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THERMODYNAMIC PROPERTIES OF LIQUID 
WATER UP TO 8000 BAR AND BETWEEN 

25 AND 150°C 
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and 

SOON-DON CHOI 
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A simple equation of state for the condensed phase, proposed by Cho, is applied to liquid water under 
pressure up to 8000 bar and between 25 and 150°C. The agreement between measured and calculated 
volumes is satisfactory over the entire range of temperatures and pressures. The equation shows that the 
abnormalities in the temperature and pressure dependence of the thermal expansivity, isothermal 
compressibility and the heat capacity are predicted quite accurately from PVT data only. The values of 
thermal expansivity, isothermal compressibility, and heat capacity at constant pressure are calculated, and 
detailed comparisons with the experimental values are made. 

KEY WORDS: Thermal properties of water. 

I INTRODUCTION 

A simple equation of state proposed by Cho has recently been shown to represent 
the PVT properties of polymerslq2 and simple liquids3 very well. The equation of 
state takes the form'.2 

(1) 
where V i s  the volume at pressure P and temperature ?; Vo is the zero-pressure 
volume at T, C is a constant, and K is given 

(2) 

(3) 

V = Vo[K/(K + P)]', 

K = KO exp( - kT).  

In Vo = b, + b lT  + b, T 2  + b3 T3 

For liquids the temperature dependence of Vo and kT are as  follow^^*^: 

* Author to whom correspondence should be addressed. 
On leave from Department of Chemical Engineering, Yeungnam University, Gyongsan, Gyongbuk, 

Korea. 
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152 B. CHO, K.-Y. CHOI AND S.-D. CHOI 

and 
k ,  = k l T  + k 2 T 2  + k , T 3 ,  (4) 

where b, - b, and k ,  - k ,  are constants for specified 
condensed phases k ,  

Since for most 

( 5 )  

where Do = k , ,  D ,  = k o k l ,  D ,  =: k o k 2 ,  and D ,  = k,k, .  This expression is quite 
useful in the temperature range of' interest. 

Recently, it was found that from the equation of state the thermodynamic 
properties of polymer can be predicted quite accurately2s4. In this work, the equation 
is used to explain the abnormal properties of liquid water up to 8000 bar in the 
temperature range from 25 to 150°C. 

Experimental PVT data considered here include: (1) the compression data of 
Grindley and Lind5(GL) in the range from 25 to 150°C and from 0 to 8000 bar; (2) 
the compression data of Kell and Whalley6 (KW) in the range from 25 to 150°C and 
from 0 to 1000 bar; and ( 3 )  the compression data of Chen, Fine, and Millero7 (CFM) 
in the range from 25 to 100°C and from 0 to 1000 bar. 

lo-', Eq. ( 2 )  can be expressed approximately as 

K = Do - D,T  - D 2 T 2  - D3T3,  

I1 RESULTS 

A Analysis of PVT data 

The parameters in Eqs. (1) and ( 3 )  were first determined for water. The necessary 
experimental PVT data were taken from the literature. The results are given in Tables 
1 and 2.  Units are cm3/g, bars, and Kelvin temperature K. The standard deviations 
c( V,) and a( V )  are given in the final columns of Tables 1 and 2.  Figure 1 shows a 
comparison between experimental values of volume5 and those calculated by using 
Eq. (1) with parameters based on G L  data. Within the scale of the figure, there is no 
discernible difference between the data and the calculated values. Table 3 compares 
experimental and calculated zero pressure volumes and thermal expansivities by using 
Eq. ( 3 )  with parameters based on GL data. For Eq. (1) with Eq. (5), the PVT data 
of GL give 

K = -2.25876 >: lo4 + 2.03807 x 102T 
- 5.06494 >: 10- ' T 2  + 3.93640 x 10-4T3,  

C = 0.16362, 

and 

Here, K is in bar and T in K .  
From the temperature dependence of the zero-pressure bulk modulus, we have's2 

dln K 
dT 

-- - -6ao + q(T) 

= - ( k j  + 2k2T + 3k3T2) + q(T), (7) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
I 

Pa
ra

m
et

er
s 

in
 E

qs
. (

1)
 a

nd
 (2

). 

k’ 
k

3
 

R
an

ge
/k

ba
r 

R
an

ge
/”

C
 

a(
v)

 
x 
lo
4 

R
ef

 
C

 
k,

 
k

l 

G
L

 
5 

0.
16

36
2 

18
.5

29
85

 
-3

.8
67

85
 

x 
lo

-’
 

8.
73

58
1 

x 
-5

.6
60

43
 

x 
lo

-*
 

0-
8 

25
-1

50
 

2.
79

 
K

W
 

6 
0.

15
28

1 
2.

47
34

4 
-5

.4
29

08
 

x 
lo

-’
 

1.
28

05
7 
x 

-9
.0

80
16

 
x 

&
l 

25
-1

50
 

0.
63

 
25

-1
00

 
0.

45
 

C
FM

 
7 

0.
15

90
1 

73
.9

47
75

 
-2

.4
00

77
 

x 
lo

-’
 

3.
71

34
1 

x 
lo

-’
 

%
1 

U
ni

ts
 a

re
 c

m
’/g

, 
ba

rs
, a

nd
 K

. 

T
ab

le
 2

 
Pa

ra
m

et
er

s 
in

 E
q.

 (3
). 

~ 
~ 

~~
 

R
ef

: 
b,

 
h,

 
b2

 
b3

 
R

an
ye

/”
C

 
u(

uo
) x

 l
o5

 

G
L

 
5 

0.
30

79
05

 -
2.

60
38

8 
x 

6.
21

71
8 

x 
-3

.0
68

11
 

x 
25

-1
50

 
6.

53
 

K
W

 
6 

0.
31

77
2 

-2
.6

86
53

 
x 

6.
44

67
8 

x 
-3

.2
79

46
 

x 
25

-1
50

 
6.

67
 

C
F

M
 

7 
0.

49
62

4 
-4

.2
83

75
 

x 
1.

11
91

6 
x 

lo
-’

 
-7

.9
59

98
 

x 
25

-1
00

 
1.

36
 

U
ni

ts
 a

re
 c

m
’/g

 a
nd

 K
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



154 B. CHO, K.-Y. C H O l  AND S.-D. CHOl  

I .o 

0.9 

0.8 L I I 1 

0.0 2.0 4.0 6.0 0.0 

P (kbar)  

Figure 1 Comparison of experimental isotherms (m) of water with theoretical isotherms (solid lines). 

Table 3 Comparison of experimental and calculated values of V,, a,, and 0, 

TI'C) Vo, cm3/g  zo x lo3, deg-' Po x lo4, bur-' 

Expt" Calc' E x p t b  Culc' E x p t b  Calcd 

- 

30 1.00442 1.00443 '0.3135 0.3197 0.4494 0.4523 
(0.4482) 

50 1.01215 1.01224 0.4581 0.4531 0.4423 0.4467 
(0.4418) 

(0.4473) 

(0.46 15) 

(0.4838) 

70 1.02279 1.02275 0.5840 0.5791 0.4502 0.4528 

90 1.03598 1.03591 0.6965 0.6978 0.4767 0.4697 

110 1.05165 1.05165 0.8041 0.8091 0.5103 0.4974 

130 1.06985 1.0699.3 0.9125 0.9130 0.5566 0.5363 
150 1.09080 1.09072 1.0232 1.0096 0.6234 0.5869 

a Data from Ref. 5.  
Data from Ref. 9, bracketed values represent the data of Ter Minassian ef af., Ref. 8 
Calculated from Eq. (3). 
Calculated from Eq. (13). 
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THERMAL PROPERTIES OF WATER 155 

where 6 is the zero-pressure Anderson-Gruneisen constant, a, is the zero-pressure 
thermal expansivity a, = (8 In VO/8ZJp, and q(T) is a function of temperature 
only. For most condensed phases, the second term on the right-hand side of Eq. (7) 
is ordinarily much smaller than the first term. Therefore, a good approximation is',' 

d l n K  
d T  

-- - dk,/dT 

= -(k, + 2k2T + 3k3T2). (9) 
In this work, we use Eq. (9) for the temperature dependence of d In K/dT. 

B Thermal expansivity 

From Eq. (1) we have"' 
CP dk, a=@,------ 

K + P d T '  

From this we have 

CK dk, 

Letting CI -+ a, as P -+ 00, it follows from Eq. (10) that 

CI, = a0 - C(dkT/dT). 

Equation (11) shows that the rate of change of a with pressure is rapid at low 
pressures and becomes less rapid at high pressures, and as the pressure becomes 
infinite CL approaches the limiting value a,. According to the result calculated from 
Eq. (9) based on the PVT data of GL, dk,ldT = 0 at % = 322.65 K, and dk,/dT < 0 
below G and dk,/dT > 0 above q. Thus, it follows from Eq. (11) that (8a/dP), > 0 
below & and (da/dP), < 0 above q, and at & (aa/aP), = 0. Therefore, a increases 
with increasing pressure below G and decreases with increasing pressure above G, 
and at  q, a is independent of pressure. These agree with the experimental  result^^.^. 
Using the PVT data of CFM', we have & = 323.31 K, and using the PVT data 
of KW6, we have q = 320.75 K which is much smaller than others. According to 
the experimental results of Ter Minassian et aL8, the corresponding temperature is 
322.3 K. 

Figure 2(a) shows the general aspect of the isotherm of a as a function of pressure 
calculated from Eq. (10). As shown there, at high pressures the isotherms intersect, 
so that at higher pressures CI at the higher temperatures is lower than it is at the 
lower temperatures. Such behavior has been observed experimentally8. The isobars 
as a function of temperature are shown in Figure 2(b). All calculations in Figures 
2(a) and 2(b) are based on the parameters obtained from the PVT data of GL. As 
shown in Figure 2(b), all isobars intersect at &, since CI at G is independent of pressure 
over the entire range of pressure. The sign of the derivative (au/aT), changes in the 
vicinity of 5.2 kbar. The thermal expansivity increases with increasing temperature 
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Figure 2 General aspect of the behavior of the thermal expansivity of water, (a) as a function of pressure, 
(b) as a function of temperature. The number indicated on the isobars is in kbar. 

156 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



THERMAL PROPERTIES OF WATER 157 

Table 4 Comparison of experimental" and calculated values of a. 

z x lo3, k- '  deg- '  

P(bar) 30" c 50°C 100°C 150°C 

Expt Calc Expt Calc Expt Calc Expt cuic 

200 0.3248 0.331 1 

600 0.3486 0.3504 

1000 0.3728 0.3664 

3000 0.4328 0.4175 

5000 0.4500 0.4449 

7000 0.4470 0.4620 

8000 0.4448 0.4683 

(0.3257) 

(0.3527) 

(0.3757) 

(0.44 10) 

(0.4653) 

(0.4754) 

(0.4779) 

0.4547 0.4527 
(0.4677) 
0.4543 0.4520 
(0.4669) 
0.4581 0.4514 

(0.4661) 
0.4572 0.4496 

(0.4639) 
0.4508 0.4486 

(0.4630) 
0.4409 0.4479 
(0.4627) 
0.4378 0.4477 

(0.4626) 

0.7182 
(0.73 14) 
0.6672 

(0.6883) 
0.6304 
(0.6492) 
0.5264 

(0.5256) 
0.4747 

(0.474 1 ) 
0.4407 
(0.4517) 
0.4277 

(0.4461) 

0.7282 0.9551 0.9565 
(0.98 1 I )  

0.6838 0.8562 0.8691 
(0.8712) 

0.6474 0.7851 0.8002 
(0.78 17) 

0.5339 0.5968 0.5986 
(0.5474) 

0.4745 0.5081 0.5005 
(0.4672) 

0.4380 0.4577 0.4424 
(0.4347) 

0.4245 0.4420 0.4215 
(0.4269) 

a Data from Ref. 9, bracketed values represent the data of Ter Minassian rf ul., Ref. 8. 
Calculated from Eq. (10) based on the PVT data of GL. 

below this pressure, but above this pressure a minimum in CI is predicted to occur 
at a certain temperature T,, whose value depends on the pressure. For a given 
pressure, CI decreases with increasing temperature below TB and increases with 
increasing temperature above TB. These results agree with experimental results'. 

In Table 4, the values calculated from Eq. (10) using the parameters based on GL 
data are compared with the experimental values'. Values in brackets represent the 
calculated values by using the empirical equation of Ter Minassian et u I . ~  with the 
coefficients reported in Ref. 8. 

C Isothermal compressibility 

From Eq. (1) the isothermal compressibility, 
bvl 7' 

= -(a In V/dP),, is represented 

From this we have 
C K  d k ,  

( % ) p =  ( K  + P)2 d T '  

By comparing Eq. (1 1) with Eq. (14), we have 

which is the Maxwell relation. 
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158 B. CHO, K -Y.  CHOl AND S.-D. CHOI 

Since dk,/dT < 0 below & and dk,fdT > 0 above &, it follows from Eq. (14) 
that (dfl,/i?T), < 0 below ? and (afl/dT), > 0 above ?. Thus, as a function of tempera- 
ture, a minimum in p is predicted to occur at  q, and the temperature of minimum 
compressibility q is independent of pressure since d k T / d T  = 0 at z. Equation (14) 
also shows that for a given temperature, (2p/dT)p decreases with increasing pressure. 
These predictions have been confirmed by experiment.*-’ In Table 5,  values 
calculated from Eq. (13) with the parameters based on the PVT data of GL are 
compared with experimental values’. Values in brackets represent the experimental 
values of Ter Minassian et atR. For zero-pressure values, we compare in Table 3. 
The agreerncnt is seen to be good. 

D Heat Capacity 

The calculation of the heat capacity at constant pressure is based on the thermo- 
dynamic equation 

(?Cp/?P)* = - T(?2V/ST2)p. (16) 

Applying Eq. (1) to Eq. (16), we have 

AC,, = Cp(T, P )  - Cp(T, 0) 

C(C - 1)V, d K  2CV, d K  + _ _ ~ _ _  (j?:) ( R ,  + 2R3 - R , )  - - - ~ ( R ,  - R 3 )  , 
K K ( d T )  1 

where 
( 1  - C ) , C  

R 1 -  -J-[(+) 1-c  - 11, 

( 1  -t CVC 

R - l- [(i) - 11, , -1+c 
and 

R - - [ - - I ] .  1 v  
3 - c  v, 

Values of AC, were calculated from Eq. (17) based on the PVT data of GL. In 
Table 6, a comparison is made of their values with those obtained by Ter Minassian 
et a1.* and Vedam and Holton”. The agreement is seen to be good except for values 
at high pressures. According to Eq. (l7), (c‘Cp/dP), undergoes a sign change at a 
certain pressure, whose value depends on the temperature. For a given temperature, 
C, decreases with increasing pressure below this pressure and increases with increas- 
ing pressure above this pressure. The pressure of the minimum C p  increases with 
increasing the temperature. Such behavior has been observed experimentally*. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



T
ab

le
 5

 
C

om
pa

ri
so

n 
of

 e
xp

er
im

en
ta

l"
 a

nd
 c

al
cu

la
te

db
 v

al
ue

s 
of

 p
. 

/I
 x 
IO
",
 b

ar
-'

 

P
(b

ar
) 

30
°C

 
50

°C
 

I0
0"

C
 

I2
0"

C
 

15
0°

C
 

E
xp

t 
C

al
c 

E
xp

t 
C

al
c 

E
xp

t 
C

al
c 

E
xp

t 
C

al
c 

E
xp

i 
C

al
c 

20
0 

0.
42

73
 

0.
42

86
 

60
0 

0.
38

09
 

0.
38

79
 

10
00

 
0.

35
49

 
0.

35
43

 

30
00

 
0.

24
71

 
0.

24
72

 

50
00

 
0.

18
85

 
0.

18
99

 

70
00

 
0.

15
45

 
0.

15
41

 
8O

OO
 

0.1
 4

06
 

0.1
 40

8 

(0
.4

27
0)

 

(0
.3

88
6)

 

(0
.3

55
3)

 

(0
.2

46
7)

 

(0
.1

91
 1)

 

0.
42

1 3
 

(0
.4

20
7)

 
0.

38
22

 
(0

.3
83

0)
 

0.
34

94
 

(0
.3

50
5)

 
0.

24
63

 
(0

.2
44

9)
 

0.
19

02
 

(0
.1

90
4)

 
0.

15
55

 
0.

14
29

 

0.
42

36
 

0.
46

21
 

0.
45

54
 

(0
.4

50
5)

 
0.

38
38

 
0.

41
03

 
0.

40
98

 
(0

.4
 10

8)
 

0.
35

09
 

0.
37

05
 

0.
37

24
 

(0
.3

75
1)

 
0.

24
56

 
0.

25
49

 
0.

25
59

 
(0

.2
55

3)
 

0.
18

89
 

0.
19

62
 

0.
19

49
 

(0
.1

94
8)

 
0.

15
34

 
0.

16
03

 
0.

15
74

 
0.

14
03

 
0.

14
73

 
0.

14
36

 

0.
49

68
 

0.
48

49
 

0.
67

02
 

0.
54

76
 

(0
.4

77
2)

 
0.

43
52

 
0.

43
35

 
0.

48
83

 
0.

48
30

 
(0

.4
35

5)
 

0.
38

98
 

0.
39

20
 

0.
43

04
 

0.
43

20
 

(0
.3

96
7)

 
0.

26
24

 
0.

26
50

 
0.

27
78

 
0.

28
27

 
(0

.2
64

1)
 

0.
20

16
 

0.
20

02
 

0.
21

07
 

0.
21

01
 

(0
.1

98
6)

 
0.

16
38

 
0.

16
08

 
0.

17
00

 
0.

16
72

 
0.

14
89

 
0.

14
64

 
0.

15
44

 
0.

15
17

 

a 
D

at
a 

fr
om

 R
ef

. 9
, b

ra
ck

et
ed

 v
al

ue
s 

ob
ta

in
ed

 b
y 

Te
r 

M
in

as
sia

n 
et

 a
l.,

 R
ef

. 8
. 

bC
al

cu
la

te
d 

fr
om

 E
q.

 (1
3)

 b
as

ed
 o

n 
th

e 
PV

T
 d

at
a 

of 
G

L
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
6 

C
om

pa
ri

so
n 

of
 e

xp
er

im
en

ta
l a

nd
 c

al
cu

la
te

d 
va

lu
es

 o
f 

A
C

p.
 

-
 A

C
p,

 J
K

 
' q

- 
' 

P
, b

ur
 

30
 c

 
50
 c

 
80

 c
 

10
0 
c 

E
rp

i 
A 

E
xp

l 
B 

C
uk

 
E

rp
l 

A 
hr

pi
 B

 
C

'd
i 

E
rp

i 
A 

Er
pr

 B
 

C
uk

 
E

~
p

t A 
C

uk
 

20
0 

60
0 

10
00

 
20

00
 

30
00

 
40

00
 

So
00

 
56

00
 

60
00

 
66

00
 

70
00

 
76

00
 

8O
OO

 

0.
05

3 
0.

 I4
0 

0.
20

7 
0.

20
0 

0.
31

3 
0.

30
0 

0.
36

3 
0.

36
0 

0.
38

4 
0.

41
0 

0.
38

8 
0.

44
0 

0.
46

0 

0.
47

0 

0.
04

0 
0.

1 
10

 
0.

 I6
6 

0.
26

8 
0.

32
9 

0.
36

1 
0.

37
4 

0.
37

4 
0.

37
2 

0.
36

5 
0.

35
8 

0.
34

5 
0.

33
5 

0.
04

4 
0.

i2
1 

0.
18

3 
0.

16
0 

0.
29

 I 
0.

24
0 

0.
35

0 
0.

28
0 

0.
38

2 
0.

31
0 

0.
39

6 
0.

33
0 

0.
34

0 

0.
34

0 

0.
34

0 

0.
04

2 
0.

i i
.5 

0.
17

5 
0.

28
7 

0.
3 5

9 
0.

40
3 

0.
42

7 
0.

43
4 

0.
43

6 
0.

43
5 

0.
43

3 
0.

42
7 

0.
42

 I 

0.
04

 I 
O

.ii
3 

0.
17

2 
0.

 I9
0 

0.
27

9 
0.

31
0 

0.
34

4 
0.

38
0 

0.
38

2 
0.

42
0 

0.
40

4 
0.

44
0 

0.
44

0 

0.
44

0 

0.
44

0 

0.
04

4 
0.

i2
i 

0.
18

5 
0.

30
4 

0.
38

3 
0.

43
5 

0.
46

8 
0.

48
0 

0.
48

6 
0.

49
 1 

0.
49

2 
0.

49
2 

0.
49

0 

0.
04

2 
0.

04
5 

0.
1 1

6 
0.

12
4 

0.
 I7

6 
0.

18
8 

0.
28

0 
0.

30
8 

0.
34

2 
0.

38
8 

0.
37

8 
0.

44
0 

0.
39

9 
0.

47
4 

0.
48

8 
0.

49
5 

0.
50

2 
0.

50
5 

0.
50

6 
0.

50
6 

E
xp

t 
A

: 
D

at
a 

fr
om

 R
ef

. 8
. 

Ex
pt

 B
: D

at
a 

fr
om

 R
ef

. 1
2.

 
C

al
c:

 C
al

cu
la

te
d 

fr
om

 E
q.

 ( 
17

) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



THERMAL PROPERTIES OF WATER 161 

Unfortunately, for values at higher pressures and temperatures, detailed comparisons 
are not made for the lack of experimental data. 

111 CONCLUSIONS 

It has been shown that for water up to 8000 bar and between 25 and 15OoC, Eq. (1) 
can be used to represent the volumetric data and to explain the thermodynamic 
anomalies. From the equation the following are predicted: (1) The thermal expansiv- 
ity increases with increasing pressure below = 322.65 K and decreases with 
increasing pressure above G, and at the thermal expansivity is independent of 
pressure over the entire range of pressure. (2) At higher pressures the thermal 
expansivity at higher temperatures is lower than it is at the lower temperatures. (3) 
As a function of temperature, a minimum in the isothermal compressibility occurs 
at & and the temperature of minimum compressibility is independent of pressure. 
(4) As a function of pressure, a minimum in the heat capacity at  constant pressure 
is predicted to occur at  a certain pressure, and the pressure of the minimum heat 
capacity increases with increasing the temperature. 
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