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ABSTRACT. of 
<d from dielectric constant 

data rcportcd by Oshry and others (1961) , alld Hege1' (ms) fo1' ternperatures 
alld pressu 1'es from 0 0 to 550 0 C and 0.001 to 1) kb finilc difference dcriva-
tivcs computed from specifìc vt'!lumes givell by Burnham , and Davis (1969b) 
for 20 0 to 900 0 C and 1 to 10 kb. Correspollding properlies below a kilobar we1'e com-
puted with the aid of the equation of state dcveloped by Keenan and others (1969) , 

describcs the thermodynamic of in close accord with the tolcrances 
of the Intcrnational Skeleton Tables of 1963. The results of thc calclllations are 
in equations, tables , ancl cliagrams clepicting isotherms , isopleths of specific 
volume, cntropy, enthalpy, internal energy, Hclmholtz and Gibbs free energies , fu-
gacity, and heat capacity, together with thc cliclectric constant, coellicicnts of isobaric 
thermal expansion ancl isothermal compressibility , the Born (1920) free ene1'gy func-
tion , and their partial Pertllrbation of the lhermodynamicjelectrostatic be-
havior of H20 by the critical phenomenon leacl , to di fJerences in the cle-
penclence of its properties on tempe1'ature, ancl clensity above ancl below 

400 0 C ancl I to 2 kb. The calculations pcrmil prccliction of the consequences of 
these differences on the chemical inte1'actiott of mincrals and aqlleolls electrolyte SOlll-
tions in geochemical processes. 

INTRODUCTION 
Recent aclvances in sollltion chemistry. thermodynamics, ancl com-

pute1' techno1ogy make it possib1e to qllantitative1y eqllilibrillm 
ancl mass transfer among minerals and aqueolls electro1ytes in geochemi-
cal processes involving large nllmbers o[ components, phases, and chemi-
ca1 species at both high and 10w temperatures ancl pressll1'es. The present 
se1'ies of commllnications is intended to provide a comprehensive set of 
eqllations ancl clata to facilitate such calculations. 

Theoretica1 and experimenta1 studies of hyclrothe1'ma1 systems ove1' 

the past 50 years leave little doubt that minera1 solllbilities ancl the 
chemica1 ancl thermodynamic solllte species in aqlleous 
electrolytes are controlled to a large extent by the thermoclynamic/elec-
trostatic properties of the solvent, which change dramatically with in-
creasing temperatllre and pressllre. The eqllations, and diagrams 
presented below constitllte an internally consistent sllmmary of these 
properties, based on critical eva1uatioll and regression of density and 
dielect1'ic constant clata reportecl in the literature fo1' temperatures and 
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pressures from 00 to 9000 C and 0.001 to 10 kb. These conditions bracket 
those found in the Earth from its surface to a 1ithostatic depth of - 35 
km, which is equiva1ent in pressure to a hyclrostatic depth of - 100 km. 
The temperature span ranges from the stabi1ity fie1cls of ice 1 and VI to 
the 10w-pressure melting temperatures of hydrous si1icate rocks. 

The thermodynamic properties o[ HeO have 10ng been of interest to 
engineers responsib1e for power generation and in recent decades to 
geo1ogists concerned with geochemica1 and geophysica1 processes at high 
temperatures a l1(l pressures. As a consequence, a p1ethora of steam tab1es 
ancl other compi1ations has appeared through the years , most of which 
cater to engineers and are too restricted in the scope of pressures, tem-
peratures, anclj or the properties to be generally applicab1e in 
science. Many of the compi1ations are basecl on conventions ancl expressed 
in units that are inconvenient in a geochemica1 context, some are insuffi-
cient1y cletai1ed, and nOlle includes a11 properties of interest in sollltion 
chemistry. Among the more important o[ these is the die1ectric constant 
and its partia1 clerivatives with respect to pressure and temperature. The 
1atter variab1es can be usecl in with expansibi1ities, com-
pressibi1i ties, and other thermodynamic properties of H 2 0 to compute 
e1ectrostatic parameters in the Debye-Hücke1 theory, eva1uate Born 
charging equations, ancl formu1ate a1gorithms anc! equations of state for 
preclicting ancl corre1ating the thermodynamic properties of aqlleous 
e1ectro1ytcs at high pressures ancl 

0 1' PREVIOUS WORK 

A mll1tÍt llde of experimenta1 aml theoretica1 stuclies o[ the thermo-
clynamic properties of steam, water, anc! ice has accumu1ated in the cen-
tury ancl a half since Carnot (1824) ]J llb1ished his famous memoir on the 
power of heat, bllt on1y in the 1ast 50 years have systematic and coorcli-
natecl efIorts been made to cornpi1e aCCllrate data of high precision in a 
com prehensive ancl organized program 01 research. Fo11owing the appear-
ance of the Intemationa1 Critica1 Tab1es in 1928, the First International 
Conference on of Steam was organized to establish to1er-
ances and com pile a set of skeleton tab1es 1isting accepted va1ues for the 
thermoclynamic properties of H/). The ske1eton tab1es compi1ed at this 
conference provicled the basis 1'or the ASME steam tab1es of 1930 
(Keenan , 1930). Two years 1ater, tab1es and cliagrams 
appeared a1most simultaneous1y with those of Knob1auch ancl others 
(1932). At the Third 1 nternationa1 on the Properties of Steam 
in 1934, agreement was reachecl 011 a revisecl ,Illd expanded set of ske1eton 
tab1es and to1erances for temperatures ancl pressures """ 300 bars. 
Short1y thel‘ ea Iter, Keenan and Keyes (1936) the first C0111 pre-
hensive set of steam tables 1'or temperaturcs ancl pressures from 00 to 
871 0 C and 0 to 380 bars. The latter tab1es , which provecl to be high1y 
re1iab1e and wicle1y used , were basecl on a cri tica1 review of the li tera ture 
and an eqllation of state clerivecl 1'rom precise pressure-vo1ume-tempera-
ture measur 
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1934; Keyes , Smith, ancl Gerry, 1936). These clata, together with many 
reportecl in Dorsey's (1940) exhaustive review ancl compila-

tion of the properties of H 20 , which has complemented recently 
by extensive o[ chemistry of water (Horne, 1969, 
1972; Franks, 1972). 

International conferences on the properties of steam have been held 
intermittently since 1934, but it was not until the sixth conference in 
1963 that agreement was reachecl on a reviscd and enlarged set of skele-
ton tables extencling [rom 00 to 800 0 C ancl from 0 to I kb. The advent 
of high-speed computers and the skcleton tables compilecl at the third 
and sixth intcrnational conferences on the properties of steam generated 
a mY1'iad of 1'egression and interpolation formulas , equations of state, 
and steam tables, which have appearecl in steacly succession since World 
Wa1' II ([or example, Callenclar ancl Ege1'ton, 1944, 1958; Schall, 1950; 
Dzung and Roh 1'bach, 1955; Vukalovich, 1958; Vukalovich and others, 
1959; Nowak and Grosh , 1961; Bain, 19G4; Juza, Kmonicek, and Sifne1', 
1966; Meyer and others, 1967; Schmidt, 1969; Papetti and Fujisaki, 1971 , 
Barker and Henderson, 1972; Sengers and Greer, 1972). 1n recent years 
efforts have been macle to extencl the level of precision of pressure-vol-
lIme-temperature measurements (for examplc, Owen, 'tVhite, and Smith, 
1956; Ke l1, 1967; Ke l1 1965; Ke l1, McLaurin , 
1968; l\I illero, and Drost-Hansen , 1969; Rowe and Chou, 1970; 
Grindley and Lincl, 1971; Gilclseth , Habenschuss, ancl Speclcling, 1972; 
Greenc, Beachey, and ì\ I 1972; :Vli l1ero, Knox, and Emmet, 1972; 
Wang and ì\ Iillero, 1973; Fine and Millcro, 1973), ancl in 1965 the Inter-
national Formulation Committcc reachcd agreement on the form of the 
equations to be used by the International Conference on the Properties 
of Steam for com puter representation of the skeleton tables (Interna t. 

Comm., 19m, 1968). 
Measurements of the specifìc volume o[ H 2 0 at high presslIres ancl 

low temperatures have bcen carried out since the tllrn of the century 
(for cxample, Amagat, 1893; Briclgeman , 1913, 1931 , 1935; Aclams, 1931), 
but it until Kennedy (1950) applied modern tecImology to check 
ancl extend early reconnaissance measurements (Tamman ancl Rühen-
beck, 1932; Goranson , 1938) that reliable clata became available for pres-
sures above a kilobar at high Since then, numerous experi-
mental and theoretical studies of the density of H 20 at high pressures 
and tcmperatures have appeared (for example, Kennedy, 1957; Kennedy, 
Knight, and Holser, 1958; Holser and Kennedy, 1958, 1959; Howard, 
1961; Maier and Franck, and Rice, 1957; Rice 
1957; Al'tshuler, Bakanova, and Trunin, 1958; Sharp, 1962; ancl 
Franck, 1969; Grindley and Lind, but none has been as systematic 
and comprehensive as that reported by Burnham, Holloway, and Davis 
(1969a, ancl b). Repeated ca1culations o[ the fugacity and other properties 
of H 20 at high temperatures and pressures have been macle from these 
various clata (fo1' example, Holscr, 1951; Pistorius ancl Sharp, 1960, 1961; 
Anderson, 1964, 1967; Burnham, Holloway, ancl Davis, 1969b; Haas, 
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1970; Holloway , Eggle1', and Davis, 1971) , most of which a1'e in gene1'al 
(but not always close) ag1'eement with one another. 

1n the same yea1' that Burnham, Holloway and Davis' data became 
available, Keenan and othe1's (1969) published an independent set of 
steam tables [01' the the1'modynamic p1'ope1'ties of H 20 to 13000C and 1 
kb based on c1'itical evaluation of p1'ecise expe1'imental data repo1'ted in 
the literature ancl a remarkably versatile "[undamental" equation for 
the Helmholtz f1'ee ene1'gy (1'elative to zero entropy of H20liQuià at the 
t1'iple point) as a function of temperature ancl density. Also in the same 
year, Hege1' (ms) reported his measurements of the dielectric constant of 
H 20 at high temperatures and pressures. All three of these outstanding 
contributions have been o[ inestimable value to the p1'esent study. 

The elect1'ostatic prope1'ties of HcO have 1'eceived extensive experi-
mental and theo1'etical attention through the yea1's, pa1'ticularly at low 
tempe1'atures and p1'essures (fo1' example, Wyman , 1930; 1932; 
Wyman and 1ngalls, 1938; Ki1'kwood , 1939; Do1'sey, 1940; Oste1' and 
Kirkwoocl , 1943; 1Vralmberg and Maryott , 1956; Cole, 1960; Hastecl, 1961 , 

1972; Viclulich and Kay , 1962; VicIulich , Evans , and Kay, 1967; Kay, 

Vidulich, and P1'ibadi, 1969). The dielectric constant of saturated water 
from 1000C to the critical temperature was measured by Oshry (ms; 
Akerliif and Oshry, 1950) , ancl 1'ogo , Benson , ancI Copeland (1954) pub-
lished values 101' steam f1'om 377 0 to 3950C at densities from 0.1 to 0.5 
g cm- 3 • 1n years, measurements of the clielectric constant at high 
pressures and low temperatures (for example, Kyropoulos , 1926; Lees , 

ms; Harris , Haycock, and Alcler , 1953; Scaife, 1955; Owen and others, 

1961) have been extencled to high temperatures (Gier ancl Young, 1963; 
Hege1', ms). Although considerable discrepancy exists among these va1'ious 
sets of data, they afford of the electrostatic behavior of 
H 20 in the supe1'c1'itical region 1956; Quist and Ma1'shall, 1965; 
Franck, 1969; Jansoone and 1'ranck, 1972). These estimates have been 
used in conjunction with viscosity ancl conductance measurements to 
compute activity product constants of H 2 0 , which are now available to 
IOOOOC ancl 120 kb (David and Hamann , 1959 , 1960; 1961; 
Dudziak and F1'anck , 1966; Holzapfel and 1966; Quist, 1970; 
Fishe1' ancl Barnes , 1972; Millero , and Kalm , 1972). 
A numbe1' of the thermoclynamic , transport , and electrostatic p1'ope1'ties 
of H 20 at both low ancl high pressures and tempe1'atu1'es have been 1'e-
viewed 1'ecently by F1'anck (1969) , Kell (1972) , and 

The outstanding p1'og1'ess made in the last decacle towa1'd document-
ing ancl expancling the state of knowledge concerning the the1'mody-
namicjelectrostatic behavior of H 20 at and tempe1'atu1'es 
will no doubt be considered in depth at the 1974 1nternational Con-
ference on the Prope1'ties of Steam. Hopefully , the membe1's of that con-
fe1'ence will expancl the scope of the steam tables to include all properties 
of inte1'est in solution chemistry, geology , and othe1' scientifìc disciplines 
concerned with H 2 0 at high pressures and tempe1'atures. 
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CONVENTlONS, UNITS, AND NOTATION 

The standard state fo1' HeO adopted in this study is one of unit fu-
gacity (f) of the hypothetical perfect gas at 1 ba1' and any specified tem-
peraturc. Acco1'dingly , the comp1'essibility facto1' (z) and the co-
efficient of H 20 approach unity as P • 0, and the activity and 
fugacity of H 2 0 a1'e equal at a11 p1'essures and tempe1'atures. Because the 
fugacities and fugacity coefficients 1'epo1'ted below for both the liquid and 
gas phase 1'egions are based on the standard state p1'operties of steam 
(that is, those of the hypothetical pe1'fect gas at 1 bar) , the activities of 
H 20 /i,!/(id and HeOgas are eqllal at saturation. At 1 ba1' and temperatures 
below 1000C, the fugacity coefficient of H 20 co1'1'esponds to that of meta-
stable steam, which becomes increasingly nonideal as tempe1'ature de-
creases. Howeve1', as tempe1'atllre to 6000C at 1 as 
H 20 app1'oaches ideality. 

Owing to the c1'itical phenomenon , no single standanl state is equa11y 
cOllvenient fo1' simultaneous of the 1iquid, gas, and super-
critical phases of H 20. Although designation of sepa1'atc standa1'cl states 
fo1' H 20 Uq /(ià and H 20 gaS leads to dual activities and fugacities in the 
supercritical region , such a clistinction is nevertheless aclvantageous in 
many geochemical calculations. For example, the standa1'cl state clesc1'ibecl 
above iacilitates quantitative interpretatioll of univariant equilib1'ia in 
the supe1'c1'itica1 1'egion , but solubi1ity calculations can be simp1ified by 
adopting a standa1'cl state convention which is unrestrictecl with respect 
to both pressu1'e ancl temperature. Uncler these 1 and 

at a11 pressu1'es ancl tem per:ttures. 
The stanclard state fo1' most conlll1only encounte1'ecl in solution 

chemistry specifies unit activity of the pure liquicl at 1 bar. Activities of 
H20li l/uià consistent with this stanclard state can be computed from the 
apparent mola1 Gibbs free energies of [ormation (ßG) given (and clefinecl) 
be10w fo1' 1 bar ancl temperatures < lOooC by first designating the co1'-

1'esponding fugacity 1'cpo1' ted fo1' 1 bar as which 1'equi1'es the activity 
of H 20 ZiQ /(jd to be unity at 1 bar. The activity of H 20 Ziq /(jd at a highe1' 

p1'essure can then be f1'om (ßG - ßGO)jRT with 
equal to the apparent stancla1'd mo1a1 Gibbs f1'ee energy of fo1'mation of 

at unit pressure; that is , the values of ßG reportecl be10w for 
1 ba1' ancl tem peratures < certain cases, it l1lay be advantageous 
to s1>ecify unit activity of H 2 0 at 1 ba1' ancl any tel1lperature, which re-
qui1'es ßGo to be equal to ßG1 a11 temperatures. Similarly, it may 
be convenient in solubi1ity stuclies to adopt a standarcl state convention 
which 1'equires the activity of H 20 liq /(id to be unity at a11 saturation pres-
sures ancl tel1lperatures. Uncler these conditions, equa1s the 
values of ßG for steam-saturatecl liquicl H 20. Va1ues of ßGo for these 
various stanclarcl states can be taken from table 29 01' computed from 
equations presentecl below. Any liquid standard state is relatecl to the 
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gas standard state adopted in this study by RT ln 
= (ð.Go H20. ua ,,) at 

The symbol P is used in this communication to designate pressure in 
preference to its lower case equivalent, which is commonly employed in 
gas chemistry to designate pressure in a one component system. All tem-
peratures are thermodynamic (that is, the units are consistent with the 
celsius scale of temperature rather than the international practical tem-
perature scale) expressed in clegrees kelvin (OK) or degrees centigrade 
(O C) and designated by T ancl t, respectively. The symbols T r and 
refer to a reference temperature ancl pressure of 298.15 0K and 1 bar. 
Similarly, T tr and Ptr stalld [or the t1'iple point temperature and pres-
sure (273.160K and 0.006113 bars). The subsc1'ipt triPle appended to a 
symbol indicates that it pe1'tains to liquid H 20 at the triple poin t. Other 
subsc1'ipts include C 01' critical to rc[er to the critical point (374.1360C 
and 220.88 ba1's) , sat to designate saturated liquid along the vapor pres-
sure cu1've , and P , T , P ,., T ro P tro and '1' tr to designate pa1'ticula1' pressures 
and temperatures. '1'he supe1'script 0 denotes standard state p1'operties of 
H 20 fo1' the convention adopted above. All other standard states dis-
cussed below are designated by the superscript 0 to preclude confusion. 

The values o[ entropy (S) and heat capacity (Cp or Cv) given in the 
tables and diagrams below are expressed in thermochemical calories 
(4.184 calo1'ies joule-1) pe1' mole pe1' degree Kelvin (therm cal mole-1 
(OK)-l or cal mole-1 (OK)-l). Similarly, enthalpy (H) internal energy 
(E), and Gibbs (G) ancl Helmholtz (A) free energies are expressed in cal 
mole- 1 or kilocalories per mole (kcal I1l01e- 1), which can be converted to 
joules per I1l01e (j mole- 1), joules per gram (j g-l), 
per mole (int cal mole-1), or int cal g-l with the aid of table 
(V) is expressed in mole-1 or cm3 g-\ which can also be 
to other units by factors in table 1. Density (p) is 
given in g cm -3, and the coefIìcients of isobaric thermal expansion (a) 
ancl isothermal compressibility (OI()-l and bar-\ respectively. The 
clerivatives e (the clielcctric constant, which is climensionless) 
are also expressed in reciprocal clegrees kelvin ancl reciprocal bars to ap-
propriate powers. Fugacity (1) is given in bars or kilobars. The y 

is is the 
= PV / R '1') All molal properties given in the 

tables are rderred to a molecular weight of H 20 eqllal to 18.0153 g 
mole- 1 consistent with the 1961 table of relative atomic weights basecl on 

exactly. Vallles of the ga, constant (R) with various climensions 
are given in table 1 to facilitate thermoclynamic calculations in alternate 
unlts. 

All values shown ill parentheses in the tables or representecl by 
dashed lines in given below represent interpolatecl, extra-
polatecl, or otherwise more uncertain values. '1'he number of decimal 
cligits specified in the tables does not necessarily imply an absolute level 
of llumerical ullcertainty, which is discllssed in the text accompanying the 
tables. ln certain cases, relative uncertainties can be assessed from the 



TABLE 1 

cm J 9- 1 cm 3 ITO le- 1 J 9 j rrole- 1 therm ca J therm ca 1 j nt ca I i nt ca 1 
bar- 1 bar- 1 g- 1 bar- 1 mole- 1 bar- 1 9_ 1 bar- 1 rrole- l bar- 1 

lcm 3 g- 1 = 18.0153 0.1 1.80153 0.023901 0.023885 

1 cm 3 mole- 1 = 0.001327 0.023901 0.001326 0.023885 

10 bar- 1 
therm therm i nt i nt j g- I j rrole- 1, ca 1 g- 1 cal mole- 1 ca 1 9- 1 cal mole- 1 

1 j rro le- I 

bar- 1 .. 0.55508 10 
1 j g-' 18.0153 0.23901 0.23885 

, therm ca I 
735.579 1 j mole- 1 0.05551 0.01326 0.23885 9- 1 bar- 1 = 

1 therm ca 1 75.3760 18.0153 1.00067 18.02737 1 therm ca 1 9 
rrole-. 1 bar- 1 = 

1 therm cal 0.23225 0.05551 0.05555 1.00067 mole- 1 • 

1 int ca 1 
9- 1 bar- 1 - 1 i nt ca 1 

- I • 0.99933 18.00323 18.0153 9 
1 1nt ca 1 2.32399 1 i nt ca I roole- 1 bar- 1 = 

m::> le- 1 - 0.05547 0.05551 

R uni ts R un i ts R un i ts R un i ts 

j g-1 (oK)-l 0.110306 cal 9-1(OK)-1 0.110232 int cal g-l(OK)-l cm 3 bar 9- 1 (OK)-l 

j mo1e- 1 (OK)-1 1 , 98719 therm cal moJe- 1 (OK)-l 1.98586 Înt cal mole-1(DK)-1 cm 3 bar mole- 1(OK)-1 

aThe m l a1unIt s shown i n the t ab le a re to a m l s of Hzoequa l to18.01539mle-1 , wh i ch i s consiEten t w i th 
the 19b1 table of relative atomic weights based Qn 12C = 12 exact1y. 
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tables by noting di fIe1'ences in t !te numbe1' of decimals given for high 
and low temperatu1'cs and pressures. The labels sat 0 1' saturation refer to 
steam-saturated liquicl H 20. 

1\1ost steam tables published in the last 15 years, as well as the recent 
compilation by Burnham, HolIoway, and Davis (1969b) , are preclicated 
on = 0, which is the convention aclopted by the 5th lnter-
national Conference on the Properties of Steam. The values of H ancl S 
reported in steam tables are thus actually H - HtrtPle and S - Sf ,.;ple' Al-
tbough the steam table convention facilitates engineering stuclies, it is not 
particularIy convenient for geochemical caIculations because the sti Pllla-
tion that Striple = Gtriple 0 conflicts with stanclard state conventions 
usecl to compute ancl tabulate thermodynamic properties of minerals and 
gases in other wiclcly usecl compilations (for example, Latime1', 1952; 

and others, 1965, 1966, 1968, 1969; Wagman and others, 1971; 
Pa1'ker, Wagman , ancl Evans, 1971; Stull ancl Prophet, 1971; and 

table convention can be y 
values of St H fr with the clesirecl convention 

to the respective values of S and H reported in the steam tables. Similarly, 
because clensities and volumes reportecl in steam tables are absolute 
values, internal energies basecl 011 other conventions can be computed 
clirectly from steam table clata by 'lpecifying and evaluating 

E - EtriPle = H - HtriPle + PV - P tr V tri.ple 
1 

ln contrast, caIculation of corresponding Gibbs 0 1' Helmholtz free ener-
gies from values of H ancl S repo1'tecl in steam tables requires specification 
of Str.iPle as well as 0 1' Atriple consistent with the desi1'ed convention. 
The extent to which the free ene1'gies of H 20 change with tempe1'ature 
clepends on the magnitucle of the ellt1'opy at the reference temperature 
ancl p1'essure, which can be demonstrated by writing 

G - Gtriple = H - HtriPle - (2) 
and 

A - - TS + T f1' StriPle 
- PV + P tr V 

which are not equivalent to 

(3) 

(4) 

(5) 

G= H-TS 
and 

unless 
St ,..;!'le = O. 

To facilitate geochemical caIculations , the internal ener-
gies, and Gibbs and HelmhoItz f1'ee energies of H 2 0 given in the tables 
and diagrams below are expressed as apparent molal inte1'nal 
energies, and Gibbs and Helmholtz [1'ee energies of formation f1'om the 
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elements (..'lH , ùE, ùG, and .0..A) consistent with their standard molal 
counterparts at 298.15 0 K and 1 bar; that is,' 

t + (H - H 1'r'Tr) 
t + (H - HtriPle) - (6) 

6.E = 6.E. t + (E -
+ (E - EtriPle) - - Etriple) (7) 

= 6.Go t + (G- (8) 
ancl 

6.A = 6.A 0 t + (A -
0 t + (A - - Atriple) (9) 

where .0.. Ho t, ùEo t, and .0..A Ð f refer to the standard molal enthal py, 
internal energy, Gibbs free energ-y, and enthalpy of formation of 1iquid 

from its e1ements in their stab1e form at 298.15 0 K (Tr) and one bar 
(P,.). The superscript e is in (6) through (9) rather than 

distinguish the standard state properties given by Wagman and others 
(1968) [or 1iquid HeO from those of the gas standard state adopted in 
this study. The values of 6.H- f and ó.Go t employed below are given in 
tab1e 2 together with corresponding values of ó.Eo f and ó.A" t computecl 
from 

.0..E. f = ó. Ho r - Pr ó.VCi t 
and - Pr 6. V. f 

(10) 

(11) 

using V0 02 VO H2 = = 2'1,465 cm 3 mole-1 • The entropies and 
heat capacities reported below are thircl law molal properties consistent 
with 

= S. + (S - Striple (12) 
and 

(13) 

where represents the stanclarcl molal third law entropy of liquid H 20 
at 298.15 0 K and one bar given by Wagman ancl others (1968). 

Conversion of the apparent mola1 entha1pies, internal energies, and 
free energies as well as the third 1aw mo1a1 entropies given be10w to cor-
responcling va1ues based on the steam tab1e convention can be made with 

of the word apparent in referring to ðH, ðE, and ðA was suggested by 
Benson (1968) to precluae confusion with corresponding properties of forma-t[on from 
the elemel1ls at high prcssures and temperalurcs such as tbose tabu!ated by Robie and 
Waldbaum (1968!. T t:e provision for in the 
dynamic properties of the elements with increasing pressure and temperature, which 
cancel in chemical reactions 

Fang Huang
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the aid of the properties of liquid H 20 given in table 2 for the triple 
point and 298.15 0 K and 1 bar. Corresponding values of heat capacity and 
volume are also given in table 2 along with the respective differences in 
the thermodynamic properties of liquid H 20 caused by increasing tem-
perature ancl pressure from T t ,. and Ptr to T ,. and P ,.. 

VOLUME 

The volume O[ H 20 in cm3 1I101e- 1 is given in table 3 ancl plotted 
in figures 1 and 2 for temperaturcs and pressures to 9000 C ancl 10 kb. 

TAßLE 2 
Thermodynamic properties of liquid H 20 at the triple point ancl 
corresponding vallles o[ the properties at 298.15 0 K (T,.) and 1 bar 
(P,.) consistent with the standard state lor liqllid H 20 adopted by 

Wagman ancl others (1968) and the definitions represented by 
equations (6) (9) , (12) , and (13)a 

therm ca 1 P roper ty j 9- 1 ('K)-I therm cal 
J 9 mole- 1 mole- l 

llH \, -68 , 315b llÄf -12 ,962 -55 ,812 C 

104.89d 
Ap r I T r -

-92.28e ,9 -397.32 

IIH -15 ,971 -68 ,767 -12 ,870 

ilq -15 ,662 -67 , 436c llG f -13 , 165 -56 ,687b 

CPr , i pl e 
7ge ,h -92.18c , f -396.89 

|AF -15 , 766 -67 ,8U7 llG -13 ,073 -56 ,290 

s' 16.71 b ,m v 0.100296d , i , k 0.43186 j 

1.5776m o .0002Sc , I 0.00119J 

15.132m O.10002 d , i 

183d 18.01 m C v 
17.83m 

a 
llE and ðG respectively , to the standard 

internal energy , and Helmholtz .J nd Gibbs free ('nergies of formation of one 
of I H20 from its elcments in their stable form at 298.1SoK and one bar (llHf. 

6Ef_' and ðGl) plus the change in thc respective properties of liquid H20 (Hpr ,Tr -

H Ep _. L - E Ap . T_ - ,J nd Gp_.T_ - caused by decreas ing r"r r"r 
the t8mperature and prcssure to 273.160 K bars at the triple point (eqs (, 

through 9). Stri ole the molal third of liquid H20 at the triple 

point computed from equation (12) and the values of S. and SPr ,Tr - i ven above. 

bWagman and (19bti). ccomputed from equations (10) and (11). dKeenan and others 

é:ln d Schmidt (1969). ecalculateu from data givcn in the sources referenced in 
footnote d. fEquation (2). 9Equation (3). "Equation (1). ij 9- 1 uar- I • jtherm cal 

h,,-I k gm- I (OK)-l. ffithcrm cal mole- 1 (OK)-l e I bar O'\. Kel1 (1967). "'j gm ' (OK)-'. '''thcrm cal mole- I (OK)-I. 

Fang Huang
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The values shown for pressures """" a kilobar were computed from the 
Helmholtz [unction derived by Keenan and others (1969) , which can be 

as 
RT (ln (14) 

where 

+ C, In T + C.ln (Tf;) (15) 

and 

7 / 8 
Q=(T-TC) L 

\ i=1 
10 \ 

(16) 

where p refers to the clensity of H 20 in g cm -3, T denotes temperature 
in OK, R stands for the gas constant in joules g-l (OK)-l (table 1), T = 
1000jT, Tc = = Tc for j = i and 2.5 for j > 

for j = 1 ancl 1.0 [or j > 1, C i and A ij represent arrays of 
coefficients given ill table 4, and 

A - Atriple + Striple (T - T tr) (17) 

where A is the Helmholtz free energy ill joules g-l of H 2 0 at the tem-
perature ancl pressure of illterest, AtriPle refers to the Helmholtz free 
energy ill joules g-l of liquicl H 20 at the triple poillt (273.16 0 K ancl 
0.006113 bars), allcl stallcls for the thircl law entropy in joules g-l 
(OK)-l of the liquicl at the triple poin t. It follows from equations (14), 
(17), aml the relatioll 

that 

p 
clA = - SclT - PclV = - SdT dp (18) 

p-

= pRT ( 1 + pQ + p2 ) (19) 

where P refers to pressure in bars, V is the specifìc volume of H 20 in cm3 

g- t, ancl (aQ/ ap)T corresponcls to the partial clerivative of equation (16) 
with respect to clensity at cOllstant temperature (eq A-22 in the app). 

Equation (19) represents experimelltal pressure-volume-temperature 
clata for H 2 0 to 0.1 percent or better from 00 to 8000 C ancl 00 to 1 kb, 
but at temperatures below 220 0 C the uncertainty is 0.01 percent (Keenan 

Fang Huang




TAßLE 3 
Mo1a1 vo1ume (V) in cm3 mo1e- 1 computed from equations (19) 

through (21 1, 2, and 4 
PRESSURE. KB 

0.5 3 IQ 

25 18.0681 17.6886 16.05 15.72 15.45 15.22 15.01 
50 17.8610 17.5303 r 7.02 16.59 16.23 15.91 J 5.62 15.39 15. I 7 
75 1 18.0933 17.7526 17.22 16.18 16.42 16.09 15.80 15.55 15.13 

100 18.7991 18.3778 18.0161 17 16.98 16.61 16.28 15.98 15.73 15.SD 15.30 15. J 1 
125 19. I BSI 18.3211 17.70 17.21 16.82 16.17 15.91 15.67 15.27 
150 19.1075 18.6697 18.00 17.04 16.69 16.37 16.09 15.85 15.63 J 5. 112 
175 20.1901 19.5606 19.0638 18.33 17.73 17.28 16.91 16.57 16.28 16.03 15.79 15.58 
200 20.0807 J 8.69 J 8.03 17.53 17.13 16.78 16.21 15.97 
225 21.6039 20.6782 19.9976 19.08 17.80 17.37 17.00 16.68 16. 15.90 
250 21 .3703 20.5457 19.50 18.68 18 , 08 17.62 17.23 16.89 16.59 16.32 16.07 
275 22.1850 21 • 1593 19.95 19.05 18 ‘ )8 17.88 17.10 16.79 16.51 16.25 
300 25.2958 23.1669 21 .8528 20. 1!3 18.69 18.14 17.70 17.32 16.99 16.70 
325 27.5307 20.95 19.83 19.02 18.43 17.95 17.20 16.89 16.6J 
350 31.3508 23.5689 21.51 20.26 19.37 18.72 18.20 17.77 17.08 16.77 
375 28.0920 24.6535 22.12 20.71 19.73 19.07. 18.47 18.01 17.62 17.27 16.95 

22.79 21 ‘ 19 20.11 18.75 18.26 17 _ 13 
"5 36.1590 23.52 21.70 20.51 19.67 ) 9. 03 18.51 18.07 17.67 17.31 
4S0 29.303) 22. 20.93 20.02 19.33 18.77 18.30 1 ï .88 

57.1378 25.18 22.81 2' .36 20.37 19.63 18.53 18.09 17.68 
500 70.1236 34.0536 26.13 21.82 19.95 19.31 18.77 ;8.30 17.86 
525 81.8168 37.0572 27.15 2q.05 22.29 21. J 2 20.27 19.59 19.02 18. S2 18.05 
550 92.2038 28.25 22.77 21.52 20.60 19.07 19.27 IB .73 
575 101.5571 29.43 23.28 21.92 20.17 19.52 18.96 18.\3 
600 I i O. I 153 48.1255 30.67 2G .13 23.79 22.33 21.28 19.78 1 '3. 18 18.6) 
625 118.0515 52.1293 31.98 26.89 7. /1.33 22.75 21 20.76 19.41 
65') 56.1235 33.)5 27.67 23.18 22.00 2 t .07 20.31 19.65 ! 9.04 
675 132.5197 60.0537 25 23.6) 22.36 21 .38 20.58 19.89 19.25 
700 139.2110 63.0502 29.31 26.02 21.70 20.85 20.13 
725 67.6192 )0.16 26.62 23.12 22.02 21.13 20.37 19.69 
75') 15 1. 7790 71.2367 39.26 27.23 25.01 23.50 22.35 2! .41 20.62 19.91 
775 157.733 1 27.85 23.90 22.68 21.70 20.87 20.13 
800 163.5079 78.1479 32.86 28.\9 25.98 23.02 21.99 21.12 20.35 
825 169.) 279 33.80 23.36 22.28 21.37 20.57 
850 29.79 26.97 25.10 23.71 22.58 21.63 20.80 
875 179.9833 87.8033 35.71 30 25.51 22.89 21.90 21.02 
900 185.2535 90.8630 31.09 25.91 23.20 22.18 21.26 

TABLE 4 
A.ij, for (15), (16), and (20) 

after Keenan and others (1969) 

L 

-5.1985860 -3.9661401 
21-132.13917 7.7779182 
31 -33.301902 65.326396 -9.2734289 -5.1028070 

360.93828 -26.181978 56.323130 29.568796 
51 

127.48742 
71 155.18535 
8 5.9728487 155.97836 

337.31180 -137.46618 136.87317 
-209.88866 399. 17570 7 1. 531353 

b3 129 554 5802 -nu E.1 = 1857.065 

3229.12 

!'.1 = 

!'.2 = -29.72100 

!'.3 = -1 1. 55286 

!'.!, = -0.8685635 

0.2520658 

!'.s = 



TABLE 5 
for the statement of (21) applicable to region 1 

in figure 3 (for which and î = 9) computed from those given 
by and Davis (1969b) 

2 J.. 
:!! -u_ 

2 3 5 6 7 8 9 

01-3.8106590 7.0956600 -9.8313225 -1. 
11 3 -1.9805288 5366798 

8.9222030 1. 9017140 1. 5518783 
31 -3.3016835 -2.0239777 

-4.7887922 1.9043321 -1.2650068 
51 1. 379B565 
61-1.9886789 -7.5721292 -6.0823080 
71 -1.2791592 
81-6.0211303 1. 7501650 

11 91 

2 3 5 6 7 8 

5 -10 -11 -15 19 23 27 31 
-1 7 -10 -13 -17 21 -25 -30 

2 -3 -7 -10 13 -16 -20 -29 
3 -5 -9 13 -15 -19 -28 

-7 -12 18 -22 27 
5 -9 -13 -17 21 -26 
6 -12 -16 -21 -25 
7 -15 -19 
8 -19 -23 
9 -22 

TABLE 6 
for the statement of equation (21) applicable to region 2 

in figure 3 (for which and î = 8) computed from those given 
by Holloway, ancl Davis (1969b) 

a f4 
.. âij X 10 .:. 

â ij 

4 

2 3 5 6 7 8 

o 1 6.2333394 2.5322920 -4.8726693 
1 1-1.8568559 -1.0956591 1.9631668 -5.9663826 6.7298320 
2 1 -1.0855790 5.1510625 -3.3120122 -2.3568834 
3 1-3.0872023 1.7693190 -1.6687313 

2.8059817 -1.9688673 
5 2.7903289 

-2.7139198 
7 1 1.0665197 1.5083195 
8 

-a fz 44 

4 
2 3 5 6 7 8 

3 8 12 15 18 21 27 '9 z 6 9 12 15 18 21 23 
2 3 7 9 12 15 17 
3 -3 6 8 11 

-6 -3 3 5 
5 -9 -(, -2 
6 -13 -9 -(, 
7 -15 -12 
8 -19 
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Fig. L Molal volume (table 3) as a function of temperature at constant pressure 
(labeled in kb) computed from equations (19) through (21) and the coefJìcients in 

through 6. 

and others, 1969) which is comparable to that reported by Kell and 
Whalley (1965) and Fine and Millero (1973). Even more accurate repre-
sentation (to within 0.008 percent) of the saturation curve is afforded by 

p.at = 

where P 8at stands for saturation pressure, Pc = = 220.88 bars, T is 
again 1000/T (where T is in OK), t represents temperature in oC, tc = 
tcritical - 374.136 0 C, and Fi refers to an array of coefficients in table 4 
(Keenan and others, 1969). 

Equations (19) and (20) were used together with iterative computer 
techniques to calculate the molal volumes shown in table 3 and figures 1 
and 2 for kilobar. The volumes shown for pressures above 
a kilobar were computed from a modification of the regression poly-
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Fig. 2. Molal volume (table 3) as a fllnction of pressure at constant temperature 

(Iabeled in o C) compulecl from equations (19) through (21) and the coeffìcients in tables 
4 throllgh 6. 

nomial employed by and Davis (1969b), which can 
as 

aij t i prj-l 

i=O 
(21) 

where V is again the specific volume of HeO in cm3 g- l, P stands for 
pressure in bars, t refers to temperature in oC, r is a switch constant equal 
to 1 or -1 (see below), and aij refers to the arrays of fit coefficients in 
tables 5 and 6. Owing to the critical phenomenon and the extrapolation 
procedure employed in computing volumes beyond the upper pressure-
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Fig. 3. Regions of pressure and te l11 perature represented by alternate statel11ents 
of equation (21) with lhe values of î and r shown above (Burnha l11, Holloway, and 
Da vis, 1969). 
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Fig. 4. Isochores (Iabeled in cm ‘ mole•') as a function of and lempera. 
ture (table 3 1 and 2). 



of the thennodynarnic behavior 01 1. 11 05 

temperature limits of their b> and 9000 C), 
Holloway, and Davis (1 969b) used separate statements of 

equation (21) to represent the speci f1c vo1ume of H 20 in different pres-
sUre-tEIIlperature regions-These rEgions(mmbEred1 , 2, and 3)and tlm 
va1ues of î ancl r in the statement of equation (21) appropriate to each 
are shown in f1gure 3. The aij coefhcients for regions 1 and 2 are given 
in tab1es 5 and 6, respective1y, bllt the corresponding coefficients for 
region 3 were omitted from this communication because they are based 
entire1y on extrapo1ation of measurements at 10wer temperatures. 

Specific vo1umes computed fr0 1l1 eqllation (21) are reported to be 
within 0.3 percent of the vo1umes (Burnham, and 
Davis, 1969b), but more recent indicate that the uncer-
tainty at high pressures and temperatures may be as high as :!:: 0.6 per-
cent (C. W. Burnham, persona1 commlln.). Comparison of specific vo1-
umes computed from equation those reported by Grind1ey and 
Lind (19ï1) for temperatures from 25 0 to 1500 C revea1s discrepancies 
ranging from 0.2 percent or 1ess at 2 kb to 0.6 percent or 1ess at 8 kb. 
The va11les given by Grind1ey and Liml are consistent1y 10wer than E 

<cl from equation (21). the specific vo1umes reported 
by Burnham, and Davis (1969b) at high pressures and tem-

are slight1y lower than those measured recently (C. W. 
ancl V. vVall, personal commun.), bllt at temperatures below 1500 C, the 
latter measurements are in close agreement with those reported by 
Grindley and Lind (V. vVall , persona1 commun.). It thus appears that a 
slight percent) but syste l11atic error is inherent in densities com-

fro l11 equation (21) and the in tables 5 ancl 6. The 
possible of this error on the calculations presented be10w is in-
cluded in the overall uncertainties assigned to the results of the ca1-
culatiolls. 

It can be seen in figures 1 and 2 that the volume of H 2 0 forms a 
hyperbolic surface in pressure-VOlll l11e-temperature space. However, at 
10 kb the vo1ume of H 20 increases on1y of the order of 7 cm3 mo1e- 1 as 
te l11perature increases from 300 to IOOooC, which is approximately twice 
the increase associated with decreasing pressure from 10 kb to 1 bar at 
r-' 30 0 C. N ote in figure 4 that the isochores for water take on a slight 
sigmoicl shape as temperature their curvature increases as 
they approach the melting curves of the ice polymorphs. 

AND TI-IERMAL EXPANSION 
The coefficient of isothermal cO l11 pressibility of H 20 can be com-

puted for ki10bar by (19) with re-
spect to clensity at constant temperature. The resulting expression ap-
pears as 

\ ðp J T 

(22) 
\ - . / T \ ðp2 / T / 
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which can in turn be differentiated to give 

- 3 - p3ßRT 

+ p2 )) 
and 

= (1 - ßP) { 
}p 

/ \ 
- ß2 p2RT 

/ (ð 2Q\ \ 
\ 

T ) (24) 

where (ðQ/ðT)p, (ðQ/ðp )T, (ð2Q/ðp2 ),r, (ð3Q/ðp3)T, (ð(ðQ/h)T/ðT)p, and 
(ð(ð 2Q/ðp2 )T /ðT)p correspond to partial clerivatives of equation (16) given 
in the appenclix (eqs A-8 , A-22, A-24, A-35, and A-39), ancl a repre-
sents the coeffìcient of isobaric thermal expansion, which can be com-
putecl for pressures kilobar from 

=ZF 
p + p' ( a (Jf1 ) p ) (25) 

Equation (25) is the result of combining the partial of equa-
tion (19) with to temperature at constant clensity with the iclentity, 

(26) 

which leacls to 

(__:(?),,_). -
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:,( • (27) 

where (ðQ/ðT)p, (ð(ðQ/ðT)p/ðT)p, and 
ad-ditional partial 

in appendix (eqs A-43, A-45, A-46, (19), (20), 
(22) , ancÎ (25) were used to compute the values of a and pressures 

'in tables 7 and 8, which are represented by the curves in 
figures 5 through 8. 

TABLE 7 
Coefficient of isobaric thermal expansion in (OK)-1 X 105 

computed from equations (25), (33), and (39) and the values 
of V in table 3-see figures 5, 6, and 16 

PRESSURE , KB 

SAT 2 3 5 6 7 
25 25.53 30.99 
50 44.5 44.7 
75 61. 39 57.21 

100 67.55 63.03 56.1 52.9 50.6 
125 88.36 71.27 61. 6 56.7 53.5 50.9 47.0 
150 102.71 88.36 79.51 67.0 52.8 50.1 
175 118.70 87.61 63.9 58.5 48.8 
200 137.62 110.87 95.60 77.8 67.2 , 60.7 56.1 52.4 49.6 
225 161.75 103.80 83.1 53.3 50.1 
250 195.13 139.93 112.71 88.3 73.5 58.6 50.6 
275 160.30 123.00 93.5 76.5 66.4 59.8 54.8 51. 0 
300 187.56 135.41 98.7 60.9 55.5 
325 225.16 62.0 56.2 51. 8 
350 1038.30 278.55 169.21 85.5 71.9 63.2 57.0 52.2 
375 358.22 191.25 115.3 88.6 73.8 57.9 52.8 

216.32 121.5 91.8 75.8 65.9 58.8 
715.91 128.0 95.1 77.9 67.3 59.8 
973.36 272.09 68.7 60.8 

300.82 141.9 101.5 81.8 70.0 61. 8 55.4 
500 707.36 148.9 71. 1 62.6 55.9 
525 537.73 347.20 156.7 107.2 85.7 
550 161.6 109.8 87.0 
575 165.3 111.9 88.0 
600 298.71 33 1. 0 1 167.7 113.5 88.8 (65.6) (58.2) 
625 259.87 114.6 89.3 
650 230.18 282.87 168.5 115.2 89.6 
675 206.79 258.89 167.1 115.2 89.7 
700 187.93 236.91 89.7 (75.3) (66.1) 
725 217.29 161.1 114.2 89.7 
750 159.52 200.01 157.0 113.3 89.8 
775 148.61 152.5 
800 139.29 (76. 1) (67.7) (60.2) 
825 131.26 160.06 
850 
875 118.18 
900 112.80 133.17 
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Fig. 5. Coefficient of isobaric thermaI expansion (table 7) as a funClion of tem. 
perature at constallt (Iabeled ill bars and kb) from equations (19) 
through (25), (33) , and (39) and coefficients in tables 4, 5, 6, 9, and 10 (curves). 
The symbols represent values taken from the literature or computed dif-
ference derivatives of volumes given by Schmidt (1969), Burnham , Holloway, 
and Davis (1969b) , and Keenan and others (1969). 

Because equation (19) so closely represents the dependence of density 
on pressure and temperature below a kilobar (Keenan and others, 1969), 
minimal uncertainties attend calculation of 

ðT)p for pressures kilobar from equations 
(27). It can be seen 5 through 8 that the calculated values of 
01 and in close of iso-

comp1'essibility and isoba1'ic the1'mal expansion reported in the 
literature. Values of from equation (22) fo1' tempe1'atures 
from 25 0 to IOOOC and p1'essures from 1 to 1000 bars a1'e within 1 pe1'cent 
or less of those derived from sound velocity data by Fine and Mille1'o 
(1973), except for pressures at or nea1' a kiloba1' whe1'e the difference is 
4 pe1'cent 0 1' less. Simila1' comparison of expansibilities computed f1'om 
equation (25) with those repo1'ted by Fine and Mille1'o (1973) yields 
corresponding differences of 1 percent and 2 percent, respectively. The 
expansibilities and comp1'essibilities given by Fine and Millero a1'e with-
in r-' 1 percent or less of those 1'eported by Kell and (1965). It 
can also be seen 5 through 8 that the values of 01 and 
puted f1'om equations (22) and (25) a1'e in close agreement with corre-
sponding values calculated f1'om finite diffe1'ences in specific volume 
((ÖV/AT)p/V and (-ÂV/ð.Ph/V). As shown below, equations (23), (24), 
and (27) afford similar agreement with thei1' finite diffe1'ence counte1'pa1'ts 
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((ð..((-ð.. V / ð..Ph/V )/ ð..P)T, (ð..((-ð.. V / ð..P)T /V)/ ð.. T)p, and (ð..((ð.. V / ð.. T)p/V)J 
ð..T)p). 

1n principle, the compressibility and therma1 expansion of H 20 at 
pressures above a ki10bar can be computed from the isotherma1 and iso-
baric partia1 derivatives of equation (21), which can be wrÏtten as 

ap (28) 

and 

(;:)1' 
î 

Milpj-1 (29) 

TABLE 8 
Coefficient of isotherma1 compressibi1ity in bar-1 x 106 

computed from equations (22) , (32), and (38) and the va1ues 
of V in tab1e 3-see fìgures 7, 8 , and 17a 

t PRESSURE , KB 
(Oc) SAT 0.5 2 H 6 7 
25 45.60 39.91 36.57 30.0 25.3 21.6 18.8 16.7 15.2 14.1 
50 38.95 36.07 29.8 25.1 21.6 18.8 16.7 15.2 
75 39.86 30.0 25.2 21.7 18.9 16.8 15.3 14.2 

100 37.70 30.8 25.6 22.0 19.2 17.1 15.5 
125 55.12 39.82 32.0 26.4 22.6 19.7 17.5 15.9 14.6 
150 63.09 50.41 27.5 23.3 20.3 18.0 16.3 15.0 
175 56.82 36.6 29.0 21.0 18.6 16.8 
200 90.09 65.35 52.02 39.7 30.9 25.5 21.9 19.3 17.3 15.8 
225 76.87 58.73 33.1 27.0 23.0 20. 1 18.0 
.250 149.96 92.75 35.7 28.6 21. 0 18.7 17.0 
275 115.26 53.3 38.6 22.0 19.5 17.7 
300 329.06 93.85 59.3 32.5 26.9 23.1 20.4 
325 607.65 198.70 113.72 66.3 28.5 19.2 
350 1698.85 280.16 37.3 30.2 25.6 22.5 20.1 
375 83.6 54.3 32.1 27.1 23.6 21. 1 

707.68 219.66 94.3 59.3 28.6 22.1 
106.7 46.1 36.2 30.2 26.1 23.2 

2525.76 350.85 120.9 70.7 31. 9 27.5 
475 3289.09 137.1 77.1 33.7 29.0 25.6 
500 3266.80 553.11 30.5 26.9 
525 
550 2839.08 792.51 189.8 99.9 39.9 (33.3) (29.2) 
575 2680.23 
600 958.68 230.0 116.5 76.3 (36.5) (31.9) 
625 1002.28 
650 2388.27 1026.73 269. 1 133.9 85.5 59.5 47.8 (39.7) (34.5) 
675 2327.61 1038.30 
700 2277.93 305.5 15 1. 2 65.1 51.8 (37.2) 
725 
750 2202.21 337.3 167.3 103.8 70.5 55.7 
775 2173.01 1029.28 
800 1022.36 363.7 18 1. 6 112.6 75.8 59.5 
825 
850 2108.27 1008.12 
875 2092.22 100 1. 31 
900 2078.18 

given for temperatures and pressures above 50Q o C and 6 kb are based on 
graphic interpolation (see text). 
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HOWEVEr, evaluation of equations(28)and (29)with the hcOEmdents in 
tables 5 and 6 (which we1'e cle1'ived from those obtained by Burnham, 
Holloway, and Davis, l969b)from regrESSion of their experimemalspE-
cifìc volume measurements with equation 21) yielcls partial derivatives 
that cliffer from cor1'esponding fìnite clerivatives 
((ð V j ðPh (ð V j ð T)l') computecl directly from the smoothecl specifìc 
volumes gene1'atecl by the 1'eg1'ession Equations (28) and (29) 
and the in tables5aMGalso yield values of (OV/OP)T and 
(av j aT) l' between 1 and 2 kb a1'e with those com-
puted f1'0111 equations (22) and for 
of <d to an 
of the specifìc 111 parts of the regions de-
picted aml an underfìt in others. Linear 1'egression of asymp-
totic surfaces may lead to e1'rors in caused by ove1'fìtting 
which a1'e not manifest in of the integral function. 1n this case 
the fìt coefficients for equation (21) in tables 5 and 6 yield specifìc volumes 
to within 0.6 pe1'cent of the measurecl values (see above) , but unce1'tainties 
in the pa1'tial derivatives gene1'ated by equations (28) ancl (29) a1'e as 
much as two or more onlers of magnitude greater at the bounclaries of 
the fìt 1'egions. 

The coefficients of ancl isobaric thermal 
expansion of H"O exhibit clramatic sacldle-shaped 
confìgurations with "pommels" at the c1' itical point, 
(aVjaT) l' To ove1'come difficulties inherent in achieving 
accurate algebraic representation of these complicated su1'faces with 
analytic de1'ivatives of volume reg1'ession polynomials, fìnite clif-
ference cle1'ivatives we1'e fì1'st computed from specifìc volumes generated 
by equation (21) at closely spaced intervals from 0.001 to 10 kb and 
to 900o C. The of V we1'e used in preference to the ex-
perimental measurements to minimizc the eflect of experimental unce1'-

tainty on the fìni derivatives. The spacing of the inte1'vals 
was dete1'mined by the 1'equirement that the percent change in specifìc 
volume be sul>stantially greate1' than the percent uncertainty in the spe-

volumes but small enough to yield close app1'oximations of the t1'ue 
cle1'ivatives at the midpoints of the inte1'vals. After so1'ting to eliminate 
obvious abe1'rations caused by asymrnet1'Y in a nurnber of the fìnite clif-
ferences , the values of both (ð V j ðPh ancl (ð V j ð T)p (or 
values of the di clerivatives) we1'e 
regressecl simultaneously ap> polynomials gen-
e1'ated f1'orn a single integral equation. I I1 an effort to identify the best 
algebraic exp1'ession [01' this purpose, va1'ious polynomials were used to 
1'egress the fìnite di fIe1'ence values as a function of pressure and tempera-
ture or density and temperature, but none fìt all the values aclequately 
over the enti1'e p1'essure-temperature range representecl by regions 1 and 
2 in fìgure 3. The best fìt for the combinecl regions was obtainecl by in-
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dependent nonlinear reg1'ession of the finite difference a and 
with exponential functiolls of the for111 

1114 

(30) 

l -qu 

I 3 7-i \ L cij Ti pj ) 
I 

which fo1' the most part rencIe1'ecl residuals less than 1 pe1'cent and 
residuals in ß o[ less than 5 percen t. I-Iowever, at pressures < 1500 bars 
the resicIuals inc1'eased and reached 10 to 15 percent at the low-pressure 
boundary of the fit 1'egion. The failure of these functions at pressures 
from 1000 to 1500 bars together with unacceptable cliscrepancies in the 
cross cle1'ivatives and cor1'esponclingly la1'ge uncertainties in (aß/ap)T and 

aT) l' compllted f1'om the partial de1'ivatives of equations (30) and 
(31) of these as 1'epresentatives of 

Further numerical analysis with other functions of tempe1'atu1'e and 
density led to the decision to subdivide the 1'egion of p1'essllre and tem-
perature in a fashion simila1' to that chosen by Bu1'nham , Holloway, and 
Davis (196%) [01' specific volllme (fig. 3). Compa1'ative overlapping re-
gression 01 / and / T )r in alternate subdivisions with and 
wi thollt including data I'or pressures a kiloba1' indicatecl that all the 
finite difle1'ence derivatives and correspollùing values of a ancl 
be representecl with adeqllate accllracy by separate polynomials clescrib-
ing these variables in the three regions of pressure-temperature space 
labelecl A, B, ancl C in figure 9. The best fits in region A we1'e obtainecl 
with 

(31 ) 

(32) 
5 8-j 

B ij Ti pj 
j=Oi=O 

(33) 

anù 

(34) 'L B;jTipi 

which are consistent with 
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where B ij stands for the coeffìcients given in table 9 for region A in figure 
9. Differentiating equation (32) with respect to pressure at constant tem-
perature leads to 

(35) 

5 8-j 
)')' FBij Ti pj ( !:)T 

and the corresponding partial clerivative with respect to temperature at 
constant pressure can be written as 

pj - JTi pia) 

(36) 
TAßLE 9 

Coeffìcients for equations (32) and (33) in region A of figure 9 
B* 

B ;;'!1 

2 3 5 
01 o. -4.224085781 

-6:480330829 7:804635059 -3.173272705 
, z-997059355 1.567lA6158 

31 -5.126544377 -1.650956925 
-1.562138539 

61-8.063473576 
712.064415341 -1.237172220 

B-* 11 

- 2 3 5 
6 6 6 5 5 

H H H 3 
z 2 z 2 
3 -2 -3 

-4 -4 -5 
5 -7 -7 7 -8 
6 -11 -10 -11 
7 -14 
8 -18 
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Similarly, the partial derivative of equation (33) with respect to tempera-
ture at constant pressure is given by 

5 8-j 
")' i B ij _ 

(37) 
The finite dilference derivatives in regions B and C of figure 9 can 

be represented closely by eqllatio l1s of the form 

( T 

and 

( 

î î+k-i 
= - ßV = L L j D ij Ti pj-l 

î î+k-i 
= L L i D ij Ti-l pj 

i=O 

(38) 

(39) 

which are consistent with 

î î+k-i 
v=EEDtjTtpj 

i=O 
(40) 

where Dij, î, and k refer to the arrays of fit and integer con-
stants given in table 10 fo1' regions H and C 9. It follows from 

(38) that we can write 

and 

î î+k-i 

i=O j=O 
(41) 

î+ k-i 
=-aß-p L pj-l(42) 

Simi1arly, the partia1 derivative of eqllation (39) with respect to tempera-
ture at constant pressure 1eads to 

î 

i=O 
(43) 
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The coeffìcients in equations (32) through (37) for region A in figure 
9 (tab1e 9) and those in tab1e 10 for a1ternate statements of equations (38) 

(43) fo1' regions B and C we1'e obtained by simultaneous 1inea1' 

1'eg1'ession of (-ð. V / ð.Ph/V ancl (ð. V / ð. T)p/V with equations (32) and 
(33), ancl (ð. V / ð.Ph and (ð. V / ð. T)p with equations (38) ancl (39). The va1ues 
of V employed in the calculations were computecl f1'om equation (21). The 
numbe1' of finite cli fIe1'ence clerivatives conside1'ecl in the regression ana1ysis 
of the 1'egions variecl from 100 to 300, depencling on the 1'egion. The 
1imits of the summation te1'ms in equations (32) through (37) and (38) 
th1'ough (43) we1'e defined by compa1'ative 1'egression of te cli fIe1'" 

ence data with polynomials of degree in an ello1't to p1'eclude 
ove1'fit ancl insure partial derivatives consístent with thei1' finite cli fIe1'ence 
counte1'parts. Overlapping 1'eg1'ession of the fit regions and incorpo1'ation 
of data fo1' p1'essures below a kiloba1' in fitting 1'egions A and C in figure 
9 minimizecl inte1'"1'egional cliscontinuities in the computed values of a , 

ancl thei1' pa1'tial de1'ivatives as functions of tempe1'ature ancl p1'essure. 
1n most cases the inte1'"1'egional clisc1'epancies in a a1'e less than 1 pe1'cent, 

TAllLE 10 

Coeffìcients fo1' ancl (39) in 1'egions B ancl C of figure 9 
ancl k = 0 [or region B, ancl ancl h = 1 fo1' 1'egion c) 

i t 
o wh -4 -L O--

Q.l l. for reglon B 

4 

O. -1.506919731 
2.22)890468 

-7.193725721 5. 156 7:r: 917B 
3 J 1.90%537032 -1.133016027 5.705056876-1 

-1.172816191 3.305071187 -9.298387117 

-) .272723651 
71-3.992177755 

4 

9 6 8 7 o 
q43 

2 7 5 5 92 97 16 27 75 51 78 26 300 620 330 323 -56 632 593 677 886 525 ol32 3190 7208 5158 3777 25i0 0962 742l 89926 97381 61856 5S276 05617 

for reyion B 

4 
6 7 8 9 

-3 93 23 --582 223 ---2223 ----70370 12223 -----369269 ll1222 EE--·· 0358258 -711222 ---···--11lt222 
-····--

389157037 ·--111222 

··EE----··--

l 

c n o g -r f J i-
<D-
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2.955659758 2.779240901 

31-2.773357282 2.067817026 
-1.137352755 1.051203720 

-c n 1 08 e r o f --D· 

1 a 
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2 I -3 -6 -11 
31 -6 -9 -13 -17 

-12 -16 
51 -13 -16 

4 
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and those in 1ess than 4 percen t. However, co1'responding discrepan-
cies in the partia1 gene1'a11y 1a1'ge1' (see be10w). 

(32) and (33) fit the finite diffe1'ence va1ues of 
1'egion A 9 to within 3 percent, except for three residua1s less 
than 4 pe1'cent and four less than 8 the exception of two 
1'esiduals less than 4 pe1'cent, equation (38) rep1'esents (6. V j 6.Ph in region 
B 9 to within 2 pe1'cent at pressures kb. Above 6 kb in region 
B, the 1'egression equation yields residuals in excess of minimal require-
ments for dependable partial diffe1'entiation. Most of the residuals above 
6 kb in region B are o[ the o1'der of 5 pe1'cent or less, seven a1'e between 
5 and 10 percent, and one is g1'eate1' than 10 percent. Although these 
1atter 1'esidua1s are not excessive, their distribution is nonrandom, which 
p1'ecludes genera1 app1ication o[ equation (38) ancl the fit coefficients in 
tab1e 10 [or pressures above 6 kb in region B. The uncertainty in both 

region C is less than 4 percent, except [our residua1s in ß 
which are less than 8 percen t. Equation (39) 1'ep1'oduces the va1ues of 
(6.VjûT)p in both 1'egions B and C to within 1 pe1'cent f1'om 1 to 10 kb , 
with the exception of ten 1'esidua1s which a1'e 1ess than 3 pe1'cent. Except 
as noted above and in the vicinity of the region bounda1'ies, the 1'esiduals 
in a11 of the fits app1'oximate 1'anclom dist1'ibutions. Va1ues of a 
calculated [1'om equations (32) and (33) [01' and 
p1'essures > a ki10ba1' are within 4 percent o[ those computed by G1'ind1ey 
and Lind (1971). The two sets of va1ues diverge [rom one anothe1' with 
increasing pressure above r--' 3 kb. At higher pressures , the va1ues 
computed by Grind1ey and Lind are slightly lowe1' and those 
higher than the corresponcling va1ues computed in this stucly. Although 
equations (34) and (40) yie1d va1ues of V in good accord with those gen-
erated by (21), the latte1' expression is mo1'e convenient to use 
and affords more accurate rep1'esentation of the expe1'imental specific 
vo1umes of H 2 0 reported by Burnham, Ho11oway, and Davis (1969a). 
Simu1taneous regression and P with equations (32) through 
(34) , and V, (6. V j 6.Ph and (6. V j û T)p with equations (38) through (40) 
rendered essentia11y the same 1'esults as those obtained without including 
P, V, and (34) and (40). 

Values of [rom equations (21) , (32), (33), (38), and 
(39) for pressures greater than a ki10bar in regions A, B, ancl C of 
9 are given in tab1es 7 and 8 together with those calcu1ated from equa-
tions (22) and (25) ('or pressures ki1obar. The close agreement of the 
computed values (solid with their finite difference counte1'parts 
and those calculated by Grindley and Lind (1971) is figures 
5 th1'ough 8, plotted as functions of temperature and 
pressure. The coefficients [or region A were used to compute the values 
for a and 500 0 C aml p1'essures > a kilobar. The dashed cu1'ves in 

8 and the parenthetica1 values in tab1e 8 above 500 0 C and 6 kb 
represent graphic extrapolations of the computed values be10w 6 kb, ex-
tenclecl through the high-pressure finite clifference ß values. As indicatecl 
above, equation (38) ancl the fit coefficients in table 10 are not suitable 
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for accurate representation this region of temperature-pressure 
space. 

The dependence of pressure above 10 kb is depicted in the 
upper right inset diagram of figure 8, where finite difference values of 
computed from specifìc volumes generated by Sharp (1962) from shock 
wave data are plotted for pressures to 225 kb at 5000 and 10000C. The 
curves in the upper right inset diagram of figure 8, like those for 6000 to 
9000C at pressures above 6 kb in fìgures 7 and 8, were not computed but 
represent smooth graphic interpolations of the finite difference values 
of 

1t can be seen in fìgure 5 that the logarithm of a reverse 
sigmoid isobaric dependence on temperature at pressures and tempera-
tures below ,.., 2 kb and the critical temperature; that is, as temperature 
increases at constant pressure from 00 to 3740C at low pressures, 
first increases to a decreasing degree and then to an increasing degree. 
At the critical infìnity. For pressures greater than the 
critical pressure, the isobars 5 exhibit extrema that dampen 
and shift progressively to higher temperatures with increasing pressure to 
,.., 6 kb, above which the extrema disappear. At pressures from ,.., 2 to 5 
kb, log to a decreasing degree as temperature increases iso-
barically from 00 to ,.., 7000C, but at higher pressures the isobars exhibit 
minima below 1000C. At temperatures below ,.., as pres-
sure increases isothermally, but between ,.., 500C and the critical tempera-

with at constant temperature (fìg. 6). 
The difference in the dependence of pressure above and below ,.., 

500C can be attributed to the effect of temperature on the structural order 
of liquid H 20. At temperatures above the critical temperature, the iso-
therms in fìgure 6 exhibit extrema below ,.., 2 kb, which dampen and 
shift to higher pressures with increasing temperature. 

1n contrast to the behavior of monotonically as pres-
sure increases isothermally at all temperatures changing from 
> 4 X 10-5 bar- 1 at 1 bar to < 1 x 10-6 bar-1 between 200 and 300 kb. 
Where the extrema in the isobaric temperature dependence of ß dampen 
with increasing pressure and disappear above a kilobar (fìg. 7), the ex-
trema in the persist to much higher pressures (fìg. 5). Neverthe-
less, the magnitude of the change in a and of the same order of mag-
nitude for a temperature increase from 00 to 9000C at high pressures 
(fìgs. 5 and 7). 

Partial of a and for pressures kilobar 
from equations (23), (24), and (27) together with those for higher pres-
sures computed from alternate statements of equations (35) through (37) 
and (41) through (43) for the various regions in fìgure 9 are given in 
tables 11 through 13 and plotted as curves 10 through 15, where 
they can be compared with their fìnite difference counterparts (designated 
by the symbols). The values of for the calculations 
were computed in the manner described above. 
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It can be seen in figures 10 through 13 that the calculated depen-
dence of and on temperature and p1'essure is in reason-
ably close agreement with that defined by the finite difference 
(figs. 10 through which are unce1'tain to a comparable extent. The 
computed values of and differ from their finite diffe1'-

ence counterparts by less than ,..., 10 to 20 percent, which corresponds to 
the maximum inter-regional discrepancy in the calculated values of 

at the boundary separating regions A and B in figu1'e 9 above 
4 kb (indicated by the zigzag segments of the 4.5 and 5.5 isobars in the 
inset diagram 10). Fo1' the most part, unce1'tainties in the values of 

and computed fo1' region A of figure 9 a1'e of the order 
of 5 to 10 percent 0 1' less, which also co1'1'esponds to the uncertainty in the 
c1'oss derivatives in all of the 1'egions (figs. 14 and 15). 

The configuration of the 8500 C isotherm in the inset diagram of 
figure 13 is apparently the 1'esult of an overfit 01 a as a function of pres-
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sure at temperatures 650oC, where the uncertainty in is 1arge. 
For this reason , va1ues of are not given in tab1e 13 for tempera-
tures > 5000 C at pressures > a ki10bar. The appearance of the isobars 
for 2, 5, and 10 kb in figure 12 a1so suggests but the simi1ar con-
figurations of the isobars for 1 and 2 kb imp1y that all the undu1ations 
in BT)p as an isobaric of cannot be ascribed to 
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Fig. 10. Partial derivative of the of isothermal compressibiIity ,,'ith 
respect to pressure at constant temperature (table 11) as a function of temperature at 
constant pressure (Iabeled in kb) computed from equations (19) through (23) , (32) , (35). 
(38) , and (41) and coefficients in tablcs 4, 5, 6, 9, ancl 10 (curves). The symbols in the 
insct diagram represent finite difference derivatives caIculated from differcllcc 
valucs ill fig'ures 7 and 8. 



1122 H. C. Helgeson and D. H. Kirkham-Theoretical prediction 

regression vagaries. In contrast to the higher pressure isobars, the 1 kb 
curve was calculated from equation (27). Al though no evidence of over-
fit is apparent in the computed curves of / ðT)p in figures 14 and 15, 
values of ðT)p for temperatures > 5000 C at pressures > 1 kb have 
been omitted from table 12 because of the failure of equation (38) to 
represent adequately the finite difference values of high pressures 
and temperatures (see above). This observation, coupled with the inter-
regional discrepancies in in figure 10, also required omission of 
values of from table 11 for temperatures > 5000 C at pressures 
> a kilobar. 

It can be seen in figure 11 that ðPh increases dramatically with 
increasing pressure at constant temperature. As pressure approaches 10 
kb, at all temperatures. Similarly, 
becomes a small negative number and (ð(ðß/ðPh/ðT)p • o as tempera-
ture decreases isobarically below ,.., 2000 C at all pressures (fig. 10). The 
critical phenomenon causes to minimize with increasing tem-
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Fig. 11. Partial derivative of the coeflìcient of isothermal compressibility with re-
spect to pressure at constant temperature (lable 11) as a function of pressure at con-

inset diagram represent finite difference derivatives calculated from the finite differ-
ence values in figures 7 and 8. 
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perature at constant kb, and the temperature corresponding 
to the minimum in the isobars with increasing pressure (fig. 10). 
Note in figures 14 and 15 that (aßjaT)p is sma11 and negative at a11 pres-
sures be10w - 300 to 500 C but increases rapid1y and maximizes with 
increasing temperature at constant pressure. At pressures a ki1obar, 
further increase in temperature at constant pressure causes 
again to pass through zero and minimize at high temperatures. At higher 
pressures the high-temperature minimum disappears, as does the 1ow-
pressure extremum in the isotherma1 pressure dependence of (aßjaT)p 
as temperature decreases (fig. 16). 1n contrast, it can be seen in figure 12 
that the isobaric maxima in aT)p as a function of temperature at 

kb are comp1emented by minima at higher temperatures, a11 
of which dampen and disappear at pressl 
becomes sma11. As pressure increases isothermally, (aaj aT)p • (a(aaj 

TABLE 12 
Partia1 clerivative of the coefficient of isotherma1 compressibi1ity 

with respect to temperature at constant pressure in bar- 1 (OK)-l X 108 

computed from equations (24) , (36) , ancl (42) and the va1ues of V, 
ancl ß in tab1es 3, 7, ancl8-see figures 14 and 15 

PRESSURE , KB 
SAT 2 3 5 6 7 8 

25 -12.38 -9.11 -3.75 -2.2 < o.8 -0.2 -0.2 
50 1. 33 0.2 -0.3 -0.1 0.1- 0.2 0.3 0.2 
75 10.53 3.26 2.2 1. 1 1. 0 0.8 0.7 0.6 

100 11. 49 6.77 2.8 2.1 1. 7 1. 2 1. 0 
125 27.00 10.22 6.2 3.0 1. 9 1. 5 1. 3 
150 37.95 22.18 13.91 8.3 5.3 3.9 3.0 1. 9 1. 6 
175 53.72 18.21 10.6 6.6 3.6 2.8 2.3 1. 9 
200 39.39 23.55 13.2 7.9 5.5 3.2 2.6 2.1 
225 120.67 16.0 9.3 6.3 3.6 2.9 2.4 
250 39.68 19.1 10.7 7.0 5.1 3.2 2.6 
275 368.11 107.72 52.08 22.6 12.1 7.8 5.6 3.5 2.9 
300 160.75 68.82 26.3 13.7 8.6 6.1 3.8 3.1 
325 251.22 91.23 15.2 9.3 6.6 5.0 3.4 
350 98 120.56 16.9 10.1 7.1 3.6 
375 772.55 157.77 40.0 18.5 10.9 7.6 5.8 4.6 3.9 

1639.66 203.81 20.3 11. 8 8.1 6.1 
260.31 52.0 22.2 12.6 8.6 6.5 5.2 
329.07 59.3 9.1 6.8 5.5 

1076.18 (26.0) (14.2) (9.5) (7.2) (5.8) (5.0) 
500 (75.8) (27.9) (9.9) (7.5) (6.1) (5.2) 
525 
550 
575 
600 22 1. 75 
625 -336.07 13 1. 55 
650 -268.95 68.35 
675 -218.72 27.26 
700 -180.33 1. 73 
725 
750 -126.68 -22.16 
775 -107.60 -26.60 
800 -92.08 
825 
850 -68.76 -27.87 
875 
900 -52.56 
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at all temperatures (fig. 13). Below - 500oC, (ða/ðT)p is 
positive, except at high pressures and low temperatures. 

of the critical phenomenon and low-temperature structural 
contributions to the expansibility and compressibility of HzO are also 
apparent in figures 16 and 17, where isopleths of a and plotted as 
functions of pressure and temperature. It can be seen that (ðP / ðT)a is 
negative at low temperatures 4.3 X 10-4 (OK)-l, but at higher 
temperatures the isopleths curve around the "infinite peak" of the critical 
point in an elliptical pattern which widens progressively with increasing 

,.._ SATURATION 

100 I-:l , 
80 • i 

U/ II ........ -c 

::.:: 
!.. . 20 
{ 

• tO 

3 

-20 

-40 

-60 

-80 

-100 
200 400 600 800 1000 

TEMPERATURE, oc 
Fig. 12. Partial derivative of the coefficient of isobaric thermal expansion with 

respect to temperature at constant pressure (table 13) as a function of temperature at 
constant pressure (labeled in kb) computecl from equations (19) through (21), (25), (27), 
(33), (37), (39), and (43) and coefficients in tables 4, 5, 6, 9, ancl 10 (curves). The sym. 
bols in the inset diagram difference derivatives calculatecl from the 
finite clifference values of a plotted in figures 5 ancl 6. 
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pressure and temperature. At the critica1 = 
= However, as the 

namic behavior of approaches idea1ity with decreasing pressure , and 
Hence, as P • 0, As a conse-

quence, the isop1eths [or bar- 1 17 do not close around 
the infinite critica1 peak as the isop1eths for in figure 16. Instead, the 
isop1eths at high temperatures and 10w pressures in figure 17 coincide 
with isobaric contours a10ng an at 10w pressures and high 
temperatures. The infinite critica1 peak is perched on the slope of the 
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Fig. 13. Partial derivative of the coefficient o( isobaric thermal expansion with 
respect to temperature at constant pressure (table 13) as a function of pressure at con-
stant temperature (labeled in o C) computed from equations (19) through (21) , (25) , 
(27) , (33) , (37) , (39) , and (43) and coefIicients in tables 4 , 5, 6, 9 , and 10 (curves). The 
symbols in the inset diagram difference derivatives calculated from the 

difference values in figures 5 and 6. 
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cliff and separated from its summit by a minimum corresponding to ß > 
10-3 bar- 1 • As a consequence it fa iIs to show up in figure 17. 

The minimum in the isobaric temperature dependence of ß at low 
temperatures (fig. 7) caused by structural ordering of the water dipoles 
results in corresponding minima in the isopleths for 1000 C and 
,.., 2 kb in figure 17. No such minima occur in the case of (1', but the latter 
variab1e becomes negative in the vicinity of the triple point, where 
positive ancl equal to its value at ,.., 5000 C and 5 kb. Increasing orienta-
tion of water clipoles with decreasing temperature thus has a dramatically 
different effect ß, and this clifference persists to high pressures. 

DIELECTRIC CONSTANT 

Experimental values of the clielectric constant (E) of are avail-
able at intervals ranging from a few clegrees and bars along the satura-

TABLE 13 
Partial clerivative of the coe ffì.cient of isobaric thermal expansion 
with respect to temperature at constant pressure in (OK)-2 X 107 

computecl from equations (27) , (37) , ancl (43) and the values of V 
and (1' in tables 3 ancl 12 and 13 

PRESSURE! KB 
SAT 0.5 z 2 2 6 Z 8 

25 101. 96 69.82 51. 56 8.7 3.9 0.6 -1. 6 
50 68.17 39.88 16.8 11. 2 7.0 1. 9 0.2 
75 55.57 16.7 12.0 8.3 5.6 3.6 2.0 

100 53.29 32.79 16.1 11. 8 8.6 6.1 2.8 
125 33.05 21. 6 15.3 11. 2 8.2 5.9 4.2 2.8 
150 32.73 20.9 7.6 5.5 3.8 2.5 
175 69.80 32.08 20.5 13.5 9.6 6.9 3.3 2.1 
200 86.69 32.11 20.3 12.8 8.7 6.1 2.7 1. 6 
225 117.28 57.15 33.81 20.3 12.1 8.0 5.4 3.6 2.2 1. 1 
250 173.68 71.19 37.93 20.5 11. 7 7.5 3.2 1. 8 0.8 
275 93.38 20.8 7.1 2.9 1. 6 0.6 
300 126.95 54.83 21. 3 11.4 7.0 2.8 1. 6 0.5 
325 177 .30 67.37 22.1 11. 6 7.0 2.9 1. 7 0.6 
350 8078.16 256.26 23.0 11. 9 7.3 3.2 1.9 0.8 
375 396.13 12.2 7.5 5.1 3.4 2.1 1. 1 

680.35 25.2 12.5 7.7 5.3 3.7 1. 3 
26.2 12.6 7.8 3.8 2.5 

569.16 26.9 12.3 7.5 5.2 3.6 2.5 
(27.0) (1 1. 5) (6.7) (3 .2) (2.1) (1. 2) 

500 96.58 (26.0) (9.9) (5.5) (3 .6) (1. 5) (0. 7) 
525 57.91 
550 1. 93 
575 
600 -179.01 
625 -98.50 
650 
675 -83.55 -92.36 
700 -68.06 -83.26 
725 -56.38 -73.71 
750 
775 
800 
825 -29.88 
850 -26.05 -37.97 
875 -22.87 -33.39 
900 -20.20 
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tion curve to interva1s of 500 C and 250 bars above the critical point in 
the shaded pressure-temperature region of figure 18. Of the many low 
temperature data in the 1iterature, the va1ues of the dielectric constant 
given by Owen and others (1961) from 00 to 700 C and 0.001 to 1 kb ap-
pear to be most consistent with those measured by Oshry (ms) a10ng the 
saturation curve and Heger (ms) at high pressures and temperatures. For 
this reason, the data of Owen and others (1961) were "accepted" in this 
study in preference to those of Ma1mberg and Maryott (1956) and others. 
The experimental data given by Oshry in his dissertation were used in-
stead of the smooth va1ues generated by Akerlof and Oshry (1950) from 
Oshry's data because the 1atter paper contains several errors and incon-
slstenCles. 

Numerous attempts were made during the course of the present 
study to fit the data taken from Oshry (ms), Owen and others 
and Heger (ms) at close pressure-temperature intervals in the shaded 
region of figure 18 with the Kirkwood equation (Kirkwood, 1939; Oster 
and Kirkwood, 1943), which Kirkwood derived from an extension of 
Onsager's theory of dielectric p01arization to compute die1ectric con-
stants of p01ar 1iquids. The Kirkwood equation can be written as 

e 
1+ 9r + 2(2 + (1 + 9r)2)1/2 

4 

r 
J 

(44) 

(45) 

in which N O stands for Avogadro's number (6.02252 x 
1023 mole- 1), p again refers to the density of H 20 in g cm-3, l\l w desig-
nates the molecular weight of H 20 (18.0153 g mole • 1), k is 
constant (1.38054 X 10-16 erg the polarizabi1ity 
(1.58 X 10-24 cm3 mole- 1) and dip01e moment of the H 20 mole-
cu1e, T stands for temperature in oK, and g is the Kirkwood corre1ation 
factor (which provides for molecu1ar orientation). 

Franck's (1956) early estimates of the dielectric constant at high 
pressures and temperatures are based on graphic fits of the Kirkwood 
equation to data given by Wyman (1930), Wyman and Engalls (1938), 
Akerlof and Oshry (1950) , and Fogo, Benson, and Cope1and (1 954). 
Franck's graphic fits have since been superseded by regression calculations 
with the Kirkwoocl equation (Quist ancl Marshall, 1965). 

Because the clepenclence of and pressure (or 
ùensity) cannot be cletermined must be represented by 
an empirica1 function of these variab1es to obtain fits of dielectric con-
stant data with equation (39). ln fitting equation (44) to the va1ues of 
the die1ectric constant given by Fogo, Benson, and Cope1and (1954), 
Wyman ancl lngalls (1938), Owen and others Lees (ms), Akerlof 

GUE
Highlight
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Fig. 14. Partial derivative of the coefficient of isotherma1 compressibility with 
respect to temperature at constant pressure (tab1e 12) as a function of temperature at 
constant pressure (1abe1ed in kb) computed from equations (19) through (22) , (24), (25) , 
(32), (33) , (36) , (38) , (39) , and (42) and coefficients in tab1es 4, 9, and 10 (curves). The 
symb01s difference derivatives calcu1ated from the finite difference 
va1ues of a in figures 5 through 8. 

= 3.50 + A2 P + A3 p2) f(T) 
wht:re A1> A 2, and A3 represent fit coefficents, and f (T) stands for a den-
sity-independent power function of temperature. 1n trial and error re-

2 All these data, which app1y to pressures ranging up to _, 12 kb at 50 0 C and be-
10w, 2 kb from 50 0 to 350 0 C, and a few hundred bars from 350 0 to 393 0 C, are not con-
sistent with one another. Many of them have since been superseded by Heger's (ms) 
study, which is internally consistent. 

(46) 

and Oshry (1950), and Gier ancl Young (1963)2, Quist and Marshall (1965) 
with a power function of density ancl temperature of the 

form 

H. C. Helgeson and D. H. Kirkham-Theoretical prediction 
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mmmm 
FINITE 
DIFFERENCE 
DERIVATIVES 

44 

4 5 
PRESSURE. 

Fig. 15. Partial derivativc of the cocfficient of isothermal compressibiIity with 
resped to temperature at constant pressure (table 12) as a function of pressure at con-
stant temperature (Iabeled in o C) computed from equations (19) through (22) , (24) , 
(25) , (32), (33) , (36) , (38) , (39) , and (42) and coefficients in tables 4, 9, and 10 (curves). 
The symbols represent finite difference derivatives calculated from the finite difference 
values of a and in figures 5 through 8. 

gression, Quist ancl Marshall permittecl t(T) to take any of three alternate 
forms (t(T) = T-O.5, t(T) = T-A 4, or t(T) = e -A4 T), each of which 
renclered equivalent fì.ts of the data. 

Regression of Heger's (ms) clata in the present stucly with equations 
(44) through (46) using the alternate forms of f(T) suggested by Quist 
and Marshall resulted in acceptable fì. ts of the data at high temperatures 
and pressures, which is not surprising because Quist and Marshall's com-
puted values of E are in reasonable agreement with Heger's experimental 
data. However, as might be expected from Quist and Marshall's experi-
ence ancl the fact that alternate regression of Heger's data in the present 
study using different expressions for f(T) failed to iclentify any one of 
the functions as better than another, composite fì.ts of equations (44) 



TABLE 14 
Coefficients for equation (47) 

e* 
= ê.. x 10- 1J. 

. 

L 
2 3 

1.31604037 
-1.35650709 

2 -2.08896146 
3 1.54886800 

L -
2 3 

2 -3 -6 
2 -3 -7 

2 -4 
3 2 -2 

5 

4 

2 

10 

8 

6 

9 

m 
x 

1000 
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th1'ough (46) to all of the data 1'epo1'ted by Owen and othe1's (1961) , Osh1'Y 
(ms), and Hege1' (ms) 1'esulted in relatively poor fìts with nonrandom 
t1'ends of residuals. The magnitude and dist1'ibution of the 1'esiduals in-
troduced unacceptable unce1'tainties in the pa1'tial de1'ivatives of the di-
elect1'ic constant computed f1'om the pa1'tial de1'ivatives of equation (44). 
Repeated attempts to obtain close fìts of both the high- and low-tempera-
ture data with the Ki1'kwood equation by with highe1' 

o1'de1' powe1' functio l1s of density, with and without cross terms in density 
and tempe1'atu1'e as well as modifìed alternate I(T) functions , led to little 
imp1'ovement in and eventually to the conclusion that (despite its 
theo1'etical o1'igins) the Ki1'kwood equation is not suitable fo1' comp1'e-
hensive and accu1'ate 1'ep1'esentation of the dielect1'ic constant and its 
pa1'tial de1'ivatives ove1' the 1'ange of p1'essu1'es and tempe1'atu1'es con-
side1'ed in this stucly. 

1n cont1'ast to the Ki1'kwood equation, a simple fou1'th degree powe1' 

function of tempe1'ature and density 1'ende1'ed close fìts of all the expe1'i-
mental data as well as a ranclom dist1'ibution of 1'esiduals ove1' the enti1'e 
shadecl 1'egion of fìgu1'e 18. This exp1'ession can be w1'itten as 

(47) 

whe1'e eij stands fo1' the array of fìt coefficients given in table 14. Values 
of the dielectric constant computed from equation (47) and the values 
of V calculated above a1'e given in table 15 and plotted as solid curves 
representing E or ln fìgures 19, 20, and 22 through 24, where they 
can be compa1'ed with the experimental values represented by the 
symbols. 

Equation (47) fìts the experimental data obtained by Oshry (ms) , 
Owen and others (1961) , and Heger (ms) to within 1 percent over most 
of the shaded 1'egion shown in fìgure 18. Only at the high temperature 
encl of the saturation cu1've whe1'e Osh1'Y's data exhibit excessive scatter 
(fig. 19) is the greater, approaching 5 percent near the critical 
point where the clielectric constant is small. The maximum experimental 
unce1'tainty in the clata 1'anges f1'om < 0.1 percent fo1' those of Owen ancl 
others to < 1 percent fo1' the values of 10 ancl < 3 pe1'cent for the 
values of 10 given by Hege1' (ms). The maximum expe1'imental un-
ce1'tainty in clata fo1' tempe1'atu1'es < 3500 C is of the orcle1' of 1 
to 2 pe1'cent. 

1t is appa1'ent in fìgures 19, 20, ancl 22 through 24 that equation (47) 
not only affo1'cls accurate 1'ep1'esentation of the expe1'imental clata, but it 
also pe1'mits reasonable ext1'apolations of E f1'om 1000 to OOC at p1'essu1'es 
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200 300 400 500 600 700 800 900 
TEMPERATURE , OC 

Fig. 17. Isopleths in bar-1) as funclions of pressure 
(table 8 and 8). 

6 

5 
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x 

o 100 200 300 400 500 600 
TEMPERATURE, oc 

Fig. 18. Pressure.temperature region represenled by dielectric constantdata (()shry, 
ms; Owen and others, 19õ1; Heger, ms) regressed with equation (44) to 
coeflìcients in table 14. 
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100 

o VIDULlCH. ET. AL.( 1967) 
t::. OSHRY (1949) 

ET. AL. (1961) 
o MALMBERG AND 

AND 1 NGALLS 
• FOGO. 
Â HEGER (1969) 
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Fig. 19. Dielectric COllstant (table 15) as a function of constant 
pressure (Iabeled in bars) computed from equatiolls (19) through (21) and (47) and co-
êflicients in tables 4, 5, 6 , and 14 (curves). The symbols represellt values taken from 
the litera tl1re. 
from 1 to 5 kb, and from 5500C to 6000C at pressures from 250 bars to 
5 kb. However, such is not the case above 6000C, which precludes use of 
equation (47) and the fit coeffìcients in table 14 to compute extrapolated 
dielectric constants at higher temperatures. 

lt can be seen in figure 19 that the dielectric constant of H 2 0 de-
creases rapidly from values ranging from 88 to 100 at OOC to < 20 at 
6000C as temperature increases at constant pressure. In contrast, as 
pressure increases to 5 kb at constant temperature (fig. 20), the dielectric 
constant increases of the order of 10 to 15 unÏts. Isopleths of the dielectric 

shown in figure 21 , where it can be deduced that (aPjaT)E 
changes from - 500 bar (01\.)-1 at OOC to < 5 bar (OK)-l at high tempera-
tures and low pressures. 

The dashed curves in figures 19, 20, and 22 through 24 were drawn 
through interpolated values of the dielectric constant computed by Quist 
and Marshall (1965) at high temperatures and pressures; they do not 
represent extrapolations computed from equation (47) and the coeffìcients 
in table 14, which are inapplicable above 6000C. It can be seen that 
Quist and Marshall's values are reasonably consistent with Heger's data 
and the computed curves below 6000C. Nevertheless, owing to small dis-
crepancies, composite regression of their values with those below 6000C 
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\AI 40 
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o QUIST a MARSHALL (1965) 
t:. HEGER (1969) 

(1949) 
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_ _ _. _ _ _ -e-400 
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10 

Fig. 20. Dielectric constant (table 15) as a function of pressure at constant tem-
peratm:e (labeled in o C) computed from equations (19) through (21) and (47) and co-
eflìcients in tables 4, 5, 6, and 14 (solid curves). The symbols correspond to values taken 
from the literature, and the dashed curves represent smooth graphic interpolation of 
Quist and Marshall's (1965) values for pressures > 5 kb and temperatures > 600 o C. 
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yields an unacceptable fit of equation (47), and finite difference deriva-
tives ((Ae/AT)p and (Ae/AP)T) calculated from Quist and Marshall's 
values are not consistent with those computed from Heger's experimental 
data at lower temperatures. Partial derivatives obtained by differentiating 
the functions used by Quist and Marshall (eqs 44 through 46) are similarly 
inconsistent, but, in contrast, partial differentiation of equation (47) 
yields derivatives in close agreement with their finite difference counter-
parts below 5500 C (see below). 

The dependence of ln e on temperature and pressure is depicted in 
figures 22 and 23. The solid curves in these figures were generated by 
equation (47), and the symbols represent experimental data (or computed 
values in the case of those taken from Quist and Marshall). It can be 
seen in figure 22 that the near linear dependence of ln e on temperature 
at constant pressure below ,_, 1000 C (Gurney, 1953) becomes substantially 
nonlinear at higher temperatures. In contrast, ln e as a function of pres-
sure at constant temperature approaches linearity at high pressures and 
temperatures, but it is also nearly linear at low temperatures (fig. 23). 
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Fig. 21. Isopleths of e (indicated by the labels on the curves) as a function of 
pressure and temperature (table 15 19 and 20). 
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The relation of the dielectric constant to specific volume is depicted 
in figure 24, where it can be seen that (a ln Vh is essentially inde-
pendent of both density and temperature. Under these conditions 
e/aPh is nearly proportional to the coefficient of isothermal compressi-
bility. 

The partial derivatives of equation (47) with respect to temperature 
and pressure can be written as 

= 

= 

where a and ß again stand for the coefficients of isobaric thermal expan-
sion and isothermal compressibility. Values of (a In and (a In 
e/aT)p computed from (48) and (4) using values of e, ß, and a 
given above are shown in tables 16 and 17 and plotted as curves in figures 
25 through 28, where it can be seen that the predicted values are in close 
agreement with their counterparts ((.:1 In e/ .:1Ph and 
(.l In e/ .:1T)p) calculated directly from the experimental data. Uncer-
tainties in the values of (a In and e/aPh computed from 
equations (48) and (49) are of the order of a few percent or less, which 
corresponds to the uncertainties in the values of a and ß employed in the 
calculations. 

It can be seen in figure 26 that (a In e/aPh like ß decreases dramati-
cally and monotonically with increasing pressure at constant temperature 

but unlike increases monotonically with increas-
ing temperature at all (constant) pressures (fig. 25). At high pressures, 

In as pressure increases at any given tem-
perature (figs. 26 and 29). Similarly, as temperature decreases below ,.., 

IOOOC at all pressures, (a In e/aPh/aT)p • o (figs. 25 
and 33). 

The strong influence of the critical phenomenon on the temperature 
and pressure dependence of (a In is apparent in figures 27 and 28. 
Note that the isobars for pressures kb in the steam phase region pass 
through a minimum with increasing temperature, as do the isotherms for 
temperatures above the critical temperature. 1n the vicinity of the criti-
cal point, (a In e / is large and positive and (a In is large and 
negative. At the critical point, (a In e/aPh In e/aT)p but 
as the thermodynamic behavior of H20 approaches ideality with decreas-
lng pressure, e •1. 
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Partial differentiation of equations (48) and (49) leads to 

4 4-i 
+ f32 Feij Ti pj (50) 

1137 

2i Ti-l) 

and 

+ i(i-l)Ti-2 (51) 

o HEGER (1969) 

(1 965) 
(1949) 

.ð. OWEN ET. AL. (1961) 

4. 
(1969) 

AND MARSHALL 
(1965) 

.ð. OSHRY(1949) 
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Fig. 22. Logarithm of the dielectric constant (table 15) as a function of tempera-

ture at constant pressure (labeled in bars) computed from equations (19) through-
and (47) and coefficients in tables 4, 5, 6, and 14 (solid curves). The symbols correspond 
to values taken from the literature and the dashed curves represent graphic interpola-
tion of Quist and MarshaU's (1965) values at pressures > 600 o C. 

Fig. 23. Logarithm of the dielectric constant (table 15) as a function of pressure 
at constant temperature (labeled in o C) computed from equations (19) through (21) and 
(47) and coeffidents in tables 4, 5, 6, and 14 (solid curves). The symbols to 
values taken from the literature, and the dashed curves represent graphic interpolation 
of Quist and Marshall's (1965) values at pressures > 5 kb and temperatures > ôOOoC. 
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which were used together with equations (47) through (49), values of V, 

e j ðP)T, and (ð ln e j ðT)p given above, and 
the identities, 

and 

(53) 

to compute the curves shown in fìgures 29 through 32 and the partial 
derivatives in tables 18 and 19. The close agreement of the values of 
(ð In ejðP )T and (ð In e/ðT)p computed from equations (48) and (49) 
with their fìnite difference counterparts in fìgures 25 through 28 suggests 
that the partial derivatives computed from equations (50) through (53) 
are reasonably accurate representations of In and (a2 In e j ðT2)p 
within the fìt region shown in fìgure 18. This conclusion is further sub-
stantiated below (fìg. 33) by the agreement of computed values of (ð(ð In 
ejðP)T /ðT)p with fìnite derivatives calculated 
the curves in fìgures 25 and 28. 

E 

OOJ 1.4 
InV 

Fig. 24. Logarithm of the dielectric constant as a function of ln V at constant 

correspond to values taken from the literature, and the dashed curves represent smooth 
graphic interpolation of Quist and Marshall's (1965) values at pressures > 5 kb and 
temperatures > 600 o C. 
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It can be seen 32 that a large discrepancy in (ð 2 ln 
arises between 1 and 2 kb at 25 0 C, which is outside the fit region in figure 
18. Similar discrepancies occur above - 500oC, which is near the upper 
limit of the fit region. Erroneous values of (ð 2 ln efðT2)p and (ð 2 ln 

may arise from errors in and ðP)T, which is ap-
parently the case at 25 0 C above a kilobar in fìgure 32. Although compara-
tive calculations for pressures and temperatures within the fit region in-
dicate that errors of the order of 5 to 20 percent in and (ðßf 

have a minor effect on (ð 2 ln e / ðT2)p and ln e / ðP2)T, the second 
partial derivatives of ln e are nevertheless highly uncertain near the 
boundaries of the fit region. For this reason, equations (52) and (53) as 
well as equations (56) and (57), which are derived below, should not be 
used for temperatures above - 5000 C or pressures above - 500 bars at 
temperatures 100oC. 

10 

50 

>c 

20 

100 200 300 400 500 600 
TEMPERATURE, .C 

Fig. 25. Partial derivative of ln respect to pressure at constant temperature 
(table 16) as a of temperature at consi:ant pressu_re (labeled in 
from equations (19) through (22), (32), (38), (47), and (48) and coefficients in taoles 4, 
5, 6, 9, 10, and 14 (curves). The symbols represent fìnite difference de-
rivatives computed from data given by Oshry (ms), Owen and others (1961) , and/or 
Heger (ms). 
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TABLE 15 

Dielectric constant (e) computed from equation (47) and the values 
of V in table 3-see figures 19 through 21 

PRES SUR E. KB 
0.5 1. 5 2 2.5 3.5 5 

25 80.20 81. 78 (83.05) ) (90.35) 
5069.9671.59763.08 9 18) 
75 62.30 63.91 65.3 66.56) (67.78) (68.87) (71.57) (]2 .38) (73.1 7) 

100 57.10 58.55 59.78 60.98 62.06 63.00 63.85 66.17 
51. 05 52.53 53.76 56.04 56.98 57.82 60.05 

50.73 51.68 52.52 53.28 
175 
200 38.27 39.51 
225 30.58 32.79 35.82 37.06 38.20 39.21 
250 26.87 29.31 31.20 32.55 33.79 35.95 36.83 37.58 38.86 
275 23.38 26.12 28.20 29.63 30.88 32.03 33.92 35.33 35.92 
300 19.99 23.15 27.00 28.27 29.41 31.30 32.05 32.70 33.27 
325 16.58 20.32 27.05 28.05 28.92 29.66 30.85 
350 12.87 17.57 20.58 25.88 28.09 28.63 
375 18.37 20.35 22.89 23.89 25.45 26.06 26.58 
400 (12.13) 16.27 19.88 21. 06 22.05 22.88 23.59 24.68 
425 (9.38) 16.63 18.16 19.35 21.17 21.86 22.92 

(6.80) 16.56 17.78 18.77 19.59 20.27 21. 31 
475 10.78 15.08 16.33 18.16 18.83 19.39 19.85 
500 ( 9.27 12.01 13.75 16.05 16.88 17.56 18.11 18.56 
525 ( 3.30) 7.97 10.78 12.57 13.90 15.78 17.02 

( 2.87) 6.89 11. 58 12.95 15.59 16.16 16.63 
575 (2.56) (6.08) (8.91) (10.81) (15.58) (16.06) 
600 (2.39) (5.53) (8.33) (10.30) (1 1. 80) (12.98) (13.93) (15.32) (15.83) 

TABLE 16 

Partial derivative of the naturallogarithm of the dielectric constant 
with respect to pressure at constant temperature in bar- 1 x 105 

computed from equations (47) and (48) and the values of V and ß 
in tables 3 and 8-see fìgures 25 and 26 

PRESSURE , KB 

0.5 2 2.5 3 3.5 H 5 
25 3.8 (3 .1) (2.8) (2.6) (2.3) (2.1) (2.0) (1. 8) 
50 (3 .3) (3.0) (2. 7) (2.5) (2.3) (2.1) (1.9) 
75 5.50 (3.5) (3 .2) (2.9) (2.6) (2.2) (2.0) 

100 3.8 3.1 2.8 2.6 (2.2) 
125 7.48 6.1 5.3 3 .7 3.3 3.0 2.7 2.5 (2.3) 
150 9.02 7.1 6.0 3.6 3.2 2.9 2.7 ) 
175 11.10 6.8 5.1 3.9 3.5 3.1 2.8 2.6 
200 10.0 7.8 5.7 3.7 3.3 3.0 (2. 7) 
225 18.20 12.1 9.0 3.5 3.2 (2.9) 
250 10.6 7.1 5.9 5.0 3.8 3.3 (3 .0) 
275 18.8 12.5 8.0 6.5 4.0 3.5 (3 .1) 
300 55.52 15.0 8.9 7.2 5.9 3.7 (3.2) 
325 101.95 33.0 18.3 10.0 7.9 6 5.3 3.8 
350 22.5 11. 1 8. 6.9 5.6 (3.5) 
375 69.1 28.0 12.5 9.5 6.0 5.0 (3 .6) 

111.5 8.0 5.2 (3.7) 
197.2 15.7 8.7 6.8 5.5 (3 .9) 
319.6 17.7 12.6 7.3 5.9 

66.5 20.1 10.3 7.9 6.3 5.1 (4.2) 
500 309.1 80.5 22.8 15.5 11. 2 8.5 6.7 
525 (25.0) (9.8) (7.6) (5.9) 
550 (106. 7) (28.0) (18.3) (13.6) (10.6) (8.2) (6.3) (5.1) 
575 (31.0) (20.3) (11.5) (8.8) (6.8) 
600 (118.2) (33.9) (22.2) (16.2) (9.5) 
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TABLE 17 

Partia1 clerivative of the natura110garithm of the die1ectric constant 
with respect to temperature at constant pressure in (OK)-l X 103 

computed from equations (47) and (49) and the values of V and a 
in tab1es 3 and 7-see fìgures 27 and 28 
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TABLE 18 
Partia1 of (0 1n to at t 

e in 2 X ancl 
va1ues of e, and (a 111 e/aPh in tab1es 3, 8, 11 , 15, 

a l1d 16-see fìgures 29 ancl 30 

PRESSURE. 
SAT 2.5 3.5 

25 
50 -16.66 -8.6 
75 -20.10 -10.8 

100 (-10.0) ( -tl.8) (-11.7) (-3 .5) 
125 -20.3 -7.2 -6.1 -5.2 (-3 .8) 
150 -28.3 -19.2 -12.3 -8.2 -6.9 -5.8 ( 
175 -79.55 -39.7 -25.8 -15.0 -11.8 -9.5 -7.8 -6.5 -5.5 
200 -125.21 -56.5 -11.1 -8.9 -6.2 (-5.2) 
225 -81.9 -22.7 -17.0 -13.0 -10.3 -8.3 -6.9 -5.8) 
250 -380.92 -122.2 -28.1 -15.2 -11.8 -7.7 ( 
275 -783.27 -189.3 -17.9 -13.6 -10.7 -8.6 (-7.1) 
300 -1953.83 -307.7 -119.9 -20.9 -15.5 -12.0 -9.6 (-7.9) 
325 7.75 -532.3 -52.6 -35.1 -17.8 -13.5 -10.7 (-8. 7) 
350 -57594.10 -1000.3 -238.5 -20.2 -15.2 -11.9 (-9 .6) 
375 -2108.2 -339.1 -79.0 -32.8 -23.0 -17.0 -13.2((-10.5) ) 

-5157.3 -96.6 -58.3 -37.8 -26.1 -19.0 -14.6 (-11.6 
(-682. 7) -117.9 -68.7 -29.5 -21.3 -16.1 (-12. 7) 

-80.7 -33.3 -23.7 -17.8 

500 -1695.6) (-210.1) (-42.3) (-16.9) 
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It can be seen in 30 that (ð2 ln ejðP2 )T increases rapidly with 
kb at all (constant) but 

like (ðß j ðP)T in figure 10, its isobaric dependence on temperature is 
characterized by minima in the low pressure isobars_ Note also that 
(ð2 an 

and low 32). ln contrast, the isobaric tem-
perature depenclence of (ð" ln ðT2)p clepictecl in figure 31 exhibits an 
extremum in the vicinity of 75 0 to 1500 C, which is tlanked by a mini-
mum on either sicle at pressures < 2 kb; as pressure increases, the low-
temperature minimum disappears ancl at high temperatures, (ð 2 ln 

50 

'0: 
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__,_j;- 30 
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20 
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234 
PRESSURE.KILOBARS 

5 

Fig. 26. Partial derivative of respcct to pressure at constant temperature 
(table 16) as a function of pressure at constani tcmpci-ature (Iabeled in OC) computed 
from eqùations (19) through (22) , (32) , (38) , (47) , arid (48) and coefficients in tables 4, 
5 , 6, 9, -10, alld 14 (curves). The symbols reprcsc lI t corresponding finite difference de-
rivatives computcd from data given by Oshry Owen and others andjor 
Heger (ms). 
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increases dramatically with at constant 

pressure. Note that (a2 ln is negative at low pressures and posi-
tive at high pressures. As a consequence of the relations depicted in 
figure 24, the behavior of ln e j ap2h in figures 29 and 30 is similar to 
that exhibited by in figures 10 and ll, respectively. 

Because 

and 

= 

it follows that the partial derivative of equation (48) with respect to 
temperature at constant pressure is equivalent to that of equation (49) 
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i of ln • with at 
table 17) as a fun ,:_tion of temperature at constant (Iabeled in bars) cômputed 

(19) through (21) , (25L,_ (33), (39), (47) , and (49) and in 
4, 5, 6, 10, and 14_ The symbols represent con:esponding finite dif-
_<!erivatives computed from data given by Oshry (ms), Owen- and oihers (1961), 

andjor Heger 
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TABLE 19 

Partial derivative of (a ln fjaT)p with respect to temperature 
at constant pressure in (OK)-2 X 106 computed from equation (51) 
and the values of and (a ln fjaT)p in tables 3, 7, 

13, 15, ancl 17-see fìgures 31 and 32 

PRESSURE , KB 
SAT 0.5 2 2.5 3.5 5 

25 -1. 3 
50 -1.57 0.3 
75 -9.57 1. 2 

100 -0.55 1. 3 (2.5) (3.8) (5.0) (5.1 ) 
125 -1.08 1. 2 2.5 5.0 5.2 5.3 (5.3) 
150 -2.09 0.9 2.5 5.0 5.2 5.3 
175 0.5 2.5 5.0 5.1 5.2 5.3 (5.3) 
200 -6.93 -0.5 2.3 5.0 5.0 (5.0) 
225 -2.1 1. 6 3.5 4.5 4.6 
250 -22.30 0.5 2.9 3.5 3.8 3.9 3.9 3.9 (3.9) 
275 38 -9.0 -1.2 2.1 2.7 3.0 3.1 3.2 3.2 (3 .1) 
300 -15.0 -3.5 1. 2 1. 8 2.2 2.3 2.3 2.3 (2.3) 
325 -222.63 -6.2 0.2 0.9 1. 3 1. 4 1. 5 1. 5 (1.5) 
350 -1232.61 -35.5 -9.1 -0.7 0.1 0.5 0.7 0.8 0.8 (0.8) 
375 -11.6 -1. 5 -0.6 -0.1 0.2 0.3 

-87.1 -13.2 -2.1 -0.9 -0.3 0.1 (0.6) 
(-13.5) -2.0 -0.7 0.1 0.6 0.9 1. 2 (1.3) 

-1.2 2.0 2.5 2.8 (3.1) 
(-9 .0) (0.9) (2.8) (5.3) (5. 7) (6.1) 

500 (-1. 9) (6.9) (8.2) (9.0) (9.6) (10.1) (10.6) 

TABLE 20 
Partial derivative of (a ln aPh with respect to temperature 

at constant pressure in bar-1 (OK)-l X 101 computed from equation (56) 
and the values of (a ln fjaPh , and (a ln 

in tables 3, 7, 8, 12, ancl15 through 17-see figure 33 

PRESSURE. KB 
SAT 0.5 2 2.5 3 3.5 5 

25 0.39 
50 1. 69 1. 3 
75 2.80 2.0 

100 2.7 (1.9) (1. 3) (1. 1) (0.9) (0.8) (0.7) (0.6) (0.5) 
125 5.32 3.5 1.5 1. 2 1. 0 0.9 0.8 (0.6) 
150 7.17 3.0 1.8 1.4 1.2 1.0 0.8 0.7 (0.6) 
175 9.89 5.6 3.6 2.1 1. 6 1. 3 1.0 0.9 0.7 (0;6) 
200 7.3 1. 8 1. 1 0.9 0.7 (0.6) 
225 9.7 5.5 2.8 2.0 1. 5 1. 1 0.9 0.7 (0.6) 
250 35.00 13.2 6.9 3.2 2.2 1. 6 1.2 0.9 0.7 (0.5) 
275 63.63 18.7 8.8 3.6 1. 7 1.2 0.9 0.7 (0.5) 
300 137.25 4.0 2.6 1. 8 1. 3 0.9 0.7 (0.5) 
325 4 1. 9 2.9 1. 9 1. 3 0.9 0.7 (0.5) 
350 2716.07 68.0 19.2 5.0 3.1 2.0 1.0 0.7 
375 119.8 24.6 5.7 3.5 2.2 1. 5 1. 0 0.7 (O.5) 

235.9 31. 0 3.8 1. 6 1.1 0.7 
(3 8.2) 7.3 2.7 1. 8 1. 2 0.8 (O.5) 
(46.0) 8.5 4.9 3.1 2.0 I.!f 0.9 (0.6) 
(53.5)(9.8))(5.6))((3.5))((2.3))((1.6))( (l.1)(0.8) 

500 (57.6) (11.3) (2.6) (1.8) (1.3) (1.0) 
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TABLE 21 
Finite difference partial of (a(a ln e/aPh/aT)p with respect 

to temperature at constant pressure in bar-1 (01<.)-" X 109 

PRESSURE. KB 
SAT 0.5 2 2.5 3 3.5 4.5 5 

25 5.85 
50 3.0 
75 4 2.7 

100 .91 2.8 (1.8) (0.9) (0.7) (0.5) (0.2) (0.2) 
125 6.31 3.3 2.0 1. 0 0.7 0.3 0.2 0.2 (0. 1) 
150 8.92 1. 1 0.7 0.5 0.3 0.2 0.1 (0.1) 
175 13.66 5.6 2.9 1. 3 0.8 0.5 0.3 0.1 0.1 (0.0) 
200 22.60 7.9 3.7 1. 4 0.8 0.2 0.1 0.0 (-0.1 ) 
225 11. 5 1. 5 0.8 0.2 0.0 (-0.1) 
250 17.3 6.5 1. 6 0.8 0.2 0.0 -0.1 
275 196.55 27.1 8.8 1. 7 0.2 0.0 -0.1 (-0.1 ) 
300 612.38 11. 9 1. 8 0.9 0.2 0.0 -0.1 (-0.1) 
325 75.7 15.6 2.0 1. 0 0.2 0.1 (-0.1) 
350 22725.69 19.6 2.3 1. 1 0.3 0.0 (-0.0) 
375 (23.6) 2.8 0.8 0.3 0.1 (0.1) 

(27.1 ) 3.3 1. 7 1. 0 0.6 0.3 (0.2) 
2.1 1. 2 0.8 0.6 (0.3) 

(3 1. 9) 2.6 1. 6 1. 0 0.8 0.6 (0.5) 
(25.7)((5.7)) (3.0)(l.8(1.3)(1.0)(0.8) (0. 7) 

500 (1.5) (3.6) (1.8) (1.3) (0.9) 

TABLE 22 
Y (eq 65) in (01<.)-1 X 105 computed from va1ues of e and (a ln 

in tables 15 and 17-see figure 34 

PRESSURE. KB 
2.5 3 3.5 5 

25 -5.80 -5.65 (-5 .51) (-5.27) (-5.1 7) (-5.07) (-4.99) (-4.91) 
50 -5.18) 
75 -7.08 (-6.79) (-6.03) (-5 .90) (-5.79) (-5 .69) (-5.59) 
100 -8.39 -7.87 -6.89 -6.68 -6.51 -6.36 -6.23 -6.11 (-5 .99) 
125 -8.22 -7.20 -6.98 -6.81 -6.65 -6.51 (-6.38) 
150 -10.73 -9.71 -9.01 -8.06 -7.73 -7.25 -6.91 (-6.76) 
175 -12.25 -10.80 -9.87 -8.68 -8.26 -7.68 -7. 2.S -7.13) 
200 -14.17 -12.05 -10.79 -9.33 -8.82 -8.12 -7.87 -7.67 
225 -16.75 -13.56 -1 1.81 -10.01 -9.39 -8.92 -8.56 -8.28 -8.05 (-7.85 
250 -12.99 -10.75 -10.01 -9.03 -8.71 
275 -17.99 -10.68 -10.03 -9.55 -9.18 -8.90 -8.67) 
300 -37.09 -2 1. 59 -16.18 -10.69 -10.13 -9.72 (-9.16) 
325 -26.93 -12.32 -10.81 -9.99 -9.72) 
350 -35.28 -21.53 -12.32 -1 1. 60 -11.07 -10.68 (-10.38) 
375 -16.29 -12.50 -11.90 (-1 1. 13) 

-18.04 -13.51 -12.82 -12.32 (-11.9 l,) 
-20.05 -13.77 -13.19 (-12.76) 

-197.96 -22.26 -19.01 -16.97 -15.61 -14.66 -13.98 
-220.61 -55.10 -18.02 -15.28 (-13.91) 

500 -203.18 -18.55 -16.65 -15.36 (-13.78) 
525 (-1 3.53) (-12.78) 
550 (-79.80) (-26.53) (-19.90) (-16.16) (-1 1. 18) (-10.37) 
575 (-22.35(-15.71)(-l 1.98){-9.6B}(-8.16){-7.09){-6.30) 
600 -53.20) (-13.98) (-8.38) (-3.33) (-2.07) (-1.19) 
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with respect to pressure at constant temperature. Hence, 

) .. 
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It can be seen in fìgure 33 that the values of (ð(ð ln e/ðPh/ðT)p in table 
20, which were computed from equation (56) ancl values of 

ðT)p, (ð ancl (ð ln e/ðPh given above, are in close agree-
ment with fìnite derivatives from the values of (ð ln 
e/ðPh and (ð ln in fìgures 25 and 28. However (as noted above) , 
for temperatures ancl bars at temperatures 

the proximity of the fìt region boundary in fìgure 18 introduces 
inconsistencies in the values of (ð(ð computecl from the 
values of ß, (ð and (ð ln e/ðPh in tables 3, 
7, 8, 12, and 15 through 17. For this reason, equations (56) and (57) 
should not be to calculate values of (ð(ð ln and (ð 2(ð ln 

for T > 5000 C or P > 500 bars at T < 100oC. Because 
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Fig. 28. Partial derivative of ln respect to temperature at constant pressure 
(table 17) as a function of pressure at constant temperature (labeled in oC) computed 
from cquations (19) through (21) , (25) , (33) , (39) , (47) , and (49) and coefficierÍ ts in iables 
4, 5, 6, -9 , 10, and 14. The represent clifference clerivatives 
computecl from data given by Oshry (ms), Owen and others (1961) , andjor Heger (ms). 

6 5 4 
-20 

0 



1148 H. C. Hclgeson and D. H. Kirkham-Theoretical prediction 

eva1uation of equation (57) requires va1ues of (ð2 1n ðT2)p , which can-
not be computed with confidence from the partia1 derivatives of equa-
tions (36) and (42), the va1ues of (ð2(ð 1n ejðPhjðT2)p given in tab1e 21 
correspond to finite difference derivatives calcu1ated from the va1ues of 

ðPh j ðT)p in figure 33. 

BORN FUNCTIONS 

Continuum theories of 1iquid H 20 and e1ectrostatic mode1s of ion 
s01vation in aqueous s01ution require va1ues for the partia1 derivatives of 
e-1 with respect to temperature and pressure. and its partia1 
derivatives, which are designated here as Born functions, are used ex-
tensive1y in so1ution chemistry, they are tabu1ated and p10tted be10w as 
functions of pressure and temperature. 

The Born equation (Born, 1920), which re1ates the effective e1ectro-
static radius of an incompressib1e ion (with spherica1 charge symmetry) 

\ 

600 

Fig. 29. Partial derivative of (ð ðPh with respect to pressure at constant 
temperature (table 18) as a function of temperature at constant pressure (labeled in 
kb) -computed from equations (19) through (23), (32), (35), (38), (41) , (47), (48) , and 
(50) and coefficients in tables 4, 5, 6, 9, 10, and 14. 
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to the change in Gibbs free energy attending its transfer from a vacuum 
to a medium of é , can be written as 

of the thermodynamic behavior of aqueous electrolytes: 1. 

(58) IlGs, j 

(59) 

where 

IlG. ; denotes the molal Gibbs free energy of transfer for the jth 
staIibs for Avogadro's number (6.02252 × 1023mole 1), e reprESEnts the 

2 
PRESSURE. 

Fig. 30. Partial derivative of (a ap)T with respect to pressure 
tempErature(table18)as a function of prESsure at constant temperaturE(labeld in 

computeèl. from (19) throûgh (23) , (32) , (35), (38) , (47) , (48) , and 
(5Ó) and êoeflìcients in tables 4, 5; 6, 9, 10, and 14. 
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TABLE 23 
X (eq 66) in (OK)-2 X 107 computed from values of e, e/ðT)p, 

and (ð2 1n e/ðT2)p in tables 15, 17, and 19-see figure 34 

PRESSURE. KB 
SAT 0.5 2 2.5 3 3.5 5 

25 -3.16 -2.7 
50 -3.28 -2.8 
75 -3.55 -3.0 

100 -3.3 (-2.8) (-2.3) (-2.1) (-1. 9) (-1. 8) (-1. 7) (-1. 7) (-1. 6) 
125 -3.7 -2.3 -2.1 -1. 9 -1. 8 -1. 7 -1.6 (-1.6) 
150 -5.53 -3.3 -2.1 -1. 9 -1. 8 -1. 7 -1 .6 (-1.5) 
175 -4.7 -3.5 -2.1 -1. 9 -1. 7 -1. 6 -1.5 (-1.5) 
200 -8.95 -3.9 -2.6 -1. 9 -1. 8 -1. 6 -1. 5 (-1. 5) 
225 -12.63 -6.7 -2.8 -2.3 -2.0 -1.8 -1. 7 -1 .6 (-1.5) 
250 -19.57 -8.7 -5.1 -3.0 -2.5 -2.2 -1. 9 -1. 8 -1.7 (-1.6) 
275 -11.9 -6.3 -2.8 -2.2 -1. 9 (-1. 8) 
300 69.80 -8.0 -3.2 -2.8 -2.5 -2.3 -2.2 (-2.1) 
325 -26.3 10.6 -3.8 -3.2 2.9 -2.7 -2.5 (-2.4) 
350 "1215.87 -14.0 -5.5 -3.7 -3.3 -3.1 -2.9 (-2.8) 
375 -72.5 -18.3 -6.5 -5.1 -3.8 -3.5 -3.3 (-3 .1) 

-139.1 -23.5 -7.5 -5.8 -3.7 -3.5 (-3 .3) 
(-6.2) (-5.0) (-3.7) 

(-3 5. 7) (-8.9) (-6.2) (-3.7) (-3.1) (-2. 7) (-2.4) 
(-4 1. 1) (-5.1) (-3 .3) (-2.3) (-1.6) (-1.1) (-0.8 

500 (-42.0) (-2.3) (1.3) (1.8) (2.2) 

TABLE 24 

Q (eq 67) in bar- 1 X 106 computed from values of e and (ð ln e/ðPh 
in tables 15 and 35 

PRESSURE. KB 
0.5 2 2.5 3 3.5 H 5 

25 0.60 (0.36) (0.33) (0.30) (0.27) (0.24) (0.22) (0.20) 
50 0.71 (0.43) (0.39) (0..35) (0.32) (0.29) (0.26) 
75 0.88 0.75 0.66 0.52) (0. 37) (0.28) 

100 0.81 0.62 0.55 (0.33) 
125 1. 52 1. 20 1. 01 0.76 0.66 0.58 0.52 (0.38) 
150 2.05' 1.56 1.26 0.92 0.79 0.69 0.61 0.55 
175 2.85 2.05 1. 60 0.96 0.83 0.72 0.57 (0.52) 
200 2.72 2.03 1. 16 0.98 0.85 0.75 0.66 (0.59) 
225 5.95 3.68 2.61 1. 72 1. 17 1. 00 0.87 0.76 (0.68) 
250 9.18 5.09 3.39 2.12 1. 70 1. 39 1. 17 1.00 0.87 (0. 77) 
275 7.22 2.59 1. 36 1.15 (0.87) 
300 27.77 10.59 5.90 3.16 1. 93 1. 57 1. 32 1. 12 (0.97) 
325 16.25 7.97 3.85 2.91 2.27 1.82 1. 50 1.27 (1.09) 
350 213.62 3.47 2.66 2.10 1.71 1.43 (1.21) 
375 15.23 5.73 3.11 1. 95 1. 61 (1. 35) 

91.93 7.03 2.80 2.22 1. 81 (1. 51) 
8.66 5.91 3.23 2.53 ( 1. 68) 

10.72 7.10 5.03 3.75 2.90 2.31 (1.88) 
702.10 61.73 13.32 8.55 5.93 3.33 2.62 (2.12) 

500 86.87 16.57 10.30 7.00 5.06 3.82 2.99 (2.39) 
525 (118.81) (19.90) (11 .82) (8.32) (6.19) (2.70) 
550 (9.71) (7.10) 
575 188.81) (28.71) (16.57) (11 .15) (5.89) (3.38) 
600 213.77) (3 2.87) (8.B9) (3.70) 
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TABLE 25 
U (eq 68) in bar-1 (OK)-l X 109 cornputed frorn values of e, (ð ln 

(ð ln ejðT)p, and (ð(ð ln ejðPh)/ðT)p in tables 15 through 17 
and 20-see figure 35 

PRESSURE , KB 
SAT 0.5 2 2.5 3.5 4.5 5 

25 3.20 2.9 
50 5.68 4.6 
75 8.59 6.6 

100 9.0 (6.8) (3.5) (3.0) (2.7) (2.1) 
125 17.86 12.2 8.9 5.9 3.6 3.1 2.7 
150 26.01 16.6 11. 6 7.3 5.9 3.6 3.1 (2. 7) 
175 38.95 22.8 15.2 9.1 7.1 5.8 3.5 (3 .0) 
200 60.80 32.0 20.0 11. 3 8.6 6.8 5.5 4.6 3.9 (3 .3) 
225 100.62 26.6 13.9 10.3 7.9 6.3 5.1 4.3 (3 .6) 
250 180.75 68.1 35.9 17.1 12.3 9.2 7.1 5.7 (3.9) 
275 365.68 49.3 20.8 10.6 8.0 6.3 5.1 
300 171.2 69.1 25.3 17.2 12.2 9.0 7.0 5.5 
325 3075.19 295.2 30.8 20.4 14.1 10.2 7.7 6.0 
350 550.5 14 1. 8 37.6 11. 7 8.7 6.6 (5.2) 
375 1146.1 205.5 28.9 19.2 9.8 (5. 7) 

297.6 57.5 22.7 15.6 11. 2 (6.4) 
(7 1. 9) (27.0) (9. 7) (7 .3) 

(615.1) (90.6) (5 1. 5) (32.3) (2 1.7) (8.5) 
(62.8) (38.6) (25.6) (18.0) (13.1) (9.8) 

500 (142.3) (75.8) (29.8) (20.8) (15.1) (1 1. 3) 

TABLE 26 
N (eq 69) in bar- 2 x 1010 cornputed frorn values of e, (ðln e/ðPh, 

and (ð 2 1n ejðP2 )T in tables 15, 16, and 18-see fìgure 36 

PRESSURE. KB 
SAT 0.5 2.5 3.5 

25 -1. 2 
50 -2.73 -1. 5 
75 -3.71 -2.0 

100 -3.1 (-2.1) (-1.7) (-1. 0) (-0.8) (-0.7) (-0.6) 
125 -8.56 -2.1 -1. 8 -1. 5 -1. 2 -1. 0 -0.9 (-0. 7) 
150 -13.91 -7.3 -2.9 -2.2 -1. 8 -1.5 -1. 2 -1. 0 (-0.9) 
175 -23.55 -7.2 -3.9 -3.0 -2.3 -1. 9 -1. 5 -1. 3 (-1. 1) 
200 85 -18.1 -10.6 -5.3 -3.9 -3.0 -1. 9 -1. 6 (-1. 3) 
225 -79.30 -15.8 -7.2 -5.2 -3.9 -3.0 -2.3 -1. 9 (-1.6) 
250 -23.8 -9.8 -6.9 -3.7 -2.9 -2.3 (-1. 9) 
275 -388.63 -86.1 -36.1 -13.3 -9.0 -6.3 -4.6 -3.5 -2.8 (-2.3) 
300 -158.9 -56.0 -18.0 -1 1. 7 -8.0 -5.7 (-2. 7) 
325 -315.6 -88.0 -15.3 -10.1 -7.1 -5.2 (-3.1) 
350 -50615.56 -69 1. 9 -140.5 -19.8 -12.8 -8.7 -6.3 (-3.8) 
375 - 227.3 25.5 -16.0 -10.8 -7.7 -5.7 ( 

-5276.1 -371.1 -32.8 -20.1 -13.2 -9.2 -6.8 (-5.3) 
(-6l 0.0))(-78.6))(( 

(-1003.5) (-3 1. 3) (-19. 7) (-7.3) 
(-1l.5)-8.6) 

500 -2528. 7) (-190.6) (-89.8) (-29.3) (-19.3) (-13.6) (-10.1) 
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electronic charge (4.80298 esu), and Zj and re,j refer to the charge and 
effective electrostatic radius of the subscripted ion. If is independent 
of and pressur follows the e 
in molal entropy volume 

(ð.E...,8,j), and compressibility (ð.K8,;) for the transfer process 
can be ex pressecl as 

ð.Cp,8,; = T = , (61) 

I að.v. l \ 
ð.E ... ,8,J = , (63) \ aT Jp 

and 

- ð. K.,; (64) 

where ð.H 8,j is the molal enthalpy change for the transfer process, ancl Y , 
X , Q, 1], and N stancl for various Born functions given by 

, 

) 
' 

(65) 

(66) 

(67) 

)<68) 
and 

) 
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240 

v 
TEMPERATURE. .C 

Fig. 31. Partial derivative of (a ln aT)p with respect to temperature at constant 
pressure (table 19) as a function of temperature at constant pressure (labeled in kb) 
computed from equations (19) through (21), (25) , (27) , (33) , (37) , (39) , (43), (47) , (49), 
and (51) and coeflicients in tables 4, 5, 6, 9, 10, and 14. 

Values of Y , X , (..!, U , and N computed from equations (65) through 
(69) and values of efaT)p, (a2 ln (a ln e f ln 

(a ln e/aT)p, and (a2 ln efap2h given above are shown in 
tables 22 through 26 and plotted 34 through 36. Owing to the 
high sensitivity of X , U , and N to small errors in the partial 
of e and V , values of these variables are not given in tables 23 , 25 , and 
26 for temperatures > 5000 C or pressures > 500 bars at temperatures 
< 100oC. 

It can be seen in fìgure 34 that the isobars for both Y and X exhibit 
minima at high temperatures. ln contrast, and U increase and N de-
creases monotonically with increasing temperature at constant pressure 
(fìgs. 35 ancl 36). Because each of the Born functions clepencls on the ex-

andfor compressibility of -X, Q, U , and -N all 
the critical point of H20. As a consequence, the standard 

thermodynamic partial molal properties of aqueous electrolytes also ap-
proach positive or negative infinity at the critical point of H 20 (Helgeson 
and 
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Fig. 32. Parlial dcrivatives of (a ln e/ aT)p with respcct to temperatllre at con. 
stant prcssllre (lable 19) as a fllllctioll of pressllre at constant tcmperatllre (labeled in 
O C) from eqllatio l1s (19) throllgh (21) , (25) , (27) , (33) , (37) , (39), (43) , (47), 
(49) , and (51) and coefficienls in tables 4, 5, 6, 9, 10, and 14. 

ENTROPY 
Computed values of the thircl law molal entropy of H 20 are given 

in table 27 ancl plotted in figures 37 ancl 38. Entropies for pressures 
kilobar were obtainecl by first evaluating the combined partial derivatives 
of equations (14) through (17) with respect to temperature at constant 
density; that is, 

p - StriJJle = 

p - - RTp 
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/ 

Fig. 33. Partial derivative of (ð ðPh with respect to temperature at constant 
pressure (table 20) as a fUllction of temperature at constant pressure (Iabeled in kb) 
computed from equations (19) through (22) , (24) , (25) , (32) , (33) , (36) , (38) , (39) , (42), 
(47) , (48) , (49) , (50) through (53) , and (56) and cocllicients in tables 4, 5 , 6, 9, 10, and 14 

he symbols esent n g 
rom of in 25. 

where Str;ple refers to the third law molal entropy of liquid H 2 0 at the 
triple point in joules g-l (table 2), ancl (ðQj ðT)p and repre-
sent partial derivatives of equations (15) and (16) given in the appendix 
(eqs A-43 and A-48, respectively). Entropies above a kilobar were com-
puted from 

T 

PA ,d a v 
/It--1\ 

T F 
P3 

T P 
P3 

(71) 

where Sp,T stancls for the third law molal entropy at the pressure and 
temperature of interest, Sp=1000.T refers to the corresponding entropy at 
1 kb, and V and a represent the molal volume and coefficient of isobaric 
thermal expansion as a function of pressure at the temperature of in-
terest. The integral in equation (71) for region A in figure 9 was evalu-
ated numerically using (21), (33), and (39) together with an 
equal-interval integration routine adapted from Arden and Astill (1970). 
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For temperatures > 5500 C in region B of figure 9, equation (71) was 
combined with the pressure integral of equation (39) to give 

5 6-i 
SP.T = L i Dij Ti-1 

i=Oj=O 
9 9-i - L L j (j+ 1) 

i=Oj=O 
(72) 
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where Ð ij and Ð ij represent the arrays of fìt for regions B and 

C, respectively, in table 10. For temperatures in region B , Ð ij in 
equation (72) is set to zero, and Sp=1000,T is replaced by Sp=1800,T in re-
gion A. SimilarIy , for temperatures and pressures in region C, Ð i; in 
equation (72) is set to zero, and (1800) is replaced by P. 

The entropies computed in this study for pressures above a kilobar 
are generally in close agreement with those calculated by Burnham, 
Holloway, and Davis (1969b); those for pressures below a kilobar are 
identical (except for the unit conversion and difference in conventions) 
to those given by Keenan and others (1969). Estimated uncertainties in 
the entropies given in table 26 for pressures above a kilobar are of the 
order of 0.5 percent or less. 

It can be seen in fìgure 37 that the entropy of H 20 in the liquid 
phase region decreases only slightly and exhibits a near-linear dependence 

TABLE 27 
Third law molal entropy (S) in cal mole-1 (OK)-l computed from 

equations (70) through (72) , values of V and a in tables 3 and 7 , 
and data in table 2-see 37 through 39 

PRESSURE! KB 

0.5 2 3 6 7 8 
25 16.71 16.65 16.58 16.2 16.1 15.9 15.8 15.6 (15.5) 
50 18.16 18.06 17.97 17.8 17.6 17.2 17.1 16.9 16.8) 
75 19.50 19.38 19.26 19.0 18.8 18.6 18.5 18.3 18.1 17.9) 

100 20.76 20.60 20.2 20.0 19.8 19.6 19.2 19.0 
125 21.59 21. 3 21.1 20.8 20.6 20.2 (20.1) 
150 .06 22.3 22.1 21.8 21. 6 21.2 (2 1. 0) 
175 23.67 23.3 23.0 22.8 22.5 22.3 22.1 (2 1. 9) 
200 25.17 23.9 23.7 23.2 23.0 (22.8) 
225 26.17 25.1 23.8 23.6) 
250 27.16 26.76 26.0 25.6 25.3 25.0 
275 27.31 26.8 26.1 25.8 25.6 25.3 (25.1) 
300 27.6 27.1 26.8 26.5 26.3 26.1 25.8) 
325 30.20 28.95 28.3 27.9 27.5 27.2 27.0 26.7 (,6.5) 
350 30.38 29.75 29.0 28.6 28.2 27.9 27.6 {{27.2) } 
375 29.7 29.2 28.5 28.2 28.0 27.8 

32.37 31.33 29.9 29.5 29.1 28.9 28.6 
33.53 32.11 31. 1 30.5 30.1 29.7 29.2 (29.0 

31. 7 31. 1 30.7 30.3 30.0 29.7 29.5 
475 36.27 33.67 31.7 31.2 30.8 30.5 30.2 30.0) 
500 33.0 32.2 31.7 31. 3 31. 0 30.7 (30.5) 
525 38.30 35.20 33.5 32.8 32.2 31. 8 31. 5 31.2 (30.9) 
550 39.02 33.3 32.7 32.3 32.0 31.7 
575 34.6 33.7 33.1 32.7 32.3 32.0 (3 1. 8) 
600 37.31 35.2 33.6 33.2 32.8 32.5 {((323} } } 625 37.93 35.7 33.7 33.3 33.0 32.7 
650 11 38.50 36.2 35.2 33.8 33.2 
675 39.03 36.8 35.7 35.1 33.9 33.6) 
700 39.52 37.2 36.2 35.5 35.0 
725 ({{37.7) ({36.6} (((35.9)}} (35.0}}} } 
750 
775 (38.5) 36.7) (36.2) (35.8) ) 
800 37.I}{(36.5}) 36.1 ( {35.8}{35.5) 
825 
850 
875 
900 
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on pressure as pressure increases isothermally from 0.001 to 10 kb. In the 
steam phase region the entropy of H 20 increases rapidly and 
cally with decreasing pressure at constant temperature. With 
pressure above '" 2 kb, the effect of the critical phenomenon on the 
entropy of H 20 diminishes and disappears (fig. 38). Isentropes are plotted 
in figure 39, where it can be seen that (éJP / éJT)s (which is equal to 
Cp/TVa) at 25 0 C decreases from '" 550 bar (OK)-l at low pressures to 
'" 330 bar (OK)-l at 5 kb, and then increases to'" 380 bar (OK)-l at 10 kb. 
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putcd from equations (67) and (68) and valucs of e, E I éJT) I" and 
(éJ(éJ In in tables 15 through 17 and 20. 
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As entropy and temperature increase at a given pressure, (ðP/ðT)s de-
creases asym ptotically, < 1 bar (OK)-l in the steam phase 
reglOn. 

1159 

HEL\IHOLTZ AND GIBBS FREE ENERGIES 

The values of the apparent molal Helmholtz free energy of forma-
tion of H 2 0 for pressures "'" a kilobar in table 28 and figures 40 and 
41 were computed from equations (9) and (14) through (17) using data 
given in table 2. Corresponding apparent molal Gibbs free energies of 
formation (table 29 and figs. 42 and 43) were then calculated from equa-
tions (3) and (8) using data in table 2, values of A - AtrilJle computed from 
equations (14) through (17), and specific volumes calculated from equa-
tion (19). For pressures greater tha l1 a kilobar, apparent molal Gibbs 
free el1ergies of formation were computed from 

(73) VdP 
DA 

+ T F 
G A --T P 

G A 

with the aid of equation which ca l1 be integrated for region 1 in 
figure 3 to give 

'ro t' 1n (P' /1000) VdP 
AU AU 

pf4 
DA 

(71) a" t '1n ) 

where aij designates the array of fit coefficients for regio l1 1 (table 5) , åi} 
stands for the array coefficie l1ts for region 2 (designated as aij i l1 
table 6), and bars for temperatures "'" 4100C but correspo l1ds 
to the upper pressure limit of region 2 3 for 4100C "'" t < 8000C 
where p* = 1300 + 1.22449 (t - 410). For pressures and temperature in 
region 2 of figure in (74) is set to zero and P* is replaced 
by P. Vallles of at pressures above a kilobar were complltecl from 

(75) 
ÁAp,T = ÁAp=1000,T + (ÁGp,T -

- PVp,T + 1000Vp=looo.T 
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(70) through (72), data in table 2; and coefficiellts in tables 4, 5, 9,' and '10: 
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The results of the free energy calcu1ations are summarized in tab1es 28 
and 29 and fìgures 40 through 45. Estimated uncertainties in the va1ues 
given in tab1es 28 and 29 for pressures > a ki10bar are of the order of 
0.1 percent or 1ess. 

As indicated above, the Gibbs free energies of H 20 calcu1ated by 
and Davis (1969b) are not consistent with those 

computed in this study, which a1so di fIer from those reported by Pistorius 
and Sharp (1960, 1961). The 1atter authors referred their va1ues to the 
interna1 energy of an idea1 gas at abso1ute zero. Burnham, Holloway, and 
Davis used equation (4) to calcu1ate Gibbs free energies for pressures be-
low a kilobar from values of H and S given by Bain (1964), which are 
attually equal to H-HtriPle and respectively. The 
energy va1ues reported by Burnham, Holloway, and Davis thus contravene 
the third law properties of H 20 in other compi1ations by requiring 

- Htriple - T(S - Striple) . (76) 

Equation (76) is va1id on1y if temperature is he1d constant or Striple = 0, 
which is the = 

600 900 1000 

Fig. law molal entropy (table 27) as a function of temperature at constant 
i':l kb). .(19) through (33), and (70) 

through (72), data in table 2,-and coefficienÎ:s in tables 4, 5, and 10. 
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with the 5th International Conference on the Properties of Steam. 
Burnham, and Davis then used equation (73) to compute 
Gibbs free energies of H 20 at higher pressures. The Gibbs free energies 
computed in this study differ from those given by Burnham, 
and Davis by - StriPle (T - T tr). 

It can be seen in figure 40 that the apparent molal Helmholtz free 
of formation of H 20 is relatively insensitive to isothermal changes 

in pressure compared to its Gibbs counterpart 42), except in the 
steam phase region where the two variables decrease rapidly with de-
creasing pressure and approach each other at low pressures. At high pres-
sures, both ßG and ßA approach linear functions of pressure at constant 
temperature, but as temperature increases at constant pressure, ßA be-
comes increasingly more sensitive to pressure than ßG (figs. 41 and 43). 
At 9000 C, an increase in pressure from 1 to 10 kb causes a change of 
more than 7 kcal mole- 1 in ßG compared to <5 kcal mole-1 in ßA; in 
contrast, at 300 C the same pressure change results in ,_, 3.5 kcal mole-1 

of change in ßG but < 0.5 kcal mo1e- 1 in ßA. Isopleths for these two 
functions are shown in figures 44 and 45 where (aPjaT)A (which is equal 
to can be compared with (ap/aT)G (that is, SjV), which 
is considerably more positive throughout the pressure-temperature range 
considered. 

ACTIVITY AND FUGACITY 

The activity of H"O is defined as 

(77) 

where fO stands for the fugacity of H 20 in the standard state (which is 
specifìed at 1 bar). The fugacity of H 20 is related to its pressure by 

(78) 

the fugacity coefficient. Taking account of the relation, 

lna= 
RT 

(79) 

it follows that 

(80) 

and we can write 

T 

\l/ VA-n-HA V 1 
RT P 

(81) 
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(73) -through (75) , -data in tablc '2., aml coefficicnts in tablcs 4, 5, and 6. 
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(82) 

Hence, for a given temperature, 

dP= f 
where z is the compressibility factor defined by 

(83) 
For pressures a ki10bar, the fugacity coefficient of H 20 can be 

computed by first rearranging equation (19) as 

z = PV/RT 

(84) 
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Fig. 41. Apparent molal Helmholtz free energy of formation (table 28) as a func. 
tion of temperature at conslant pressure (labeled in kb) computed from equations 
(8), (9), (14f through (17), (19), tO), and (73) through (75), data in table 2, and coeflì. 
cients in tables 4, 5, and 6. 
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TABLE 28 

Apparent mo1a1 He1mho1tz free energy of formation (ÀA) 
in kca1 mo1e- 1 computed from equations (3), (14) through (17) , 

and (73) through (75) , data in tab1e 2 , and va1ues of V in tab1e 
see figures 40, 41 , ancl44 

PRESSURE , KB 
0.5 3 5 6 

25 -55.812 -55.809 -55.76 -55.73 -55.69 -55.66 -55.62 -55.58 
50 -56.248 -56.19 -56.16 -56.13 -56.09 -56.06 -56.02 -55.98 
75 -56.719 -56.717 -56.711 -56.69 -56.66 -56.60 -56.56 -56.52 

100 -57.222 -57.220 -57.213 -57.19 -57.17 -57.13 -57.10 -57.06 -57.02 -56.98 
125 -57.756 -57.72 -57.69 -57.66 -57.63 -57.59 
150 -58.319 -58.316 -58.308 -58.22 -58.18 -58.05 -58.01 
175 -S8.g09 -58.905 -58.897 -58.87 -58.80 -58.76 -58.71 -58.67 -58.62 -58.53 
200 -:;9.526 -59.521 -59.511 -59.31 -59.26 -59.22 -59.17 
225 -60.168 -60.162 -60.150 -60.12 -60.07 -60.03 -59.98 -59.93 -59.88 -59.83 -59.78 
250 -60.828 -60.73 -60.68 -60.63 -60.47 
275 -6 1. 528 -6 1. 518 -6 1. 500 -61.35 -61.29 -61.13 -61.07 
300 -62.233 -62.210 -62.16 -62.1 -6 1. 92 -61.86 -6 1. 81 
325 -62.973 -62.88 -62.82 -62.75 -62.69 -62.62 -62.56 -62.50 
350 -63.63 -63.55 -63.34 -63.28 -63.21 
375 -64.537 

-65.370 -65.283 -65.17 -65.08 -64.91 -64.68 
425 -66.253 -66.112 -65.98 -65.87 -65.77 -65.68 -65.58 -65.52 -65.36 

-67.211 -66.969 -66.57 -66.38 -66.30 -66.21 -66.13 
-67.853 -67.38 -67.28 -67.18 -67.09 -67.00 -66.91 

500 -69.325 -68.766 -68.50 -68.35 -68.21 -68.10 -67.99 -67.90 -67.80 -67.70 
525 -69.708 -69.38 -69.20 -69.06 -68.93 -68.82 -68.72 -68.61 -68.51 
550 -71.502 -70.679 -70.28 -70.08 -69.92 -69.78 -69.66 -69.55 -69.33 
575 -]2 .597 -ï1 .676 -71.20 -70.97 -70.79 -70.65 -70.52 -70.17 
600 -73.697 -71.68 -]1 .52 -71.39 -71.26 .02 
625 -73.731 -73.08 -]2 .79 -72.58 -72.27 -72.13 -]2 .00 -71.87 
650 -73. ]2 -73.31 -72.88 
675 -77.031 -75.03 -73.91 -73.76 -73.62 
700 -76.03 -75.63 -75.36 -75.15 
725 -78.001 -77.04 -76.60 -76.30 -76.08 -75.90 -75.73 -75.57 
750 -79.092 -78.06 -77.58 -77.27 -77.03 -76.83 -76.65 -76.32 
775 -81.558 -80.191 -79.09 -78.57 -77.78 -77.59 
800 -80.13 -79.58 -79.22 -78.95 -78.73 -78.54 -78.35 -78.17 
825 -83.857 
850 
875 -86.177 
900 

which can be combinecl with eqllation (82) to give 
p 

111 d 1n P (85) 
/ 

TIIe integral 011tileright side of f1' 

tlrcorrmpondil1g intEgral for P=0.00l to P=I , which yiElds the val s 
bar shown in tab1e 25. Be10w 1000C, the va1ues bar in tab1e 30 

cor1'esponcl to those of metastab1e steam. 

For the stfindfl11l state adopted iIIthis study, tlmfugacity cOEmdent 
of H2O at I 132iris related tothe al}parentmolal Gibbs free enErgy of 
H 20 in the standard state (ÀGO) by3 

.:'..GO = ÀG, 1m" - RT 111 Xl (86) 
3 The values of 29 and 31 , respcctively, are consistent 

with = ca_l mol.e-\_ which corresponds to the stan'cta;'ct-

mole-1.r v 
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which permits calculation of the fugacity and fugacity coefficient of H 20 
at higher pressures f1'om equations (78) and (79). Values of f and X com-
puted in this manne1' (tables 30 and 31) a1'e in close agreement with co1'-

1'esponding values given by Burnham, Holloway, and Davis (1969b) , Haas 
(1970) , and Ande1'son (1964, 1967). Estimated unce1'tainties in the values 
of f and X given in ta bles 30 and 31 are of the orde1' of 1 pe1'cent 0 1' less. 

The fugacity of H 20 is plotted in figures 46 and 47 , whe1'e it can be 
seen that H"O exhibits relatively large negative departures from ideality 
at low tempe1'atures ancl pressures which diminish with increasing pres-
sure and temperature toward line A' in figure 48. At pressures ancl tem-
peratures along this line, H"O behaves as an ideal supercritical phase, 
but at higher pressures ancl temperatures it exhibits positive departures 
from icleality which increase with increasing pressure ancl temperature. 
Although not shown in figure 48, line A' its trend r 

an <cl swings back the steam r gion at low 
ancl high where H"O behaves as an icleal gas. 

-52 

_j -72 
4 
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-76 
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.-- -- ---
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10 

Fig. 42. Apparcnt molal Gibbs free cnergY formalion , (t_able 29) as a 
of at .cônstant tcmpcrature 10 09 from (3)" (8), 
(9): (14) through (17) , (19) , (20) , (73) , ànd (74) , data in table 2, and coefficients in tables 
4, 5, and 6. 
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INTERNAL ENERGY AND ENTHALPY 

The apparent molal internal energies of formation of H 20 (AE) 
given in table 32 and plotted in fìgures 49 and 50 were computed from 

+ T5 - T tr (87) 

using data in table 2 and the values of 5 and AA computed above. Cor-
responcling values of the apparent molal enthalpy of formation of HeO 
(table 33) were then in a similar manner from 

AH = AHtriple + (AE - AEtrWle) + PV - P tr (88) 

It can be seen in fìgure 49 that (ðAE/ðPh throughout the 
region considerecl ((ðAE/ðPh = which 

-92 
900 1000 

Fig. 43. Apparent molal Gibbs of formation (table 29) as a function 
?}, 111 kb). com.pllted from eqiIations (8) , 

(14) through (17), (19), (20), (73) , and (74) , data 'in table 2, and coefÎìcienls 
4, 5, and 6. 
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Fig. 46. Fugacily (lable 31) as a fUllction of tempel'alure at conslant 
pressure (Iabelcd in kb) computed from equalion (78) and lhe fugacity 
coeffìcienlS ill tahle 30. 
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f?ntrasts with(OAH/OP)T·TIIe latter function(which is Equal to V(I-
Id))isnEgadve in the steam phase rEgion aS WEll as in the liquid phase 
region above ,.., 3000 C at pressures less than ,.., 1 to 3 kb (depending on 
the temperature) but positive at high pressures and all temperatures 

51). The minima in the 51 dampen witl{ decreas-
and clisappear below ,.., 3000 C, where (að.Hj aPh for 

liquid H 20 is positive at all pressures. 
The isobaric temperature dependence of ð.E is shown in figure 50, 

where it can be seen that the family of isobars fans out to an increasing 
clegree with At high temperatures, 
(which is equal to Cp - with at 
constant pressure. 1n contrast, (að.E j aT)p i ncreases as tem perature in-
creases isobarically below ,.., 4000 to 5000 C. Similar behavior is eviclent 
in figure 52, where the isobars for the apparent molal enthalpy of forma-
tion exhibit a sigmoid dampens ancl clisappears with 

pressure. As a consequence , the slopes of the isenthalps in 
figure 54, which are clefinecl by the reci procal of the J oule-Kelvin êoeffì-
cient ((TVa - V)jCp ) , change from positive to negative values as pres-
sure increases across the J 

TABLE 29 
Apparent molal Gibbs free energy of formation (ð.G) in kcal mole- 1 

computed from equations (3) , (8) , (9) , (14) through (17) , (73) ancl (74) , 
clata in table 2, and values of V in table 3-see figures 42. 43 , ancl45 
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In contrast, the analogous curves for aE in fìgure 53 have positive slopes 
- PVa)/(PVß - at all the pressures and tem-

peratures considered. Taking account of the difference in units and con-
ventions, the values of aH and aE computed in this study are closely 
consistent with the enthalpies and internal energies reported by Keenan 
and others (1969) and Burnham, Holloway, and Davis (1969b). Estimated 
uncertainties in the values of aH and aE given in tables 32 and 33 for 
pressures > a kilobar are of the order of 0.2 percent or less. 

HEAT CAPACITY 

The heat capacity of H 20 at constant volume (Cv) or pressure (Cp) 
can be computed by fìrst taking the partial derivative of equation (70) 
with respect to temperature at constant density, which leads to 

- (89) 

where WQ/ðT2)p , and ðT2) refer to the partial deriva-
tives of equations (15) and (16) numbered (A-43), (A-44), and (A-49) in 
the appendix. The heat capacity at constant volume is related to the heat 
capacity at constant pressure by 

(90) 

which was used together with equation (89) and the values of and 
I! computed above to calculate the heat capacities given in tables 34 and 
35 and those plotted in fìgures 55 and 56 for pressures a kilobar. The 
values of Cp in the tables and diagrams for pressures above a kilobar 
were computed from 

huu 

T 

P ,G 
F 

+ a V 

nu 

--ov •••••• 
,,
EA p 

T T P C 

which f>artial differentiation of equation (80). The integral 
_side of equation (91) was evaluated for region A in fìgu;e 9 

with the aid of equations (33), and (37) and an equal-interval 
_i_ntegration routine adapted from Arden and Ãstill (1970). 

Corresponding calculations for regions B and C were carried out by 
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Fig. 52. Apparent molal enthalpy of 33) as a f_unc-
tion of temperaturc at constant pressure (labeled in kb) computed from 
equatiou (88) , data iu tablc 2, and the values of V and ßE in tables 3 
and 32 1, 2, 49, alld 50. 



llAH{KCAL 

\ \ \ 
\ \ I 

\ J. -52 \ -54 -( 
-561! 

i i1 
JOULE-KELVIN : 
1 

,1"l 
l j 

/ / 
/ / 

/ 
STEAM 

8 

11lili--iAM 

10 

7 

8 

9 

3 

2 

300 400 500 600 700 800 
TEMPERATURE.OC 

Fig. 55. Isobaric molal heat capacity (tablc 34) as a function of 
tcmpcral \ll'c al COllstant prcssurc (labcled in from 
cqualions (19) through (21) , (25) , (27) , (33) , (37) , (43) , and (89) through 
(93) and cocflicie l1ls in tables 4, 5, 6, and 10 (solid curvcs). The clashed 
curves from 100 0 10 600 0 C rcpresent graphic interpolation across the 
boundary between regiolls A and B in figurc 9 (sce tcxt). 

|ob 
400 500 600 700 

TEMPERATURE, 0 C 
Fig. 54. in kcal molc-') as a fllnclio l\ of pres-

surc and lcmpcralllrc (tablc 33 51 and 52). 

1000 900 800 300 200 100 



/ 
/ 

/ 
16/ 

/' 

4 5 6 7 
PRESSURE, KB 

Fig. 56. Isobaric molal heat capacity (table 34) as a function of 
pressure at constant tcmperature (Iabeled in o C) computed from equa-
iions (19) through (21). (25). (27) , (33) , (37) , (43), and (89) through (93) 
and coefficients in lables 4, 5, 6, 9, and 10 (solid curves). The dashed 
curve for 500 0 C represents graphic interpolation across the boundal'y 
belwcen regions A and B in 9 (see text). 

10 9 8 3 2 



01 the behavior 01 aqueous elect1'01ytes: 1. 1177 

differentiating equation (39) with respect to temperature at constant 

pressure, which leads to 

î+k-i I } = "5' "5' i(i-l)Dij Ti-2 pj (92) 

Hence, for temperatures > 5500C in region B of fìgure 9 , 

f (J 
P=1000 / T i=O j=O 

( 

9 
i(i-l)Dii Ti-2 ( )/(j+l) (93) 

i=Oj=O 
TABLE 30 

Fugacity coefficient equations (77) through (79), 
(82), (85), and (86) and values of V and ßG in tables 3 and 29 

PRESSURE. KB 
0.001 0.5 2 3 5 6 7 

25 0.9995 0.0331 0.0001 0.0001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
50 0.9968 0.1270 0.0003 0.0002 0.000 0.000 0.000 '0.001 0.001 0.001 0.002 0.003 
75 0.3912 0.0010 0.0007 0.001 0.001 0.001 0.001 0.002 0.003 0.005 0.007 

0.9838 0.9851 0.0027 0.0018 0.002 0.002 0.002 0.003 0.004 0.006 0.009 0.014 
125 0.9888 0.0060 0.003 0.004 0.005 0.006 0.009. 0.012 0.017 
150 0.9915 0.0120 0.0078 0.007 0.007 0.009 0.011 0.015 0.021 0.029 
175 0.9397 0.0141 0.012 0.013 0.015 0.019 0.025 0.033 0.061 
200 0.0366 0.0236 0.019 0.020 0.038 0.050 0.066 0.089 
225 0.9960 0.0577 0.0369 0.029 0.031 0.036 0.055 0.071 0.093 0;122 
250 0.8572 0.9966 0.0859 0.045 0.051 0.062 0.077 0.097 0.125 0.162 
275 0.8221 0.9971 0.1219 0.0773 0.061 0.062 0.070 0.083 0.102 0.128 0.163 0.208 

0.1050 0.082 0.083 0.092 0.109 0.132 0.163 0.205 0.259 
325 0.9978 0.2176 0.1377 0.106 0.107 0.118 0.138 0.166 0.203 0.252 0.315 
350 0.69903.99q8s 0.171 0.203 0.303 0.375 
375 0.99 0.2169 0.167 0.165 0.180 0.207 0.293 0.357 
400 0.2622 0.202 0.199 0.216 0.287 

0.3100 0.239 0.235 0.253 0.286 0.333 0.571 
0.9991 0.278 0.273 0.293 0.329 0.380 0.533 

475 0.5990 0.312 0.501 0.593 0.708 
500 0.9993 0.6481 0.361 0.353 0.376 0.556 
525 0.5070 0.611 0.715 
550 0.9995 0.7259 0.5528 0.510 0.577 0.665 0.775 0.909 
575 1.0000 0.7575 0.5960 0.627 0.719 0.833 0.973 
600 1. 0000 0.6358 0.527 0.517 0.675 0.771 0.890 
625 1.0000 0.8087 0.566 0.557 0.587 0.722 0.821 1.093 
650 1. 0000 0.8297 0.7057 0.603 0.595 0.628 0.686 0.767 0.870 0.997 1. 150 
675 1. 0000 0.8482 0.7359 0.639 0.632 0.667 0.727 0.811 0.917 1.203 
700 1.0000 0.7633 0.673 0.668 0.704 0.767 0.853 0.962 1. 095 
725 1. 0000 0.8791 0.7880 0.705 0.703 0.805 1. 1.302 
750 1. 0000 0.8920 0.8103 0.735 0.735 0.775 0.932 1.046 
775 1 .0000 0.763 0.766 0.808 0.877 0.969 1. 085 1. 225 1. 390 
800 1.0000 0.9137 0.789 0.795 0.839 0.91'0 1. 004 1. 122 1. 263 
625 1.0000 0.9228 0.8651 
850 1.0000 0.9311 0.8799 
875 1.0000 0.9385 
900 1.0000 0.9056 
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where Ðij and Ð ij again stand for the arrays of fit coefficients for regions 
B and C, respectively, in table 10. For temperatures 5500 C in region 

B, D ij in equation (93) is set to zero, and Cp =1000 ,T in equation (91) is re-
placed by Cp =1800 ,T in region A. For temperatllres and pressllres in region 
C, Ð ij in equation (93) is set to zero, and (1800) is replaced by P. 

The heat capacities computed in this study for pressures a kilobar 
are in close agreement with those given by Schmidt (1969) and (graphi-
cally) by Keenan and others (1969). Estimated uncertainties in the values 
of Cp shown in table 34 for pressures > a kilobar are of the order of 2 
percent or less. Values of Cy at pressures > a kilobar are not given in 
table 35 owing to the high sensitivity of Cy to small errors in a and ß. 
Errors of a few percent in these may lead to errors > 10 per-
cent in C,.. Because the uncertainty in the values of a and 
above are of this order of magnitude, the values of Cy computed for 
pressures > a kilobar exhibit inconsistencies with those for pressures 
below a kilobar. Accurate values of Cp above 7000 C and a kilobar cannot 
be computed from equations (91) and (93) owing to the relatively high 

TABLE 31 

Fugacity (1) in bars computed from equation (78) and the fugacity 
coefficients in table 30-see 46 through 48 

PRESSURE. KB 
SAT 0.001 0.5 2 3 6 

25 0.0317 0.0331 2 3 6 11 
50 0.1231 0.1270 0.172 0.239 2 3 5 9 16 28 
75 0.3829 0.3912 0.715 2 7 13 22 37 63 

100 0.9970 0.9851 1.802 3 6 10 16 27 75 
125 3.002 3.971 7 12 19 32 52 85 137 219 
150 0.9915 5.991 7.835 13 22 36 58 92 230 359 
175 8.3819 10.889 14.109 23 38 60 96 150 233 359 550 
200 0.9950 18.315 23.551 38 61 96 229 350 530 797 
225 36.859 59 93 219 332 1101 
250 0.9966 86 205 308 681 1001 1461 
275 0.9971 60.931 77.255 121 186 614 897 1301 1875 
300 67.2733 0.9975 82.930 163 370 793 1145 2336 
325 0.9578 108.801 137.696 213 321 474 690 995 1422 2016 
350 0.9982 138.163 175.201 592 1726 3380 
375 216.911 722 1033 1463 2052 2856 

262.155 597 863 1227 3311 
0.9989 238.320 705 1013 1431 1997 2759 3781 
0.9991 270.780 556 818 1171 2281 5756 

475 0.9992 638 936 2572 6371 
721 1058 1502 2091 2869 3893 6983 

525 506.973 1181 1673 2319 5719 7588 
550 362.965 552.790 889 1305 1845 6197 8180 
575 1.0000 378.758 596.026 973 2016 2776 3761 5032 6667 8758 
600 1.0000 392.388 635.828 1053 1551 2185 5397 7120 9311 
625 5751 7557 
650 1.0000 1206 1786 2510 6093 7976 
675 735.925 1278 1898 2666 8378 10829 
700 763.300 
725 788.030 1410 2108 2961 4026 5363 7038 9126 11718 
750 1.0000 2206 3099 5595 
775 1526 2298 5816 7596 9797 12506 
800 1. 1578 2386 6026 12865 
825 865.082 
850 879.938 
875 
900 



01 the thennodynarnic behavior 01 aqueotls electrolytes: 1. 1179 

sensitivity of Cp to errors in calcu1ated from equation (37). 
Inter-regional cliscrepancies in the values of this derivative at 
tim boundary separating regions A and B in agure9also PIEdude cal-
culation of values of Cp in the temperature interval ,_, 4500 to 
5500 C above a kilobar. The values of Cp given for this interval in table 
29 were obtainecl by graphic interpolation of the dashecl of the 
curves in fìgure 55. The-heat capacities computed in this _for p:-es-
sures > a kilobar compare fävorably with those reported by jåza, 
Kmoní i'ek, ancl sifner (1966) and Tödheicle (1972). 

Owing to the drastic e lIect of the critical phenomenon on the heat 
capacity of H 20 , the isobars in 55 exhibit extrema that dampen 
progressively ancl shift to higher temperatures as pressure íncreases trom 
the critical point (where The amplitude of the extrema in the 
isobars for pressures > 5 kb is < 1 ca1 mole- 1 (OK) -1 (fìg. 55) , but at 
high temperatures Cp decreases rapid1y with increasing temperature at a11 
(constant) pressures. It is apparent in fìgure 56 that the high-temperature 

TABLE 32 
Apparent mola1 internal energy of formation (ð.E) in kcal mole- 1 

computecl from equation (87), data in table 2 , and values of ð.A 
in table 28-see fìgures 49, 50, and 53 

PRESSURE , KB 
0.5 3 5 6 7 8 

25 -67.5 -67.5 -67.6 -67.6({-67.6} ) 
50 -66.986 -67.016 -67.041 -67.1 -67.1 -67.2 -67.2 -67.2 (-67.2 
75 -66.536 -66.579 -66.7 -66.8 -66.8 -66.8 -66.8 (-66.8) 

100 -66.3 -66.3 -66.3 -66.5 (-66.5) 
125 -65.628 -65.700 -65.758 -65.8 -65.9 -66.0 -66.0 -66.1 -66.1 (-66.1) 
150 -65.168 -65.257 -65.329 -65.5 -65.6 -65.6 -65.7 -65.7 (-65.8 
175 -65.0 -65.1 -65.2 -65.3 -65.3 
200 -64.358 -64.8 
225 -63.738 -63.900 -64.025 -64.5 } 
250 -63.236 -63:9 
275 -62.711 -62.959 -63.138 -63.5 -63.7 -63.8 -63.8 -63.9 
300 -62.152 -62.688 -63.0 -63.1 -63.3 -63.5 -63.5 (-63.6) 
325 -6 1. 539 -6 1. 956 -62.231 -62.6 -62.8 -62.9 -63.0 -63.1 -63.2 (-63.2 
350 -60.818 -61.766 -62.1 -62.5 -62.7 -62.7 -62.B((-62.9) ) 
375 -60.832 -61.289 -61.7 -62.0 -62.1 -62.3 -62.5 (-62.5 
400 -60.189 -60.800 -61.3 -61.6 -61.8 -6 1. 9 -62.0 -62.1 (-62.2) 

-60.300 -60.9 -61.2 -61.5 -6 1. 7 -61.8 (-61.8) 
-58.589 -59.788 -60.5 -60.8 -6 1. 0 -61.2 -61.3 
-57.724 -60.6 -60.8 -61.0 -61.1 (-61.2) 

500 -57.013 -59.6 -60.3 -60.5 -60.6 -60.7 (-60.8) 
525 -58.218 -59.2 -59.7 -59.9 -60.1 -60.3 
550 -55.988 -57.702 -58.8 -59.3 -59.6 -59.8 -59.9 -60.1 (-60.2) 
575 -59.0 -59.3 -59.5 -59.7 -59.8 <-59.9) 
600 -55.220 -58.6 -59.1 -59.3 
625 -57.6 -58.2 -58.5 -58.8 -58.9 -59.1 (-59.2) 
650 -57.2 -57.8 -58.1 -58.6 -58.7 (-58.9) 
675 -56.8 -57.4 -57.8 -58.0 -58.2 
700 -53.978 -55.066 -57.0 -57.4 -57.7 -57.9 -58.0 (-58.2) 
725 -53.698 (-56.7) <-57.0) (-57.3) (-57.5) (-57. 7) <-57.8) 
750 (-55.6) (-56.3) <-56. 7) (-57.0) (-57.2) <-57.5) 
775 -53.163 (-55.3) (-55.9) (-56. 7) (-56.9 (-57.0) 
800 <-55.6) <-56.0) (-56.3) (-56.5) (-56.8) (-56.9) 
825 -52.650 
850 -53.108 
875 -52.155 -52.820 
900 -5 1. 912 
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isotherms maximize between 1 and 2 kb. The relations shown in fìgures 
55 and 56 lead to the of isopleths depicted in fìgure 57, 
where it can be seen that the isopleths ring the "infìnite peak" of the 
critical point in an elongated pattern. 

SUMMARY OF THE PROPERTIES OF AT SATURATION 

The thermodynamic and electrostatic properties of steam-saturated 
liquid H 20 at closely spaced intervals from 00 to 3500 C are given in 
tables 36 through 40. The numerical data in these tables were computed 
in the manner described above. The values of P, V, .:iE, .:iH , and S cor-
respond (after unit and convention conversion) to those given by Keenan 
and others (1969). The and coefficients shown in the 
tables are in close agreement with those computed by Haas (1970), as are 
the values of a and those calculated for 1 atm by Kell (1967). The 
heat capacities are in accord with Schmidt's (1969) tabulation, and the 
values of the dielectric constant are consistent with those given by Oshry 

TABLE 33 
Apparent molal enthalpy of formation (.:iH) in kcal mole-1 

computed from equation (88), data in table 2, and values of .:iE 
in table 32-see fìgures 51 , 52, and 54 

PRESSURE , KB 
0.5 2 5 6 7 8 

25 -68.315 -68.119 -67.930 -67.6 -67.2 -66.9 -66.5 -66.2 -65.9 (-65.6) 
50 -67.865 -67.681 -67.501 -67.1 -66.8 -66.5 -66.1 -65.8 -65.5 (-65.2) 
75 -67.069 -66.7 -66.1 -65.7 -65.1 

100 -66.962 -66.799 -66.635 -66.3 -66.0 -65.7 -65.3 -65.0 -64.7 
125 -66.506 -66.355 -66.199 -65.9 -65.6 -65.2 (-64.0) 
150 -65.907 -65.761 -65.5 -65.1 -63.9 (-63.6) 
175 -65.575 -65.320 -65.0 -63.8 -63.5 (-63.2) 
200 -65.096 -63.7 -63.1 (-62.8) 
225 -63.9 -63.6 -63.3 -63.0 -62.7 
250 -63.971 -63.7 -63.5 -63.2 -62.6 -62.3 (-62.0) 
275 -63.556 -63.572 -63.512 -63.3 -63.1 -62.8 -62.2 -6 1. 9 (-61. 6) 
300 -62.979 -63.070 -63.045 -62.9 -62.6 -62.1 -6 1. 8 -6 1. 5 (-5 1. 2) 
325 -62.338 -62.569 -62.2 -62.0 -61. 7 -6 1. 1 (-60.8) 
350 -6 1. 573 -62.0 -61.8 -61.5 -6 1. 3 -61.0 -60.7 (-60. 1,) 
375 -61.375 -61.579 -61.5 -60.9 -60.6 -60.3 (-60.0) 

-60.695 -6 1. 059 -61.1 -60.9 -60.7 -60.5 -60.2 -59.9 <-59.6) 
-59.896 -60.522 -60.6 -60.5 -60.3 -60.1 -59.8 -59.5 (-59.3) 

-59.966 -60.2 -60.1 -59.9 -59.7 -59.1 (-58.9) 
-57.919 -59.7 -59.5 -59.3 -59.0 -58.8 (-58.5) 

500 -59.3 -59.2 -59.1 -58.9 -58.6 
525 -58.8 -58.8 -58.7 -58.5 -58.3 -58.0 (-57.8) 
550 -55.765 -57.613 -58.3 -58.1 -57.9 -57.6 
575 -58.0 -58.0 -57.8 -57.6 -57.3 (-57.1) 
600 -57.5 -57.6 -57.5 -57.3 -57.1 -56.9 (-56.8) 
625 -55.906 -57.0 -57.1 -57.1 -57.0 -56.7 -56.5 (-56.3) 
650 -55.385 -56.5 -56.7 -56.6 -56.5 -56.3 -56.1 (-55.9) 
675 -53.562 -56.0 -56.2 -56.2 -56.1 -55.9 -55.7 
700 -53.193 -55.5 -55.8 -55.8 -55.7 -55.5 -55.3 (-55.0) 
725 -52.837 -53.967 (-55.1) (-55.1) 
750 -53.536 (-55.0) (-54.9) 
757 (-54.3) (-54.2) (-53.9) 
800 -51.829 -52.722 (-53.8) (-53.8) (-53.6) 
825 -51.508 -52.337 
850 -51.193 -51. 963 
875 -50.883 -51.601 
900 -50.577 
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(ms) and Owen and others (1961). In contrast, the logarithmic partial 
derivatives of table 36 differ from those computed for 1 atm by 
Owen and others, who derived their values by regressing dielectric con-
stant data from 00 to 700 C and 1 to 1000 bars with a quadratic power 
function of temperature and pressure. The partial derivatives of ln e in 
table 36 also differ somewhat from the estimates computed by Sen and 
Cobble (1974). 

CONCLUDING REMARKS 

The equations presented above permit calculation of a large number 
of thermodynamicjelectrostatic properties of H 20 in addition to those 
discussed in the foregoing pages. Owing to space limitations, many of 
these could not be included in this summary, but some are the subject of 
the following communication (Helgeson and Kirkham, 1974a). The cal-
culations make it possible to predict the consequences of geochemical 

TABLE 34 
Isobaric molal heat capacity (Cp ) in cal mole-1 (OK)-l computed from 

equations (89) (93) and values of ß, and 
in tables 3, 7, 8, and 13-see fìgures 55 through 57 

PRESSURE , KB 
0.5 2 3 5 6 7 B 

25 18.01 17.09 16.7 16.5 16.3 16.2 16.2 16.2 (16.2) 
50 17.99 17.56 16.8 16.5 16.3 16.2 16.1 16.1 (16.0) 
75 18.05 17.65 17.35 16.9 16.6 16.2 16.1 16.0 15.9) 

100 18.15 17.72 17.39 16.9 16.6 16.3 16.1 16.0 15.9 (1 5.8) 
125 13.32 17.83 16.9 16.6 16.3 16.1 16.0 15.9 (1 5.8) 
150 18.57 17.99 17.57 17.0 16.6 16.3 16.1 15.9 (1 5.8 
175 18.90 18.20 17.72 17.1 16.7 16.2 16.0 15.9 (15.8) 
200 19.35 17.89 17.1 16.7 16.2 15.9 (15.8) 
225 19.97 18.76 18.07 17.2 16.7 16.2 16.1 15.9 (15.9) 
250 20.89 19.16 18.27 17.3 16.8 16.2 16.1 16.0 (15.9) 
275 18.52 16.8 16.5 16.2 16.1 15.9 (15.9) 
300 20.51 17.5 16.9 16.5 16.2 16.1 15.9 (15.9) 
325 29.52 21.65 19.26 17.7 17.0 16.5 16.3 16.1 16.0 15.9) 
350 23.25 19.79 17.9 17.1 16.6 16.3 16.1 16.0 (15.9) 
375 25.57 18.1 17.2 16.7 16.1 16.0 (15.9) 

29.18 21. 13 18.3 17.3 16.7 16.3 16.1 15.9 (1 5.8) 
35.15 21.86 (18.6) (17.6) (1 6.8) (16.0) (1 5.8) 

22.56 (1 8.9) (17.8) (16.9) (16. 1) (16.0) (15.9) 
38.26 23.19 (19.2) (18.0) (17.0) (16.5) (16.2) (16.1) (15.9) 

500 30.98 23.70 (19.6) (18.2) (17.1) (16.6) (16.2) (16. 1) (16.0) 
525 23.96 (19.9) (18.5) (17.2) (16.8) (16.3) (16.2) (16.1) 
550 21.89 23.83 (20. 1) (18.8) (16.2) 
575 19.52 23.26 (20.2) (19.0) (1 7.5) (17.1) (ló.5) (16.3) 
600 l7.8822.38(19.7)(18.2}(17.5)(17.1){16.8)((16.6)(( 16.5) 
625 16.68 21. 36 (1 9.6) (18.2) (17.5) (17.1) (16.8) (16.6) (16.5) 
650 15.77 20.32 (19.3) (18.0) (17;3) (16.9) (16. 7) (16.5) 
675 15.05 19.33 (18.8) (17. 7) (17.1) (16. 7) (1 6.2) (16.1) 
700 (18.3) (15.8) (1 5.6) 
725 17.63 
750 13.60 16.90 
775 13.26 16.26 
800 12.97 15.69 
825 12.72 15.17 
850 12.50 
875 12.32 
900 12.16 13.93 
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reactions among minerals and aqueous electrolyte solutions at high 
pressures and temperatures (Helgeson and Kirkham, 1975a and b). The 
tables afford numerical values for such predictions, and the diagrams 
facilitate correlation of the thermodynamicfelectrostatic behavior of 
H 20 with geologic observations and theoretical models of geochemical 
processes. 
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TABLE 35 
Isochoric molal heat capacity (Cv) in cal mole-1 (OK)-l computed from 

equation (89) and the values of V in table 3 

t PRESSURE , KB 
(Oc) SAT 100 200 300 500 600 700 800 900 1000 
25 17.83 17.67 17.53 17.27 17.16 17.05 16.95 16.69 16.77 16.86 
50 17.31 17.20 17.09 17.00 16.90 16.82 16.52 16.59 
75 16.78 16.70 16.62 16.55 16.35 16.29 16.13 16.18 

100 16.25 16.18 16.12 16.06 16.00 15.95 15.90 15.85 15.70 15.75 15.80 
125 15.74 15.67 15.62 15.56 15.51 15.37 15.23 15.28 15.33 
150 15.25 15.19 14.87 
175 14.53 
200 14.08 
225 13.99 13.93 13.89 13.86 13.83 13.81 13.78 13.70 13.73 13.76 
250 13.73 13.68 13.62 13.57 13.52 13.50 
275 13.50 13.35 13.29 13.26 13.23 13.22 13.20 13.21 13.21 
300 13.35 13.32 13.01 12.98 12.98 12.98 12.99 12.99 12.98 
325 13.39 13.53 13.06 12.87 12.78 12.75 12.80 12.78 12.76 
350 13.82 10.00 12.61 12.53 12.61 12.58 12.55 
375 9.12 13.06 12.32 12.32 12.39 12.35 

8.61 11.62 12.66 12.26 12.15 
8.30 10.25 12.91 13.04 12.23 11. 99 11. 93 12.06 11.99 11. 95 
8.12 9.50 11.17 12.16 11. 85 11. 75 11. 87 11. 80 11. 75 
8.02 9.07 11. 56 11. 68 11.61 11. 56 

500 7.96 8.80 9.70 10.55 11.13 11. 33 11. 35 11.50 11. 37 
525 8.65 9.37 10.07 10.63 10.96 11.11 11.33 11.25 11.18 
550 7.93 8.55 9.17 9.77 10.28 10.65 10.87 11.18 11. 09 10.99 
575 9.57 10.66 11.03 
600 7.96 8.96 9.86 10.22 10.90 10.80 10.67 
625 7.99 8.89 9.33 9.73 10.07 10.67 10.53 
650 8.02 8.85 9.25 9.63 9.95 10.21 10.66 10.55 
675 8.05 8.81 9.19 10.55 10.28 
700 8.09 8.79 9.13 9.98 10.31 10.17 
725 8.13 8.76 9.08 9.38 9.87 10.30 10.19 10.05 
750 8.18 8.75 9.03 9.31 9.55 9.76 10.17 10.07 9.93 
775 8.22 8.73 8.99 9.66 9.81 
800 8.27 8.72 8.96 9.18 9.38 9.55 9.91 9.82 9.70 
825 8.32 8.51 8.71 8.92 9.12 9.30 9.78 9.p9 9.59 
850 8.37 8.53 8.71 8.89 9.07 9.22 9.36 9.57 
875 8.56 8.71 8.87 9.02 9.15 9.27 9.52 9.37 
900 8.59 8.72 8.85 8.97 9.09 9.19 9.39 9.27 
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TABLE 36 
Summary of the electrostatic properties of steam-saturated 

d !:. .f.. .!l.. h a b c q ß-, 
P v t x 105 1 é x 1 09 ' x 1 09 . x 1 0 

0.006 50.67 -11.93 1320.85 
5 0.009 18.0175 1.30 -252.51 1362.61 

10 0.012 18.Ó217 8.01 -15.57 -230.02 1310.78 
15 0.017 18.0318 14.35 -15.89 -196.16 1219.72 
20 0.023 20.19 -15.87 -159.55 1118.08 
25 0.032 18.0681 25.53 -15.66 -123.83 1019.58 
30 -90.81 930.14 

4; 35 0.056 18.1230 -15.27 -60.85 851.81 
-15.16 -33.73 

0.096 18.1935 -15.12 -9.13 
50 0.123 -15.17 13.32 681.71 
55 0.158 18.2777 -15.30 
60 0.199 52.69 -15.52 53.28 
65 0.250 55.69 45.01 71.42 588.57 
70 0.312 58.58 -16.20 88.68 569.80 
75 61.39 -16.66 105.28 555.69 
80 -17.20 
85 0.578 18.6008 66.85 -17.83 137.22 
90 0.701 69.53 -18.53 152.90 
95 18.7303 72.20 -19.32 168.57 532.73 

100 1. 0 1 3 1 8 . 7991 -20.20 532.88 
105 1.208 18.8707 77.52 50.46 -21.18 
110 80.20 51.50 -22.26 216.90 537.87 
115 1.691 19.0222 82.89 52.62 233.88 
120 1 .985 19. 1022 85.61 53.83 251.51 
125 2.321 19.1851 88.36 55.12 -26.18 269.95 
130 2.701 19.2710 56.51 -27.75 289.32 562.35 
135 3.130 19.3599 93.96 57.99 309.78 571.21 

3.613 96.82 59.58 -31.36 331.52 581.25 
99.74 61.28 354.70 592.59 

150 19.6455 102.71 63.09 -35.71 379.53 605.37 
155 105.75 65.03 -38.22 406.23 619.76 
160 6. 178 19.8525 108.85 67.10 635.97 
165 69.32 654.25 
170 7.916 20.0738 115.32 71.69 -47.43 500.22 
175 8.920 20.1901 118.70 -51.18 537.23 698.09 
180 10.021 122.19 76.96 -55.35 577.72 
185 11.226 125.81 79.89 -60.00 622.15 
190 12.543 129.58 -65.19 671.06 787.13 
195 13.978 20.6966 133.51 86.43 -71.02 725.08 
200 15.537 137.62 90.09 -77 .56 866.87 
225 21.6039 161. 75 -126.08 1206.73 1172.77 
250 39.728 195.13 -225.07 1736.78 
275 59.415 21 1. -458.96 3681.11 
300 85.805 25.2858 329.06 8089.35 
325 120.387 27.5307 607.65 -4157.99 
350 165.125 31.3508 1038.30 1698.85 -36533.97 80781.59 

mole -1. -1. r -1. .!4,a r -2 • -1 -1 
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TABLE 37 
Summary of thermodynamic properties of steam-saturated 

a b c d d d d 
t P s M t,G ðE ðH 

0.006 15.13 -56.288 -67.888 -68.766 
5 0.009 -55.490 -68.676 

10 0.012 15.78 -55.568 -67.707 -68.585 
15 0.017 16.10 -56.522 -67.616 
20 0.023 -55.729 -56.603 -67.526 
25 0.032 16.71 -55.812 -56.686 -68.315 
30 17.01 -55.896 -56.770 -68.225 
35 0.056 17.31 -55.982 -56.856 -67.256 -68.135 

17.60 -56.069 -67.166 
45 0.096 17.88 -56.158 -57.032' -67.076 -67.955 
50 0.123 18.16 -57.122 -66.986 -67.865 
55 0.158 -56.339 -57.214 -66.896 -67.775 
60 0.199 18.71 -56.432 -57.307 -66.806 -67.685 
65 0.250 18.98 -56.526 -66.716 -67.595 
70 0.312 -57.496 -66.626 -67.505 
75 0.386 19.50 -56.719 -57.593 -66.536 
80 19.76 -56.817 -57.691 
85 0.578 20.02 -56.917 -57.791 -66.355 
90 0.701 20.27 -57.017 -57.891 -66.265 
95 0.845 20.51 -57.119 -57.993 

100 1.013 20.76 -57.222 -58.096 
105 1.208 21.00 -57.327 -58.201 -65.993 -66.871 
110 1.433 21. 24 -58.306 -65.902 -66.780 
115 1.691 21.48 -57.539 -65.811 -66.689 
120 1.985 21.71 -58.521 -65.720 -66.598 
125 2.321 -58.630 -65.628 -66.506 
130 2.701 22.17 -57.867 -58.740 -65.537 
135 3.130 22.40 -57.978 -66.322 
140 3.613 22.62 -58.091 -58.963 -65.353 -66.230 

-65.260 -66.137 
150 23.06 -58.319 -59.191 -65.168 
155 5.431 23.28 -59.307 -65.075 -65.951 
160 6.178 23.50 -58.552 -65.858 
165 -58.670 
170 7.916 23.92 -58.789 -59.660 
175 8.920 -58.909 -59.779 -65.575 
180 10.021 -59.030 
185 11.226 -59.153 -60.022 -65.385 
190 12.543 -59.276 -64.416 -65.289 
195 13.978 -60.268 -64.321 -65.193 
200 15.537 25.17 -59.526 -60.392 -64.225 -65.096 
225 26.17 -60.168 -61.029 -63.738 -64.604 
250 39.728 27.16 -60.835 -61.688 -63.236 
275 59.415 28.14 -61.528 -62.369 -62.711 -63.556 
300 85.805 29.14 -63.069 -62.152 -62.979 
325 120.387 30.20 -61.539 -62.338 
350 165.125 -60.818 -61.573 

. -1'0.. , -1 . -1 C. oar. -cal mole-' (OK)-'. mole • 
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TABLE 38 
Summary of thermodynamic properties of steam-saturated H20liQllid 

a b c d d b -t P p Cp Cv X f 

0.006 0.9998 18.08 18.08 0.9996 0.0061 
5 0.009 0.9999 18.10 18.10 1.0004 0.0087 

10 0.012 0.9996 18.09 18.07 1.0000 0.0123 
15 0.017 0.9991 18.06 18.01 1.0003 0.0171 
20 0.9982 18.03 17.92 0.9995 
25 0.032 0.9971 18.01 17.83 0.9995 0.0317 
30 0.042 0.9957 17.99 17.72 0.9986 0.0424 
35 0.056 0.9941 17.98 17.62 0.9985 0.0562 

17.98 17.52 0.9977 0.0737 
0.096 0.9902 17.98 0.9976 0.0957 

50 0.123 0.9880 17.99 17.31 0.9968 0.1231 
55 0.158 0.9856 17.99 17.20 0.1568 
60 0.199 0.9831 18.00 17.10 
65 0.9805 18.02 16.99 0.9937 
70 0.312 0.9777 18.03 16.89 0.3098 
75 0.386 0.9747 18.05 16.78 0.9925 0.3829 
80 18.06 16.68 0.9911 
85 0.578 0.9685 18.08 16.57 0.9893 0.5721 
90 0.701 0.9652 18.10 0.9883 0.6932 
95 0.845 0.9618 18.13 16.36 0.9869 

100 1.013 0.9583 18.15 16.25 0.9838 0.9970 
105 1.208 0.9547 18.18 16.15 0.9821 1.1865 
110 0.9509 18.21 16.04 0.9801 
115 1. 691 0.9471 18.25 1.6533 
120 1.985 18.28 1.9371 
125 2.321 0.9390 18.32 
130 2.701 18.36 2.6216 
135 3.130 0.9305 18.41 3.0295 
140 3.613 0.9261 18.46 0.9650 3.4861 
145 0.9216 18.51 3.9955 
150 0.9170 18.57 15.25 0.9587 
155 0.9123 18.63 15.15 0.9552 5.1878 
160 6.178 0.9075 18.69 15.06 0.9516 5.8788 
165 18.76 14.97 6.6388 
170 7.916 0.8975 18.83 0.9439 
175 8.920 0.8923 18.90 0.9397 8.3819 
180 10.021 0.8870 18.98 14.71 0.9355 9.3742 
185 11.226 0.8816 19.06 14.63 0.9310 
190 0.8761 19.15 14.55 0.9263 11.6189 
195 13.978 0.9215 12.8806 
200 15.537 0.8647 19.35 0.9165 
225 0.8339 19.97 
250 39.728 0.7992 20.89 13.73 0.8572 
275 59.415 0.8221 
300 85.805 0.7125 13.35 67.2733 
325 120.387 29.52 13.39 
350 165.125 0.5746 13.82. 0.6990 

a b c d 
mOle- l (OK)-I. 
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TABLE 39 
Summary of thermoclynamic properties of steam-saturated H"ÜUqllià 
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TABLE 40 

Summary of Born functions (eqs 65 through 69) 
for steam-saturated H2Üuquià 
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APPENDIX 

The partlal derivatlves of equation (16) can be expressed In slmple 

7 
Q=x) Y.Z. - 1;;1 -.l. -.L 

notatlon by first writing 

(A-I) 

where 

(A-2) T c 

Y. = (A-3) 

and 

(A-4 ) Z.=U.+VW. 
-.l. -.L --.L 

8 

where 

(A-6) v = e-4.8p 

10 . _ 
I 

OL 

and 

(A- 7) 

(A-8) 

It then follows that 

= 

,b-

q-x-
nr 

,,, 
•• 

nr 

2-VA} + 
nvh 

•• ,,,/ 
q-x---

nr 

naL-TI 

and 

(A-9) 

(A-l0) 
nr 

where 
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(A-II) 
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(A-12) 
- -

(A-13) 

-HJaE a--z -ESa TE----J-2 -4-x-
+ 

nr 

laEZ 
,,, 
•• 

= 
and 

(A-15) 

(A-16) 
.!! . \ãr-/p .= p;! ,iF- ‘ 

where 

+N (A-17) 

nuF RO = 
Rr 

nAURO 

(A-18) 

(A-19) 

(A-20) 
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Similarlv, we can write 

and 

where 

and 

where 

, 

= 

(r \ ao2 1_ i:1 ,.:..., '':'" -, 
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1a3u .\ n 

(A-21) 

(A-22) 

(A-23) 
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(A-26) 
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(A-30) 



01 the thermodynamic behavior 01 aqueous electrolytes: 1. 1191 

and 

= -

8y cross partial differentiation it also fol1ows that 

-
where 

ín which 

and 

. 

(A-35) 

(A-36) 

(A-3 7) 

(A-38) 

(A-39) 
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(A-40) 

wnere 

(A-41) --
in which 

nr 

••• 
,yf 

TE-no 
p' 

v=2-

and 

The first and second isochoric partial derivatives of equation (16) can be 

written as 

(A-44) 
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Further , 
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from which it follows that 

• 
The flrst and second partlal derlvatlves.of equation (15) with respect to 

temperature can be written as 

1 + (f7 

)) 

and 

,,, + c• 
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