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A new fonn ulation is presenl ed for Ih e vapor press ure of ice from Ihe triple point to - 100°C based on 
thermodynamic calculations. Use is made of Ih e definilive ex pe rim enlal value of the vapor pressure of waler a t its 
triple poinl recently oblained by Cuildner , Johnson, and Jones. A tab le is given of Ihe vapor press ure as a function 
of le mperature at O.I-degree inl e rv a ls over Ihe range 0 10 - 100 °C, logel he r wilh Ihe values of Ih e lemperature 
derivative at I-degree inl e rvals . T he formu laLion is compa red with published ex perime nlal meas urement s and 
vapor pressure equaLi ons. It is eslima led Ihat Ihi s formu lalion predi cls Ihe vapor pressure of ice wit h an overall 
unce rtainl y Ihal vari es from 0.016 perce nl al the Iripl e poinl 10 0.50 percenl a l - 100 °C. 

Key wo rds: Clausius- Clapeyron equation; saturation vapor pressure over ice; therm al properti es of ice; vapor 
pressure; vapor pressure at the triple point; vapor pressure of ice; waler vapor. 

1. Introduction 

In meteorology , air conditioning, and hygrometry, parti c u­
larly in the maintenance and use of standards and generators 
in calibrations and in prec is ion meas ureme nts, accurate val­
ues of the vapor pressure of the pure wa ter-s ubstan ce are 
essential. Because of this Wexle r and Greenspan [1]1 re­
cently published a ne w vapor pressure fo rmulation for the 
pure liquid phase, based on th ermody namic calc ulations, 
whic h is in excell ent agreement from 25 to 100 DC with the 
prec ise measu reme nts of Stimson [2]. Wexler [3 ] s ubse­
quently revised this formulation to make it consis te nt with the 
defi nitive experi mental value of the vapor pressure of water at 
its triple point obtained by Guildner, Joh nson, and Jones . 
The purpose of this present paper is to apply a similar method 
of calculation to the pure ice phase and derive a ne w formula­
tion for temperatures down to -100 DC. This new formulation 
for ice is constrained to yield the identical value of vapor 
pressure at the triple point as that given by the revised 
formulation for the liquid phase. 

A critical examination of the experimental vapor-pressure 
data of ice discloses the disconcerting fact that the dispersion 
among those values far exceeds modern accuracy require­
ments. This dispersion arises, in part , from the inhere nt 
difficulties experi e nced by investigators in making precision 
measureme nts of these low pressures and from the ambigui­
ties in the temperature scale used in the early 1900's when 
several major series of determinations were made. Thermody­
namic calculations, based on acc urate thermal data, provide 
an alternate route to th e determination of vapor pressure. It is 
therefore not surprising that s uch calculations have been 
made repeatedly for ice with varying degrees of success . It is 
interesting to note that these calculations have been preferred 
over the existent experimental vapor pressures, primarily 
because the calculations appear to yield less uncertainty than 
the measurements . 

I Figures in brac ke ts indi cate the literature references at the end of Ihis pUpt'L 

5 

2 . Derivation 

The Clausi us-Clapey ron equation, when applied to the 
solid- vapor phase tran sition for the pure water-substance, 
may be wrillen 

dp 

dT T(v - v") 
(1) 

where p is the pressure of the satu rated vapor, v is the 
spec ific volume of the saturated vapor, v" is the spec ifi c 
volume of the saturated ice, T is the absolute th e rmodynamic 
temperature, L is the latent heal of sublimation, a nd dpldT is 
the derivative of the vapor pressure with respect to te mpe ra­
ture. The latent heat of sublimation is give n by 

L=h- h" (2) 

where h is the specific en thalpy of satu rated water vapor a t 
temperature T a nd h" is the specific e nthalpy of saturated ice 
at the same temperature T. 

The eq uation of state for saturated water vapor may be 
expressed by 

pv = ZRT (3) 

where Z is the compressibility factor and R is the specific gas 
constant. When eq (3) is subst ituted into eq (1) the result is 

-=-- 1 + - dT dp L ( VII) 
P ZRT2 v 

(4) 

where highe r order terms of v"lv are neglected because v"lv 
« 1. On integrating, eq (4) becomes 

- dOn p) = --2 1 + ~ dT jP
9 11'2 I ( ") 

PI 1'1 ZRT v 
(5) 



where PI and P2 are the saturation vapor pressures at tempe r­
atures TI and T 2 , respectiv ely. Suitable fun c tions will be 
sought for Z , v, v" and l in order to complete the integration of 
eq (5). . 

Func tions for the compressibility factor Z and the specific 
volume of saturated water vapor v will be based on a virial 
equation of state expressed as a power series in p. A function 
for the specific volume of saturated ice v" will be developed 
from experimental data for the coeffi cient of linear expansion 
and the densitv at 0 0c. A func tion for the latent heat of 
sublimation l \;ill be derived from the specific enthalpies h" 
and h of saturated ice and saturated water vapor, respec­
tively. Use will be made of measurements of the specific heat 
of ice to obtain h" whereas statistical mechanical calculations 
of the ideal-gas (zero-pressure) specific heat of water will 
serve as input data for establishing an expression for h. 

2.1 Temperature 

Guildner and Edsinger [5] have recently made measure­
ments on the realization of the thermodynami c temperature 
scale from 273.16 to 730 K by means of gas thermom etry. 
Unfortunately there are no similar high precision measure­
ments below 273 .16 K. Therefore, it will be assumed that the 
International Practical Temperature Scale of 1968 (JPTS-68) 
[6] is a sufficiently close approximation to the absolute 
thermodynamic te mperature so that the thermal quantities 
given in terms of IPTS-68 can be used in eq (5) . From the 
triple point to - 100°C the temperature t in degrees Celsius 
has the same numerical values on the International Tempera­
ture Scale of 1927 (ITS-27) [7], the International Tempera­
ture Scale of 1948 (ITS-48) [8] and the International Practi cal 
Temperature Scale of 1948 (IPTS-48) [9]. However , the ice 
point on IPTS-48 is defined as equal to 273.15 kelvins 
whereas on ITS-27 and ITS-48 it is defined as equal to 
273.16 kelvins. The difference T6 8 - T 48 , where T68 and T48 

are the kelvin te mperatures on IPTS-68 and IPTS-48, respec­
tively , in the range of interes t reac hes a maximum of 0.0336 
kelvin at 200 K [10, 11]. Using the correc tions given by 
Riddl e, Furukawa, and Plumb [11], te mperatures on ITS-27 , 
ITS-48 and IPTS-48 have been converted to IPTS-68 where 
needed in the calculations. 

2.2. Specific Volume of Saturated Vapor 

Equation (3) is used to calculate the specific volume of 
saturated water vapor v. The compressibility factor Z IS 

expressed as a power series in P 

Z = 1 + B'p + C'p2 + (6) 

where B I is the second pressure-series virial coeffic ient and 
C' is the third pressure-series virial coeffi c ient. The contri­
bution ofC'p 2 toZ is only a few parts per million at the triple 
point and less at lower temperatures and so has negligible 
effect. The empiri cal relationship for th e seco nd virial coe ffi­
cient is based on experime ntal data obtained at elevated 
temperatures . This equation will be extrapolated be low 0 °C 
with the full recognition that this may lead to large uncertain­
ties in the vi rial coeffi cie nts . Although B I rapidly increases 
in magnitude with decreasing te mperature, the saturation 
vapor pressure decreases even more rapidly so that Z rapidly 
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approaches its limiting value of unity as the te mperature 
drops. Saturated water vapor, therefore, tends to be have more 
and more like an ideal gas as the temperature decreases, 
thereby reducing the effec t of errors in B I. 

Table 1 shows a comparison of Z from the triple point to 
-100°C , for water vapor saturated with respect to ice, 
calculated using the empirical second virial coefficient equa­
tions of Goff and Gratc h [12 , 13 , 14], Keyes [15, 16], and 
J uza as given by Bain [1 7]. The maximum difference in Z , as 
well as v, is 118 ppm and occ urs a t 0 .01 0c. This can be used 
as an indication of uncertainty alt hough the actual error is 
indete rminate. The differences dec rease as the te mperature 
decreases. At -70°C and below, the diffe re nces are equal 
to , or less than , one ppm since, a t such tempe ratures, the 
second virial coeffic ient makes a negligible co ntr.ibuti on toZ. 

TABLE 1. Compressibility factor for saturated waler vapur 
over tee 

Temperature 

°C 

0.01 
o 

- 10 
- 20 
-30 
- 40 
-50 
- 60 
- 70 
- 80 
- 90 

- 100 

Keyes 
1969 '1 

Z 

0.999624 
.999624 
.999907 
.999958 
.999982 
.999993 
.999998 
.999999 

1.000000 
1.000000 
1.000000 
1.000000 

Co rnpress ibilil y facto r" 

Keves 
1947 ' 

Z 

0.999501 
.999501 
.999726 
.999856 
.999928 
.999966 
.999984 
.999994 
.999997 
.999999 

1.000000 
1.000000 

Bain d 

Z 

0.999529 
.999529 
.999747 
.999871 
.999938 
.999972 
.999986 
.999996 
.999999 

1.000000 
1.000000 
LOOOOOO 

Goff 
a nd 

Grat e h e 

Z 

0.999506 
.999506 
.999730 
.9998.59 
.999930 
.999967 
.999985 
.999994 
.999998 
.999999 

1.000000 
1.000000 

a Calculaled bv eq (6) us ing B' given by the inciicale ri in vesti gator. 
b Ref [16]. 
c Ref [1 5]. 
" Ref [17]. 
e Ref [12- 14]. 

The 1969 second virial coefficient of Keyes [16] will b e 
used in order to be consistent with the earlier use of this same 
coefficient [3]. His virial coeffi cie nt eq uation , co nverted to SI 
units compatible with eq (6) , is 

B' = [0.44687 _ ( 565.965) 
T ]'2 

XIO 
IOOMUO ] 

(7) 

whe re B I is in units of reciprocal pressure (Pa)-I. 2 

2.3. Specific Volume of Saturated Ice 

Only hexagonal Ice-I will be of concern. It will be assumed 
that the crystals are randomly aligned with res pec t to the 
o ptic axis. All known measurements of the de ns it v of ice have 
bee n made in the presence of an inert gas, usuallv at a 
pressure of one atmosphere and a t a temperature of 0 0c. 

:! I Pa = I "'V. / rn2 = 1O- !> bar = I W t mb = 7.50062 X 10- 3 mill Hg. 



Dorsey [18] has co mp il ed a n extens ive li s t of such dete rmina­
tions. Ginnings a nd Corrucc ini [19] using a Bunse n ice 
ca lorimete r, obta ined a value a t 0 DC a nd one a tm os phere3 of 
0.91671 g/ llll. Thi s value is definitive and supersedes all 
earl ie r measure me nts. Using this value and the coeffi c ient of 
I inear expans io n of ice , the spec ific volume was calc ulated at 
te mpe ratures below 0 DC as follows. 

The isopies tic coeffic ient of line ar ex pa ns ion of ice ap is 
defined by the equation 

(8) 

where Ai is the initial length of a s pec im e n at the ice po in t 
temperature , A is the length of the sa me spec imen a t tempe r­
a ture l' and dA/elT is the ra te of the rma l expa nsion. By 
int egrating eq (8), c ubinp the res ultant eq ua tio n, neglec tin g 

higher order te rms in L, apdT , it fo ll ows that 

(9) 

whe re V"P oT is the spec ifi c volume of ice a t press ure P a nd 
temperature T , V"PoT, is the spec ifi c vo lume of ice at press ure 
P and at the ice point tempera ture 1'.;. 

There are several se ri es of measure me nts of the coe ffi c ie nt 
of linear expansion of hexago na l lce-] a t a tmosphe ric pres­
sure. The data of J akob and E rk [20], Po we ll [21J, Butk ov ich 
[22], Dantl [23], a nd La Pl aca and Post [24J we re fitt ed to a 
linear equatio n by th e meth od of leas t sq ua res . The I'es ult is 

a p" X 106 = -7.6370 + 0.227097 l' (10) 

whi c h, whe n subs tituted into eq (9) togeth er with th e Gin­
nings and Corr ucc ini value4 for the de ns ity of ice a t 0 DC a nd 
one atmosphel'e becomes 

V'pa,T = 1.069989 - 0.249933 X 10- 4 l' 

+ 0.371606 X 10- 6 1'2 (11) 

whe re V"Po ,T, e xpressed in cm3/g, is the spec ific volume a t 
a tmospheric pressure, i.e., 101325 Pa , and te mpe rature T. It 
is the spec ific volume a t satura tion rather than a t a tmospheric 
pressure th a t is needed . The spec ific volume a t a g iven 
pressure ca n be corrected to that a t a nothe r pressure from a 
knowledge of the isothe rma l co mpressibility k, whic h is given 
by the equatio n 

Tv"{32 
k = ks + - ,,­

e P 
(12) 

where ks is t he adiabatic compressibility, l' is the absolute 

3 1 atmosphere = 101 325 pascals. 

" The dens it y was converted from gf ml tog/cm3 by usi ng the fac tor I ml = 1. OOOO28 c m3 125J. 
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temperature , v" is the spec ific vo lume, f3 is th c vo lume 
expansivity, and c"P is the spec ific heat a t cons ta nt pressure . 
Values of the isothermal compress ibilit y of ice we rf' ca lc u­
lated by us ing Leadbe tte r's values [27] for the adi a ba ti c 
compressibilit y ofIce-I , eq (11) to obtain the spec ific vo lu me 
a t pressure P a and temperature 1', eq (10) to obta in f3 (= 
3a p), and eq (19) (whi ch is d eri ved late r) to obtain the 
spec ific heat at cons tant pressure P a' The res ults fo r the 
temperature range of interes t are given by the Iinefl r equat ion 

k = (8.875 + 0 .01 651') X 10- 11 (13) 

whe re k is ex pressed in units of (Pa) - 1. The spec ifi c vo lume 
of ice at press ure P and temperature l' is th e refore V"P.T 

v"p" Al - k( P - P a) ] so tha t 

(8.875 + 0.0165T)(P - 101325) 

X 10- 11 ] (14) 

whe re P is expressed in Pa. If th e sa tura ted vapo r press ure p 
is in se rted for P, then eq (14) yie lds the pure phase spec ifi c 
vo lume v" at satura tio n. Ove r th e te mpe rature range 173. 15 
to 273. 16 K the numeri ca l va lu e of th e brac ket is equa l to 
1. 000013 with a max imum va riabilit y of one ppm. Us in g this 
value yie lds 

v"p:r = v" = 1.070003 - 0.249936 X 10- 4 l' 

+ 0.371611 X 10- 6 1'2. (1 5) 

2 .4 Enthalpy of Ice 

It ca n be shown [26] th a t the spec ifi c e ntha lpy h" of tllf> 
solid phase of a pure s ubstance, say Ice, is give n by the 
re la tionsh i p 

dh" = elf P ell' + v" T dP - l' v T dP (a " ) 
aT p 

(16) 

where c" p is th e spec ifi c heat of ice at cons tant pressure P. 
Whe n integra ted this equation becomes 

ilt'2 IT, 
dh" = c"p dT 

hI' l Tl 
fP

., [ (a If) ] 
+ PI- v" - T a~ P T dP (17) 

Because eq (17) represents a system und ergoing a reve rs i­
ble process be tween two equilibrium states , the initial a nd 
final enthalpies are independent of the path . Therefore, a 
path is chosen which s tarts on the saturation curve a t (Ti ' Pi) , 
moves isothe rmally to (T;, P a), then proceeds isobarically to 
(1', Pal , and finally goes isothermall y to (1' , pl . The integra­
tion along this path is given by 



+ JT e"Pa dT + JP [v" - T(a~") ] dP. 
Pi P" aT P a T 

(18) 

If Pi is the saturation vapor pressure at th e ice-point te mpera­
ture Ti, P is the saturation vapor pressure at temperature T, 
and Pais any other pressure, sav s tandard atmospheric 
pressure, then h" - h"i is the difference in specific enthalpy 
of saturated ice, und er its own equilibrium vapor pressure, 
between temperatures l' and T i . 

Although measure ments of the isopiestic specific heat of 
ice have been made by several investigators [28-35], only 
those of Giauque and Stout [34] will be used because it is 
beli eved that these are the best available over the range of 
te mperatures of interest here. These meas ure me nts were 
mad e at standard atmospheric pressure and cover the temper­
ature range 16.43 to 267.77 K. Thev are in good agreement 
with the precise meas urements of Dickinson and Osborne 
[30]. Unfortun ately , the latter measure me nts do not extend 
below 233.15 K. 

Fitting the Giauque and Stout data from 169.42 to 267.77 
K to a quadratic equation by the me thod of least squares with 
the temperature co nverter! to IPTS-68 and the heat units to 
joules, yields 

(19) 

where e"p" is the specific heat in J/gK at a pressure of one 
atmosphere. The coeffi cients are given in tabl e 2. Integrating 
eq (19), one obtains 

AI A2 + - (T2 - T2) + - (1'3 - T.3). (20) 
2 t 3 1 

By letting 

(21) 

and performing the indicated differentiations and integra­
tions , eq (21) is reduced to the form 

(22) 

where P is the saturation vapor pressure in Pa at te mperature 
1' , P a = 101325 Pa and Pi = 611 Pa. The coe ffi cients are 
given in table 2. Substitution of eqs (20) and (22) into (18) 
yields 

A 
h" = J('. + A (1' - T) + ~ (1'2 - T2) 

lOt 2 t 
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A 
+ 32 (T3 - Tl) + M". (23) 

A numerical value remains to be assigned to the reference 
enthalpy h"i. At any spec ifi ed temperature T, the latent heat 
of fusion of ice [If is given by 

l" = h' - h" (24) 

where h' and h" are the specifi c e nthalpies of liquid water 
and ice, respectively. By adopting the cOllve ntion h'i = 0 at 
the ice-point temperature it follows that l"i = - 1I"i. The 
choice of this convention will not effec t the final res ults 
because the arbitrary assignment will cancel out in the 
computations . Use is now made of the experim e ntally deter­
mined value for the latent heat of fusion of ice at O' °e and 
s tandard atmospheric pressure recommended bv Osborne 
[36]5 , namely , 333.535 Jig. Bv means of the therr~od ynamic 
relationship 

( ah) (eLV) 
ap T = V - T ell' P 

(25) 

the late nt heat was adjusted frolll s tandard atmospheric pres­
sure (101325 Pal to the saturation vapor pressure of ice at 0 
°e, i. e., 611 Pa, yielding l"i = - h"i = 333.430 Jig. Equa­
tion (23) thel'efore becomes 

(26) 

2 .5. Enthalphy of Water Vapor 

From eqs (3) and (6) it follows that 

RT 
v = - (1 + B'p + C'p2 + ... ) (27) 

p 

and 

(~) = li(l + B'p + C'p2 + ... ) 
aT P p 

RT (aB' oJ ae' + - p - +p- -+ 
p aT aT 

(:!8) 

which on subs titution into eq (25) yield 

( ah) [aB' ae' - = -RT2 - + p - + 
ap l' aT aT 

(29) 

Integration with respect to p leads to 

aB' ] ac' 
h = h '" - RT2 - p - ::" RT 2 _ p2 -

p.T Po· 1 aT 2 aT (30) 

!> Th t! va lue given b~ Osborne was converted from :inle rnalional joul es to abso lut e joules b~ the 
factor 1.000165 J = I i.j. 



where hp,T is the entha lpy of water vapor at saturation pres­
sure p and tempera ture T and hpo,T is the ideal-gas (zero­
pressure) spec ifi c enthalpy a t the same temperature T. The 
third and highe r-ord er terms will be ignored because their 
contributions to hp,T are negligible. Thus, by setting 

aB' 
!lh = RT2_p 

aT 

the result can be written 

(31) 

(32) 

Friedman and Haar [37] have calculated the ideal-gas 
(zero-pressure) spec ific heat cp/ R for wate r vapor fro m sta­
tistical mechanical considera tions over a wide range of tem­
peratures . The ir ca lcul ated values from 170 to 280 K were 
fitted to a polynomi al equati on by the method ofleas t squares 
which , afte r multipl ying by R , has the form 

(33) 

in units of Jfg K. The coe ffi c ients are given III table 2. 
Integrating with respect to temperature from the ice po int 
temperature Ti to T, one gets 

T 

hpo,T - h po, 'I'; = L; c Po dT (34 ) 

which becomes 

D 
h - h . = D (T - T ) + ---.!. (1'2 - T·2) 

Po' T 1'0,1 ; 0 '2 ' 

where h po,T and Upo,T; are the ideal-gas (ze ro-pressure) spe­
c ific enthalpies of water vapor at tempera tures l' and 1'; in 
units of Jfg . 

The ideal gas specific enthalphy h p O,1'i is a constant to 
which a numerical value must be ass igned. In order to do so 
use is made of the latent heat of vaporization [' at the ice 
point. By definition 

[' = h - h'. (36) 

It will be recalled tha t the convention that h '; = 0 at the ice 
point has alread y been adopted. Hence at this temperature 
h; = [';, with the result that eq (32) becomes 

where 

aB' 
~h· = RT·2 - p·. , ' aT' 

Replac ing h i by [' ; in eq (37), one obta ins 

(37) 

(38) 

(39) 

Substituting eq (39) into eq (35) gives rise to an expression 
for the idea l-gas spec ific e nthalpy of wate r va por, that is, 

D 
h = ['. + Ah· + D (1' - T.) + ..-2.. (1'2 - 1' .2) 

Po,'/' " LJ. l 0 . '2 ' 

Now by inse rting eq (40) into (32) tllf' real-gas spec ific 
e nthalpy of sa turated wate r vapor ensu- , namely, 

To calc ulate [' i , use is made of a n approach d ue to Osborne 
[38] which sta rts with th e defi n iti on of an ex perimentall y 
meas ured ca lorimetri c q uantit y y 

[' = y - 8. (42) 

y has been quit e accura tely meas ured [38-4 1] . 8 is given by 
[38] 

8 = -- [' = v 'T -(
V ' ) elp 

v - v' elT 
(43) 

TABLE 2. Coeificients to equ.a.tiolls 

j 

0 1 2 3 4 5 

A 0 .274292 0.582 109 x 10- 2 0 .325031 X 10- 5 

B - 0.344 X 10- 2 .3765 X 10- 7 .107 X 10- 5 

D . 1834928 X 101 .2542981 X 10- 3 - 0. 15852458 X 10- 5 0. 3550699 X lO- B 

F' ,34238440 X 104 - 0,52277204 X 101 ,98557190 x 10- 2 - 0.11305118 X 10- ' 
C - 0, 57284294 X 104 - 0,60309325 X 10- 2 - 0. 17462428 X 10- 5 0. 64112408 X IO- fl 0.33815 t37 X 101 

H - 0.1369402 x 10" ,19779974 x 10- 1 - 0.32285532 X 10- 4 .26326563 X 10- 7 - 0.26896486 X J01 

K - O. 58653696 X 104 .2224103300 x 10" .13749042 x 10- 1 - 0,3403 1775 X 10- 4 .26967687 X 10- 7 .6918651 
L - 0.57170491 x 104 .9158658955 X 101 - 0,74950412 X 10- 2 0.36067657 X 101 
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where v and v ' are the spec ific volumes of satura ted vapor and 
water, respectively, and dp /dT is the temperature derivative 
of the vapor pressure of liquid water. The quantit y Y is 
represented with high precision from 273. 15 to 423. 15 K in 
units of J/g by the fo llowing polynomi al equation [3] 

(44) 

The coeffi cients a re give n in table 2. At l' = 273. 15 K, Yi = 
2500.8384 J/g. The quant ity Oi, at T = 273.15 K, us ingv' = 
1.00016 c m3/g [42] and dp/dT = 44.4 Pa/K [3], is 0 .0121 
J/g. Therefore / ' i = 2500. 8263 J/g. By appropriate substitu­
tions into eq (38) one obtains ,:::'h i = 0.2365 J/g. 

2.6. latent Heat of Sublimation 

Substitution of eqs (26) and (41) into (2) gives rise to the 
foll owing equa tion for the latent heat of sublimation: 

1 = [ (Yi - 0i + M; + I ';) - (Do - Aom 

- - (D - A )T ·2 - -(D - A.)T ·3 - - D 1' .4 1 1 1] 
2 I 1 13221431 

1 1 + (D - A )1' + - (D - A )T 2 + - (D? - A?)T 3 00 2 1 1 3 --

+ ~ D T 4 - M - M". 4 3 

2.7 Vapor Pressure 

(45) 

Combining eqs (5) and (45), selec ting the temperature 1', 
and vapor pressure p , at the triple point as the lower limits of 
integration, taking any te mperature T and corresponding 
vapor pressure p as the upper limits, and pelforming some 
simple mathematical mani pulations, one obtai ns 

17' I1h 17' I1h" 
- - dT- - dT 

T, RT2 T, R T2 

17' I (Z - 1) 1'1' I (v") - - -- d+ --- T 
T, RT2 Z T T, ZR 1'2 V d 

(46) 

- - (D? - A )T ·3 - - D 1' .4 1 1] 
3 - 21 4 31 

D3 
C = -

4 12R 

Do - Ao 
and Cs = R 

The coeffi cients are given in table 2. 

(47) 

(48) 

(49) 

(50) 

(51) 

The first two terms on the right-hand s ide of eq (46) 
provide the major contribution to the vapor pressure; the 
integrals are small corrections whi ch account , in part , for the 
devia tion of water vapor fw m ideal gas behav ior. These have 
been left in integral form because eac h is a fun c tion of p as 
well as T . 

The absolute tempera ture ass igned to the triple point on 
IPTS-68 is 273. 16 K. The corres ponding vapor pressure is 
611. 657 Pa, the definiti ve value meas ured by Guildner, 
Johnson, and Jones [4]. The specific gas constan t for water, R 
= 0 .461520 J/g K, was derived from the CODATA recom­
mend ed value of 8.31441 J/ mol K for the uni versal gas 
constant [43], and 18.015227 g for the molar mass of natu­
rally occurring wate r vapor on the un ifi ed carbon-1 2 scale. 6 

Because eq (46) is impli cit in p it had to be solved by 
iteration. Each of the integrals on the right-hand s ide was 
evaluated at inte rvals of 0.25 kelvins by means of the trape­
zoidal rule [47]. Itera tion at each interval was terminated 
when successive values of p diffe red by less than 0 .1 ppm. 
The magnitudes of the terms in eq (46) are shown in skeleton 
form in table 3 . The magnitudes of the integral te rms are 
equivalent to the relati ve contri butions they make to the 
vapor pressure. The sum of the integrals increases from zero 
a t the triple poin t to - 0.000389 a t -100 °C. Neglec ting the 
integrals, therefore, would introduce an error of up to 389 
ppm in the vapor pressure . The sums of the integrals, at 
intervals of 2 kelvins, were fit ted by the method of least 
sq uares to the equa tion 

4 . . T L integrals = L Hi(P- I - T/- 1) + H s In ( - ) (52) 
)=0 T/ 

with a residual stand ard deviation [48] of 0. 7 X 10- 6 . The 
coeffi cients are given in table 2 . Substitut ing eq (52) into 
(46), in tegrating the left-hand side , and combining term s, 

6 Ac(-'o rding 10 Eisenbe rg and Kauzrna n 1441. who quoIt.' Shate nsht e iu et al. [451 . 11ll' isotop ic 
('onlenl o f naturall y occ urring wal e r depends on it s origin . \\; 'ithin tht.' limit s o( variati on nonna ll , 
e ncounl e rt.'d the isotopes arc 11 2 160. H2 I70. H2 180 ancl HDO and the a bundan('('s are 99.73. O.O,.i. 
0. 20. and 0. 03 percent. respectively. Combining these abundances with the relative atulIli(' masses of 
the appropria te nucl ides . recomme nd ed by the Comrniss ion 011 Atomic We ights 146J. ~ ie ldt'd the m lut' 
18.015277 grams for thl' rnol('c ular we igh t of Il aturall~ occurrillg wate r, 
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3. Error Analysis 

It is of interest to assign reasonable bounds of uncertainty 
to the inde pendent variables and co nsta nts a nd th en ca lculate 
the effec t of these uncertainties on p. Sta rt with eq (S) a nd 
recall that 

Z = 1 + B'p 

ZRT 
v= --

p 

v" = V"Po .T; [ 1 + 3 (O'.Pa dT] [1 - k(p - P a)] 

T 

l = { cPo dT + Yi - 0i + Ilhi - Ilh 

(6S) 

(66) 

(67) 

T -f c"Pa dT - Ilh" + l"; (68) 
T; 

where 

and 

Ilh" = 

aB' 
Ilk = RT2 _ p 

aT 

lpa [ " (av" )] v -T - dP 
P; aT P; T; 

(69) 

Substituting the above eq uations into eq (S) converts the 
la tter into a fun ctional relationship of independ e nt variables 
and constants. The vapor pressure is calculated by iteration 
and numerical integration , as prev iously described. The cal­
c ulation the n is repeated with eac h variable and constant 
separately augmented by its appropriate estimated error. 

The absolu te te mpe rature T ente rs into eq (S) as the 
indepe ndent variable so that it is subj ec t neithe r to experi­
mental nor scale error. However , experimental and scale 
errors in the tempe rature affect the uncertainti es in the 
indepe ndent variables; therefore, these temperature errors 
are contained in th e estimated errors of the indepe ndent 
variables. Since Tl is assigned values on IPTS-68, it will be 
assumed that its es timated uncertainty is zero. 

The estimated error in the specific gas constant for water 
vapor R arises from the assigned (three s tan dard deviations) 
uncertainty [43] in the molar gas constant of 78 X 10- 5 J/ mol 
K and from a calculated (three standard deviations) uncer­
tainty in the molecular weight of naturally occulTing water of 
9 X 10- 5 g/mol based on the assigned uncertainti es [46] in 
the relative a tomi c masses of the pertinent nuclides. The 
resultant estimated error (three standard deviations) in R is 
4S X 10- 6 J/g K (94 ppm). 

There are no experimental data below 273.1S K on which 

to base an estimate of the uncertaint y in the virial coeffi cient 
B' nor in the derivative dB '/dT. Therefore, four sets of 
extrapolated virial coeffic ien ts were calcul a ted, using the 
e mpirical equations of Goff and Gratch [12- 14], Keyes [IS, 
16], and Juza as given by Bain [17], and then differences 
were obtained from th e lates t Keyes values [16] . The esti­
mated uncertainty was set at thri ce the maximum difference. 
This uncertainty in B I co ntributed to a corresponding uncel-­
tainty in dB '/dT. 

P a is standard atmospheric pressu reo Because this is an 
assigned value it will b e assumed th at it s uncertainty is zero. 

Guildner, Johnson, and Jones [4] have assigned a n esti­
mated uncertainty (three standard deviations plus systematic 
elTors) of 0.010 Pa (16 ppm) to thei r meas ured value of the 
vapor pressure a t the triple point Pt. The ir es timated uncer­
tainty will be used he re . 

According to Ginnings and Corruccini [19] , the co mbined 
random and sys tematic uncerta int y in their determination of 
the density of ice at 0 DC and 1 atmosphe re is O.OOOOS g/ml. 
This value was co nverted to 0.00006 c m3/g and the latter 
used as the es tima ted uncertainty in the spec ifi c volume of 
ice v"P T.' The estima ted un certa int y in the coeffi cie nt O'.p 

will beol~k en as three times the standard deviation of the fit 
[48] as given by eq (10), that is, O.SO X 10- 5 cm/c m K. 
Leadbe tt er [27] has ascribed an unce rtainty of S percent to 
his values of the adiabatic compressibility of ice, namely 0.6 
c m3/c m3 Pa. The same uncertainty is the refore used for the 
isothermal compress ibility k, s ince the latter is derived from 
Leadbetter's values. 

Fri edman and Baal' [37] have computed cP/ R to s ix 
s ignificant figures. However, they did not give an estimate of 
the un certaint y in the ir calculated values . An error of 100 
ppm therefore was assigned to c Po / R. Combining thi s error 
along with 99 ppm for the estimat ed uncertainty in Rand 9 
ppm which re presents three times the res idual s tandard 
deviation of the fit of eq (33) resulted in an est imated error of 
140 ppm in c Po ' i. e ., 0.26 X 10- 3 J /g K. 

In the absence of a ny other criteria for es timating the 
uncertainty in c"Po' a value of 0.0103 J/g K was selected 
which equals three times the s tandard deviation of the fit of 
eq (19), 0.0099 J/g K, plus an estimated error of 0.0004 J/g 
K due to ambiguiti es in the tempe ra ture scale employed by 
Giauque and Stout. 

The estimated error in Yi was tak en as 0.4S J/g which is 
three times the standard deviation of the fit of eq (44). The 
uncertainty in 0i was conservatively estimated at less than 
one percent, that is, less than 0.0001 J/g. Osborne [36] has 
estimated that the random and systematic error in l; was 0.2 
J/g and his value, the refore, was used he re. 

The quantity Ilk" varies from zero at 0 DC to about - 0.002 
J /g at -100°e. Since it is small compared to l (- 2830 J/g) , 
its fun ctional de pe nd ence on other parameters will be ig­
nored. The uncertainty in Ilk" was estimated at less than 
0 .0001 J/g. 
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A summary of the individual es timated errors contributing 
to the total error in the predicted vapor pressure is given in 
table 4 . The cOlTes ponding uncertainty in p due to eac h of the 
e numerated errors is shown in table 5. The square root of the 
s um of the sq uares of the individual errors was used as the 
best es tim ate of the ove rall maximum e rror in p [49]. As the 
temperature decreases from the triple point to - 100 DC, the 
estimated rela tive error in p inc reases [rom 16 ppm to 0.5 
percent. 
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R 

Magnitude Error 
J/g K J/ gK 

0.461520 0.000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 
.461520 .000045 

" C Po 

Magnitude Error 
J/gK J/ gK 

2. 1069 0.0103 
2 . 1068 0.0103 
2.0312 0.0103 
1. 9562 0.0103 
1. 8818 0.0103 
1.8082 0.0103 
1. 7351 0.0103 
1. 6627 0.0103 
1. 5910 0.0103 
1.5199 0.0103 

. 1.4494 0.0103 
1.3797 0.0103 

--- -

TABLE 4. SUI1unary of esli,naled errors in variables and constants 

-

Parameter 

B' Pc " V Po.T1 k cPo 

Magnitude Error Magnitude Error Magnitude Error Magnitude Error Magnitude Error 
I/Pa I /Pa Pa Pa c m3/ g cm3/g cm3/c m3 Pa cm3/cm3Pa J/gK J/gK 

- 0 .6151 X 10 6 0.6303 X 10 6 6 11. 657 0.010 1.09089 0.00006 0.13 X 10 9 0.6 X 10 II 1.85848 0.00026 
- 0.6151 X 10- 6 .6303 X 10- 6 611. 657 .010 1.09089 .00006 . 13 X 10- 9 .6 X 10- 11 1.85848 .00026 
- 0.7420 X 10-6 .9333 X 10- 6 611.657 .010 1.09089 .00006 .13 X 10- 9 .6 X 10- 11 1.85677 .00026 
- 0.9036 X 10- 6 .1432 X 10- 5 611.657 .010 1.09089 .00006 .13 X 10- 9 .6 X 10- 11 1.85532 .00026 
- 0.1112 X 10- 5 .2278 X 10- 5 611.657 .010 1.09089 .00006 .13 X 10- " .6 X 10- 11 1.85408 .00026 
- 0.1383 X 10- 5 .3755 X 10- 5 611.657 .010 1.09089 .00006 . 13 X 10- 9 .6 X 10- 11 1.85305 .00026 
- 0.1741 X 10- 5 .6414 X 10- 5 61 1. 657 .010 1.09089 .00006 .13 X 10- 9 .6 X 10- 11 1.85219 .00026 
-0.2219 X 10- 5 .1135 X 10- ' 611.657 .010 1.09089 .00006 .13 X 10- 9 .6 X 10- 11 1.85149 .00026 
- 0 .2866 X 10- 5 .2083 X 10- ' 611.657 .010 1.09089 .00006 . 13 X 10- " .6 X 10- 11 1.85093 .00026 
- 0.3753 X 10- 5 .3961 X 10- ' 611.657 .010 1.09089 .00006 . 13 X 10- 9 .6 X 10- 11 1.85049 .00026 
- 0.4987 X 10-5 .7806 X 10- 4 6 11.657 .010 1.09089 .00006 .13 X 10- 9 .6 X 10-11 1.85014 .00026 
- 0.6728 X 10- 5 .1594 X 10- 3 611. 657 .010 1.09089 .00006 . 13 X 10- " .6 X 10- 11 1.84987 .00026 

-

TABLE 4. SUl1unary of estimated errors in variables and constanls - continued 

Parameter 

y; 0; l"i 6.h" CiPo 

Magn itude Error Magnitude E rror Magnitude ElTor Magnitude ElTor Magnitude Error 
Jig Ji g Ji g Ji g Ji g Jig Ji g Ji g em/e m K em/em K 

2800.84 0 .45 0.0]21 0.000] 333.43 0. 2 - 0.0000 0.0001 0.544 X 10- ' 0.50 X 10- 5 

2800.84 0 .45 0.012 1 0.0001 333 .43 0.2 - 0.0000 0 .000] 0.544 X 10-4 0.50 X 10- 5 

2800.84 0.45 0.0121 0.0001 333.43 0.2 - 0.0006 0.0001 0 .52 1 X 10-4 0.50 X 10- 5 

2800.84 0.45 0.0121 0.0001 333.43 0.2 - 0.0009 0.0001 0.499 X 10- 4 0.50 X 10- 5 

2800.84 0.45 0.0121 0.0001 333.43 0.2 - 0.0012 0.000] 0.476 X 10-4 0.50 X 10- 5 

2800.84 0.45 0.01 2 1 0.0001 333.43 0.2 -0.0014 0.0001 0.453 X 10- 4 0.50 X 10- 5 

2800.84 0.45 0 .0]2J 0.0001 333.43 0.2 - 0.0016 0.0001 0.430 X 10- 4 0.50 X 10- 5 

2800.84 0. 45 0 .0121 0 .0001 333.43 0.2 - 0.0017 0.0001 0.408 X 10- 4 0.50 X 10- 5 

2800.84 0.45 0.0121 0.0001 333.43 0.2 - 0.0019 0.0001 0.385 X 10- 4 0.50 X 10-5 

2800.84 0.45 0.012 1 0.0001 333.43 0.2 - 0 .0020 0.0001 0.362 X 10- 4 0.50 X 10- 5 

2800.84 0.45 0 .0121 0.0001 333 .43 0 .2 - 0.0022 0.0001 0.340 X 10-4 0.50 X 10-5 

2800.84 0.45 0.012J 0.0001 333.43 0.2 - 0.0023 0.0001 0.317 X 10- 4 0.50 X 10- 5 



TABLE 5. Summ.ary of equivalent errors in vapor pressure due to estimated errors in variables and constants 

Temperature Paramete r Estimated 
Overa ll 

8 ' " k t R PI V Pa .Tj Cp , " 0, l"i I1h" Error a C P, 'Y, OIp, 

°C Estimated error in vapor pressure due to estimated error in indi cated para meter, ppm ppm 

0. 01 0 0 16 < 1 < 1 0 0 0 < 1 0 

! 
< 1 < 1 16 

0 0 0 16 < 1 < 1 0 0 0 < 1 0 < 1 < 1 16 
- 10 83 532 16 < 1 < 1 0 15 135 < 1 60 < 1 < 1 559 
- 20 173 950 16 < 1 < 1 1 66 282 < 1 125 < 1 < 1 1016 
- 30 270 1289 16 < 1 < 1 3 157 440 < 1 195 < 1 < 1 1411 
- 40 376 1580 16 < 1 < 1 7 295 612 < 1 272 < I < I 1781 
-50 491 1845 16 < 1 < 1 12 488 799 < 1 355 < 1 < 1 2156 
- 60 618 2101 16 < 1 < 1 18 746 1004 < 1 436 < I < I 2561 
- 70 756 2363 16 < 1 < 1 27 1081 1229 < 1 546 < 1 < 1 3022 
- 80 909 2641 16 < 1 < 1 38 1508 1477 < 1 656 < 1 < 1 3562 
- 90 1078 2943 16 < 1 < 1 52 2043 1752 <1 778 < 1 < 1 4064 

- 100 1278 3279 16 < 1 < 1 72 2708 2055 < I 912 < 1 < 1 4978 

a Square root of the sum of the squares of the estima ted errors co ntribut ed by each para mete r. 

4. Comparisons 

The first experimental values of the vapor pressure of ice 
were reported by Regnault [50] in 1847. Subsequently, mea­
surements were made by Fischer [51], Juhlin [52], and 
Marvin [53] . In 1909, Scheel and Heuse [54] at the Physikal­
isch-Technische Reichsanstalt (PTR) published the results of 
their work which superseded all earlier determinations for 
range, prec ision and accuracy. Using a Rayle igh inclined 
manometer and a platinum res istan ce thermometer they mea­
sured the vapor pressure from 0 to - 67 °C . In a second paper 
[55] they sugges ted that temperatures inte rpolated from the 
Callendar formula would be more in accord with the the rmo­
dynamic scale than the temperatures given in their first 
paper. In 1919, the PTR issued revised values of the Scheel 
and Heuse measurements [56] . Although not explicitly 
stated, these new values appear to have been based on the 
use of the Callendar formula for interpolating temperature 
measurements with platinum res is tance thermometers. 

Weber [57] in 1915, employ ing both a hot-wire manometer 
and a Knudsen radiome ter, made measurements from -22 to 
-98°C. A limited number of determinations were made by 
Nernst [58] in 1909 and by Drucker , Jimeno, and Kangro 
[59] in 1915. Douslin and McCullough [60] in 1963, using an 
inclined dead-weight piston gage, made meas urements to 
- 30°C. Jancso, Pupezin, and Van Hook [61] in 1970 used a 
differential capac itance manomete r to effec t a series of deter­
minations to -78 °C. They used the vapor pressure of ice at 
o °C as the reference pressure for their manometer, assigning 
to It the value 4 .581 mm Hg (610. 7 Pal . 

A comparison of eq (54) with these meas urements, exclud­
ing the early work of Regnault , Fischer, Juhlin , and Marvin , 
is shown in figure 1. The temperatures given by the in ves tiga­
tors were converted to IPTS-68 for this compa ri son. Many of 
the errors associated with these measure me nts a re not given 
explicitly so it is difficult to determine bOlh their so urces and 
magnitudes . Therefore, no allempt has been made to ass ign 
un certa inties nor to make corrections except [or the tempera­
ture scale and , where noted , for reference pressure. Because 
the Jancso, Pupezin and Van Hook pressure measurements 
we re made with respec t to the vapor pressure at the ice point 
they we re adjusted to conform to the vapor pressure at 0 °C 

predicted by eq (54), namely, 611.154 Pa rather than 610.7 
Pa (4. 581 mm Hg) which Jancso, Pupezin, and Van Hook 
used . 

The sets of data of some of the investigators tend to deviate 
from eq (54) in consistent ways . The Scheel and Heuse 
measurements (black dots) are generally lower in magnitude 
(except for two points) than the vapor pressures calculated 
from eq (54); the differences increase until at -67°C they 
are of the order of 70 percent. Weber's measurements 
(pluses) are much closer, but they also are lower in magni­
tude (except for two points); al about - 98°C , where supris­
ingly We be r obtained several measurements, the deviations 
are as large as 25 percent. Among all the investigators, the 
best agree ment is achieved with Weber. However , Weber 
made no measurements above - 22 °C. 

Of the three meas urements of Nernst (blac k squares) two 
(at - 30 and - 50 °C) show positive differences and the third 
(at -40°C) a negative difference, none exceeding 2 percent. 
The Drucker, Jimeno, and Kangro meas urements (black tri­
angles) tend to be high , with one value (at -34°C) differing 
by as much as + 12.3 perce nt. The differences for the 
Douslin and McCullough measurements (as terisks), whic h 
cover the range of temperature from -2 to -31.4 °C, are 
almost equally positive and negative in number and reach a 
magnitude of about one percent at -31. 4 0c. The Jancso, 
Pupezin , and Van Hook differences (c ircles) scalier more or 
less randomly in the temperature region above -15°C; from 
- 35 °C and below, the differences are all positive, reac hing 
a magnitude of 20 percent at about - 78 °C. 

The differences far exceed the estimated uncertainty of the 
values predicted by eq (54). It may be inferred from the 
difference pattern s displayed by these seve ral sets of data 
that there are signifi cant sys tematic errors present in eac h of 
these data. The obvious co nclusion is that a definitive set of 
measurements remains to be made. 

Numerous empirical equations have bee n proposed to rep­
resent the vapor pressure of ice. Scheel and Heuse [54] and 
Thiese n [62] derived formulas which fit the origina l Scheel 
and Heuse data [54]. The equations o[ Tetens [63] and 
Erdelyszky as given by Sonntag [64], are o[ the Magnus type 
[65] with different sets of coefficients . The Jancso, Pupezin , 
and Van Hook [61] empirical eq uation is based on a least 
square fit to their own measurements. 
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There also have been repeated atlempts to derive therm o­
dynamically based express ions for the vapor pressure of ice, 
The equations of Nern st [58], Washburn [66], Wh ipple [67), 
and Goff and Gratch [68,69] we re obta in ed by integrat ing the 
Clausius-Clapey ron equat ion and inse rting selec ted values of 
thermal data , Vapor pressures based on the Ne rn st equati on 
were included in an early edition of the Smithso ni a n Meteo ro­
logical Tables [70). Vapor press ures based on the Was hburn 
equation are given in several standard references [71, 72] 
often used by chemi sts. The Goff formulation is used in the 
meteorological and a ir conditioning disc iplines [73-75). The 
equation ascribed to Kelley [76] is based on an expression he 
derived for the free energy difference which, wh en integrated 
with respect to temperature, yields the logarithm of the vapo r 
pressure. This equation is given in a widely used set of 
German tables [77] and by Dushman [78]. The equations of 
Mill er [79] and Jancso, Pupezin , and Van Hook [61] were 
derived from an expression for the vaporization process given 
in terms of vapor fugacity and condensed phase activity [80). 
The Miller equation was not presented in explic it form al­
though cal culated vapor pressures were given in an abbrevi­
ated table. 

A comparison between the empirical equations and eq (54) 
is shown in fi gure 2 and a s imila r comparison between the 
the rmodynamic equati ons and eq (54) is shown in figure 3 , 
Because the Thiesen and the Whipple equations give func­
tional relationships for the ratio p/Po, where P is the vapor 
pressure at any given temperature and Po is the vapor pres­
sure at 0 °C, the value predi cted by eq (54) was inserted for Po 
to compute p rather than the value used by these investiga­
tor·s. No attempt was made to adjust or correc t any of the 
empirical equations from the temperature scale used by the 
investigator in his formulation to IPTS-68. 
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eq(54 ) . 

cilt-d ill Iht' lite rature a nd eq (54) in pcn::e n1. 

All the e mpiri cal formulations, exce pt that of Ja ncso, 
Pupezin, and Van Hook , deviate substantially from eq (54) . 
Thi s, in part , may be accounted for by errors in the te mpe ra­
ture scale. More important , however, is the fact that these 
equation s were fi tted to experime ntal data and it has already 
been de monstrated (see fig. 1) that there are s ignificant 
differe nces between those data a nd eq (54). On the other 
hand , the Jancso, Pupezin, and Van Hook data differ ran­
domly from eq (54) above - 15 °C. Therefore, it is reasonable 
to expec t their empirical equation to agree closely with eq 
(54) in this region , as indeed it does . What is not clear is why 
at lower temperatures, say from -50 to - 80°C, the differ­
ences betwee n their eq uation and eq (54) are negative 
whereas the differences between the ir measure ments and eq 
(54) are positive. No significance is a ttached to the differ­
ences below -80 °C because their equation was not fitted to 
data at these lowe r temperatures and hence is a n extrapola­
tion. 

The re is muc h better accord betwee n the th ermod ynamic 
equations and eq (54) , a t leas t down to a bout -40 °C. Below 
- 40 °C the Kelley, Whipple, Nern st, and Was hburn equ a­
tions deviate increasingly from eq (54); a t - 100 °C, they 
differ from eq (54) by + 1. 6, -4.4, -5.4, a nd -5.8 pe rce nt , 
respectively. There is good agree me nt between the Goff a nd 
Gratch equation a nd eq (54); the former yields cal cul ated 
values that are smaller by 0 .08 percent a t 0 °C a nd by 0.29 
percent at - 100 °C. There is also good agreeme nt between 
the Jancso, Pupezin , and Van Hook eq uation and eq (54) ; the 

vapor pressures from their thermodynamic calc ulation s are 
smaller by 0.06 perce nt a t O°C but are larger b y 0 .3 1 pe rce nt 
at -100°C. The vapor pressures from the Goff and Gratc h 
equation and the Jancso, Pupezin a nd Van Hook eq uation 
straddle both s ides o[ those derived from eq (54). 

5. Tabulations 

Vapor pressures were computed from eq (54) and a re give n 
in pascals as a fun ction of te mperature (in degrees Cels ius on 
the IPTS-68 scale) at O.l -degree intervals [rom 0 to -100°C. 
These co mputed values, as well as the derivati ve with respect 
to temperature at intervals of 1 degree C, are given in table 6. 

6. Discussion 

Two equations are offered for use by those who wi sh to 
compute the vapor press ure rather than to select or inte rpo­
late it from tabulated values. Equation (54) is the prefe rred 
equation because it has a rational thermodynam ic bas is. If a 
s impler form is desired , then eq (63) may be used , bu t it 
should be remembered that the latter equ ati o n is e mpirical. 
Although the vapor pressures in table 6 a re given to s ix 
s ignifi cant fi gures, the accuracy ascribed to th ese values is 
no better than tha t lis ted in table 5 . Finally, beca use of the 
truncating procedure used in the calculat ion, the last s ign ifi­
cant figure may differ by 1 from the best rounded value. 
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'"""' --J 

Deg 

C 
- 0 
- 1 
-2 
-3 
- 4 
-5 
- 6 
- 7 
- 8 
- 9 

- 10 
- II 
- 12 
- 13 
- 14 
- IS 
- 16 
-17 
- HI 
- 19 
- 20 
-21 
-22 
-23 
-24 
-25 
- 26 
-27 
-28 
- 29 
- 30 
- 3 1 
- 32 
- 33 
- 34 
- 35 
- 36 
- 37 
- 38 
- 39 
- 40 
- 41 
- 42 
- 43 
- 44 
- 45 
- 46 
- 47 
- 48 
- 49 
-50 
- SI 
- 52 

0. 0 

Pa 
61 1.153 
562.675 
517 .724 
476.068 
437. 488 
401. 779 
3G8.748 
338.212 
3 10.001 
283.955 
259.922 
2.'37.762 
217.3·~2 
198.538 
181.233 
165.3 19 
150.694 
J37.263 
124.938 
11.3.634 
103.276 

9.1 .7')04 
85. 11 04 
77 .1 735 
0'1.92 17 
63.3008 
57.2607 
51. 7546 
46. 7393 
42.1 748 
38.0238 
34.252 1 
30 .8277 
27.7211 
24.90:;9 
22.3563 
20.0494 
17.'1640 
16.0805 
14.3809 
12.8486 
11.4685 
10.2266 
9.1 10 11 
8 . 10736 
7.20763 
6.40114 
5.67894 
5.03290 
4 .45556 
3.94017 
3.48056 
3.0711 3 

0.1 

Pa 
606. 140 
558.025 
513.414 
472.07:; 
433.791 
398.358 
36:;.585 
335.289 
307.302 
281.464 
257.624 
235.644 
215.391 
196.742 
179.581 
163 .800 
149.299 
135.982 
123.763 
112.557 
102.289 
92.8872 
84.2842 
76.4184 
69.2321 
62.6715 
:;6.oS68 
51. 2317 
46.2632 
41.7417 
37 .6301 
3'1. 8945 
30 .5032 
27 .4272 
24.6394 
22. 11 50 
19.8312 
17.7669 
15.9025 
14.2204 
12.7040 
11.3383 
JO.1095 
9.00490 
8.01292 
7.12294 
6.32526 
5.61104 
4.972 19 
4.40134 
3 .89179 
3.43744 
3.0327S 

------

0.2 0.3 

Pa Pa 
r.D 1.164 596.225 
553.4111 548.830 
509. 1361 504.891 
468.112 464.180 
430. 123 426.483 
394.964 391. 597 
362 .446 359.333 
332.389 329.512 
304.624 301.967 
278.992 276. 540 
2:;5.345 253.084 
233.543 231.459 
213.456 2 11.537 
194.961 193.194 
177.942 176.318 
162.294 160.801 
147.915 146.544 
134.7J3 133.453 
122.598 121.443 
111.489 110.43 1 
101. 311 100.341 
91. 9920 91.1047 
83.4655 82.6540 
75.6701 74.9286 
68.5487 67.8716 
62 .0479 61.4300 
56. 1182 55.5548 
50.7136 50.2003 
45.7916 45.3244 
41.3126 40.8877 
37.2402 36.8540 
33.5404 33.1897 
30.1819 29.8637 
27.1358 26.8474 
24.3755 24. 1142 
21.8762 21.6397 
19.6152 19.4014 
17.5717 17.3786 
15.7264 15.5521 
14.06 15 13.9043 
12.5609 12.4192 
11. 2095 11. 0820 
9.99366 9.87903 
8.90082 8. 79785 
7.91950 7.82708 
7.03917 6.9563 1 
6 .25022 6. 17601 
5.54389 5.47749 
4.91216 4.85280 
4.34773 4.29473 
3.84397 3.79669 
3.39483 3.35270 
2.9948 1 2.lJ573 1 

T A BLE 6. Saturation vapor presSll.re over ice 

0.4 0.5 0. 6 0.7 0 .8 0 .9 Deri vative 

Pa Pa Pa Pa Pa Pa Pa/K 

59U23 586.458 581.630 576.837 572.081 567. 360 48.7738 
544.:285 539.774 535.297 530.853 526.444 522. 067 45.2441 
500.679 496.498 492 .349 488.232 484.1 46 480. 091 4 1. 9451 
460.278 456.406 452.564 448.751 444.968 441.213 38.8634 
422.871 419.287 4 15.731 412.202 408.700 405.226 35.9864 
388.256 384.940 381.651 378.387 375.1 49 371. 936 33.3021 
356.244 353.179 350.138 347.12 1 344. 128 341. 158 30 .7990 
326.658 323.826 321.017 318.230 315.465 312.722 28. 4662 
299.332 296.717 294. 124 291.551 288.998 286.467 26.2936 
274.108 271.696 269.303 266.929 264.575 262.239 24.2713 
250.841 248.617 246.410 244.222 242.05 J 239.898 22.3900 
229.393 227 .343 225.310 223.293 221.293 219.309 20. 6412 
209.633 207.745 205.873 204.017 202.175 200.349 19.0163 
191.442 189.705 187.982 186.274 184.579 182.899 17.5077 
174.706 173.109 171.524 169.953 168.396 166.851 16. 1079 
159.320 157.852 156.396 154.952 153.521 152.101 14 .8099 
145. 184 143.835 142.498 14 1. 173 139.858 138.555 13 .6070 
132.205 130.968 129.741 128.524 127.3 18 126. 123 12.4932 
120.298 119.163 118.038 116.923 115.817 114.72 1 11. 4624 
109.381 108.341 107.310 106.288 105.275 104.27 1 10.5091 
99.3809 98.4284 97.4843 96.5485 95.6210 94.7016 9.62823 
90.2253 89.3537 8S.4898 87.6336 86.7850 85.9439 8.81467 
81.8498 81.0528 80.2629 79.480] 78.7043 77 .9355 8.06388 
74. 1937 73.4655 72.7438 72.0286 71.3199 70.6176 7.3 7151 
67.2005 66.5356 65.8768 65.2239 64.5770 63.9360 6.73347 
60.8178 60.2112 59.610 1 59.0146 58.4245 57 .8399 6.14595 
54.9966 54.4436 53.8958 53.3530 52.8152 52 .2824 5.60533 
49.6919 49.1882 48.6892 48.1948 47.7051 47.2199 5. 10825 
44.8616 44.4031 43.9489 43.4991 43.0534 42.6120 4 .65155 
40.4667 40.0498 39.6368 39.2278 38.8226 38.42 13 4 .2322 7 
36.47 14 36.0926 35.7173 35.3457 34.9776 34.6131 3 .84764 
32.8423 32.4983 32. 1577 31.8203 3 1. 4862 31. 1554 3.49509 
29. 5486 29.2365 28.9275 28.6215 28.3 185 28. 0185 3. 17218 
26. 5617 26.2789 25.9988 25.72J5 25.4469 25. 1751 2 .87668 
23 .8555 23.5993 23.3457 23.0947 22.8461 22 .5999 2.60647 
21.4056 21.1739 20.9444 20.7173 20.4924 20. 2698 2 .35960 
19. 1898 18.9803 18.7729 18.5675 18.3643 18. 1631 2 . 13424 
17.1874 16.9982 16 .8108 16.6254 16.4419 16.2603 1.92868 
15.3795 15.2088 15.0397 14.8725 14.7069 14.5430 1. 74136 
13.7488 13.5948 13.4424 13.2916 13. 1424 12.9947 1. 57080 
12.2791 12.1404 12.0032 11.8674 11. 7330 11.6000 1.4 1564 
10.9559 10.83 11 10.7076 10.5854 10.4645 10.3449 1. 27461 
9.76563 9.65343 9 .54243 9 .43260 9.32395 9.21646 1. 14655 
8.69598 8.59521 8.49552 8.39690 8.29934 8.20283 1.03036 
7.73567 7.64525 7. 55580 7.46733 7.37981 7.29325 0.925056 
6.87436 6.79330 6.71313 6 .63384 6 .55542 6.47785 .829693 
6.10262 6.03003 5.95824 5.88725 5.81704 5.74761 .743420 
5.41182 5.34688 5.28267 5.21917 5. 15638 5.09429 .665446 
4 . 79411 4.73608 4.67870 4.62 196 4.56587 4.51040 .595041 
4.242'H 4.19052 4. 13930 4.08866 4.03860 3.98910 .531534 
3.74996 3.70375 3 .65808 3.61293 3.56829 3.52417 .474306 
3.:-11106 3.26990 3.2292 1 3.18900 3 . 14925 3.10996 .422790 
2.92025 2 .88362 2.84742 2.81165 2.77628 2.74134 .376464 
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CO 

Deg 0.0 

Pa 

C MPa - - - --
-53 2.70680 
-54 0 2.38296 

0--55 2.09542 
- 56 1.84042 
-57 1.61452 
- 58 1.41463 
- 59 1.23797 
- 60 1.08203 
-61 944 . .54.5 
- 62 823.473 
-63 716.990 
- 64 623 .457 
-65 .541.403 
- 66 469 . .514 
-67 406.613 
-68 351. 650 
-69 303.688 
- 70 261.892 
- 71 225. 521 
- 72 193.9 16 
-73 166.491 
- 74 142. 728 
- 7.5 122.168 
- 76 104.407 
- 77 89.0875 
-78 75.8930 
- 79 64.5473 
- 80 54.8067 
- 81 46.4.578 
- 82 .39.3135 
- 83 33.2 101 
- 84 28.0049 
- 85 23.5732 
- 86 19.8068 
- 87 16.611;) 
- 88 13.9055 
- 89 11.6182 
- 90 9.68833 
- 91 8.063 13 
-92 6.69714 
- 93 5.55J26 
- 94 4 . .5919.5 
-9.5 3 .79044 
-96 3.12216 
- 97 2.566 12 
-98 2.1044.5 
- 99 1.721 98 

- lOO 1. 40580 

-------- --_._----

0.1 0.2 

Pa Pa 

MPa MPa --
2.67266 
2.35263 
2.06852 
1.81657 
1.59340 
1.39596 
1.22149 
1.06749 

931. 73 1 919.079 
812.196 801.064 
707.079 697 .291' 
614.7.58 606.172 
533 .778 526.252 
462 .838 4.56.2.50 
400.776 39.5.017 
346.553 341.525 
299.244- 294.860 
258.023 254.206 
222.157 218.389 
190.994 188.114 
163.958 161.461 
140.535 138.373 
120.273 118.404 
102.771 101.159 
87.6772 86.287<) 
74.6795 73 .4842 
63 .5047 62.4780 
53.9]25 53.0320 
45.6921 44.9381 
38.6588 38.0144 
32.6514 32.1014 
27.5288 27.0603 
23.1683 22.7699 
19.4630 19 .1249 
16.320J 16.0336 
13.6590 13.4166 
11.4100 11.2054 
9.51290 9.34047 
7.91556 7.77053 
6 .57324 6.45150 
5.44745 .5.34546 
4 . .50.513 4.41986 
3.71799 3.64685 
3.06182 3.002.58 
2..51597 2.4667() 
2.06287 2.02207 
1.68757 I. 6538J 

TABLE 6. Saturatiun vapur pressure over iGe- continued 
---

0.3 0.4 0.5 0.6 0.7 0.8 0.9 Derivative 

Pa Pa Pa Pa Pa Pa Pa Pa/K 

MPa MPa MPa MPa MPa MPa MPa MPa/K 

2.60559 2.57265 2.54009 2.50791 2.476ll 2.44469 2.41364 .334847 
2.29306 2.26381 2.2349(1 2.20633 2.178 10 2.15021 2.12265 .297501 
2.01567 1. 98972 1.96408 1.93874 1.91371 1.88898 1.86455 .264024 
1. 76974 1. 74674 1.72403 1. 701 59 1.67942 1.65752 1.63589 .234047 
1.5519.5 1..53160 1..511.50 1.49165 1.47204 1.45266 1.43353 .20723.5 
1.35931 1..34133 1.32356 1.30602 1. 28869 1.27157 1.25467 .183280 
1.18912 1.17324 1.1.57.56 1.14207 1.12678 1.11167 1.09676 .161902 
1.03894 l.O2494 1.01l1l .997462 .983980 .970668 .957524 .142846 

<)06 . .587 89~, .2.53 382.076 870.0.53 8.58.183 846.46.5 834.895 125.879 
790.074 779.225 768 . .514 757.941 747.504 737.201 727.030 110.790 
687.640 678.109 668.700 659.414 650.248 641.200 632.270 97.3887 
597.698 589.335 581.081 572.935 564.895 556.961 549.131 8.5.4990 
518.826 511.497 504.265 497 .128 490.086 483.137 476.280 74.9642 
449.7 .50 443.337 437.009 430.765 424.605 4J8.527 412.530 6.5.6416 
389.33.5 383.730 378.200 372. 74.5 367.363 362.0.54 3.56.817 .57.4022 
336.566 331.674 :126.848 322.0S8 317.393 312.761 308.193 50.1295 
290.537 286.273 282.068 277.920 :273 .829 269.795 265.816 43.718.5 
2.50.443 246.732 243.072 239.463 235.904 232.394 228.934 38.0746 
2 15.567 212.342 209.161 206.025 202.933 199.885 196.879 33.1128 
185.274 182.475 179.715 176.994 174.3Jl 171.667 169.060 28.7565 
158.999 156.573 154.182 151.824 149.501 147.2 lO 144.953 24.9372 
136.243 134.143 132.074 130.03.5 128.025 126.044- 124.092 21.5935 
116. 563 ll4.749 1I2.961 111.200 109.464 107.753 106.068 18.6702 
99 . .570.5 98.00.53 96.463J 94.9437 93.4468 91. 9720 90 . .5190 16. ll83 
84.9192 83.5709 82.2427 80.9342 79.64.53 78.3757 77.1250 13.8938 
72.3069 71. 1472 70.0050 68.8800 67.7720 66.6807 65.6059 11.9577 
61.4668 60.4710 59.4904 58.5246 57.5736 56.6371 55. 7149 10.2751 
52.1649 51.3112 50.4706 49.6429 48.8280 48.0256 47.2356 8.815ll 
44.19.59 43.4652 42 .74.58 42.0376 41.3405 40.654J 39.9785 7.55021 
37 .3800 36.7556 36.1410 3.5.5361 34.9407 34.3546 33 .7778 6.45610 
31.5602 31.0276 30.5034 29.9875 29.4799 28.9803 28.4886 ;) . .5J J25 
26.5994 26.1458 25.6995 25.2603 24.8282 24.4031 23.9848 4.6966.5 
22.3780 21. 9924 2J .6131 21.2399 20.8728 20.5116 20.1563 3.99550 
18. 7922 18.46.50 18. 1432 17.8266 17.5152 17.2090 16.9077 3.39303 
15.7517 1;).4746 15.2020 14.9339 14.6703 14.4111 14.1562 2 .87625 
13.1783 12.9440 12.7135 12.4870 12.2642 12.0452 11.8299 2.43374 
11.0042 10.806.5 10.6120 10.4209 10.2330 10.0483 9.86680 2.05.550 
9.17098 9.00439 8.84064 8.67971 8.52153 8.36607 8.21329 1.73278 
7.62801 7.48795 7.:350:3 1 7.2 1.506 7.08216 6.9.51.56 6.82323 1.4.5794 
6.33189 6.21437 6.09890 .5.98.546 5.87401 5.7645 1 5.65694 1.22432 
.5 .24528 .5 .1 4686 .5.05019 4.9.5523 4.8619.5 4.7703.3 4.68034 1.02610 
4.33612 4.25387 4 .1 7310 4 .09377 4.01 586 3.93935 3.86422 0.858252 
3.57699 3 . .508.)<) 3.44103 3.374<)0 3.309<)7 3.24621 3 .18361 .716394 
2.94443 2 .88734 2 .83129 2.77627 2.72226 2.66924 2.61720 . .596744 
2.4 1845 2.37103 2.32450 2.27882 2.23400 2.J9000 2.14683 .496029 
1. 98202 1. 94273 1. 90417 1.86634 1.8292 1 1.79279 1. 7.5704 .411429 
1. 62069 1.;)8820 1 . .55632 1.52505 1.49437 1.46428 1.43476 .340513 
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