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This paper develops a modified Tait equation of state (EOS) for trans-decahydronaphthalene with four parameters

A, B, Vo and Py being treated as linear functions of temperature. The coefficients contained in these functions are

determined through fitting the experimental compression data in the literature between 293 K and 446 K and at

pressures from 10 to 200 MPa. Expressions for the thermal expansivity, isothermal compressibility and thermodynamic

quantities are deduced and the numerical results are analytically derived. The numerical results show that the precision
of the modified Tait EOS developed in this paper is superior to the EOS in the literature.
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1. Introduction

The equation of state (EOS) of a system describes
the relationships between thermodynamic variables
such as pressure, temperature and volume. It pro-
vides information on non-linear compression of a ma-
terial at high pressure, and has been widely applied
to engineering and other scientific research. Signifi-
cant progress has been achieved over the past years to
describe the properties of condensed matter in terms
of universal relationships involving a small number of
parameters. Especially, since Rose et allll proposed in
1986 that there exists a universal EOS (UEOS) valid
for all types of solids through analysing the energy
band data, a lot of forms of UEOS have been pro-
posed with varying degrees of success.2~6 Although
these EOSs were proposed for solids originally, most
of them have been applied to study the thermody-
namic properties of liquids.®~7 The traditional Tait
EOS also has been used as a universal equation both
for solids®?! and liquids.[10—16]

It has been shown that perturbation theories give

g [17-21]

fairly good descriptions of simple fluid How-

ever, perturbation theories are difficult to apply to
complicated fluids since the intermolecular interaction
is difficult to describe through simple functions. In
these cases, the UEOS is preferable. The Vinet, KD,
Baonza,3—¢ Tait['9=16] and Murnaghan'®16 equa-
tions have been applied to different fluids. Recently,
Adamenko et all'®19 studied thermodynamic prop-
erties of Cgg fullerene toluene and aqueous solutions
through the Tait EOS. These works show that the
modified Tait equation gives the best description for
liquids with heavy molecules, and other more modern
and complicated equations give poor descriptions.

Trans-decahydronaphthalene (CioH;g) is an ali-
cyclic analogue of naphthalene; its melting point and
boiling point are lower than naphthalene. It has po-
tential to be used as a hydrogen source in hydrogen-

oxygen fuel cells.[22—20]

Because thermodynamic data
on trans-decahydronaphthalene is scarce, 2728 Zhu et
al!?? recently measured PVT data up to 200 MPa
and 446 K. Although Zhu et al analysed their data
with the aid of the Tait equation, they just deter-
mined parameters of the Tait equation along several

isothermals, and could not determine the overall PVT
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relationship. Instead of the Tait equation, they alter-  functions as follows:
natively developed the following PVT relationship:
A=A+ A'T,
V =01+ CoT + C3T? — C4P — CsPT. (1) B=B"+B'T,
‘/0 = VOO + VHTa
Here the wvalues of (3 through C5 are Py = Pg +PT )

124.4378 cm®-mol !, 0.1127 cm®-mol =1 K1, 1.0124 x
10~ cm® mol~1-K~2, 2.3909x 1075 cm?3-mol ~*-MPa ™!
and 2.0291 x 107%cm®mol~'-MPa~1.K~!, respec-
tively. The precision of Eq.(1) is poor, and the com-
pressibility calculated by Zhu et al even takes negative
values at high pressure and high temperature regions.
In terms of thermodynamics, the system would be-
come unstable in such cases, and these negative values
are physically unreasonable.

Based on the above analysis, it is necessary to
construct a consistent PVT relationship for trans-
decahydronaphthalene based on the experimental
data available at present. Considering that trans-
decahydronaphthalene is a macromolecular material,
and the Tait equation has been shown to give a good
description of complicated fluids,['9~1¢! we establish a
new relationship for it on the basis of the Tait equa-
tion. In Section 2 of this paper, the analytic EOS
is developed, and analytic expressions for thermal ex-
pansivity and compressibility are derived. Then we
compare the numerical results with those of Ref.[22].
In Section 3, we derive the analytic expressions for
thermodynamic functions, and give the numerical re-
sults.

2. Analysis of equation of state

The Tait EOSs in Refs.[10]-[16] are expressed in
the following volume-analytic and pressure-analytic

V:VO{l—Aln<§:£O)], 2)

forms:

P = (Py+ B)exp [il (1“/{[))} — B, (3)
where Vj is the volume at a reference pressure Fp.
Originally, the Tait equation is isothermal, which
means that four parameters A, B, V;; and Py should
be constant for every isothermal but they should take
different values for different isothermals. In order to
establish a consistent EOS, we take A, B, Vy and Py
as functions of temperature, and give their forms of

Here the superscript ‘0’ represents the values extrap-
olated to absolute zero degree, and the splash ¢’ ’ de-
notes the derivatives with respect to temperature. It
is easy to verify that Eq.(4) satisfies the PVT data of
trans-decahydronaphthalene measured by Zhu et al. It
should be pointed out that the modified EOS Eqgs.(2)
and (3) and thermodynamic functions derived in the
following section with parameters in Eq.(4) are dif-
ferent from those of Adamenko et al,['5'6 and more
general than them, for they just took B as a function
of temperature in Refs.[15] and [16].

Equation (4) contains eight coefficients. In or-
der to determine their values, we adopt the following
procedures. At first, we determine their initial val-
ues by fitting A, B, Vy and P, along six isothermals
given by Zhu et al?l Then we adjust their values
to minimize the average relative error of pressure —
N=5" (P cal/ Piexp) — 1], here N is the number of

K3
data points, and the final results are given by the fol-
lowing equations:

A =15.3—0.013T,

B =212 — 0.35T,

Vo = 123.7+ 0.1T,

Py =70 — 0.01T. (5)

Combining Egs.(2), (3) and (5), we obtain a
new EOS. In the following, we analyse its rational-
ity through the comparison of our results and those of
Zhu et al.l??

Firstly, we compare the variations of A, B, Vj and
Py versus temperature from Eq.(5) with those given
by Zhu et al,?? and the results are listed in Fig.1. Ev-
idently, the variations of four parameters from Eq.(5)
are monotonous, but the variations of A and B given
by Zhu et all?? are not monotonous, which show that
our optimized values are fairly different from the origi-
nal ones. We think that the tendency of nonmonotonic
variation is incorrect, and such an incorrect tendency
is most probably just the reason that the compress-
ibility incorrectly takes negative values for some data

points given by Zhu et al.l??
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Fig.1. Dependences of parameters A, B, Vp and Py on temperature respectively: circles, values
given by Zhu et al;[22] lines, values calculated from Eq.(5) given in this paper.
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Secondly, we compare eight isothermals calculated by Egs.(3) and (5) with experimental data in Zhu et

al,[22]

and can see the results in Fig.2. The figure shows that the agreement of our EOS with experiment is

fairly good. In order to quantitatively compare the precision of Egs.(3), (5) and (1) of Zhu et al, we list the

relative error of volume calculated according to the formula given in Table 1. Table 1 shows that for all data

points our results are superior to those of Zhu et al. Their largest and average errors are 2.62% and 1.03%, but
ours are 0.32% and 0.068%.

Table 1. Comparisons of relative errors of volume of Eq.(1) of Zhu et al[2?] (represented by A) with those
of Egs.(3) and (5) (represented by B). The relative error of volume is defined by AV% = |V; cal/ Vi exp — 1] X

100%. AV4% is the average error along different isothermals, and AVp% is the average error along different

isobars.
T 293.2 K 300.2 K 313.2 K 333.2 K 394.2 K 446.2 K AVp%
P/MPa A B A B A B A B A B A B A B
10 0.28 0.013 031 0.006 041 0.056 035 0.104 0.61 0220 0.18 0.006 0.36 0.068
20 0.08 0.095 0.01 0.006 0.07 0.044 0.01 0.08 0.07 0320 1.05 0.079 021 0.104
30 0.25 0.013 0.24 0.006 0.18 0.082 026 0.006 0.38 0287 040 0.155 0.28 0.092
40 0.41 0.064 044 0.038 035 0.063 055 0038 0.73 0235 018 0.174 045 0.102
50 0.64 0.013 063 0.032 061 0.083 0.77 0.038 1.05 0.212 0.77 0.094 075 0.079
60 0.78 0.020 0.81 0.006 076 0.09 095 0.032 141 0300 1.20 0.077 0.98 0.089
70 0.90  0.007 0.95 0.02 0.88 0.097 1.08 0.026 1.53 0.197 1.58 0.048 1.15 0.066
80 0.99 0.007 105 0.026 095 0.123 1.19 0.019 1.73 0.211 1.87 0.036 1.29  0.070
90 1.06  0.000 1.11 0.02 1.04 0.111 1.25 0.000 195 0175 212 0.012 1.42 0.053
100 1.13 0.020 1.15 0.013 1.07 0.124 1.29 0.019 212 0.125 2.29 0.03 1.561  0.055
120 1.19 0.067 1.21 0.047 1.13 0.092 1.34 0.000 2.01 0.14 2.53 0.025 1.57  0.062
140 1.17  0.081 1.18 0.06 111 0.073 131 0.007 1.80 0.026 2.62 0.006 1.55 0.056
160 1.06 0.068 1.07 0.0564 1.02 0.047 1.19 0.007 1.80 0.026 2.62 0.006 1.46 0.035
180 0.89 0.062 090 0.048 090 0.007 1.04 0.027 1.66 0.059 2,51 0.019 1.32 0.037
200 0.69 0.062 0.73 0.082 0.74 0.054 0.80 0.02 1.35 0.02 232 0.045 1.10 0.047
AVr% 0.77  0.039 0.79 0.031 075 0.077 089 0.028 136 0.173 1.62 0.057 1.03 0.068
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Fig.2. Variations of molar volume versus pressure at

six temperatures: symbols are experimental data from
Ref.[22]; lines are our numerical results.

Finally, we study thermal expansivity « and
isothermal compressibility k. From their definitions,

According to Eqgs.(6) and (7), the values of o and
k can be obtained. The values of « and k are displayed
in Tables 2 and 3, respectively. The comparisons of
the o — p and k — p curves of our data and their data
are shown in Figs.3 and 4.

Table 2. Values of « (in 107*K~1) at different temperatures and pressures (in MPa).

P/MPa 293.2 K 300.2 K 313.2 K 3332 K 3942 K 446.2 K
10 7.6578 7.6723 7.7066 7.7809 8.2344 9.0937
20 7.3962 7.3992 7.4101 7.4426 7.7020 8.2411
30 7.1643 7.1576 7.1491 7.1472 7.2520 7.5517
40 6.9565 6.9417 6.9168 6.8861 6.8650 6.9779
50 6.7688 6.7469 6.7079 6.6526 6.5263 6.4895
60 6.5979 6.5698 6.5185 6.4420 6.2264 6.0661
70 6.4412 6.4077 6.3456 6.2505 5.9578 5.6937
80 6.2967 6.2584 6.1867 6.0751 5.7151 5.3621
90 6.1629 6.1202 6.0399 5.9136 5.4939 5.0636
100 6.0382 5.9916 5.9036 5.7640 5.2911 4.7927
120 5.8124 5.7589 5.6573 5.4946 4.9303 4.3166
140 5.6123 5.5529 5.4398 5.2577 4.6168 3.9084
160 5.4328 5.3683 5.2453 5.0464 4.3401 3.5516
180 5.2702 5.2013 5.0695 4.8558 4.0925 3.2347
200 5.1217 5.0488 4.9092 4.6824 3.8686 2.9497

Table 3. Values of x (in 10-*MPa~') at different temperatures and pressures (in MPa).

P/MPa 293.2 K 300.2 K 313.2 K 3332 K 3942 K 446.2 K
10 7.0515 7.2510 7.6460 8.3250 11.1360 15.0237
20 6.5509 6.7265 7.0731 7.6645 10.0575 13.2274
30 6.1195 6.2759 6.5835 7.1054 9.1785 11.8333
40 5.7438 5.8844 6.1602 6.6258 8.4476 10.7185
50 5.4135 5.5410 5.7904 6.2098 7.8299 9.8057
60 5.1208 5.2372 5.4645 5.8452 7.3007 9.0438
70 4.8595 4.9664 5.1749 5.5231 6.8420 8.3980
80 4.6248 4.7236 4.9159 5.2362 6.4404 7.8431
90 4.4127 4.5044 4.6828 4.9791 6.0857 7.3609
100 4.2201 4.3057 4.4718 4.7473 5.7701 6.9380
120 3.8834 3.9588 4.1047 4.3458 5.2325 6.2301
140 3.5988 3.6659 3.7958 4.0098 4.7913 5.6607
160 3.3548 3.4153 3.5322 3.7245 4.4223 5.1921
180 3.1433 3.1983 3.3046 3.4789 4.1090 4.7994
200 2.9581 3.0085 3.1058 3.2653 3.8395 4.4654
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In Figs.3(a) and 3(b), we plot the variations in
« versus pressure at six temperatures of two papers.
Figure 3(a) is the result of Ref.[22], which shows
that the variations are not smooth but are zigzag
curves. Obviously, such curves are physically incor-
rect. Fig.3(b) is our result, from which we can see
that the variations of a are smooth, and thus physi-
cally correct.

10
(a)
8
T
P \ 339K 302K
T 6 \K\f 239K
5 ==
S 330K
33K
4 46.9K
0 100 200 0 100 200
P/MPa P/MPa

Fig.3. Dependences of thermal expansivity on pressure at
six temperatures: the left subfigure gives the numerical re-
sults of Ref.[22]; the right subfigure contains the numerical
results of our paper.

In Fig.4, the variations of k versus pressure at six
temperatures according to two papers are plotted, re-
spectively. Figure 4(a) shows that the variations of
Ref.[22] are dramatic and also not smooth. Even for
pressure and temperature ranges higher than 150 MPa
and 380 K, k takes negative values. In terms of ther-
modynamics, a system with negative & is unstable. So
the tendency of Fig.4(a) is physically incorrect. How-
ever, Fig.4(b) shows that the x calculated according
to Eq.(7) always takes positive values correctly, and
the variations are smoother and slower than those of
Fig.4(a).

k/10~4*MPa~1

0 100 200 0 100 200
P/MPa

Fig.4. Dependences of thermal expansivity on pressure at
six temperatures: the left subfigure gives the numerical re-
sults of Ref.[22]; the right subfigure contains the numerical
results of our paper.

We believe that these results definitely verify
that Eqgs.(3) and (5) can provide a correct and
good description of the PVT relationship for trans-
decahydronaphthalene over wide ranges of pressure
and temperature.

All the above results show that the new EOS is
very rational and effective.

3. Analysis of thermodynamic

functions

Although the four parameters A, B, Vy and P,
in Egs.(5) are functions of temperature, we can derive
analytical expressions for all thermodynamic quanti-
ties. In order to complete the task, we need the ex-
pression of isochoric heat capacity at zero pressure.
The isobaric heat capacity C'p of a material is easily
measured, but it is difficult to measure the isochoric
heat capacity Cy. In order to get Cy, we use the
following thermodynamic relationship:

Cp —CV :TVOéZ/KJ. (8)

Once the EOS is available and «, x is deduced,
we can convert Cp to Cy. In Ref.[29], we find several
values of Cp at zero pressure. By fitting the values
of Cy converted from Cp, we obtain the following ex-

pression
Cy = CY + C{,T = —230.5478 + 1.4112T.  (9)

The formulas to evaluate internal energy and entropy
by using the EOS are as follows:

U:/CVdT—s—/{T (g;)v—P} av + Up, (10)

e oP
S—/TdT+/<a:F)vdV—s—So. (11)

Considering that the integrals in Eqgs.(10) and (11) are
difficult to evaluate for the temperature dependence of
parameters in Eq.(4), we firstly change Eqgs.(10) and
(11) to the following forms:

0

U= /chT+T287 [;/Pdv} +Uy, (12)

5—/03dT+6/Pdv+s (13)
)T oT o

Substituting Eq.(3) into Eqgs.(12) and (13) and con-
sidering Eq.(4), we obtain
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U=Uy+CyT + (1/2) C;,T? + AVy(Py + B) exp[A™ (1 — V/Vp)]
— [AVo(P5+ B') = AYA'Vo(Po + B) + (A'Vo + AVY) (Po + B)(1 + A7V /)]
x Texp[A~(1 - V/Vy)] + BV — B'TV, (14)
S =Sy +C%InT + C;,T — exp[A (1 — V/Vo)|[AVo (P} + B')
— AT AV (Py + B) + (A'Vo + AVY) (Po + B) (L + A~V /o)), (15)

where Uy and Sy are integral constants. In the following calculations, we determine their values at the reference
state (Trer = 300 K, Pror = 0), U (Trer, Prer) =0 and S (Tref, Prer) = 0. If U and S are available, we can easily
evaluate other thermodynamic functions. For example, the Helmholtz free energy is

F=U-TS=Uy+TSy+CyT —CyTInT — (1/2) C}, T?
+ AVy(Py + B) exp[A~'(1 — V/Vp)] + BV — B'TV, (16)

and the Gibbs free energy is

G=F+PV=Uy+TSy+CyT —~C{,TInT — (1/2) C{,T?
+ (AVy + V) (Py + B) exp[A~1(1 = V/Vy)] — B'TV. (17)

In Fig.5, we plot the dependences of internal
energy and entropy on molar volume at six tempera-
tures. The figure shows that both quantities are an in-
creasing function of temperature. But Fig.5(a) shows
that the internal energy is also a decreasing function of

70
462K

\446‘21( (a) 120 (b)

60

394.2K

80 394.2K

U/J

333.2K
313.2K
300.2K

293.2K
140 ‘ 160 ‘ 180 140 160 180

V/cm3-mol ! V/cm3-mol !

Fig.5. Dependences of internal energy and entropy on
molar volume at six temperatures calculated in this pa-
per.

volume, and Fig.5(b) shows that the variation of en-
tropy is fairly slow and almost independent of volume.

4. Conclusion

In this paper, we put forward a modified Tait EOS
for the trans-decahydronaphthalene. The four param-
eters A, B, Vy and P, contained in the Tait EOS are
taken as linear functions of temperature. Analytic ex-
pressions for the thermal expansivity, isothermal com-
pressibility and thermodynamic properties are derived
and the numerical results are presented. By introduc-
ing a novel fitting procedure, the coefficients contained
in these functions are determined. All the numerical
results indicate that the precision of the Tait EOS de-
veloped in this paper is superior to the EOS in the
literature, and the new EOS overcomes the problem
that the isothermal compressibility takes negative val-
ues for the EOS in the literature.
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