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When the average intermolecular distance is comparable to the size of gas molecules, the
Boltzmann equation, based on the dilute gas assumption, becomes invalid. The Enskog
equation was developed to account for this finite size effect that makes the collision
non-local and increases the collision frequency. However, it is time-consuming to solve
the Enskog equation due to its complicated structure of collision operator and high
dimensionality. In this work, on the basis of the Shakhov model, a gas kinetic model
is proposed to simplify the Enskog equation for non-ideal monatomic dense gases. The
accuracy of the proposed Shakhov-Enskog model is assessed by comparing its solutions
of the normal shock wave structures with the results of the Enskog equation obtained
by the fast spectral method. It is shown that the Shakhov-Enskog model is able to
describe non-equilibrium flow of dense gases, when the maximum local mean free path
of gas molecules is still greater than the size of molecular diameter. The accuracy and
efficiency of the present model enable simulations of non-equilibrium flow of dense gases
for practical applications.

Key words: Gas kinetic theory, Enskog equation, Boltzmann equation, rarefied gas
dynamics

1. Introduction

In the past one and half centuries, the Boltzmann equation has achieved great success
in describing the dynamics of rarefied ideal gases, that is, the gas is sufficiently dilute that
only binary collisions need to be taken into account (Chapman & Cowling 1970). However,
if the gas is compressed to the level that the molecular dimensions are comparable to the
average distance of the neighboring molecules, the effect of finite molecular size must be
considered (Ferziger & Kaper 1972). This is found in many applications including high
pressure shock tubes (Petersen & Hanson 2001), sonoluminescence (Brenner et al. 2002),
gas extraction in unconventional reservoirs (Wu et al. 2016; Sander et al. 2017), and the
interfacial dynamics of liquid-vapor at supercritical pressures (Dahms et al. 2013; Dahms
& Oefelein 2015).
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Enskog (1922) was the first to extend the Boltzmann equation to dense gases of rigid
spherical molecules by considering the non-local collisions and the increased collision
frequency due to the finite size of gas molecules (Chapman & Cowling 1970; Ferziger &
Kaper 1972). Similar to the Boltzmann equation, the Enskog equation can be numerically
solved using a probabilistic or deterministic method. The pioneering work of solving
the Enskog equation was given by Frezzotti & Sgarra (1993) using a Monte Carlo
quadrature method, and its accuracy was confirmed by comparing with the Molecular
Dynamics (MD) simulation of the shock wave structure in a dense hard-sphere gas.
Subsequently, inspired by the direct simulation of Monte Carlo (DSMC) method for
the Boltzmann equation, several probabilistic methods were developed by Alexander
et al. (1995), Montanero & Santos (1996), and Frezzotti (1997b) to solve the Enskog
equation. Recently, a fast spectral method (FSM) method was proposed by Wu et al.
(2015) to deterministically solve the generalized Enskog equation, which has spectral
accuracy in computing the collision operator at reduced computational cost, and has
been successfully applied to study the non-equilibrium dynamics of dense gas under tight
confinement (Wu et al. 2016). More recently, Sadr & Gorji (2017, 2019) also developed the
Fokker-Planck approximation of the Enskog equation for non-equilibrium dense gases,
which was validated by comparing with the results of the Enskog model solved by the
Monte Carlo method (Montanero & Santos 1996).

Although these methods for direct solution of the Enskog equation could provide
reliable results, the computational costs are still formidable for practical applications.
Therefore, it is beneficial to simplify the Enskog collision operator to achieve efficient
computations with reasonable accuracy. The first attempt, although not designed for
numerical simulations, was made in the derivation of transport coefficients such as
viscosity and thermal conductivity, where the Enskog collision operator was expanded
into the Taylor series of molecular diameter. The zeroth-order term gave the Boltzmann
collision operator, and in the first-order terms, the velocity distribution function (VD-
F) was approximated by the local equilibrium distribution function, while the other
high-order terms were neglected (Chapman & Cowling 1970). In developing the lattice
Boltzmann model (LBM) for hydrodynamic flows of both liquid and gas, Luo (1998,
2000) borrowed and simplified the Enskog equation by replacing the Boltzmann collision
operator with a Bhatnagar-Gross-Krook (BGK) collision operator (Bhatnagar et al.
1954), while maintaining the first-order terms relevant to the density spatial derivative.
Later, by including the long-range attractive force, the BGK-Enskog model was used
to develop LBM multiphase model by He & Doolen (2002). However, the above LBM
works only considered hydrodynamic flows. As a consequence of the inherent coupling
between the discretized molecular velocity and spatial grid in the standard LBM, the
limited number of discrete velocities in LBM results in poor numerical stability and its
simulation is limited to low-speed flow (Guo & Shu 2013). Hence, these LBM models
are not appropriate for simulating compressible flows. Subsequently, Guo et al. (2005,
2006) proposed a simplified kinetic model for strongly inhomogeneous confined flow by
considering the attractive force among molecules and the wall potential, from which the
generalized hydrodynamic equations for fluid flows from nanoscale to macroscale were
derived based on the Chapman-Enskog expansion.However, Guo et al. (2005, 2006) only
studied equilibrium flow properties with no-slip boundary condition, so non-equilibrium
effects were not properly considered. Here, we aim to propose an accurate and efficient
model equation to describe rarefied flow of dense gases that underpin many technological
developments.

In this work, a simplified model of the Enskog equation is to be developed on the
basis of the Shakhov model for dense gases of the monatomic rigid molecules, which is
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presented in § 2. In order to test its accuracy, the structure of normal shock wave in
a dense gas is calculated by the proposed model, and the results are compared to the
solutions of Enskog equation using the fast spectral method, which are presented in § 3.

2. The Shakhov-Enskog equation
2.1. The Enskog equation

To describe non-equilibrium (rarefied) flow of dilute gases, the Boltzmann equation
assumes that the collisions between molecules occur instantaneously and only two-
body interaction exists between molecules. In the time between two collisions, the
molecule is only affected by external force, and its motion is independent of other
molecules. The collisions between molecules are statistically independent. When the
gases become dense, the space occupied by molecules needs to be considered, and
molecular transport cannot be completely described by the free motion between two
consecutive collisions. Enskog (1922) studied the transport of dense gases comprising of
rigid, elastic, and spherical molecules, and developed the Enskog-Boltzmann equation
with the following two arguments. First, when two molecules collide, their positions
are not at the same point, but one molecular diameter away. As binary collisions are
assumed in the Enskog equation, it is only applicable for moderately dense gases. Second,
the volume occupied by the gas molecules reduces the space of free movement of each
molecule, and hence the number of collisions between molecules increases. As a further
approximation, the collision operator of the Boltzmann equation can be modified and
extended to the Enskog equation for hard-sphere molecules as (Chapman & Cowling
1970):

of

o T€ Vafta-Vef =0, (2.1)
where f(x,&,t) is the VDF of the molecular velocity & at position @ and time ¢, ma is
the external body force (m is the molecular mass), V, and V¢ are the gradient operator
with respect to the physical space and molecular velocity, respectively. On the right-hand
side of (2.1), £2 is the Enskog collision operator with the form of

0 =02 / {x (m + %k) F (@) fl (z+ok) — x (m - %k) F@) f(x— ak)}g . kdkdé;.

(2.2)
Here o is the effective molecular diameter, g = &; — £ is the relative velocity of two
colliding molecules, and k is the unit vector that specifies their relative position at the
time of impact. In addition, f'(x) = f(z,&',t), fi(z) = f(x,&),1), fi(z) = f(x, &, 1),
and f(x) = f(x,&,t), where the post-collision velocities & and Ell are related to the pre-
collision molecular velocities & and &; through 5/ =€+ k(g-k)and 5/1 =& —k(g-k).
In comparison with the Boltzmann equation, a radial distribution function (RDF) x
is introduced in the Enskog collision operator (2.2) to include the effect of physical
dimensions of the molecules on the intermolecular collision frequency. The RDF depends

on the local density p(x,t) and can be approximated by (Carnahan & Starling 1969;
Chapman & Cowling 1970)

~1-0.1250p
or
1 (11/8)bp

x(p) (2.4)

1—2bp
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In (2.3) and (2.4), b = 270 /3m, which relates to the reduced density n as n = bp/4. Note
that (2.4) is only used in this work for consistent comparison with the reported solutions
of the Enskog equation obtained by the Monte Carlo method (Frezzotti & Sgarra 1993).
In comparison with (2.4), the RDF defined by (2.3) agrees extremely well with the MD
data given by Alder & Wainwright (1960) up to the phase transition. Therefore, (2.3) will
be applied for the rest of simulations. When o approaches zero, x is unity, and the Enskog
collision operator (2.2) reduces to that of the Boltzmann equation. It is apparent that
direct numerical solution of the Enskog equation (2.1) is even more time consuming than
the Boltzmann equation, restricting its practical applications. Therefore, it is important
to simplify the Enskog equation to improve computational efficiency while still satisfying
accuracy requirement for dense gases.

2.2.  The Shakhov-Enskog model

Here, a kinetic model of the Enskog equation is derived for non-equilibrium flow of
dense gases on the basis of the Shakhov model, which is able to represent a correct
Prandtl number (Pr) by expanding the Maxwellian velocity distribution function in the
BGK model (Bhatnagar et al. 1954). Assuming the gas flow is sufficiently smooth, the
right hand side of (2.1) can be approximated by expanding x (:c + %k), f1(x £ ok)
and f] (x £ ok) in a Taylor series around «, retaining only the first-order derivatives;
the Enskog equation without the external body force term can therefore be written
as (Chapman & Cowling 1970; Ferziger & Kaper 1972; Kremer 2010)

% FEVT =IO+ IXL) + S, (2.5)

where
2G5 =x [ 18- th] o - hakdg,,
B0 =5 [k [f fi+ 10 g - ki, (26)
D) =ox [ [£ 95+ V1] 0% - ke,

In (2.6), the quantities of f, f1, f/, fi and x are evaluated at the point . Note that,
JO(ff) is a modification of the usual collision operator of the Boltzmann equation with a
factor of x in its numerator, which can therefore be simplified as that for the Boltzmann
collision operator.

With the aim of simplifying the structure of J°(ff) but maintaining its basic proper-
ties, simpler expressions for the collision term were introduced in the literature, which are
known as the kinetic models. In principle, a kinetic model must fulfill the same properties
of the original collision operator, i.e., (i) for all summation invariants 1 = (1,5, %fz)T,
the collision operator must satisfy the conservation laws, i.e.

/ $IO(f, F)dE = 0; (2.7)

(ii) in equilibrium, the VDF should be a Maxwellian; (iii) production of entropy is always
positive, satisfying the H—theorem, i.e.

/ o £1°(f, f)de < 0. (2.8)

The same as a dilute gas, the gas molecules in a dense gas will also tend to approach
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equilibrium through collisions. Thereby, the kinetic model for dilute gases may be
borrowed to simplify the Enskog equation. The Shakhov model is among the most
popular kinetic models (Titarev 2018; Zhu et al. 2019; Venugopal et al. 2019), although
its H—theorem (2.8) has not been proved (Shakhov 1968). Therefore, the Shakhov model
relaxation operator is readily adopted to simplify JO(ff) (Shakhov 1968), which reads

PG =2 (F~1%). (29)

with 7 being the relaxation time of dense gases, and f* being the reference VDF expressed
by the Maxwellian distribution function f¢¢ and a heat flux correction term:

FS =g |14 (1 —pr)——12 (8_5))] (2.10)
SpoRT \ RT

In (2.10), the Prandtl number is set to be 2/3 for the monatomic gases, ¢ = & — u is the

peculiar molecule velocity, and g = % Ik cc? fd€ is the heat flux due to the translational

motion of gas molecules; pg = pRT is the equation of state for ideal gas with R being

the specific gas constant; p, u, and T are the flow density, macroscopic velocity, and

temperature, respectively. The Maxwellian distribution function f¢? is given by

2
e —— —— (2.11)
(2nRT)3/? 2RT

While in J2(ff) and J}(ff), the VDFs can be approximated by the corresponding

Maxwell distribution functions. Using f ed i = feaf7?, one can obtain the formulation
of (Chapman & Cowling 1970)

5

Qp = Jo(ffD) + Ty (F1°) = — bpreQ{ c: [Vln (P°XT) + g (<2 - 2) VlnT]

+§ [2cc:Vu+(<2—;>V.u] }

where ¢ = ¢/v2RT. In order to obtain (2.12), the integrations have been made with
respect to k and &;. It should be noted that, for dense gases, collisions between gas
molecules also contribute to transfer of momentum and energy.
Finally, the Enskog equation based on the Shakhov collision model with the absence
of the external force can be derived as
of

Y vevs=tyreo o

(2.12)

Once the VDF is obtained, the conservative variables W = (p, pu, pe)” are calculated as

W = /1pfd£. (2.14)

The gas temperature is related to the total gas energy as pe = %qu + ek, with e =
3pRT/2 being the kinetic energy density.

The determination of relaxation time parameter 7 in (2.13) is critically important
for the kinetic model, as it affects the momentum and heat transfer processes during
the intermolecular collisions. Through the Chapman-Enskog expansion of (2.13), we can
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obtain the conservative equations for mass, momentum, and energy as

Op+ V- (pu) =0, (2.15a)
O (pu) + V - (puu) = —Vp+ V - (27poS), (2.15b)
O (er) + V- (ue) = —pV -u+ V- (AVT) 4+ 27pS : Vu, (2.15¢)

where p = po(1 + bpx) is hydrostatic pressure for non-ideal gas, A is the coefficient of
thermal conductivity, and S is the rate of shear tensor

1 /0U U,
SozB = 5 < b

1
— =V - udyg, 2.16
Oz,  Oxp ) 3 o (2.16)
with U, g being the components of the flow velocity, where o, 8 € (z,y,2). As a
consequence, it is readily to see that the coefficient of shear viscosity pu = 7pg; hence
the relaxation time can be defined as

~ o

7 . (2.17)
where the viscosity coefficient is taken as p = pobp [(bpx) ™" + 0.8 4+ 0.7614bpx] (Chap-
man & Cowling 1970). Here, the coefficient of viscosity p is obtained through the first-
order Chapman-Enskog expansion of the Enskog equation (Chapman & Cowling 1970),
which accounts for both the kinetic and potential contributions; therefore, the relaxation
time of (2.17) may accurately describe the collisional transfer due to the non-local
molecular collisions. Here po(T) = pirer(T/T1)%° is the viscosity coefficient for hard-
sphere molecules, with p,.y being the reference viscosity coefficient for the dilute gases
at the temperature T;.

Intuitively, since the Jy is just replaced by the kinetic model for dilute gas, the

relaxation time may be inherited directly from the kinetic model, i.e.

P (2.18)

Po
with g1 = po/x. Note that the relaxation time of (2.18) is exactly the same as the one
given by Luo (1998, 2000) for the simplified Enskog model based on the BGK model
(here denoted as the BGK-Enskog model) for isothermal low-speed flows. Later, for the
BGK-Enskog model with the inclusion of the long range attractive force for multiphase
flows, He & Doolen (2002) proposed another formula of relaxation time as

S~ M2

T e (2.19)
with pe = (14 0.4bpx) uo/x- Note that, the viscosity coeflicient s is extracted from
the first-order kinetic contributions to the pressure tensor, which neglects the potential
contributions to the transport of momentum and energy during molecular collisions.
Consequently, the influence of the non-local collisions on the momentum and heat
transfer may not be well described. We will also evaluate numerically for these different
formulations of relaxation time.

Note that, when the Prandtl number in the Shakhov-Enskog model is set to be unity,

Jo(f f) will reduce to the collision operator of the BGK model, reading as

Py = =2 (= 1), (220)

However, this BGK-Enskog model cannot properly describe the heat flux due to its
inherited incorrect Prandtl number even for ideal gases. We will numerically examine
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this model as well by comparing with the Enskog equation and the Shakhov-Enskog
model.

According to (2.13), the properties of Shakhov-Enskog model solely depend on the
Shakhov collision term J° of (2.9) and g of (2.12). While the Shakhov collision
operator can capture non-equilibrium effects, (2.12) describes the collisional contribution
to transfer of gas momentum and energy due to the dense gas effects. When the reduced
density 7 approaches zero (i.e., x = 1), the proposed model reduces to the Shakhov model.
While other kinetic models for dilute gases can be adopted for J° of (2.9), potential
drawbacks of the Shakhov model are inherited including unproved H—theorem of the
Shakhov collision operator and possible negative value of VDF. Additionally, as a derived
model from the Enskog equation, the proposed Shakhov-Enskog model is also valid only
for moderately dense gases.

3. Normal shock wave in dense gases

The propagation of normal shock wave in a dense gas (Frezzotti 1997a; Frezzotti
& Sgarra 1993; de Haro & Garzé 1995; Montanero et al. 1998, 1999) is ideal to test
whether the Shakhov-Enskog model can capture the dense and highly non-equilibrium
effects, since it is a spatially one-dimensional problem where the boundary effect, i.e. the
influence from solid walls, is absent. Attention is given to the calculation of the fully
formed shock profiles, which appear stationary to an observer moving with the shock
front. In the normal shock wave, the upstream and downstream equilibrium states are
connected by the following Rankine-Hugoniot relationships (Frezzotti & Sgarra 1993):

p1U1 = p2Us,
p1 [Uf + RT1 (1 +bpix1)] = pa [Us + RT> (1 + bpax2)] (3.1)
U? + RTy (54 2bp1x1) = Us + RTs (5 + 2bpax2) ,

where the flow variables with subscriptions ‘1’ and ‘2’ represent the flow field at upstream
and downstream of the shock, respectively.

3.1. Algorithm and computational parameters setup

In this study, the Emnskog collision operator is calculated by the fast spectral
method (Wu et al. 2015). The FSM for solving the Enskog equation for low-speed
flows has already been well-studied by comparing with the analytical solutions, and
the computational results of the Monte Carlo method and the molecular dynamics
for several challenging cases (Wu et al. 2015, 2016), however, the capability of solving
the Enskog equation by the FSM for the canonical normal shock wave in a dense gas
remains unexplored. In the following, the results of the Enskog equation solved by the
FSM are first validated by comparing with the solutions of the well-established MD and
Monte Carlo method, thereafter the proposed Shakhov-Enskog model is evaluated by
comparing with the FSM solution of the Enskog equation directly. Therefore, we can
ensure consistent comparison between the model equation and the Enskog equation due
to data scarcity for non-equilibrium flow of dense gases in the literature.

Note that the case of interest is one-dimensional problem (here the shock wave
is assumed to be propagated along the z—direction), hence in order to reduce the
computational cost, the variables along the other two directions can be reduced by making
integration along these two axes; the details can be found in Appendix A. Many available
discrete velocity methods (DVMSs) can solve the proposed model properly. In this work,
the iterative implicit DVM, which is simple and efficient, is employed to solve (2.13): given
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Figure 1: The downstream dimensionless parameter E, for Ma=2 (solid line) and 4
(dash-dot line) against the upstream F.
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Figure 2: Comparison of the normalized p, U and T, obtained from the Monte Carlo
method by Frezzotti & Sgarra (1993)(solid square symbols) and the fast spectral method
(solid line) of solving the Enskog equation at (a) Ma=3 and E; = 0; (b) Ma=4 and
E =0.2.

the value of f at the k—th time step, its value at the next iteration step is calculated by
the following equation (Yang & Huang 1995; Wu et al. 2013)

o fk+1 1
b oxr 7
where the spatial derivative is approximated by the second-order upwind scheme. The
details of FSM solving the Enskog equation can be found in Wu et al. (2015). In order
to accurately approximate the macroscopic flow moments on the velocity space at a
few Mach numbers (Ma) and various degree of denseness, the computational parameters
such as the spatial mesh size and the discretization of molecular velocity space should
be appropriately chosen, until no appreciable changes in the solutions are observed.
The upstream p; and T3 are chosen as the reference values of density and temperature,
respectively. The flow velocity is normalized by the most probable velocity v, = v/2RT}.
The upstream dimensionless parameter Fj, which was first introduced by Frezzotti &

[ = 5] + 2, (3-2)
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Figure 3: Comparison of p, U and T, obtained from the Molecular Dynamics method
by Frezzotti (1998) (solid square symbols) and the fast spectral method of solving the
Enskog equation (solid line) at (a) Ma=3, V, = 1.8257, and E; = 2.9831 (n = 0.2);
(b) Ma=4, V,, = 2.5674, and E; = 0.4825 (n = 0.05). (Note: the original MD data of
the velocity and the z—axis in Frezzotti (1998) were presented in the units of RT; and
m/\/2mo? p1, respectively.)

Sgarra (1993) to represent the degree of denseness in the shock upstream, is defined as the
ratio of the molecular diameter o to the reference mean free path A\; = m/v/27a%p1x(p1),
and is related to the upstream density p; by

B= L = 2 o). (33
1

Accordingly, the downstream F, can be obtained based on the downstream density po,
which actually represents the densest part of the shock wave. The values of E, are shown
in figure 1, where the Mach number is equal to 2 and 4, respectively, with E; ranging
from 0.2 to 0.8. Here, the Mach number is defined as Ma = U, /+/yRT1, with v = 5/3
being the specific heat ratio for monatomic gases. We can see from figure 1 that the
mean free path of molecules ranges from half to twice of the molecular diameter for the
considered cases. Note that the reduced density 7 is also often used to represent the
degree of denseness in dense gases (Frezzotti 1998).

In our simulations, the computational domain is set to be [—50,50] (in the unit of
A1), which is uniformly meshed by 200 points. The molecular velocity space truncated at
[—15,15] (in the unit of v,,) is discretized by the mid-point rule with 200 uniform points.
The macroscopic quantities W are normalized as W = (W — Wy)/(Wa — W), where the
subscripts ‘1’ and ‘2’ denote the quantities of upstream and downstream of the shock,
respectively; the heat flux and shear stress are presented in the units of pjv3,/2 and
p1v2,/2, respectively. Note that in what follows, the hat over W has been removed for
the sake of simplicity, and the x—axis has been shifted for all the considered quantities
so that p(x = 0) = (p1 + p2)/2.

In order to evaluate accuracy of the FSM solving the Enskog equation for normal
shock wave, the normalized density, velocity, and temperature computed from the Enskog
equation are compared with those of the Monte Carlo method (Frezzotti & Sgarra 1993)
as shown in figure 2, where the RDF of (2.4) is applied in this case for consistent
comparison. Clearly, excellent agreements between these two methods are achieved for
Ma=4 in both the limit of dilute gas (E; = 0) and the moderately dense gas of E; = 0.2.
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Figure 4: (a, ¢) The normalized p, U and T; and (b, d) heat flux g, and shear stress 7.
Here E; = 0, Ma=2 (first row) and Ma=4 (second row), obtained from the BGK-Enskog
model (dash line), the Shakhov-Enskog model (solid line) and the Enskog equation (solid
squares).

Figure 3 shows accuracy of the FSM solving the Enskog equation by comparing the
computed macroscopic variables with the MD data (Frezzotti 1998). The MD simulation
was conducted on a tube with two specularly reflecting end walls, one of which is at rest,
whereas the other one is a piston moving at a constant speed V,. The piston velocity
of V,, = 1.8257 and 2.5674 can generate shocks moving at Ma=3 and 4, respectively,
for which the upstreaming E; = 2.9831 (n = 0.2) and E; = 0.4825 (n = 0.05) are
simulated. It is noted from figure 3 that, even for such high degree of denseness, very
good agreement between these two methods can be observed. Therefore, in what follows,
solutions of the Enskog equation will be served as the benchmark to validate the proposed
Shakhov-Enskog model. Note that (2.3) will be applied in the following simulations, since
it strikes a balance between simplicity and accuracy (Frezzotti 1997a).

3.2. Comparison of the Shakhov-Enskog model and BGK-Enskog model
The normalized macroscopic variables W in the limit case of dilute gases, i.e., B} = 0,
for Ma=2 and 4 computed from the Enskog equation, and the BGK-Enskog and Shakhov-
Enskog models are shown in figures 4(a) and 4(c); correspondingly the heat flux and
translational shear stress are presented in figures 4(b) and 4(d). The shear stress due to
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Figure 5: (a, ¢) The normalized p, U and T; and (b, d) heat flux ¢, and shear stress
Tzo. Here, Ej = 0.2, Ma=2 (first row) and Ma=4 (second row), obtained from the
BGK-Enskog model (dash line), the Shakhov-Enskog model (solid line) and the Enskog
equation (solid squares). Note that the relation time given by (2.18) is used in both the
BGK-Enskog and the Shakhov-Enskog models.

the translational motion of gas molecules 7., can be computed as

Tex = /Cifdg — Po- (34)

When E; = 0 and Y is equal to unity, the collision operators of the Enskog equation, and
the BGK-Enskog and Shakhov-Enskog models reduce to those of the Boltzmann equation,
and the BGK and Shakhov models, respectively. We notice that, visible deviations
appear mainly at the upstream, where degree of non-equilibrium is greater than that
at the downstream due to the lower density before the shock. The BGK model shows
large discrepancy from the Enskog equation not only for the temperature and heat flux
that are directly relevant to the Prandtl number, but also for the density, velocity, and
shear stress, while the results of the Shakhov-Enskog model agree well with those of the
Enskog equation. These findings are consistent with the previous studies of shock wave
structure (Li & Zhang 2008; Xu & Huang 2011; Li et al. 2015; Chen et al. 2015).

The similar phenomena can also be observed in figure 5 for Ma=2 and 4 with E; = 0.2,
except the early rising of temperature and heat flux in the upstream of the shock. This is
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Figure 6: The profiles of normalized p, U and T at Ma=2: (a) E; = 0.2; (b) E; = 0.4; (¢)
E; = 0.6; and (d) E; = 0.8. The solid squares are the results from the Enskog equation,
while the dash, solid, and dash-dot lines are the results of the Shakhov-Enskog model
with the relaxation time of (2.17), (2.18), and (2.19), respectively.

due to a well-acknowledged cause that the relaxation time in the model equation, which
is independent of the molecular velocity, becomes less accurate for high-Mach flows. This
is also the reason that the temperature field and heat flux in the case of Ma=4 exhibit
larger discrepancy than those of Ma=2, when compared with the corresponding results of
the Enskog equation, see figures 4 and 5. For example, the maximum relative difference
in the temperature for Ma=2 and 4 is about 3% and 30%, respectively.

3.3. Ewaluation of the Shakhov-Enskog model

We now evaluate the Shakhov-Enskog model with different relaxation time of 7 by
comparing with the Enskog equation. The normalized macroscopic variables for Ma=2
with Ej from 0.2 to 0.8 are shown in figures 6(a)-(d). It can be seen that, when E; = 0.2,
the results of the Shakhov-Enskog model with the relaxation time given by (2.17), (2.18)
and (2.19) respectively are in good agreement with the Enskog solutions. With the
increase of Ej, the deviation of the Shakhov-Enskog model from the Enskog equation
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Figure 7: The relative difference R(%) (R = 100 [WSshakhov-Enskog/WEnskog — 1]) for the
density (left row) and the temperature (right row) at Ma=2: (a,b) E; = 0.2; (c,d)
E; =0.4; (e, f) E, =0.6; and (g,h) E; = 0.8. Wshakhov-Enskog a1ld Wengkog represent the
results from the Shakhov-Enskog model and the Enskog equation, respectively. In the left
row of the figure, the dash, solid, and dash-dot lines are the relative density difference for
the Shakhov-Enskog model using (2.17), (2.18), and (2.19), respectively. Accordingly, in
the right row of the figure, these lines with the solid circles are the relative temperature
difference.
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Figure 8: The profiles of normalized p, U and T at Ma=3, with (a) E; = 0.2; (b) E; = 0.4;
(¢) E; = 0.6; and (d) E; = 0.8. The solid squares are the results from the Enskog equation,

while the solid lines are the results of the Shakhov-Enskog model with the relaxation time
of (2.17).

becomes more pronounced. We notice that for the case of E; = 0.4, the profiles calculated
from the proposed model with the relaxation time of (2.18) show more visible difference
from those of the Enskog equation, while the results computed from the model with (2.17)
and (2.19) still show a good agreement with the reference solutions. However, when
E; > 0.6, both (2.18) and (2.19) cannot reproduce acceptable shock structure profiles,
particularly at the upstream where the Shakhov-Enskog model clearly underestimates
the macroscopic variables. When using (2.17), as expected, the kinetic model overall
shows a better agreement with the Enskog equation for all the values of Ej; in particular,
the early rise of temperature in the upstream seems to be accurately captured by the
Shakhov-Enskog model.

The performance of the Shakhov-Enskog model with different formulae of the relax-
ation time can be quantitatively explained by the relative difference in density and
temperature, which is shown in the left and right rows of figure 7, respectively. Note
that the relative difference in velocity lies between those of the density and temperature,
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Figure 9: The profiles of normalized p, U and T at Ma=4, with (a) E; = 0.2; (b) E; = 0.4;
(¢) E; = 0.6; and (d) E; = 0.8. The solid squares are the results from the Enskog equation,
while the solid lines are the results of the Shakhov-Enskog model with the relaxation time
of (2.17).

which is not presented for clarity. It is clearly found that, in the most region of the shock
structure, the maximum relative difference in the macroscopic variables computed from
the present model with (2.17) is less than 2%, which is the smallest amongst these three
formulae. When using the relaxation time of (2.18), the obtained temperature could
differ from the Enskog solution by 6% at F; = 0.6; meanwhile, the model with (2.19) can
also overestimate the temperature by 4% at E; = 0.8. The above results show that the
proposed Shakhov-Enskog model with the relaxation time of (2.17), which adopts the
viscosity coefficient accounting for both kinetic and potential contributions, expectedly
provides the best prediction of the shock structure. Therefore, unless otherwise stated,
the relaxation time of (2.17) will be applied in the Shakhov-Enskog model in the following
simulations.

The results obtained from the Shakhov-Enskog model with (2.17) and the Enskog
equation are further presented in figures 8 and 9 for Ma=3 and Ma=4, respectively.
With the increase of Ej, despite the growing underestimate of the density near the shock
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Figure 10: The relative difference in the macroscopic quantities R(%) for Ma=3, obtained
from the Shakhov-Enskog model using the relaxation time of (2.17): (a) E; = 0.2; (b) E; =
0.4; (¢) By = 0.6; and (d) E; = 0.8. The relative difference in the density and temperature
are represented by the solid line and the solid line with solid circles, respectively.

front (z/A\1 > 2), overall good agreements between both sets of results are observed. The
same as the case of Ma=2, for such high Mach number flows, conspicuous overestimate
of the temperature by the present model arises before the shock front as well; this is due
to the inherent drawback of the Shakhov model. Meanwhile, it is interesting to see that,
the overestimate of the temperature becomes less significant when the Mach number
increases, which may be attributed to the reducing non-equilibrium effect due to the
increase of Ej at the shock upstream.

The discrepancy between the proposed model and the Enskog equation is further
examined by the relative differences in the shock profiles, which are shown in figures 10
and 11 for the cases of Ma=3 and 4, respectively. Note that the relative difference in the
velocity has the same value with that of the density but with an opposite sign, which is
not presented. We can see that, the Shakhov-Enskog model can reproduce the density
and velocity profiles accurately, with an overall relative difference being smaller than
4% and 10% for Ma=3 and 4, respectively, whereas there exhibits large deviation in the
temperature profile from the Enskog solution by a maximum relative difference up to 15%
and 30%, respectively, at E; = 0.2. Meanwhile, as clearly shown, the maximum difference
of temperature is smaller at a larger F;. This deficiency of the proposed model is inherited
from the Shakhov collision operator itself, instead of the Enskog equation. However, the
relative difference in the density and velocity profiles is less than 5%, as shown in figures 7,
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Figure 11: The relative difference in the macroscopic quantities (R%) for Ma=4 obtained
from the Shakhov-Enskog model using the relaxation time of (2.17): (a) E; = 0.2; (b) E; =
0.4; (¢) By = 0.6; and (d) E; = 0.8. The relative difference in the density and temperature
are represented by the solid line and the solid line with solid circles, respectively.

10, and 11, suggesting that the Shakhov-Enskog model can capture rarefaction effects
reasonably well in dense gases. For very dense gases where the molecules are nearly in
constant contact, both the Enskog equation and its model become inaccurate, which is
reflected in the results for large E;.

The differential performance of the Shakhov-Enskog model when using different types
of relaxation time can be essentially explained from the microscopic VDF. The parallel
VDF's as a function of £, at different locations of the shock are shown in figure 12, where
the Shakhov-Enskog model with the relaxation time of (2.17) and (2.18) for Ma=4 and
E; = 0.4 are examined as an example. The results are similar for the other parameters.
It is noticed that, the VDFs computed from the Shakhov-Enskog model with (2.17) are
better than the model with (2.18), when compared with the Enskog equation; particularly
in the region of {; € (—vm,, 2vy,); see figures 12(a) and 12(b). In addition, as we see from
figure 12(d), at /A1 = 10 where it is far from the shock center, the proposed model can
accurately reproduce VDF close to equilibrium. Note that one of the potential drawbacks
inherited from the Shakhov collision operator, i.e., the negative value of VDF, does not
appear in the above simulations.
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Figure 12: The marginal reduced velocity distribution function f as a function of the
molecular velocity &, at /A = —1.5,-0.5, 0.5, 10. The solid squares are the results from
the Enskog equation, while the dash-dot and solid lines are the results of the Shakhov-
Enskog model with the relaxation time of (2.17) and (2.18), respectively. The molecular
velocity &, is in the unit of most probable velocity v,,.

4. Concluding remarks

In this work, a kinetic model has been proposed to simplify the Enskog equation for
non-equilibrium flow of dense gases using the kinetic Shakhov model which can recover
the correct Prandtl number of monatomic dilute gases. The propagation of normal shock
wave in a dense gas is simulated to validate the proposed Shakhov-Enskog model against
the FSM solution of the Enskog equation. In comparison with the BGK-Enskog model,
the Shakhov-Enskog model with a correct Prandtl number agrees better with the Enskog
equation, not only for the temperature and heat flux that are directly relevant to the
Prandtl number, but also for the density, velocity, and shear stress.

The relaxation time of (2.17) accounts for both the kinetic and collisional contributions
to the momentum and energy transfer, so the Shakhov-Enskog model can predict the
shock profiles well. Surprisingly, with the use of (2.17), the early rising of temperature
as observed in the dilute gases is also much improved.

In conclusion, the proposed Shakhov-Enskog model is capable of describing the mo-
mentum and energy transfer inside shock, when the maximum local mean free path of
gas molecules is greater than the size of gas molecules. More importantly, for all the
simulations in this study, the computational cost for the DVM solution of the Shakhov-
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Enskog model is at least 2-order less than the FSM solution of the Enskog equation.
The current work does not consider the gas-surface interactions, which are an important
but difficult research challenge for surface-bounded non-equilibrium flow of dense gases.
When the attractive force between molecules is properly considered, the Shakhov-Enskog
model may also provide a new way of modeling non-equilibrium behavior of multiphase
flows.
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Appendix A. Reduction of the Shakhov-Enskog model for
one-dimensional case

Since only one-dimensional shock wave is considered in this study, two reduced velocity
distribution functions are introduced to cast the three-dimensional molecular velocity
space (£;,&y,&.) into one dimension as

g :/f(ﬂj,&,t)dfydfz, (A]-a)
h=/@+éﬁ@£ﬁ%m& (A1D)

Once g and h are obtained, the macroscopic variables can be computed as

p:/m% w:/@w% (g +h) de.. (A2)

T=—
3pR

and the high-order moments of interest, i.e. the shear stress 7., and heat flux ¢,, which
are given by

1
Tex = /09259 —pRT, q,= 5 /Cac (Cig + h) d&s- (A 3)
The governing equations for the two reduced VDF's can be deduced from (2.13) as
dg dg 1
o thg, == 9= 9°]+Jo,+ Jogs (A da)
oh oh 1
it === [h =5+ J! T A4b
8t+£ oz %[ ]+ ah T Jon ( )
where the reduced reference VDFs are gS = ¢°? 4 gp, and hS = hed + hp,, with
2
e P Cx
g9 =—"—exp {— } , (Aba)
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2
=(1-P —= — 3| g%, A5
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and
Jag == 9°bpc, 0z X, (A6a)
Jb, =~ g°ibpy {20968 Inp + = 5 [ i } Oplly + — 5 [ 2 + = ] azlnT}, (A6b)
’ 5|RT 10 | RT 3
Jan = — hbpc, Dy, (A6c)
Jbl,h = — hbpx {2015 lnp+ — 5 [Z;iT - :12’] Oty + i [;;; + 704 8xlnT} . (A6d)

where 0, denotes the derivative with respect to the x—axis. It is clear that the governing
equation for g and h in (A 4) can be expressed in the following compact form:

¢ ¢>
ot -

where the symbol ¢ is used to represent g or h, and 25 4 = J ot Jb - Finally, (A7) is
readily solved by the iterative implicit DVM described by (3. 2)

rest i [6— %] + e, (A7)
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