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In this paper we have shown that the pV-T measurements for light and heavy 
water systems can be represented with sufficient accuracy by the Iogarithmic form of 
the two parameter Tait equation. One of the parameters, which is dimeusiomess, 
turns out to be the same for both types of water. We make the plausible assumption 
that even for their mixtures this parameter has the same value. The other parameter 
can then be determined from the limiting isothermal compressibility which is obtaina- 
ble with great precision from the speed of sound measurements at normal pressure. 
The pV-T data for the water mixtures can thus be generated by using the Tait 
equation. This simple equation is very useful in the determination of the values of 
those thermodynamic functions which are not easily accessible to direct experimental 
measurements at eIevated pressures. Lastly the principle of corresponding states is 
shown to be applicable for the two water systems. 

: 

INTRODUCTION 

The thermodynamic properties of light water (H,O) have been investigated 
experimentally in great detail’. Situ&u though less extensive work with heavy 
water (DtO) has been carried out in the last few decades_ However, the study of 
mixtures of de two waters, which are ideally suited from the point of view of theory 
of mixtures; has strangely attracted little attention so fari It is hoped that this worg 
wii genyte some activity which wouId help in filling this gap_ 

.~ Equation of state measurements for the two waters in the liquid phase have 
been carri’ed out by a number. of workers.’ From these we have selected Bridgman’s 
data* and disc&z& the problem of their analytical representation by a simple two- 
parameter equation. Such a representation is very useful in determining the values of 
some of the thermodynamic functions which -are not easily measured directly at 
elevated pressures. Next, in the absence of ‘d&t experimental pV-T measurements 
on the mixtures of two w2ters, we have given-a-procedure by which these data may. 
be generated_ Tne onIy titme property which is.needed is the isothermal compressi-_ 
bfi! under ordinary conditions as a. function df temperature and concentration. It is 
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well known that the most reliable values of the limiting compressibility can be obtained 
from the speed of sound measurements provided the values of the ratio y = C#,/C,, 
are known. RecentIy, we have reported the speed of sound me2mrements3 in the 
mktures of two w@ers. UnfortunateIy no ~rresponding specific heat resuIts are 
avaiIab!e at present, so that one can generate p-V-T data for water mktures by 
making a tesSat& assumption that the specific heat of mixing is zero- 

EQUKIION OF SlYATE 

The need to represent the pV-T data by a suitable equation can hardly be 
ovex+3x.lphasiWL TaiP sought ai& equation to represent the compressibility of sea 
water and proposed the equation 

Pi,--v)lv, = crplfb+p) (1) 

whereV,isthezer0pressme volume,whiIeaandbare ParametQs to be suitably 
chosen_Thiswaslatcrmodi6edtotheform 

(Vi,-v)/Y,=cfn(~+~JB (2) 

whichisagainatwo paranEW equation, This equation has been employed with 
ccmsi~Ie sncccssforthez4n2lysisofthe exp&mental p-V-T data for the normal 
par&i& and some high polymerss. The nlility of this representation stems from the 
fact that for these systems the dimensionless parameter C coold be ass@xxi the same 
value 0.08936_ In the case of light and heavy tiiers, the fitting of Bridgman’s data 
with eqn (2) gives C=O_1240 for both water systems_ This restdt cxmstitutes a great 
step forward in the determination of thermodynamic properties of water mixtures. 
No such simpIification is, however, found possible with the representation correspond- 
ing to eqn (1). ?he vaIues of parameters in eqns (1) and (2) for the two waters are 
given in Table 1. The volume vaIues calculated from eqn (1) show a deviation fkom 
the experiment which exceeds 1.5% on the high pressure side. On the other hand, 

TABLE I 

PARAMETERS OF EQNS (I)- AND (2) FOR LIGHT AND HEAVY WATERS 

02867 5.565 2418 2330 
03220 ‘1-232 6831 . 2648 2589 
a3246 -7.363 - 
0.2885 6.613 

,__.:2:. ._- 2% ._ 

O-2900 a189 029SO 6ss-. 2656’ -2.652. 
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using eqn (2) the maximum deviation does not exceed 0.1%. In view of this we have 
only used the Iogarithmic form of the Tait equation. It may be noted from Table 1 
that the B values for the two waters seem to convergeon the high temperature side. 
This could be due to the diminishing effect of hydrogen bonding with increase in 
temperature. 

From eqn (2), it is readily seen that the isothermal compressibility 

where, 

<= 1-CIn(li-p/B) 

This gives, 

K=(O) = C/B (41 

Equation (4) provides the limiting value of isothermal compressiiility which is 
extremely difkuh to measure directly from p-V measurements. AItemativeIy, 
accurate values of this quantity can be obtained from the speed of sound measvun+ 
ments and the knowkdge of y values. In Table 2 we have shown a comparison of 
K,(O) values for the two .waters as obtained from eqn (4) and the speed of sound. 
It is noted that the differcnccs in the two sets of compressibility values are generally 
Iess than 2%. This shows the reliabiliv of eqn (2) for the representation of pV-T 
data for both waters even in the low pressure region. 

TABLE 2 

&(0)x (IO6 bar) FOR LIGHT AND HEAVY WATERS 

TKI SO ho 

Spuaof SowId Eqn (4) Sped of SowKi Eqn Ml 

- 293.15 45.84 46.83 47.05 47.89 
313.15 44.10 44.88 44.80 45.34 
333.15 44.56 45.42 44.82 45.55 

353.15 4606 46.69 46.45 - 46.76 

Equation of state studies of water mixtmes have not been carried out so far. 
However, our foregoing analysis of the data of pure water systems permits us to 
generate p-V-T data for mixtures. Since the parameter C is identical for the two 
water systems, it seems reasonable to assume the same value for their mixtures. 
Making nse of eqn (4) the values of parameter 23 as a fimction of tcmperaturc may be 
determked provided the corresponding is0thfxma.I compressiiiIity vaIues are ~OWI. 
The speed of sound measure ment in the mixtures of heavy and light waters yields 
the adiabatic compressibility. UnfortnnateIy, no specifk heat measurements in 
water mixtums have been reported so far. We have tentatively assumed that the 
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TfyF3LE 3 

J&(0, x-( 10” bar) FOR MDCFURES OF HEAVY AND LIGHT WAIJZRS-FOR 
VARiOUS:VOLUME CONCENTRA-i-IONS R OF- _ 
HEAVY FAT EXPRESSED IN PERCENTAGE 

T(K) R 

2s 50 7i 

293-15 46-12 4625 4639 
313_15 4424 44.24 44-46 
333.15 44.64 44.49 44.68 
353-15 46-13 4605 46-30 

specific heat of mix&g for the water mixtures is zero and used the computed y vaIues 
to dekmine the isothermai compressiiility~ The results are shown in-Table 3..This 
prkdnre for generating pv-T data may be adopted for other systems (pure or 

_ 
xnutmes) where the validity of the Tait representatioq may be assumed and provided 
thevaIueofCcanbei&rred. 

: ’ 

CAJXXLA~N OF -yNAIHIc 33J?4crIoF4s 

Equation (3) gives the isothermal compressibility in terms of the Tait reprekenta- 
tion. Similarly using eqn (2) and the well-known thermodynamic relations the fol- 
lowing expre&ons representing the pressure variation of other thermodynamic 
fnnctions ark obtained_ Isobaric coefficient of volmne increase, 

a&) = (avj6nj = g(Oj+(tijB)B’@/j~(p+ B)]] ~. (5) 

~==bJ===7 _ 

p;(p) = T(Z$ a~y-p=e(ToL,(0)~~cp+B)~~~(~iB)~~- 1-J (@ _ 
where the primed ~titks stand for their derintiwzs with respect, to temperature. 

Spekifk heat at constant pressures - 

.._ 



235 

= s(o, ~~p[V,‘(~iC)+(CV,I~)~]-(1-~)[V~(p+B)tV,B’~] (8) 

The values of V, as a function of temperature for the two waters can be 
determined using Kell’s relation 6_ For calculating the temperature derivatives of B, 
the polynomial 

B = 5 C,t’ 
r=o 

may be employed; here t is the temperature in “C The values of coefficients of eqn (9) 
for the two waters are given in Table 4. The values of B calculated using eqn (9) do 
not differ by more than 0.1% from the direct determinations from eqn (2) for repre- 
senting the p-V-T data.. 

TABLE 4 1 

COEFFICIENTS dF EQN (9) &TH BAR AS THE ?JNlT OF PRESSURE 

ch@i.wlrs Hz0 D=O 

co 2418.0 2330-O 

Cl 12149 12.669 
c, x 10-J 52896 12218 
c, x 10-s - 496.43 -63154 
cr x 10-7 358.71 429.64 

From eqns (3) and (5)-(S), various thermodynamic functions can be easily 
calculated and the effect of pressure on their behaviour investigated_ As an illustration, 
the variations of ap and C, for heavy water are shown in Fig_ 1 and Fig_ 2, respectively_ 
These two functions were chosen because of some interesting features_ 

In Fig_ 1 the variation of aP with pressure is shown for three different tem- 
perature&_ It is c&served that on-the low temperature side ap increases with pressure. 
However, at higher tempera&es the effkct ofbressurc we&ens and ultimately shows 
an opposite trend. Calculations show a similar behaviour in the case of light water. 
Here our results are in agreement with those-of fine and Miliero’ who have reported 
values of aP upto 1 kbar_ 

In Fig_ 2 the variation of C, with pressure is shown at Gve diff&ent temperatures. 
In all cases the change is non-monotonic_ It may be further observed that the minimum 
in C, as a fuoction-of pressure with increasing temperature first shifts to the low 
pressure side, but around 323 Rthistrend is reversed. Another interesting featare 
is that the &ct of pressure on CP~inc&ses first withrising tern- However; 
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Fig. I. variation of isobaric codiicialt of voluIuc incnase with pressure for heavy water- Carve I: 
293.15 K; anvc 2 313.15 K; curve 3: 333.15 K, 

Fi~2varia!tionofsp&ifichcatatunntantpccssurcwithp- Curve 1: 293JS K; alrve 2 
303-15 K; cnrvc 3: 313-H K; cnrve 4: 323-15 K; curve 5: 333.15 Km 

beyond 313K this effect becomes progressively weaker. SimiIar behaviour is ako 
obsemdintheczeofIightwater- 

_ If for a class of materials tne paramder C of Tait’s equation%as t& same vahxe 
and prov%ed the principle of comsponding Gates is obey* eqn (2) assumes the 



237 

foliowing form in terms of the reducxd variabks 

I- Fp(T)p--(T) = c In (1 +@(T)) (10) 

Here the reduced volumes at zero and finite pressure are delined as &, = V,/V* 
and VP = VJV* in terms of a characteristic volume V*_ Similarly the reduced pressure 
ji =pl(Ellv*) and hence B= BI(E*IV*) and also the reduced temperature T= 
TlfE*l(tlk)) where P represents a characteri stic energy, 11 is the number of volume 
dependent degrees of fkedom and k is the Boltzmann constant. If it can be demon- 
strated that for a class of materials B and V,, are both universal functions of the 
reduced temperature T, then it follows that a reduced equation of state 

exists, We have considered such a possibility for the two waters. Since the absolute 
value of the scale parameters is not important here, we arbitrarily take I@, p* (= P/v*) 
and T1 to be unity for lipbt water_ In these units Xwe take for heavy water U* = 1.007, 

P * = 0.991 and P = 1.012, the superposition of V0 versus T and B versus T values 
for the two water systems, as shown in Figs, 3 and 4, is quite satisfactory_ This shows 
that for the two waters the principIe of corresponding states is valid in the tem- 
perature and pressure ranges considered here. We also tind that pP/TI = 1.014 

fi& 3. Variation of reduced volume PO of Sgit and heavy watas with (% T’) whui TO = 273.15. 
FUIllinesIightwater:AZhCXVYwatrr,. 
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which~sho~& that the number of v&mxx?ependent degrees of freedom for heavy 
water is somewhat larger as compared to light water_ 

COiXCLlJSIOlS 
-_ 

In the present paper we have taken an important step towards the study of 
light and heavy water m&m-es_ Ex&msive work in this direction is expc;cted to pave 
the way for the development of a satisf&tory theory of water- It has been stiown in 
thispaperthattheplr-Tmeasure ments of both waters can be represented by the 
logarithmic form of Tait’s equation with a sufficiently high accuracy upto 12 .kbar 
which is the limit of Bridgman’s data_ A simple procedure for generating p-V-Tdata 
for the water mixtures his also be&n given- By using the procedure de&bed & 
this *per it is possiiIe to evaluate readily the thermodynamic functions at elevated 
prwsmw from the knowledge of their co&esponding vahxes und&r ordinary condi- 
tions. Lastly the validity of the principle of corresponding states for the two water 
s&ems hzis been established over the tcmperatm-c and pressure &gescOnsidered in 
this work 
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