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Molecular dynamics (MD) simulations and calculations based on the Peng-Robinson equation of state (PR-EOS)
are carried out to compute the heat capacities of pure H,O and CO, and supercritical H,0/CO, mixtures. Using
NIST data as a reference, it is found that the two methods generally exhibit comparable and acceptable perfor-
mance in prediction of the heat capacities of the supercritical fluids. However, in near-critical region for pure su-

percritical H,O and the supercritical H,0/CO, mixtures at higher mole fractions of H,0, PR-EOS exhibit poor
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prediction accuracy while MD simulation models achieve much better performance. The radial distribution func-
tion (RDF) and hydrogen bond analysis shows that this should contribute to the ability of MD simulations to deal
with the effect of hydrogen bonding. This work is helpful for guiding the future investigation of the heat capacity
of other working mixtures in thermodynamic systems based on the supercritical water gasification of coal.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Coal is currently the most important fuel for thermal power genera-
tion in China due to its large storage capacity, wide distribution, and low
price. The development of efficient and clean coal power generation
technologies [1-4] is important for solving the problems of sustainable
energy development and environmental pollution. In recent years, ther-
modynamic cycles based on working fluids of supercritical H,0/CO,
mixtures or supercritical CO, have received increasingly more attention.
Guo et al. [1,2] proposed a thermodynamic cycle power generation sys-
tem based on the supercritical water gasification of coal. This technol-
ogy utilizes the particular physical and chemical properties of water in
supercritical conditions, and converts the elements of hydrogen and
carbon in coal into H, and CO,. After combustion, the production of
the supercritical H,0/CO, mixtures can serve as the working fluids to
flow into thermal power generation systems to generate electric
power. Xu et al. [3,4] investigated a supercritical CO, (S-CO,) coal-
fired power plant and presented a 1000 MWe S-CO, coal-fired plant
concept design. Compared with the previous supercritical water-
steam Rankine cycle, the supercritical CO, Brayton cycle offers higher
thermal efficiency, even when considering the post-combustion carbon
capture process [5]. The supercritical fluids of pure CO, and H,0/CO,
mixtures offer desirable characteristics in clean coal power generation,
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and understanding their thermal properties, e.g., thermal conductivity,
viscosity, PVT, and heat capacities, is the premise for the design and
analysis of flow and heat transfer in thermal equipment [6-10]. Al-
though there have been a few studies on the heat capacities of supercrit-
ical H,0 [11-14] and CO, [15-18], the research on the heat capacities of
H,0/CO, mixtures in supercritical regions of water remains limited, and
the measurement is difficult.

The main simulation methods applicable to determine the
thermophysical properties of fluids comprise molecular dynamics
(MD) and Monte Carlo simulation (MC) [19]. MD simulation mainly re-
lies on Newtonian mechanics to simulate the motion of the molecular
system and obtain the structure and properties according to the motion
state of the particles in the system. Endo et al. [20] used MD to obtain
the heat capacity of silicon in different states at temperatures between
100 and 2500 K. The simulation results for amorphous silicon agree rea-
sonably with those previous reported, and the heat capacity of amor-
phous silicon was found to be smaller than that of crystalline silicon at
temperatures below 800 K but greater above 800 K. Nichele et al.
[21,22] computed the heat capacity of Ar in the near-critical region
and N, and O, along the 1P, and 1.15P, isobars in the temperature
range from 0.8T, to 1.2T. by MD, and their results are in good agreement
with the NIST data. Shvab et al. [23] used MD simulations with the rigid
TIP4P/2005 and flexible TIP4P/2005f water models in the density range
0f 100-1000 kg/m? at a temperature of 670 K. Their results showed that
the TIP4P/2005f potential cannot accurately reproduce the reference
data, and the performance of TIP4P/2005 model is relatively well but
it fails to predict the Cy minimum and Cp maximum.
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Table 1
Force field parameters of the H,O models used in this work.
H,0
SPC SPC/E SPC/Fw TIP3P TIP3P-ew TIPAP TIP4P/2005
€ (kcal/mol) 0-0 0.15535 0.15535 0.1554253 0.1521 0.102 0.155 0.1852
o (A) 0-0 3.166 3.166 3.165492 3.1506 3.188 3.15365 3.1589
() 0 0.82 —0.8476 —0.82 —0.834 —0.83 —1.04 —1.1128
q H 0.41 0.4238 0.41 0.417 0.415 0.52 0.5564
ro (A) 1 1 1.012 0.9572 0.9572 0.9572 0.9572
0o (%) 109.47 109.47 113.240 104.52 104.52 104.52 104.52
rom (A) M - - - - - 0.15 0.1546

MC method is mainly based on the random motion of particles in the
system and combined with the probability distribution principle of statis-
tical mechanics to obtain the thermodynamic properties of the system.
Avendano et al. [19] used the MC method to calculate the isobaric heat ca-
pacity of CO, between 10 and 50 MPa, and an average absolute deviation
of 2.71% was found between the results obtained with the SAFT-y CG Mie
model and the experimental results. Ishmael et al. [24] used MC simula-
tions to calculate the Cp values of CO,-methanol mixtures in the critical re-
gion. Simulated Cp values are generally in agreement with experimental
values to within 3.5-5%, except for errors of up to 10-15% near the critical
locus. Ghatee et al. [25] examined isochoric heat capacities of Hg and Cu
by MC simulations, and their calcualtion values are in good agreement
with experimental values.

The cubic equation of state (EOS) is also a commonly used method
for predicting the thermodynamic properties of fluids. Congiunti et al.
[26] compared different EOSs to determine the heat capacities of CO,,
H,0, 0, CH,, and CO at temperatures between 100 and 1000 K and a
pressure range from 50 to 300 bar. The comparisons show that the
Peng-Robinson (PR) EOS is the best performer. Nasrifar et al. [27,28]
used eleven state equations to calculate the thermodynamic properties
of Hy. They found that all EOSs can well predict the heat capacities of hy-
drogen, and that the accuracies of the PT, RKS, and PR EOS were better. It
is worth noting that the difference in o(T) functions in the EOS results in
differences in the accuracy of prediction results. They also predicted
thermodynamic properties of natural gas mixtures by using 10 EOSs,
and the results show that the RKS and PR EOS with averages of absolute
deviations of 1.34% and 1.43%, respectively, are slightly superior to the
others in their ability to predict isobaric heat capacity.

In this work, MD simulation and PR-EOS are used to predict the heat
capacities of pure H,0, CO, and H,0/CO, mixtures in supercritical re-
gions of water, and the results obtained are compared to the National
Institute of Standards and Technology (NIST) database [29].

2. Methodology
2.1. Force field and potential

When using MD simulation, selecting the appropriate potential and
force field model is critical for predicting the heat capacity.

The total potential energy includes intramolecular and intermolecu-
lar terms (Utoral = Uintramolecular + Uintermolecular)- In this WOrl(, the com-
bined Lennard-Jones (LJ) and Coulomb potential is adopted for
intermolecular potential energy.

12 6
Oij Oij) 4:q;
e () () | T Ty,
U intermolecular (rij) = v [< Tij > < Iij 411E, ri y=rc (1)
0

r>Te

In Eq. (1), ry is the distance between atoms i and j, r. is the cutoff ra-
dius, g; is the well depth, representing the interaction parameter of L]
potential between the two atoms, 0j; is the core diameter, relating to
the size parameter of L] potential, g; and g; represent the electric charges
of atoms i and j, respectively, and & is the vacuum permittivity.

Intramolecular energy terms to represent the bond and angle flexi-
bility can be described by harmonic functions:

1 1
U intramolecular = Ekr(r_ro)z + 51(6(0_00)2 (2)

where r and ry represent the bond length at any time and equilibrium,
respectively, # and 6, represent the bending angle at any time and equi-
librium, respectively, and k, and ky are the bond stretching and angle
bending energy constants, respectively.

With the detailed study of molecular models, many researchers have
proposed a variety of H,0 and CO, force field models in recent years. Sev-
eral common models are compared in this work, including the SPC model
[30], SPC/E model [31], SPC/Fw model [32], TIP3P model [33], TIP3P-ew
model [34], TIP4P model [33], and TIP4P/2005 model [35] for the study
of pure H,0. For the study of CO,, the EPM model [36], EPM2 model
[36], Cygan model [37], and TraPPE-flex model [38] are examined. The
force field parameters of the models are listed in Tables 1 and 2. To de-
scribe the interaction between unlike atoms for pure fluid, the Lorentz-
Berthelot (LB) combining rules is commonly adopted to determine the pa-
rameters of the IJ potential. It includes the Lorentz et al. [39] and Berthelot
et al. [40] proposed geometric mean for &; and arithmetic mean for oj. Ex-
cept for the EPM and EPM2 models of CO, [36], the characteristic distance
o; between different atoms has been given in the original literature by
using the geometric mean rather than the arithmetic mean.

oy =7t ; 9 for CO, of EPM, EPM2 model 3
Oj = /0ii0j otherwise
Eij = /Cii€jj (4)

In this work, three common combining rules for the H,0/CO, mix-
tures are tested, including the LB rules, the Waldman-Hagler (WH)

Table 2
Force field parameters of the CO, models used in this work.
o,
EPM EPM2 Cygan TraPPE-flex
¢ (keal/mol) C-C 0.05760 0.05587 0.05593 0.05363
0-0 0.16485 0.15991 0.15973 0.15691
o (A) C-C 2.785 2.757 2.8 2.8
0-0 3.064 3.033 3.028 3.05
q(e) C 0.6645 0.6512 0.6512 0.7
[0} 0.33225 0.3256 0.3256 0.35
1o (A) 1.161 1.149 1.162 1.16
0o (°) 180 180 180 180
k,(kj/mol-A?) - - 2017.925 2058.007
ko(k]/mol-rad?) 304.732 295.411 108.007 111.998
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Table 3
Critical parameters and acentric factors of H,O and CO,.
T.(K) P(MPa) V.(m3/Kmol) o
H,0 647.296 22.14020 0.05629781 0.343897
Co, 304.169 7.378280 0.0942549 0.224877
rules [41] and Kong rules [42].
6 6 6
S,‘j(f,‘j = (giiaii Sjin]‘ )
1
—~ WH rules 5
1 O'i,‘6 +O'jj6 6 ( )
271 = 2
6 6 6
£j0y° = (&0 €50} )
1413
1 ;032 o2\ 1 (6)
502 =" 1 4 (14 2 Kong rules
2 213 &iiOji

2.2. Thermodynamic properties

The properties of isobaric heat capacity (Cp) and isochoric heat ca-
pacity (Cy) for pure H,0 and CO; fluids and H,0/CO, mixtures are pri-
marily studied in this work. In addition, the volume expansivity («)
and the isothermal compressibility (~r) are also calculated. Four ther-
modynamic properties are considered and evaluated via NPT ensemble
fluctuation [43], and « and Ky can be computed from the following ex-
pressions:

<VHc0nf> —(V) <Hconf>
(V)kgT?

(v)-wr
(V)T

o=

Kt =

(8)

where kg is the Boltzmann constant, V is the system volume, p and T are
the specified pressure and temperature, respectively, He,nsis the config-
urational enthalpy that can be computed from Heonr = Ucons + pV, and
the angle brackets indicate ensemble averages.

For the calculation of the heat capacity, the isobaric heat capacity
consists of two parts; Cp = Ci¥ + ACp, where C¥ is defined as the ideal
contribution that can be taken individually from theory [44] and exper-
imentally correlated [14,15] for H,0 and CO,. The mixtures can be ob-

tained by the formulation Cif = >, Ci.x;. ACp is the residual term

that is mainly influenced by the intermolecular interaction:

conf pyconf \ __ conf conf conf \ conf
(Ut ) (U=t ) () | V) =)

ACh = —Nk
: ks T2 ks T2 ’
9)
2
Cy = Ve (10)
Kt

where Uy is the configurational internal energy, and N is the number
of molecules used for the simulation.

For comparison with the simulation results, the Peng-Robinson
cubic equation of state (PR-EOS) [45] is also used to compute the heat
capacities, volume expansivity, and isothermal compressibility as fol-
lows.

RT a

p:m_v2+2vb—b2 ()
a(T) = aca(T) (12)
2T 2
o, _ 045T24RT, 13
P
2
(T) = |1+ (0.37464 + 1.542260—0.269920?) (1— TTﬂ (14)
C
, _ 0.7780RT. s
P
id op ov v a2p
Cp = CE R+T<ﬁ>v<ﬁ>p+TA s vdv (16)
g r [ (P
CV:C\f—s—TA (%)Vdv (17)
1/0
1/0v
a= <67) (19)
p

In Egs. (11)-(19), C is the ideal isochoric heat capacity, and can be
calculated by €Y = Ci¥ — R. Additionally, R is the gas constant (R =
8.314472 J/(mol - K), p is the pressure, T is the temperature, a. and b
are EOS constants, v is the molar volume, T, P., V. are the critical

(a) (b) 42
62t 1
i X
QGO- 1 941‘
= 58t 1 =
€ = g
S Sar 1 340t x
a > =
541 = ]
O . & = _ . "
52t 1
= = 39t
50t 1

700 750 800 850 900 950 1000

T(K)

700 750 800 850 900 950 1000
T (K)

Fig. 1. Heat capacities calculated by MD simulation for H,0/CO, mixtures (xco, = 40%) with different system size. (a) isobaric heat capacity; (b) isochoric heat capacity.
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temperature, pressure, and volume, respectively, and o is the acentric
factor. The relevant critical parameters of H,O and CO, are listed in
Table 3.

In the calculation of binary mixtures, the parameters a,, and b,, are
obtained from the parameters of each pure component via the van der
Waals mixing rule [46]:

an =Y > XX (20)
i

ajj = (1—’(,})\ /a;idj (2])

bm = inb,‘ (22)

where x; and x; are the mole fractions of the mixture components i and j,
respectively, and k;; is called the binary interaction parameter, which is
important for computing the thermodynamic properties of mixtures
when using cubic EOS. In this work, the value of k; is based on the crit-
ical volume of pure fluid according to the study by Poling et al. [47].

A /ch X VC.j
(\3/ Vc.i + \3/ Vc.,j)3

ki =1-8 (23)
2.3. Simulation detail

All MD simulations are performed in NPT ensemble using the
LAMMPS package [48], and conducted in a three-dimensional cube

box with periodic boundary conditions in the X, Y, and Z directions.
The equation of motion is integrated with the velocity
Verlet algorithm [49] using a time step of 1.0 fs. The standard particle-
particle-particle mesh (PPPM) method is used in long-range interac-
tions with a cutoff distance of 13A and a relative error in forces of
1 x 10™%. The Nose-Hoover thermostat and barostat method are used
in the NPT ensemble to control the temperature and pressure in the
simulation. The total simulation time is 10 ns; the first 5 ns is the equil-
ibration period, and the following 5 ns are performed to calculate the
ensemble averages, during which the thermodynamics information is
recorded every 1 ps.

3. Results and discussion

The effect of the system size on the heat capacity for the MD simula-
tion must be examined. A series of simulations is carried out using the
TIP4AP model and TraPPE-flex model for H,0/CO, mixtures (Xco, =
40%) with a molecular number of N = 1000-5000 at a pressure of
25 MPa. The simulation results are presented in Fig. 1. The heat capaci-
ties calculated with different numbers of molecules are basically in
agreement with each other, i.e., the heat capacity is insensitive to sys-
tem size. Considering the computational cost and the accuracy of the
simulation results, N = 1000 is used to perform all the subsequent
simulations.

3.1. Pure H>0 and CO,

First, the heat capacity and relevant thermodynamic properties of
pure H,O at 25 MPa in the temperature range from 700 to 1000 K are

(@) ZO——s———————par——— B By
@
2201 ] 65| A :
. y . Y
& 1801 . 4 EE
S S 9 1
£ 140} ] £ » &
) )
- ~ 45} s -
o 100+ 1 1% 4
60 L B 35 ™ I . e — e wm - e = '
20 1 1 L L 1 1 1 25 1 L 1 1 1 1 1
700 750 800 850 900 950 1000 700 750 800 850 900 950 1000
T (K) T (K)
e ——— - = - - . . ) e . .
® o
0.015} |
0.09} 1
o012} * {1 = =
Q o
= 0009} { Zoo7} ]
S e
0.006+ ¢\ & | I
0.05} 1
0.003} .
0.000 L— - - - : : - : . - - - - -
700 750 800 850 900 950 1000 700 750 800 850 900 950 1000
T(K) T (K)
— NIST e SPC o SPC/IE A SPCFw p TIP3P
- -PREOS v TIP3P-Ew & TIPAP & TIP4P/2005

Fig. 2. The calculated thermophysical properties of H,O by MD simulations with different H,O force field models and PR-EOS and compared with NIST data. (a) isobaric heat capacity;

(b) isochoric heat capacity; (c) volume expansivity; (d) isothermal compressibility.
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Fig. 3. ARDs of the calculated heat capacities for H,O by MD simulations with different force field models and PR-EOS. (a) isobaric heat capacity; (b) isochoric heat capacity.

calculated using MD simulations and compared to the results predicted
by PR-EOS. MD simulations are conducted using seven common force
fields of pure H,0, including SPC, SPC/E, SPC/Fw, TIP3P, TIP3P-ew,
TIP4P, and TIP4P/2005. The thermodynamic properties Cp, Cy, &, and Ky
are obtained by the fluctuation theory and calculation formula
(Egs. (7)-(10)). As shown in Fig. 2, it was found that the four studied
thermodynamic properties exhibit the same trend; they decrease with
the increase of temperature. In addition, the SPC/E, SPC/Fw, and TIP4P/
2005 models significantly overestimate these thermodynamic proper-
ties at a temperature of 700 K, and the PR-EOS calculations are inaccu-
rate for predicting the trend of isochoric heat capacity. To clarify the
comparison and discussion, the absolute relative deviation (ARD)

@ —F—

59+

56+

Cp (JImol-K)

700 750 800 850 900 950 1000
T (K)

700 750 800 850 900 950 1000
T (K)

between the MD simulation (or PR-EOS) results and the NIST data are
calculated as:

ACALC _ ANIST

ARD = x 100% (24)

ANIST

where A€ s the predicted result from either the MD simulation or PR-
EOS, and AVST denotes the reference data from NIST.

As is evident from Fig. 3, the deviations of the Cp, Cy, and « values of
the TIP4P model are the smallest for pure water, with average ARDs
(AARDs) of 5.38%, 3.40%, and 5.31%, respectively. Additionally, the rr

v —_—

o
~l
T

Cy (J/mol-K)
iy
(4]

B
w
T

41700 750 800 850 900 950 1000
T (K)

—~
[o}
~
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o
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T
v
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1T v
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T (K)

——NIST - - -PR-EOS e EPM

» EPM2 v TraPPE-flex ¢ Cygan |

Fig. 4. The calculated thermophysical properties of CO, by MD simulations with different CO, force field models and PR-EOS and compared with NIST data. (a) isobaric heat capacity;

(b) isochoric heat capacity; (c) volume expansivity; (d) isothermal compressibility.
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Fig. 5. ARDs of the calculated heat capacities for CO, by MD simulations with different force field models and PR-EOS. (a) isobaric heat capacity; (b) isochoric heat capacity.

value of the SPC/Fw model has the smallest deviation with an AARD of
2.07%. The AARD of isobaric heat capacity predicted by PR-EOS is
5.55%, which is close to that predicted by the TIP4P model. However,
the prediction of PR-EOS for isochoric heat capacity is worse than that
of the TIP4P model; the AARD for PR-EOS is 11.33% while that for
TIP4P model is 3.4%, and the accuracy of PR-EOS increases with the in-
crease of temperature. Moreover, the performance of PR-EOS is poor
in near-critical region, for example, the ARDs of Cp and Cy is respectively
18.04% and 30.44% at temperature of 700 K.

Among the force field models for pure H,O examined in this work,
the TIP4P model exhibit the best accuracy. The same conclusion was
also reached in the study by Jedlovszky et al. [50]; in the supercritical re-
gion of water, the TIP4P model in the two selected non-polarization
models provides the best prediction of heat capacity. The conclusion
of Kalinichev et al. [51] also verified that the prediction of the isobaric
heat capacity of supercritical water using the TIP4P model is in good
agreement with the experimental data. Given the preceding results of
the simulations, the TIP4P model is recommended for water molecules
in the simulation of mixtures.

The thermodynamic properties Cp, Cy, &, and ki of pure CO, are then
calculated via MD simulations and compared to the results obtained by
PR-EOS. In this study, four common force fields are tested, namely EPM,
EPM2, Cygan, and TraPPE-flex. The results of MD simulation and PR-EOS
calculation are presented in Fig. 4. All models exhibited improved accu-
racy with the increase of temperature, and are in good agreement with
the values of the NIST data. The ARDs are shown in Fig. 5. The TraPPE-
flex model performed the best; the AARDs of isobaric and isochoric
heat capacity are 0.40% and 0.50%, respectively. The Cygan model

(a) e
61 |

59 |- )
57

Cp (J/mol-K)

(9]
i
T

c + . o0, 1|

700 750 800 850 900 950 1000
T (K)

performed the second best, with AARDs of 0.71% and 0.58%. The EPM
and EPM2 models are slightly less accurate than the other models. The
isobaric heat capacity calculated by PR-EOS has close accuracy com-
pared to the MD simulations with the TraPPE-flex model, but the calcu-
lated isochoric heat capacity is worse than that obtained by the MD
simulations; the AARD is 1.57%. According to the preceding simulation
results, the TraPPE-flex model was selected for carbon dioxide mole-
cules when predicting the heat capacity of mixtures.

3.2. Combining rules

Before the simulation of mixtures, the intermolecular parameters oj;
and g; should be defined from those of the pure compounds through a
set of combining rules. Three common combining rules are tested in
this work, namely the LB, Kong, and WH rules, as they do not require
any additional parameters. The results of the simulation for H,0/CO,
mixtures (xco, = 40%) at a pressure of 25 MPa are shown in Fig. 6.
The effect of the calculated isobaric and isochoric heat capacities using
different combining rules is marginal. In addition, the Lorentz-
Berthelot combining rule is most widely used, and is relatively simple
for the determination of unlike L] parameters. Therefore, the LB combin-
ing rules is recommended to determine the L] parameters of unlike
atoms of mixtures.

3.3. H,0/CO; binary mixtures

The heat capacity and relevant thermodynamic properties of HO/
CO, binary mixtures are calculated using MD simulations and PR-EOS

(b)

41.5

41.0

K)

40.5

(J/mol

40.0

>

@]
39.5

39.0 .

l . . 1 s 1

700 750 800 850 900 950 1000
T (K)

| —=—LB —e—WH —a—Kong |

Fig. 6. Heat capacities calculated by MD simulation for H,0/CO, mixtures (Xco, = 40%) using different combining rules. (a) isobaric heat capacity; (b) isochoric heat capacity.
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Fig. 7. Energy fluctuation of a simulation system for the H,0/CO, mixture (xco, = 40%,
T = 850 K).

calculations. The TIP4P and TraPPE-flex models are chosen for the sim-
ulation of H,0/CO, mixtures due to their superior performance in the
preceding simulations for pure H,0 and CO,. Fig. 7 presents an example
of the energy fluctuation of the system during the last 5 ns at 850 K
when the mole fraction of CO, is 40%. Fig. 8 shows the results of simula-
tions and PR-EOS under a pressure of 25 MPa and at temperatures be-
tween 700 and 1000 K when xco, = 10%, 20%, 30%, and 40%. The
corresponding NIST data are also listed in the figure for comparison. It
can be observed that the MD simulations generally overestimate the
isobaric and isochoric heat capacities, except for one isobaric heat

45 i i 1 i i i I
700 750 800 850 900 950 1000
T (K)
(c)
0.005|
0.004}
X 0.003}
[w]
0.002}
0.001}
700 750 800 850 900 950 1000
T (K)
— NIST

Table 4
ARDs of heat capacities of H,0/CO, mixtures calculated through MD Simulations.
T (K) ARD (%)
Xcoz = 10% Xco2 = 20% Xco2 = 30% Xco2 = 40%
Cp Cy Cp Cy Cp Cy Cp Cy
700 3704 7476 3405 9760 5559 9249 5177 8213
750 3.080 6322 3750 7.170 4757 6.872 3757 5514
800 2.870 5505 3427 5519 3.039 4873 2723 3.720
850 4792 4260 3533 4004 2145 3165 1318 2771
900 2528 3189 2516 2977 1372 2450 1390 1.993
950 1871 2502 2047 2266 1591 1793 1.081 1416
1000 2311 1892 0577 1705 1261 1337 0438 1.012
AARD  3.022 4450 2751 4772 2818 4249 2269 3.520

capacity estimation when the mole fraction of CO, is 10% at a tempera-
ture of 700 K. Both methods exhibit improved accuracy as the tempera-
ture increases. The AARDs of the calculated volume expansivity and
isothermal compressibility for the MD simulations are respectively
3.62% and 3.20%, while they are 1.03% and 1.27% for PR-EOS.

Table 4 exhibits the ARD between the results of the MD simulations
and the NIST data. The AARDs of isobaric and isochoric heat capacities
obtained by MD simulation are 2.72% and 4.25%, respectively. Table 5
lists the ARD of PR-EOS calculations, and it can be seen that the devia-
tion of isochoric heat capacity decreases with the increase of the mole
fraction of CO, due to the poor performance of PR-EOS for pure H,O.
The AARD:s of isobaric and isochoric heat capacities obtained by PR-
EOS are 2.02% and 2.99%, respectively. Thus, both the MD simulations
and PR-EOS present good prediction accuracy, and the heat capacities
predicted by PR-EOS are slightly more accurate than those obtained by
MD simulations. However, the performance of PR-EOS is much poorer
than that of the MD simulations when xco, is relatively small and the

700 750 800 850 900 950 1000
T(K)

700 750 800 850 900 950 1000
T (K)

- - - -PR-EOS A MD

Fig. 8. Thermophysical properties as a function of temperature calculated by MD simulation and PR-EOS compared with NIST data for H,0/CO, mixtures. (a) isobaric heat capacity;

(b) isochoric heat capacity; (c) volume expansivity; (d) isothermal compressibility;
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Table 5
ARDs of heat capacities of H,0/CO, mixtures calculated through PR-EOS.
T (K) ARD (%)
Xcoz = 10% Xco2 = 20% Xco2 = 30% Xcoa = 40%
Cp Cyv Cp Cv Cr Cv Cp Cv
700 11329 17555 5336 8836 1249 3279 1118 0.012
750 6.298 10.624 2531 4.794 0.089 1.023 1582 1.173
800 3.073 6371 0732 2316 0922 0329 1823 1.838
850 1.109 3707 0348 0.779 1380 1.133 1.892 2192
900 0.068 1997 0965 0183 1593 1599 1.850 2357
950 0.762 0.883 1293 0.781 1.650 1.853 1735 2403
1000 1.154 0.146 1438 1.148 1.607 1972 1580 2374
AARD 3.399 5898 1.806 2691 1213 1598 1654 1.764

temperature is below 800 K. For example, when the CO, mole fraction is
only 10% at 700 K, the ARDs of isobaric and isochoric heat capacities ob-
tained by MD simulation are 3.70% and 7.48%, respectively, but those of
PR-EOS are 11.33% and 17.56%, respectively. It is obvious that the MD
simulation is much better than PR-EOS near the critical temperature of
water, and this may be due to the effect of the hydrogen bonds of water.

Fig. 9 illustrates the four thermodynamic properties with different
mole fractions of CO, at a pressure of 25 MPa and temperature of
850 K. The accuracy of both MD simulations and PR-EOS is improved
as the mole fraction of CO, increases. The AARDs of the isobaric and
isochoric heat capacities, volume expansivity, and isothermal compress-
ibility obtained by MD are 1.96%, 2.18%, 2.88% and 1.76%, respectively,
while those predicted by PR-EOS are 1.18%, 2.59%, 1.86%, and 0.88%, re-
spectively. These results demonstrate that MD simulations and PR-EOS
are both well able to predict these thermodynamic properties.

O
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3.4. Structural analysis

The radial distribution function (RDF) is a physical quantity that re-
flects the microstructural characteristics of a fluid in terms of its struc-
ture and the sizes of clusters. Fig. 10 presents RDFs for H,0/CO,
mixtures in MD simulations at 25 MPa and temperatures between 700
and 1000 K with a CO, mole fraction of 10%. Fig. 10(a) depicts the
total RDF (g(1) o), Which is the weighted sum of g(r) for all the differ-
ent atom pairs. A single peak is observed at the nearest-neighbor dis-
tance of about 3.3 A; it then disappears gradually, and the system
tends to the ideal gas state. g(r)o,0)—H(H,0) describes the O—H dis-
tance for neighboring H,O molecules. As shown in Fig. 10(b), the first
peak (or shoulder) appears and is located at about 2.0 A due to the H-
bond. It can be inferred that the effect of the H-bond is relatively large
around a temperature of 700 K, and weakens with the increase of tem-
perature. All RDFs show that the peak decreases with the increase of
temperature in a supercritical condition, i.e., the sizes of small clusters
and the average number of H-bonds per molecule decrease with the in-
crease of temperature. Moreover, Fig. 11 shows the average H-bond
number noy as a function of temperature for both pure water and
H,0/CO, mixtures at different xco,. Here the values of noy calculated
for pure water are not exactly agree with those in Ref. [6], and the differ-
ence is coming from the different force field models employed. It can be
seen that the H-bond effect is weakened more and more with increasing
CO, content for the H,0/CO, mixtures, and this can explain why PR-EOS
can achieve good accuracy at higher mole fractions of CO, in near-
critical regions of water. In fact, MD simulations have the advantage
over PR-EOS that can describe the effects of H-bonds. As reported by
Silverstein et al. [52], for water, the heat capacity actually describes
the extent to which H bonds are broken with increasing temperature.
This should be the reason that the MD method exhibits better
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Fig. 9. Thermophysical properties as a function of xco, calculated by MD simulation and PR-EOS compared with NIST data for H,0/CO, mixtures. (a) isobaric heat capacity; (b) isochoric

heat capacity; (c) volume expansivity; (d) isothermal compressibility; (T = 850 K).
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Fig. 10. RDF between different atom types for H,0/CO, mixtures: (a) RDF for all atom types; (b) RDF for O(H,0)-H(H,0); (Xco,=10%).

performance in the prediction of heat capacity of both pure H,0 and
H,0/CO, mixtures at higher mole fractions of H,O in near-critical re-
gions of water.

4. Conclusion

The isobaric and isochoric heat capacities, as well as the volume ex-
pansivity and isothermal compression, of pure working fluid H,0 and
CO, and H,0/CO,, binary mixtures in the supercritical region are inves-
tigated by using MD simulations and PR-EOS. The comparisons show
that the TIP4P model and TraPPE-flex model are respectively optimal
for the simulation of the heat capacity of supercritical HO and CO,
pure fluid. Using NIST data as a reference, it is found that both MD sim-
ulations and PR-EOS generally exhibit comparable and acceptable per-
formance in prediction of the heat capacities of the supercritical fluids.
However, in near-critical region for pure supercritical H,O and the su-
percritical H,0/CO, mixtures at higher mole fractions of H,O, PR-EOS
exhibit poor prediction accuracy while MD simulation models achieve
much better performance. This work is helpful for guiding the future in-
vestigation of the heat capacity of other working mixtures, e.g., H,O/H,/
CO, mixtures and H,0/H,/CO,/CH4 mixtures, in the thermodynamic
systems based on the supercritical water gasification of coal.

o6—m———+———— ,
* H,O0
0.5 B | Xcoz=10% T
® Xco,=20%
0.4 B A XC02=30% 7
S ¥ Xco,=40%
< 03F -
0.2+ .
01r .

700 750 800 850 900 950 1000
T (K)

Fig. 11. The average H-bond number noy as a function of temperature for both pure water
and H,0/CO, mixtures at different xco,.
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