primarily determined by tH#&(T) data of Eu- 650 _81.20 30877
bank et al,® Kell etal® and Osborneet al,’*!! and to a 675 ~73.04 —278.03
lesser extent by th®&(T) data of Abdulagatowt al® and 700 —65.94 —251.72
Vukalovich et al.® the values ofB(T) generated from the 725 —59.72 —229.00
SAPT-5s potentiat’ and the ¢° data of McGlashan and ;?g :igég :ig?'gi
Wormald!® Other data not included in the fit will be dis- 800 — 4500 17670
cussed in Sec. 4. 850 —37.58 —-151.17
900 -3151 ~130.74
4. Results and Comparison with Data 950 —26.47 -l4.dl
1000 ~22.22 ~100.37
_ o 1100 ~15.49 ~79.12
The final equation is 1200 ~10.43 —63.58
4 1300 ~6.50 ~51.79
, 1400 -3.37 —42.60
B(T)/B%= i; a(T")", ©) 1500 ~0.84 ~35.25
1600 1.26 ~29.26
whereB®%=1000 cn?-mol~1, T*=T/100 K, and the coeffi- 1800 4.49 ~20.10
cientsa; andb; are listed in Table 4. For easy reference, in gggg 122? —12-3(6)
Table 5 we give values d8 and ¢°=B-T(dB/dT) calcu- 2000 1264 321

lated from Eq.(6) at selected temperatures. The number of

J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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' ‘ ' ' ' disagreement outside the stated uncertainties of the data is
10 [ [ Osbome et al, (1937) ) . between Eubankt al® and Kellet al® near 498 K. Our cor-
. (E):E::l'(ee?tail'( gg?g) T relation reproduces all the accepted data within their stated
= Kelletal, (1989) l T uncertainties except for the two points of Kelt al® near
€ || s wecwien s | | 473 and 498 K. _
8 5[ [ Wagner & PruR (2002) ] The correlation of Hill and MacMillahalso performs well
% in the temperature range of Fig. 1. The equation of state of
% - T i i Wagner and PruR differs somewhat at the high-temperature
5 [ T Te) $ Lo T 1T f end of Fig. 1, going through the data of Kel al;® this is
0 :[—l-: i { - 1 T Y] expected because KellfsV T data were used to fit that equa-
T L=1+- * tion.
4 In Fig. 2, we see that our correlation is fairly consistent
o . . , with the low-temperature¢°® data of McGlashan and
%00 350 400 450 500 Wormald!® It was not possible to obtain a smooth fit that
TIK passed through all their data points, especially for the points
Fic. 1. Deviations of from Eq. (6) at low temperatures. above 400 K where this would have greatly increased the

disagreement with data fd@ in Fig. 1. Equation(6) is also
fairly consistent(though with an apparent systematic devia-
However, it made use of data from some of our key sourcedjon) with the data of Collins and Keyés;these points are
notably thepV T data of Kellet al® and the saturation data shown without error bars because their uncertainty was not
of Osborneet al!® |t therefore can be expected to give reported. The two points from Erfféare also missed to
reasonable values @& (T), and it is interesting to see how some extent. Again, Eq(6) could not be made to pass
accurately such a wide-ranging equation of state can reprahrough these without seriously degrading the fit of B{&)
duce second virial coefficients. data. Since the error bars we have assigned to Ertle’s data
represent only the scatter in the measurements at each tem-
perature, it is likely that the actual uncertainties are larger
At low temperatures, Fig. 1 shows the relative deviationghan implied in Fig. 2, especially for the point near 430 K.
from Eq. (6) of both experimental values & and values The correlation of Hill and MacMillahbehaves similarly
calculated from the correlation of Hill and MacMillarand 0 Eq.(6), although at the lowest temperatures it is less con-
the equation of state of Wagner and PHifFigure 2 is a  Sistent with the data of McGlashan and Wornt&land more
similar figure for¢°. consistent with those of Collins and KeyEsWagner and
The most striking aspect of Fig. 1 is the inconsistency ofPTuf?® deviate significantly from thes° data of McGlashan
the data of Hendét al” with the other data sources. Because@nd Wormald® at temperatures below about 380 K. The rea-
the other three independent sources are in fairly good agre&on for this can be seen in Fig. 1, where Wagner and‘fruf
ment, and because tiB{T) function could not be made to follow more closely the low-temperature data of Osborne
agree with Hendlet al” without drastically worsening the €t al,** to which their equation was fitted in part. This causes
prediction of$° shown in Fig. 2, we disregarded these data.their values of¢° to be lower. In fitting Eq(6), we chose to
The data point from Kelet al® near 423 K appears to be an accept slightly worse agreement with the two lowBs¢)
outlier and was discarded; apart from this point, the On|yp0ints of Osbornet al.ll (though our fit still lies within their
uncertainties in order to be consistent with th¢° data of
McGlashan and Wormaftf.

4.1. Low Temperatures

4.2. High Temperatures

[N
T
»
T ——4
ya
/ »
/
/
/
P
/
;e
—e—
e
=
»
L

; Figures 3 and 4 are similar deviation plots to Figs. 1 and 2,
"J { | T {+ __________________ I except that they cover a higher temperature range. Unlike

(=1

Figs. 1 and 2, Figs. 3 and 4 report absolute deviationB in
and ¢° rather than relative deviations; this is becaB4&)
passes through zero at a high temperature, making a relative
deviation meaningless.

IS
—a—
—

4 Collins & Keyes (1938) T

Percent deviation in B-T(dB/dT)
&

. Eetere | In Fig. 3, we see that there is some inconsistency among
“| ® McGlashan & Wormaid (2000) - the different data sets between about 500 and 650 K, al-

&
.

---Hill & MacMillan (1988)
<<<<<<<<< Wagner & Pruf (2002)

though the differences are not much larger than the mutual
- . . . uncertainties of the experiments. At the temperatures in Fig.
300 350 400 450 3 where data from Eubardt al are reported, Eq6) gives

TIK values intermediate between those data and the data of Kell

Fic. 2. Deviations of¢° = B—T(dB/dT) from Eq.(6) at low temperatures. et al® At higher temperatures, it closely follows the data of
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a
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8 Kell et al. (1989)
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P - T ,,,,, - Vukalovich ef al. (1967)

a L4~ Eubank et al. (1988)

Abdulagatov et al. (1996)

I ---Hill & MacMillan (1988)
~~~~~~~~~ Wagner & Pruf (2002)

3l 1 1 1 ! 1 L

500 600 700 800 900 1000 1100

Fic. 3. Deviations ofB from Eq. (6) at high temperatures.

Kell et al® Two of the four points from Abdulagatost al®

-
T

Deviation in B (cm®/mol)

/ a & Vukalovich et al. (1967)
/s s u  Kell et al. (1989)
/ © SAPT-5s
At --- Hill & MacMillan (1988) g
~~~~~~~~~ Wagner & Pruf (2002)

700 800 900 1000 1100 1200 1300 1400 1500
TIK

Fic. 5. Deviations ofB from Eg. (6) at very high temperatures.

was fitted, but deviates more at higher temperatures. The

deviate from Eq(6), but no systematic trend is evident. At equation of state of Wagner and PtiBisagrees more with
higher temperatures, E@6) is consistent with the data of the data of Ertl& at the lower temperatures in Fig. 4, but is
Vukalovich et al® The smooth systematic trend for these in better agreement at the higher temperatures.

data in Fig. 3 is probably due to the use of a smoothing Finally, we examine the behavior of E(f) at very high
equation by Vukalovichet al;® unfortunately no uncertain- temperatures. Figure 5 shows the deviations from(&xof

ties for these values were reported.

The correlation of Hill and MacMillahis in fair agree-
ment with the dat#less so with the values of Kedit al®) up

the four highest-temperature points of Ketlal® and of the
data of Vukalovichet al® It also shows values dB calcu-
lated from the SAPT-5s pair potentidl(these values were

to about 800 K, after which it produces increasingly largeromitted from Fig. 3 for clarity. The SAPT-5s values are
deviations. This is not surprising, since it was fitted only upconsistent with the two experimental data sets in this range,

to 573 K. The equation of state of Wagner and Pta§jrees
with the data of Kellet al® near 500 K, after which it sys-
tematically overpredict®8(T), though not by a very large

amount.

Figure 4 shows deviations fap°. While Eq.(6) is fairly
consistent with the data of Ertlé,it was not possible to

increasing our confidence in the accuracy of the pair poten-
tial and resulting values dB(T). Equation(6) follows the
SAPT-5s values closely at high temperatuigs to 3000 K;

we believe these values provide as trustworthy an extrapola-
tion as can be obtained f&(T). The correlation of Hill and
MacMillan,? which was not intended for such high tempera-

obtain complete agreement with these data without signifitures, is increasingly inaccurate in this region, while the

cantly degrading the agreement with valuesBohown in

equation of state of Wagner and PtiBives reasonable be-

Fig. 3. The correlation of Hill and MacMillgnis reasonably ~havior of B(T) at very high temperatures despite being sys-
consistent with Ertle’s data in the range where the correlatiofematically high compared to the data at intermediate tem-

®  Ertle (1979)
N --- Hill & MacMillan (1988)
41 . -~ Wagner & Pru} (2002)

Deviation in B-T(dB/dT) (cm®/mol)

“500 600 700 800 900 1000
T/IK

Fic. 4. Deviations of¢°=B—T(dB/dT) from Eq.(6) at high temperatures.

J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004

peratures. The Boyle temperaturehere B(T)=0) for Eq.
(6) is 1538 K; this compares to 1408 K for Hill and
MacMillan? and 1519 K for Wagner and PrdR.
After this work was completed, Abdulagatet al>® pub-
lished values of the quantity
8 _,d°B
T T o
derived from analysis of existing isochoric heat-capacity data
between approximately 578 and 1024 K. Their values are in
good agreement with those from E@) above 700 K. At
lower temperatures, there is a systematic deviation of their
values not only from Eq6), but also from other correlations
for B(T). SinceB(T) in this range is fairly well determined,
this suggests problems in the heat-capacity measurements. In
reporting their comprehensive equation of state for water,
Wagner and Pruf commented on apparent inconsistencies
below 725 K in some of these isochoric heat-capacity data.
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5. Discussion of Uncertainty in ~ B(T) 6. Conclusions

Equation(6) provides a reliable representation®fT) for
water at temperatures above 300 K. The upper temperature
Mimit of the experimental data on which E¢p) is based is
™173 K, but the incorporation in the fit of values Bfgen-

While a formal uncertainty analysis is impractical for a

make reasonable estimates of the quality of the correlatio

The ‘ﬂ”?e”‘?"”ty 'rB(T)_ IS goverqed by the sca.tter ar?d UN- erated from a high-quality intermolecular pair potential has
certainties in the original experimental data, including re-15\veq us to produce a correlation that we believe can be
gions where data from different sources are not mutuallyg|iahly extrapolated to 3000 K. The correlation may be dif-

consistent. o ferentiated to produce reliable values @/dT and the im-
At temperatures below 500 K, the uncertaintydi(iT) can  portant quantitys® = B—T(dB/dT).

be estimated from Fig. 1. Below 350 K, a reasonable esti- The best previous correlationthat of Hill and

mate of uncertainty is given by the error bars on the data ofjacMillan?) represents the data similarly well in the region
Osborneet al* Between 350 and 500 K, it appears thatwhere it was fittedbelow 573 K, but its accuracy deterio-
B(T) is determined to within 2% or better. The valuesfsf  rates at higher temperatures. The international standard equa-
shown in Fig. 2 generally confirm this analysis, although ation of state for watéf gives reasonable values &(T)
few ¢° points between 400 and 450 K are not consistenthroughout the temperature range, but B{@) data at high
with the B(T) measurements. temperaturegabove about 500 Kand the¢° data at low
Between approximately 500 and 650 K, the deviation betemperaturegbelow about 400 Kare not represented within
tween different data sets is illustrated in Fig. 3, and we havéheir uncertainties.
no way to reconcile the disagreement. It seems that there is There are some regions where new high-quality data
an uncertainty of about 1.5 camol™?* for B(T) in this re- would be desirable to reduce the uncertaintyBi(ir). At
gion. At higher temperatures, the data of Ketlal® have temperatures above about 470 K, the existing data’38ts
small reported uncertainties, but the fact that many of theishow some significant disagreement, and above 800 K it
data do not agree with Eubaek al® within those uncertain- would be desirable to have some independent validation of
ties at lower temperatures suggests caution. However, tH8€ data of Vukalovictet ai-z At temperatures between about
agreement with Vukalovickt al® where the sources overlap 400 and 500 K, the datd™ for ¢° appear to be somewhat
near 773 K is encouraging. We can therefore estimatdnconsistent with the data fd(T).

an uncertainty of 1 cfhmol~! for B(T) between 650 and The behavior of Eq(6) at very high temperatures could be
800 K. improved if a more accurate pair potential for water became

At higher temperatures, we have only the data ofavalla'ble. A possible deficiency of the SAET 5; potefitiesl
that, like almost all other proposed potentials, it assumes the
potential’® Because of their agreemefsee Fig. 5, it is Wate_r molecules are r|g|_d. In reahty, higher vibrational an(_j
. . "1 rotational states are activated at high temperatures, causing
reasonable to estimate an uncertainty of £amol~! for . g
some stretching of the molecules. Since these effects would

B(T) ut?] to 1t2(')0t K.‘ Atthe\t/(iﬂ hgzﬁr_rt(;mpe:atut.rels ' s I V;’; Cahe quite small except at very high temperatusesich are of
say with ceriainty 1S that the -5 potenfial Snould projqqg practical interegtand since incorporating intramolecu-

vide a physically reasonable extrapolation. Sjrl1ce the magni,, degrees of freedom would significantly complicate the
tude of B is small (on the order of 10 cthmol™) at these a1, jation ofB(T), we do not believe it is worth worrying

high temperatures, and sin@&T) at high temperatures iS4t the influence of molecular flexibility &(T) for wa-
relatively insensitive to details of the attractive well of the g 4t this time.

potential(the most difficult part to get quantitatively corrgct
1 cn?-mol ™t is also a reasonable estimate of the uncertainty
of B(T) at higher temperatures, up to 3000 K.

A final consideration is the validity of extrapolation of Eq. The authors thank W. Wagner for providing the data of
(6) to low temperatures. The lowest temperatures for whiche 619 electronic form, I. M. Abdulagatov for making Ref.

data were fitted were 323 K fd8 and 313 K for¢®. The 59 gyajlable prior to publication, and M. P. Hodges for cal-
uncertainty in Eq.(6) (and the underlying daaincreases culating B(T) from the SAPT-5s potential.
rapidly at low temperatures, as can be seen by the sizes of

the error bars at the lowest temperatures in Figs. 1 and 2.
Since ¢° contains @/dT, the good reproduction of low-

o - .
temperatures®  data means_ that limited extrapolation of LA. H. Harvey, inSteam, Water and Hydrothermal Systems: Physics and
B(T) to lower temperatures is reasonable. However, due to chemistry Meeting the Needs of IndustBroc. 13th Int. Conf. on the
the increasing uncertainties, we do not recommend the use ofProperties of Water and Steam, edited by P. R. Tremaine, P. G. Hill, D. E.

Vukalovich et al® and the calculations from the SAPT-5s
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