A Unified Gas-kinetic Scheme for Continuum and Rarefied Flows
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Abstract

With discretized particle velocity space, a unified gas-kinetic scheme for entire Knudsen
number flows is constructed based on the BGK model. In comparison with many existing
kinetic schemes for the Boltzmann equation, the current method has no difficulty to get
accurate solution in the continuum flow regime, such as the solution of the Navier-Stokes
(NS) equations with the time step being much larger than the particle collision time, and
the rarefied flow solution, even for the free molecule flow. The unified scheme is an extension
of the gas-kinetic BGK-NS scheme from the continuum flow to the rarefied regime with the
discretization of particle velocity space. The success of the method is due to the un-splitting
treatment for the particle transport and collision in the evaluation of local solution of the
gas distribution function. For these methods which use operator splitting technique to solve
the transport and collision separately, it is usually required that the time step is less than
the particle collision time, which basically makes these methods useless in the continuum
flow regime, especially in the high Reynolds cases. Theoretically, once the physical process
of particle transport and collision is modeled statistically by the gas-kinetic Boltzmann
equation, the transport and collision become continuous operators in space and time, and
their numerical discretization should be done consistently. With the use of the integral
solution of the BGK, the unified scheme can simulate the flow accurately in the whole flow
regime from the continuum Navier-Stokes solutions to the free molecule flow. At the same
time, the time step in the high Reynolds number continuum flow region is only determined
by the CFL condition of the macroscopic equations, instead of particle collision time.
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1. Introduction

The development of accurate numerical methods for all flow regimes is challenging. An
excellent example is the nozzle flow for controlling aerospace orbit, where both continuum
and vacuum flows exist from gas container to the nozzle exit. Both the kinetic methods,
such as direct simulation Monte Carlo (DSMC), and modern CFD techniques based on the
Navier-Stokes (NS) equations, encounter computational difficulties when applied to these
flows. The DSMC method requires that the time step and cell size are less than the particle
collision time and mean free path, which subsequently introduce enormous computational
cost in the high density regime. On the other hand, the conventional continuum NS methods
are inapplicable for capturing non-equilibrium effects in the rarefied flow regime. High-order
hydrodynamic equations are mostly limited to the transition flow regime only [19]. In recent
years, the hybrid methods which combine NS and kinetic approaches have been often used to
model flows which have both continuum and rarefied regimes [23, 9, 5, 26, 8]. A buffer zone
is used to couple different approaches with the assumption of correctness of both methods in
this zone. These approaches may sensitively depend on the location of the interface between
different methods. Certainly, it is required that both methods are reliable in the buffer
zone. But, in reality it may become that neither method can be applied there. For example,
in many hybrid methods, it is assumed that in the buffer zone the flow can be correctly
described by the NS equations, which means that the extension of the kinetic approach to
the buffer zone should have the correct NS limit as well. But, this is just the difficult part
for the kinetic approach. So, in order to accurately simulate the whole flow regimes, it is still
desirable to have a single kinetic method which presents accurately the NS solution in the
continuum flows and the collision-less Boltzmann solution in the free molecule regime. This
can be done dynamically through the numerical discretization of the Boltzmann equation,
instead of geometrically through the zone separations.

The Boltzmann equation describes the time evolution of the density distribution of a
monatomic dilute gas with binary elastic collisions. The fluid dynamic Navier-Stokes (NS),
Burnett and Super-Burnett equations can be derived from the Boltzmann equation. The
Boltzmann equation is valid from the continuum flow regime to the free molecule flow. So,
theoretically a unified kinetic method which is valid in the whole range of Knudsen number
can be developed if the numerical discretization is properly designed. In the framework of
deterministic approximation, the most popular class of methods is based on the so-called
discrete velocity methods (DVM) or Discrete Ordinate Method (DOM) of the Boltzmann
equation [7, 33, 16, 13, 1, 17]. These methods use regular discretization of particle velocity
space. Most of these methods can give accurate numerical solution for high Knudsen number



flows, such as those from the upper transition to the free molecule regime. However, in the
continuum flow regime, it is recognized that they have difficulty in the capturing of the
Navier-Stokes solutions, especially for the high Reynolds number flows, where the intensive
particle collisions take place. Under this situation, because the time step in these methods
must be less than the particle collision time, which makes them prohibitive in the continuum
flow application. In order to get unconditionally stable schemes with large time step, it is
natural to use implicit or semi-implicit method for the collision part [13, 21, 11]. However,
even though a scheme could overcome the stability restriction and use large time step, there is
still accuracy concern, because many of the schemes have the same numerical mechanism as
Flux Vector Splitting (FVS) methods in the continuum regime, where the intrinsic numerical
dissipation is proportional to time step [30], which poisons the NS solution.

In order to develop a kinetic scheme for the whole flow regime, much effort has been
paid on the development of the so-called asymptotic preserving (AP) scheme. As defined in
[11], a kinetic scheme is AP if (1). it preserves the discrete analogy of the Chapman-Enskog
expansion when the Knudsen numbers go to Zero. (2). in the continuum regime, the time
step is not restricted by the particle collision time. Besides the above two conditions, we
may need the third one as well, (3). the scheme has at least second-order accuracy in both
continuum and free molecule regimes. Therefore, the AP scheme is the appropriate choice to
solve the kinetic equation. For example, for the AP scheme in the nozzle simulation, with a
uniform time step in the whole domain, this time step must be much larger than the particle
collision time in the inner high density region, and be the same order or less in the outer
rarefied and free molecular regions. Many approaches have been developed to develop kinetic
AP methods [2, 9, 11, 21]. To the current stage, it seems that the only AP scheme for the
NS asymptotic in the continuum regime is the method developed by Bennoune, Lemou, and
Mieussens [2]. Their deterministic method is based on a decomposition of the Boltzmann
equation into a system which couples a kinetic equation (non-equilibrium) with a fluid one
(equilibrium). The fluid part of this system degenerates, for small particle collision time,
into the NS equations. However, in the collision-less limit, the physical basis of separating
a distribution function into an equilibrium and a non-equilibrium part is questionable. The
accuracy of the above scheme in the collision-less limit has to be tested as well. In other
words, AP scheme should not only have the accuracy in the continuum flow regime, the
validity of the kinetic method in the collision-less limit should be kept as well.

In order to develop an AP scheme for the kinetic equation, we need a correct understand-
ing of the Boltzmann equation. Even though the individual particle movement has distinct
transport and collision process, once this process is described by the statistical model, such
as the Boltzmann equation, the transport and collision processes are coupled everywhere
in space and time. To separate them numerically, such as the operator splitting methods,
is inconsistent with the underlying physical model. As shown in this paper, a simple up-



winding discretization for the particle transport term in the Botltzmann equation, i.e., uf,
term, is basically an operator splitting scheme and introduces difficulties to get AP property.
Without correctly discretizing this term, any other modification in the kinetic method may
not work properly in the whole flow regime. In the high Knudsen number flow regime, the
decoupling of transport and collision may not become a problem, because the numerical
error introduced due to the decoupling (being proportional to time step) is much less than
the physical one (being proportional to particle collision time). But, it cannot be tolerated
in the continuum flow regime, especially for an AP method.

In the past years, the gas-kinetic BGK-NS scheme for the Navier-Stokes solutions has been
well developed [29], and has been successfully applied for the continuum flow simulations from
nearly incompressible to hypersonic viscous and heat conducting flows [25, 31, 32, 12, 15]. In
the BGK-NS method, the particle velocity space is continuous and is integrated out in the
flux evaluations in a finite volume scheme. This is not surprised because in the fluid regime,
based on the Chapman-Enskog expansion the gas distribution function for the viscous flow
is well-defined. Therefore, the efficiency of the BGK-NS method is similar to the traditional
NS flow solver, where the same CFL condition is used for the determination of time step.
Theoretically, any kinetic scheme with NS asymptotic AP property should be able to recover
the BGK-NS scheme in the continuum limit. So, different from other approaches, in this
paper we are going to extend the BGK-NS method for the continuum flow to the rarefied
regime, which includes the free molecule limit. In order to do that, we have to discretize
the particle velocity space as well, because the real gas distribution function in the highly
non-equilibrium region can be hardly described by a Maxwellian distribution function and

its derivatives. So, the current method can be also considered as a discrete velocity version
of the BGK-NS scheme.

2. Kinetic theory and Discrete Ordinate Method

In this paper, we will present the unified scheme for all Knudsen number flows. The
one-dimensional kinetic equation will be used to illustrate the idea. In this section, we are
going to first introduce the kinetic equation and the traditional discrete ordinate method
(DOM). In the next section, the unified method will be presented.

The one-dimensional gas-kinetic BGK equation can be written as [6, 3]

9/
fi+uf, = T (1)

where f is the gas distribution function and ¢ is the equilibrium state approached by f.
Both f and ¢ are functions of space x, time ¢, particle velocities u, and internal variable &.



The particle collision time 7 is related to the viscosity and heat conduction coefficients. The
equilibrium state is a Maxwellian distribution,

g = p(2) S M)
T

where p is the density, U is the macroscopic velocity in the x direction, A is equal to m/2kT,
m is the molecular mass, k is the Boltzmann constant, and T is the temperature. For 1D
flow, the total number of degrees of freedom K in ¢ is equal to (3 —+y)/(y—1). For example,
for a diatomic gas with v = 7/5, K is equal to 4 to account for the particle motion in the
y and z-directions, as well as two rotational degrees of freedom. In the equilibrium state,
the internal variable &2 is equal to &2 = & + &2 + ... + £%. The relation between mass p,
momentum pU, and energy pE densities with the distribution function f is

_ /wade, 0 =123 @)

where 1), is the component of the vector of moments

1
,’7[) = (¢17 ¢2a 77Z)3)T = (17 u, 5('&2 + §2))Ta
and d= = dud&;dés...dEg is the volume element in the phase space with d§ = d&;d&s...dE.
Since mass, momentum, and energy are conserved during particle collisions, f and g satisfy
the conservation constraint,

/(g_f)waE_()? @:1,2,3, (3)

at any point in space and time.

Before we introduce discrete ordinate method, let’s first discretize the space, time, and
particle velocity. For a numerical cell j in space, i.e., € [Tj_1/2,Zj11/2), at the time level
t", and at discretized particle velocity interval k, i.e., u € [ug — %Au, uy + %Au}, the phase
space averaged partilcle distribution function becomes

G41/2 uk+2Au
[z, t" u) = fily = AxAu/ /u f(z, t", u)dxdu, (4)

k—lAu

where Au is the particle velocity interval and Az = ;412 — x;_1/2 is the cell size.



The BGK equation (1) can be written as

fi=—ufy+ 21,

(5)
. n+1

Integrating the above equation in a control volume f;-]+11//2 ? fttn dxdt, and keeping the particle
i

velocity space continuous, the differential equation becomes an integral equation

frH = /

where f;,1/2 is the gas distribution function at the cell interface z;;,/2. The above equation
is exact and there is no any numerical error introduced yet. For a kinetic scheme, two terms
on the right hand side of the above equation have to be numerically evaluated.

A standard operator splitting method is to solve the above equation in the following steps
[8, 33]. The equation (6) is decoupled to

tn+1

j+1/2
’U/ij 1/2 ) ufil?j+1/2 dt+—/ / g= fdfl?dt (6)

* n 1
fir=5L"+ Ar /(fojl/Q(t) —uf,,,,())dL, (7)
for the transport across a cell interface, and
g—/
ft = 9 (8)
T

for the particle collision or source term inside each cell. In the transport part, the collision-
less Boltzmann equation or upwinding approach,

ft+ufx:07 (9)

is used for the flux evaluation at the cell interface. For example, for a 1st-order method, the
upwinding flux is based on the following solution at the cell interface,

_ fjw u > 07
fj+1/2 N {fj+17 u < 07 <10)

which is dynamically equivalent to the flux vector splitting scheme. The above transport
and collision steps can be also coupled using Runge-Kutta method within a time step.

If we take conservative moments ¢, on Eq.(6), due to the conservation of conservative
variables during particle collision step, the update of conservative variables becomes

n+1
1 t

I/Vj?‘—f—l Wn 4+ — (ij71/2 (t) —

~ (0t (1)

Tj+1/2



where W is the averaged conservative mass, momentum, and energy densities inside each
cell, and F' = [ u, fo(x — ut)d= is the flux based on the collisionless Boltzmann equation.
The above scheme for the update of macroscopic flow variables is physically identical to the
kinetic flux vector splitting schemes (KFVS) [22, 10]. The only difference is the initial gas
distribution function f; at the beginning of each time step. For the KFVS scheme, an equi-
librium state is prepared for fj, and for the DOM f, is explicitly updated from the equation
with discretized particle velocity space. But, this will not change the numerical dissipative
mechanism in the KFVS method, where the numerical dissipation is proportional to time
step. Therefore, if a large time step could be used for the DOM method in the continuum
flow regime, the numerical dissipation would also make DOM scheme be inaccurate for the
NS solutions. It is a well-known defect for all Flux Vector Splitting methods [27]. So, in the
continuum flow regime, for the DOM method the requirement of time step being less than
the particle collision time is not only for the stability consideration, but also a necessary
condition for the accuracy. But, this constraint deviates the above scheme away from an AP
method for the NS solutions.

In order to design an AP scheme which is valid for both NS equations and the free
molecule limit, the full BGK equation has to be solved in the flux evaluation in Eq.(6)
across a cell interface,

g—1f

fitufy = R (12)

The necessity of using the above equation can be understood in the following. First, let’s
forget about numerical mesh. Since the Boltzmann equation couples the particle transport
and collision everywhere, at any point in space and time (x,t), both collision and transport
exist. For example, uf,(z,t) and (g — f)/7 are continuous function of x and ¢. Now let’s put
the mesh into the space. For these molecules, if they move in a zig-zag way from one place
to another place in a time step within the same cell, in terms of the cell resolution these
molecules will only contribute to the modification of particle distribution function through
the particle collisions, such as f; = (¢9—f)/7. However, for those zig-zag movement molecules,
within a time step if they pass through the cell interface, their contributions will be the first
term on the right hand side of Eq.(6). Physically, the dynamics for those molecules within
a cell or across a cell interface should be the same, and both transport and collision exist in
their movements. In this way, those molecules passing through cell interface do suffer from
particle collision during their passage moving towards the cell interface.

3. Unified Kinetic Scheme in all Flow Regimes

In this section, we will present a unified kinetic scheme based on the BGK model for all
flow regimes. The current method is a natural extension of the gas-kinetic BGK-NS method



from the compressible Navier-Stokes equations to all Knudsen number flow. In this section,
only one-dimensional formulation will be presented. The extension to 2D and 3D cases are
straightforward for the kinetic method.

With the discretization of space z;, time ", and particle velocity uy, the finite volume
solution of the kinetic equation (6) is

T

1 1 —
ﬁ:l = ﬁk + E /(ukfj_l/zk — ukfj+1/27k)dt + E // J fdxdt (13)

where f7 is the cell averaged distribution function in jth-cell x € [ 12, 7;41/2] at particle
velocity ug. Instead of using upwinding scheme for the evaluation of the distribution function
at a cell interface, the solution fj 1/ in the above equation is constructed from the integral
solution of the BGK model,

1t i
fj+1/2,k = f(xj+1/2at7uk7€) = ;/ g(l‘/,t/,Uk;,g)e =)/ dt’ (14)
0
e for(wi41/e — urt),

where ' = 11/, —u(t —t') is the particle trajectory. In the above equation, the distribution
function fy at particle velocity u; should be given initially at the beginning of each time step,
and a high-order reconstruction can be used to construct its subcell resolution, such as using
TVD and ENO methods. In order to simplify the notation, in the following the cell interface
Zjy172 = 0 and t" = 0 are used. For example, around each cell interface z;;1/2, at time step
t" the initial distribution function becomes,

l
Jo(@ 1" ug, £) = for(x,0) = {fgfl/zk [1+oj.a], <0,

15
Tojan L+ o], x>0, (15)

where nonlinear limiter can be used to reconstruct f; /2 Iia 2k and the corresponding
slopes 0, ;. For the integral solution of the equilibrium state, since the macroscopic variables
inside each cell are known, we can first use a continuous particle velocity space to evaluate
the integral. For an equilibrium state g around a cell interface (2412 = 0, = 0), same as
the BGK-NS scheme, it can be expanded with two slopes [29],

g=go[1+ (1—Hz))a'z + Hlz]a"z + At] (16)
where H[z] is the Heaviside function defined as

0, <0,
H[x]:{l. x > 0.

8



Here gy is a local Maxwellian distribution function located at x = 0. Even though, g is
continuous at x = 0, but it has different slopes at z < 0 and > 0. In ¢, @,a", and A are
related to the derivatives of a Maxwellian distribution in space and time. In the calculation
of the equilibrium state in space and time, it is not necessary to use a distribution function
with discretized velocity space. Based on the macroscopic flow distribution functions inside
each cell, we can construct its solution with a continuous particle velocity space first, then
take its corresponding value at the specific particle velocity when necessary. The expansion
of the above equilibrium distribution is coming from a Taylor expansion of a Maxwellian
in space and time. In order to have AP scheme for the Navier-Stokes equations, to keep
the 1st-order expansion of an equilibrium state in space and time is necessary. Certainly, if
you would like to have a higher than second-order accuracy scheme, a high-order expansion
needs to be used [15].

The dependence of @', a” and A on the particle velocities can be obtained from a Taylor
expansion of a Maxwellian and have the following form,

1
=+ b+ (o + €) = o,

1
a =a, + ayu+ d§§(u2 + &%) = @l tha,
_ _ _ _ 1 _
A= Al —+ AQU + A3§(U2 + 52) - Ao/’vz)aa

where o = 1,2,3 and all coefficients a},al, ..., A3 are local constants.
The determination of gy depends on the determination of the local macroscopic values of
po, Uy and Ag in g, i.e.,

K+1
ﬁ) * o Ro((u-Uo)*+€?)

90 Zpo(
s

J

which can be determined uniquely using the compatibility condition of the BGK model.
Taking the limit ¢ — 0 in Eq.(14) and substituting its solution into Eq.(3), the conservation
constraint at (x = ;11/2,¢ = 0) gives

Wy = /go%de =D (FaapeH () + ffi1poe(1 = H(w))) 4 (17)

k

where Wy = (po, poUs, Ep)T is the macroscopic conservative flow variables located at the
cell interface at time ¢ = 0. Since f]l /2 and f7,, 2.k have been obtained earlier in the
initial distribution function f, around a cell interface, the above moments can be evaluated
explicitly. Therefore, the conservative variables pg, poUp, and Ej at the cell interface can be



obtained, from which gq is uniquely determined. Different from the BGK-NS method, the
integration of fy term in BGK-NS is replaced by the sum in particle velocity due to the
discretization of particle velocity space. Also, due to the particle velocity discretization, the
gas distribution function has more freedom to recover any distribution function in the highly
non-equilibrium flow regime and the governing equations underlying the current approach
can be beyond the NS in the general case. For the equilibrium state, Ay in gy can be found
from

Yo = (K + 1o/ (4(By — ol3)).

Then, @ and a” of g in Eq.(16) can be obtained through the relation of

Wjﬂ(%’ﬂ) — W / = 70 C:Lq 70~
= "govd= = M Tl =M .al 18
poAxt @ go¥ aB ;z aB®s (18)
and y
Wo — VT/J<:UJ) /l @Dd” Mo C}ll Mo ~1 (19)
—— = | = = a = ag,
poAx— go B ai B8

where the matrix MJ; = [ goatpdZ/po is known, and Azt = x;41 — 2112 and Az~ =
Tjy1/2 — x; are the distances from the cell interface to cell centers. Therefore, (af,aj,a4)”
and (a},a$,ay) can be found following the procedure as BGK-NS method [29]. In order
to evaluate the time evolution part A in the equilibrium state, we can apply the following

condition
d

7 (9— YE=0,

at (x = 0,t =0) [14] and obtained

M2zAs = (9p/0t,0(pU)/0t, OE/0t)"
:p—lo [u (@'H[u] 4+ a" (1 — H[u])) go] Yd=. (20)

Up to this point, we have determined all parameters in the initial gas distribution function
fo and the equilibrium state g at the beginning of each time step ¢ = 0. After substitut-
ing Eq.(15) and Eq.(16) into Eq.(14), the gas distribution function f(z;41/2,us,t) at the
discretized particle velocity u; can be expressed as

Fiaen(0,8) = (1—e")gy
+ (r(=1+ e ") +te ™) (@'H[uy] + @ (1 — H[u])) urgo

10



+7(t)T — 14 e7Y) Agy
+e T ((1 - Uktaj,k)H[“k]f]l'H/zk + (1 = ugtoja)(1 = H[uk])f;+1/2,k)
= Gjr1/2.6 + fir1/2,k (21)

where gj11/2 is all terms related to the integration of the equilibrium state g and fjH 2,k
is the terms from initial condition f, in the integral solution. The above time-accurate gas
distribution function can be used in Eq.(13) for the fluxes at a cell interface. In order to
solve Eq.(13) for the gas distribution function f”Jrl we can first take moment 1 on Eq.(13).
Due to the vanishing of the particle collision term for the conservative variables, we have

tn+1
V[/jn—i—l _ W"+—// g] 1/2k_gj+1/2k)¢dtdu
tn

tn+1

Z/ fg 12k — f;+1/2 k)dt, (22)

where the integration of the equilibrium part g can be evaluated exactly in a continuous par-
ticle velocity space and the integration of the non-equilibrium part f can be done using the
quadrature. For the update of the conservative variables, the difference between the above
formulation and the BGK-NS scheme is that the discrete sum is used for the integration of
the initial distribution function fy in particle velocity space. For a highly non-equilibrium
flow, the real distribution function fy can be a complicated function, and a discrete version
with the discretization of particle velocity space has to be used. For the original BGK-NS
scheme [29], since the NS solutions are the target, the initial gas distribution function fy can
be reconstructed from the distribution of macroscopic variables according to the Chapman-
Enskog expansion. Therefore, the specific form of initial condition fy can be mathematically
described using simple function. In the continuum limit, due to the sufficient number of
particle collisions and with the condition of time step being much larger than the particle
collision time, the integration of the equilibrium part g;_1/, and g;;/ will be dominant and
gives a corresponding NS distribution function by itself [28], and the contribution from initial
terms fj,l /2, and fjH /2,k Vanishes. As aresult, the updated discrete form of the distribution
function f;f,jl will present a Chapman-Enskog NS distribution function. Therefore, in the
continuum flow regime, the BGK-NS scheme with continuous particle velocity space and the
current unified method with discretized particle velocity space will become the same scheme.
In the continuum flow regime, for the NS solutions only the update of the conservative vari-
ables through the above equation (22) is enough, because the gas distribution function j"“rl
can be constructed from the updated conservative variables. Therefore, for the contmuum
only, like the BGK-NS scheme [29], we don’t basically update the gas distribution function.

11



This also illustrate that in terms of the conservative variables update, the unified scheme
is an AP method in the continuum regime. However, the unified scheme is not limited
to continuum flow. Even in the highly non-equilibrium flow regime, Equation (22) for the
update of conservative variables is still correct. For example, in the collisionless limit, the
non-equilibrium part fj_l /2, and fj+1 2, Will take dominant effect, and the contribution
from the equilibrium part vanishes. Therefore, the unified scheme has the collision-less limit
correct as well.

In general, based on the above updated conservative variables, we can immediately obtain
the equilibrium gas distribution function gﬂrl, therefore the unified kinetic scheme for the
update of gas distribution function inside each cell can be written as

tn+1 tn+1

n n 1 ~ ~ r r
= it Ar (/ ur(Jj—1/2.6 — Gj+1/2,k)dt +/ up(fi—1/2.6 — fj+1/2,k)dt>
tm tn

n+1 n+1 n n
n At (Qﬁ —fix n 9ik — ch)
2 Tntl ™

, (23)

where trapezoidal rule has been used for the time integration of collision term. Since the
conservative variables at time step t"*! have been obtained, the corresponding local particle
collision time 7"*! can be evaluated as well. So, from the above equation, a unified scheme
for the update of gas distribution function becomes

tn+1

At 1
= (14 ) e+ — / wk(Gj—1/2.k — Gj41/24) dt
J.k 27-n+1 [ J.k AI n J / 3 J / s

tntl n+1 n n
x = At 9; 9k — I
+/ ur(fim1/2k — fie1/20)dt | + 5 ( iil + 22E - ]’k) ) (24)
tn 7_] T]

where no iteration is needed for the update of the above solution.

4. Physical and Numerical Analysis

In the previous section, we present a unified kinetic scheme based on the kinetic BGK
model. The scheme is a natural extension of BGK-NS scheme for the NS solutions to the
rarefied flow regimes with discretized particle velocity space. The scheme can be further
understood in the following aspects.

The scheme presented in the last section can be considered as a hybrid scheme between
macroscopic and microscopic approaches. The traditional hybrid approach is based on a
geometrical approach. In different flow regions, different governing equations are solved. At

12



the same time, different patches are connected through buffer zone. However, instead of
solving different governing equations as most hybrid schemes do, we couple them in the way
of evaluating the flux function across the cell interface. In the continuum flow regime, the
intensive particle collision will drive the system close to equilibrium state. Therefore, the
part based on the integration of equilibrium state g;i1/2, in Eq.(21) at the cell interface
will automatically take a dominant role. It can be shown that in smooth flow region g;11/2x
gives precisely the NS gas distribution function. Since there is one-to-one correspondence
between macroscopic flow variables and the equilibrium distribution, the integration of the
equilibrium one can be also fairly considered as a macroscopic composition part of the scheme.
In the free molecule limit with inadequate particle collisions, the integral solution at the cell
interface will automatically present a purely upwinding scheme, where the particle transport
from fjH /2,0 Will be the main part. Therefore, the scheme also captures the flow physics
in the collisionless limit. This kind of hybrid approach can be considered as a dynamic
one instead of geometrical one. The reason for most approaches to use a geometrical way
is due to the fact that their fluxes function across a cell interface are solely based on the
kinetic upwinding discretization, i.e., the so-called fjﬂ/m term in Eq.(21). As we know, the
kinetic upwinding is only correct in the collisionless or highly non-equilibrium regime. In
the traditional hybrid scheme, the computational domain has to be divided into equilibrium
and non-equilibrium flow regions. Physically this kind of geometrical division is artificial
and there should have no region where both approaches are applicable, because the above
two approaches have significant dynamic differences in their flux evaluation. In our case,
we have a single computation domain and the dynamic differences in the particle behavior
is obtained by solving the full approximate Boltzmann equation, which is valid all the way
from the continuum to rarefied flows.

Asymptotic Preserving for the NS solution in the continuum limit is a preferred property
for the kinetic scheme. In order to design an AP scheme which is valid for both NS equations
and the free molecule limit, it is necessary to solve the full BGK equation for the flux
evaluation in Eq.(6) across a cell interface,

forufo=2"1 (25)

T

The necessity of using the above equation can be understood in the following. First, let’s
forget about numerical mesh. Since the Boltzmann equation couples the particle transport
and collision everywhere, at any point in space and time (z,t), both collision and transport
exist. For example, uf,(z,t) and (¢ — f)/7 are continuous function of z and t. When
evaluating particle transport across a cell interface, dynamically all particles in a small
domain around the cell interface will effect the particle evolution through transport and
collision. In other words, those molecules passing through cell interface do suffer from particle
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collisions as well. The collisionless or upwinding discretization which accounts only for
fjﬂ /2 term in Eq.(21) is physically incorrect.

As shown in the last section, the distinguishable point of the current scheme is the
collisional BGK is solved for the flux evaluation at a cell interface. For the continuum
flow regime, only conservative flow variables are concerned. The flux evaluation for the
conservative variables update in Eq.(22) is simply a discretized version of the BGK-NS
method for the NS equations. For the unified scheme, for the continuum flow, we can use
the time step which is much larger than the particle collision time, i.e., At >> 7. In this
case, the distribution function for the flux evaluation at the cell interface Eq.(21) will become

fir12(t) = go(1 — m(au + A) + tA), (26)

which is exactly the Chapman-Enskog expansion of the NS solution [29], and where a =
a'Hlug] + a" (1 — H[ug)]). In other words, in the continuum limit, the integral solution from
the equilibrium state is dominant, and the updating of the macroscopic flow variables follow
the NS solutions. In other words, the unified scheme provides an accurate NS solutions in the
update of the conservative variables inside each cell. It is an AP method and the accuracy
of the unified scheme in the continuum flow regime is O(7(At)?) [18, 20]. Theoretically, in
the continuum limit it is not necessary to evaluate the distribution function anymore. If a
simple upwinding method is used for the flux evaluation, as done by most kinetic methods, an
artificial viscosity term being proportional to time step At will be introduced in its governing
equations. So, in this case, the kinetic scheme can only become an asymptotic preserving
method for the Euler equations only.
In the free molecule limit, i.e., 7 — oo, the unified scheme will become

tn+1
=g [ s et (27)
tn
where only the initial term fq in the integral solution of the BGK model Eq.(14) appears.
The above equation is a purely free molecule transport equation. So, in this limit the unified
kinetic scheme is a valid one.

5. Numerical Experiments

The development of accurate kinetic methods for simulating flows in entire Knudsen
number regime is difficult. The discrete ordinate methods (DOM) of Yang-Huang, Mieussens,
and Li-Zhang [33, 13, 16] are accurate numerical methods in all Knudsen numbers, but the
limitation of the time step on these schemes in the continuum flow regime makes them
impossible be applied in computations. But, still the results from DOM methods can be
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used as a benchmark solution for these flows if the computational cost is affordable. This
is also true all many other kinetic methods, such as DSMC and direction Boltzmann solver
4, 1].

In this section, in order to test the unified scheme we are going to present two one-
dimensional test cases for free molecule flow to continuum Euler and NS solutions. The flow
features of different local Knudsen numbers will be covered. In the following, we are going
to test three schemes, which are the unified scheme (unified BGK), discrete ordinate method
(BGK-DOM) [33], and the continuum flow solver BGK-NS for NS solutions [29]. The unified
scheme will be applied to all Knudsen number flow regime. BGK-DOM will be applied to
rarefied and near continuum flows where it is applicable. The BGK-NS will be applied to
near continuum and continuum flows. For the unified BGK method, in all test cases the
time step is determined by the CFL condition with CFL number 0.9. For the BGK-DOM,
the time step is limited by the particle collision time, which is on the order of At < 27,
where 7, is the minimum particle collision time in the domain. For the BGK-NS code, the
time step is also determined by the CFL condition.

The first case is the standard Sod test. In the computational domain z € [0, 1], 100 cells
with uniform mesh in space are used. In the particle velocity space, 200 points with uniform
distribution are used. Certainly, this number can be much reduced. But, the propose here is
to test the code instead of optimizing the velocity space. The initial condition for the mass
density, velocity, and pressure is

(Pl;Ul;pl) = (10700710)7 ZE§057
(. Uppr) = (0.125,0.0,0.1), x> 0.5.

The reference mean free path ¢,,¢, is evaluated by reference state with p,.; = 1.0, prey = 1.0,
and the viscosity coefficient fi,.¢, which is defined by

16 Mref

bt = )
TP 5 vV 2T v/ PrefPref

So, the local mean free path in the gas becomes

[ Pref Pre
glocal = K Pref fgmfm
Href P p

tres 1s determined as hard sphere molecules. For the Sod test case, the

P Pref
Pref P

initial mean free path of the left state is equal to the reference mean free path, and the mean
free path of the right side gas is about 9 times of the left. With the variation of p,.f, we
can basically simulate flows with different degree of rarefaction. In the simulating cases with

where =
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reference viscosity coefficients ey = 10,1.0,107, and 107, and the corresponding mean
free path for the left state of the Sod test become 12.77,1.277,1.277 x 1073, and 1.277x 1075,
which cover the flows from free molecule to continuum one. A useful parameter is the local
flow Knudsen number, which is defined by

glocal @
p dv

Knlocal =

For example, for the case of p,. = 1.0, the local mean free path is much greater than 1. So,
with the unit length of computational domain, the flow is basically free molecule one.

Figure 1 shows the simulation results of density, velocity, temperature, and Knudsen
number for the case with j,.y = 10. As shown in the Knudsen number plot, it is basically
the free molecule flow. The results from the unified BGK precisely recovers the exact solution
of the collision-less Boltzmann equation. Figure 2 shows the same calculation at p,.; = 1.0,
where the collision-less, unified BGK, and BGK-DOM results are plotted. From the local
Knudsen number plot, it is obvious that most part of the flow is still in the collision-less
regime. At g, = 1073, the flow is near continuum flow. Figure 3 shows the solutions from
all three schemes, which are unified BGK, BGK-DOM, and BGK-NS. Since the BGK-NS is
an accurate Navier-Stokes flow solver [29, 31, 32], its solution can be used as a benchmark NS
solution. Figure 3 clearly shows that unified BGK and BGK-DOM can get the NS solution
as well. As fie gets to 107°, the flow is basically in the continuum regime. It becomes
impossible for BGK-DOM method to get solution due to computational cost. So, figure 4
shows the solutions from unified BGK and BGK-NS only. In this case, unified BGK basically
becomes a shock capturing scheme for the Euler solution because the numerical mesh size
cannot resolve the physical structure at all.

The second test case is designed as a case which covers flow in the upper and lower
transition regimes. The purpose is to show the efficiency of unified BGK and BGK-DOM
method. The computational domain is z € [0, 2] with different number of mesh points. The
initial condition for this case

(pr,u,p) = (0.001,0.0,0.001), x < 0.8,
(Pms Um, Pm) = (10.0,0.0,10.0), 0.8 <x<1.2,
(pr,ur,pr) = (0.001,0.0,0.001), 1.2 <2z <2.0.
(28)
We have tested this case with two reference viscosity coefficients p..; = (1072,107*). The

mean free path in the central region and two sides are (1.27 x 1074,1.27 x 107°) and
(1.27,0.127). The corresponding collision times are (1.0 x 107* 1) and (1.0 x 107>,0.1).
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Therefore, the flows are basically in the upper and lower transition regimes. In this calcula-
tion, for the BGK-DOM method, the time step in this calculation is limited to At < 27,,,
where 7, is the minimum particle collision time. For the unified scheme, the time step is
determined by the CFL condition. As we know, BGK-DOM method is actually an accurate
flow solver in all Knudsen number regime. The problem for it is that the time step is limited
and the scheme will become extremely expensive in the continuum limit. In the following
test, we would like to show that the unified scheme can present accurate solutions with a
much larger time step. Also, in order to test the sensitivity of the solution on the numerical
mesh size, three meshes with 50,100 and 200 will be used in the domain. The first one is
the upper transition flow calculation with g,.; = 1073, Figure 5 shows the temperature and
local Knudsen number distributions by the unified scheme and BGK-DOM in three different
mesh sizes. As shown in the figure, with the similar solution the unified scheme can use
a larger time step, which is on the order of 10 times. In the lower transition regime with
prey = 107% figure 6 presents temperature and local Knudsen number distributions with
three different mesh sizes. As shown, the unified scheme can use a time step which is on the
order of 100 times larger than the time step used in BGK-DM method. At the same time,
the solutions from unified scheme are more accurate than the BGK-DOM method. For the
continuum high Reynolds number continuum flows, the reference viscosity coefficients can be
on the order of 1077,107%, under these conditions, the BGK-DOM method is computation-
ally prohibitive due to its extreme cost. However, under these conditions the time step used
by the unified scheme can be 10°,10° times larger than the BGK-DOM time step. Also, in
the continuum flow regime, the unified scheme will converge to the BGK-NS method, where
the Navier-Stokes solutions can be confidently obtained by the unified method.

6. Conclusion

In this paper, we present a unified kinetic approach for flows in the entire Knudsen
number. The validity of the approach is based on its full representation of particle movement,
i.e., transport and collision. Different from many other approaches, the critical step is that
the integral solution of the kinetic model is used in the flux evaluation across the cell interface.
The integral solution gives an accurate representation in both continuum and free molecule
flows. The current scheme can be considered as a dynamic hybrid method, where the different
flow behavior is obtained through the different limits of the integral solution of a single
kinetic equation, instead of solving different governing equations in different flow regimes.
The weakness for the most current existing kinetic methods is that a purely upwinding
technique is used in the flux evaluation for the transport term wf,, which is equivalent to
solving the collisionless Boltzmann equation and its solution is only a partial solution of
the integral solution used in the unified scheme. Theoretically, the Boltzmann equation
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is a statistical model, where the dynamic separation of transport and collision disappears.
Both transport and collision processes take place everywhere in space and time. So, there
is no reason to believe that these particles which transport across the cell interface will not
suffer particle collision during its movement toward the cell interface. Therefore, an ”exact”
integral solution of the full kinetic equation has to be used and it is the key for the success
of the unified scheme.

The numerical tests presented in this paper validate the current approach in both contin-
uum and rarefied flow regime. For the continuum flow at high Reynolds number, a standard
CFL condition for the macroscopic NS equations is used to determine the time step for the
unified scheme, which is much larger than the particle collision time. Overall, the unified
scheme is an AP method for the kinetic BGK equation. The method presented in this paper
can be easily extended to 2D and 3D cases. Also, the unified scheme for Shakhov model and
full Boltzmann equation will be considered in the near future [24, 6].
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Figure 1: Sod test: Unified BGK and collisionless Boltzmann solutions at ey = 10.
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