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ulate the Boltzmann equation, whereas a meshfree Lagrangian particle method, similar
to the SPH method, is used for simulations of the Navier-Stokes equations. An automatic
domain decomposition approach is used with the help of a continuum breakdown
criterion. We apply adaptive spatial and time meshes. The classical Sod’s 1D shock tube
problem is solved for a large range of Knudsen numbers. Results from Boltzmann,
Hybrid particle methods Navie_r—Stokes and hybrid solvers are compared. The CPU time for the hybrid solver is
Boltzmann equation 3-4 times faster than for the Boltzmann solver.
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1. Introduction

The coupling of kinetic and fluid dynamic equations originated from simulations of hypersonic flows around a space vehi-
cle during the re-entry phase, where it experiences several flow regimes that are characterised by the Knudsen number (ratio
of the mean free path and the characteristic length). In the past decade the coupling of kinetic and fluid dynamic equations
has become an important research area also for flow problems on micro- and nanoscales [1,34].

For a larger Knudsen number, which corresponds to a rarefied regime, the flow is computed with the help of a kinetic
equation, i.e., the Boltzmann equation. Usually particle methods, like DSMC [6] and its variants (see, for example, [2,29])
are used for the simulation of the Boltzmann equation. However, for smaller Knudsen numbers DSMC type particle methods
are becoming increasingly expensive since the cell size must be the order of the mean free path. On the other hand, in the
continuum regime one can solve Euler or Navier-Stokes equations. However, the continuum equations are not valid every-
where in the computational domain, for example, in shock and boundary layers, etc. This leads to domain decomposition
approaches including continuum and kinetic domains. For these approaches it is first necessary to define the domains of
validity and then to solve the equations in their respective domains. Several criteria have been suggested for the breakdown
of the continuum equations [7,8,22,28,35]. Many efforts have been reported in the development of hybrid solvers, see for
example [5,9,10,14,15,17,18,25-28,30,31,35,37,40,41].

Most of these papers deal with the coupling of a particle method for the Boltzmann equation and with a Finite Volume or
Finite Element code for the fluid dynamic equations. The more natural choice (and more straightforward to implement also
for complicated applications) is to choose particle methods for both equations. This simplifies the treatment of interface

* This work was partially supported by the German Research Foundation (DFG), KL 1105/17-1, HA 2696/16-1.
* Corresponding author. Tel.: +49 631 205 4496; fax: +49 631 205 4986.
E-mail addresses: tiwari@itwm.fhg.de (S. Tiwari), klar@mathematik.uni-kl.de (A. Klar), hardt@csi.tu-darmstadt.de (S. Hardt).

0021-9991/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcp.2009.06.019


http://dx.doi.org/10.1016/j.jcp.2009.06.019
mailto:tiwari@itwm.fhg.de
mailto:klar@mathematik.uni-kl.de
mailto:hardt@csi.tu-darmstadt.de
http://www.sciencedirect.com/science/journal/00219991
http://www.elsevier.com/locate/jcp

7110 S. Tiwari et al./Journal of Computational Physics 228 (2009) 7109-7124

conditions between the two domains considerably. In particular, this is important if the decomposition process results in
complicated (time dependent) domains for Boltzmann and Navier-Stokes equations. In [37] the continuum equations (Euler)
have been solved by a kinetic particle method [19,24]. However, this method is not the optimal one in terms of CPU time,
since it is - for the same spatial and temporal grids — as expensive as the particle method for the Boltzmann equation.

In the present work we use a meshfree Lagrangian, SPH-type, particle method for the continuum (Navier-Stokes) equa-
tions [36,38]. This method is several times faster than the kinetic particle method. Here, particles are numerical interpolation
points, which move with fluid velocities and carry all necessary fluid information, like density, velocity, pressure, etc. with
them. Differential operators at an arbitrary particle position are approximated from its neighbouring cloud of particles.
Meshfree methods are in particular suitable for the coupling of the Boltzmann and fluid dynamic equations since they allow
for an arbitrary treatment of the interface between the two regimes [37]. To the authors’s knowledge SPH type particle meth-
ods for the Navier-Stokes equations have up to now not been coupled to Monte-Carlo methods for the Boltzmann equation
for time dependent problems.

The particle methods for both the Boltzmann and the Navier-Stokes equations utilize a grid on which the particles move.
We use different grid spacings and time steps in both cases. In general, the Boltzmann grid size must be of the order of the
mean free path and the Navier-Stokes grid size (i.e., the distance between Navier-Stokes particles) is independent of the
mean free path and can be several times larger in the continuum regime. The adaptive grid refinement technique used here
is similar to that of above mentioned earlier work [37]. To determine the domains of validity for the Boltzmann and Navier—
Stokes equations we use the breakdown criterion suggested in [35]. It can be computed as a function of the stress tensor and
heat flux vector, which in turn can be computed from the Navier-Stokes solver. The numerical example we consider in this
paper is the 1D unsteady shock tube problem (Sod’s problem [32]), using full Boltzmann, Navier-Stokes and hybrid solvers in
a large range of Knudsen numbers. As expected, it is shown that for large Knudsen numbers, the solutions of the Navier-
Stokes solver have large discrepancy compared to the solutions of the Boltzmann solver. However, the solutions from the
hybrid solver are close to the ones from the Boltzmann solver. This indicates that one can avoid the unnecessary use of
the Boltzmann solver in the entire domain even for larger Knudsen numbers.

The paper is organized as follows. In Section 2, we present the mathematical models. In Section 3 the numerical methods
for the Boltzmann and the Navier-Stokes equations are described. The description of the hybrid method is explained in Sec-
tion 4. Finally, some numerical tests are presented in Section 5.

The above methodology can be easily extended to more complicated problems. Extensions to 2D, 3D problems and mul-
tiphase flows in nano-devices are in preparation.

2. Mathematical model

The Boltzmann equation describes the time evolution of a distribution function f(t, x, v) for particles of velocity v € R? at
point x € D ¢ R? and time t € R,. It is given by

RN ()} M
where

JED = [ [ 8o = wlnF @) ~f w)de(ndw
with
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Here, B denotes the collision cross-section and ¢, ) is the scalar product. Writing the equations in dimensionless form one
observes that J is of the order O(1), where € is a dimensionless quantity, the Knudsen number, which is related to the mean
free path of the molecules. The local mean free path 4 = A(x,t) is given by

kT
)v = = 20
V27pd
where k is the Boltzmann constant, T = T(x,t) the temperature, p = p(x, t) the pressure and d is the diameter of molecules.
For more details we refer to [12,33].

For € tending to zero, i.e., for small mean free paths, one can show that the Boltzmann distribution function f tends to the
local Maxwellian [11]

(2)
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where p = p(x,t) is the density, u = u(x, t) the mean velocity and R is the gas constant. The parameters of the Maxwellian

p, u, T solve the compressible Euler equations. This can be verified from the asymptotic expansion of f in €, where the zeroth

order approximation gives the local Maxwellian distribution and the first order approximation [4] gives the Chapman-En-
skog distribution
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fee(v3x,0) = fu(v;x, O)[1 + d(v;x,1)] (4)
with
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where ¢ = v — u. Here, ¢ = O(€) and the parameters p, u, T, q, T satisfy the compressible Navier-Stokes equations
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where E = [u[?/2 + e is the total energy and e is the internal energy, the stress tensor 7 and heat flux vector q are of order €
and given by

(O M 2g s =
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The dynamic viscosity p = p(x,t) and the heat conductivity x = x(x, t) for a monatomic gas of hard sphere molecules are of
order €. They are given, see [6], by

— 5 ‘/M K—Lsk (8)
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where m is the molecular mass.

3. Numerical methods

For the both types of equations particle methods are used. The Boltzmann equation is solved by a DSMC type Monte-Carlo
method, whereas the Navier-Stokes equations are treated with a meshfree method which is similar to Smoothed Particle
Hydrodynamics (SPH) [20]. In this paper we consider problems in one spatial dimension.

3.1. Particle method for the Boltzmann equation

For solving the Boltzmann equation we have used a variant of the DSMC method [6], developed in [29,2,3]. The method is
based on the time splitting of the Boltzmann equation. Introducing fractional steps one solves first the free transport equa-
tion (the collisionless Boltzmann equation) for one time step. During the free flow, boundary and interface conditions are
taken into account. In a second step (the collision step) the spatially homogenous Boltzmann equation without the transport
term is solved. To simulate this equation by a particle method an explicit Euler step is performed. The result is then used in
the next time step as the new initial condition for the free flow. To solve the homogeneous Boltzmann equation the key point
is to find an efficient particle approximation of the product distribution functions in the Boltzmann collision operator given
only an approximation of the distribution function itself. To guarantee positivity of the distribution function during the col-
lision step a restriction of the time step proportional to the Knudsen number is needed. That means that the method be-
comes exceedingly expensive for small Knudsen numbers.

3.2. Meshfree particle method for the Navier-Stokes equations
The 1D Navier-Stokes equations are solved with a meshfree Lagrangian method, where we approximate the spatial deriv-

atives with the help of the weighted least squares method. We consider the 1D domain Q with boundary I'. In 1D the Navier-
Stokes equations (6) can be reexpressed in the Lagrangian form in the primitive variables as

e 7

dp  du

E__pa7

du 16p 10 (4 ou 9)
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Here d/dt is the material derivative, 7y is the ratio of specific heats and the other parameters have already been introduced in
the previous section. Moreover, we consider the equation of state

p = pRT. (10)

The system of Eqs. (9) and (10) are solved with some initial and boundary conditions. Note that from the continuity equation
in (9) and (10) we have

u 1dp 1dp 1dT

®~ pdt pdiTdr ()
To solve the Egs. (9) and (10) by a SPH type of method, one fills first the computational domain by particles, and then approx-
imates the spatial derivatives occurring on the right hand side of (9) at each particle position from its neighbouring particles.
This reduces the system of partial differential equation (9) to a system of ordinary differential equations with respect to time.
The number of equations equals four times the total number of particles.

Using an explicit Euler method the time step would be restricted by the CFL condition and by the value of the transport
coefficient, for example, v = max[u/p, k/(pc,)], where c, is the heat capacity. The larger v the smaller the time step has to be
chosen. In the situations considered here, the time step for an explicit scheme for the Navier-Stokes equations would be
much smaller than the time step for the Boltzmann solver. Therefore, we propose an explicit movement of the particles com-
bined with an implicit solver for the momentum and energy equations. We treat system (9) using Chorin’s pressure projec-
tion method, which was originally introduced for incompressible flows [13]. It consists of two fractional steps. Since the
method is fully Lagrangian, we first compute the new particle positions at time level t™*! = (n + 1)At, where At is the time
step, by

XM= X" 4 Atu®, (12)
where x is the position of a particle. Then, for each particle position, we compute the intermediate velocity u* by

41 ou" ou 41 0w
U —At; ————— —At-— —-=1u". 13
3p" Ox Ox 3 pn Ox? (13)
We note that the viscosity is not constant since it is the function of the temperature. The second step consists in establishing
the new velocity u™! by correcting the intermediate velocity u*. For this, we need to solve the equation
At apnﬂ

un+1 A —
pr ox

(14)

with the constraints that u™! satisfy the continuity equation in (9). Hence, differentiating equation (14) with respect to x and
using the relation (11), we obtain the equation for the pressure
1 Atoptoptt PPt ow phdT”

ART" o X ox w2 At P T dr

(15)

On the right hand side of (15) dT/dt is replaced using the energy equation in (9).
The boundary condition for p™! is obtained by projecting Eq. (14) on the unit normal vector n = 41 and —1 to the bound-
ary I'. Thus, we obtain the Neumann boundary condition

6pn+1 1

on _E(
where u; is the value of u on I'. Assuming that u-n =0 on I', we obtain

! ) o, as)

apn+1 _
on 0 (17)

on I'. Furthermore, we solve the energy equation implicitly as

w_pd v ort  y 1 LT -1 o At (oun?
T At Rp" 9x 0Ox At Rp"K ox? =T -A Rpn p 8x+3p” ox) | (18)

Note that Dirichlet boundary conditions for u = uy and T = T are prescribed on the boundary I'. Finally, we update the den-
sity by

’ pn+1
n+
= (19)
and the viscosity and the heat conductivity according to (8).

The remaining task is the approximation of Eqs. (13), (15), (18) and (14). In the following we present a short description of
the least squares method, developed in [36,38].
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3.3. Meshfree approximation of a function and its derivatives

Since we deal with a one-dimensional problem, we describe the least squares approximation in 1D. Extension to
higher dimensional cases is straight forward. Let f(x) be a scalar function and f; its values at x; €[0,1] for
i=1,2,...,N. Consider the problem to approximate the function and the spatial derivatives of the function f(x) at
x in terms of the values of a set of neighboring points. In order to limit the number of neighbor points we associate
a weight function w = w(x; — x; h) with small compact support, where h determines the size of the support. The weight
function can be quite arbitrary but in our computations, we consider a Gaussian weight function in the following
form:

Y i e
w(xi—x;h){EXp( W), < (20)
0, else

with « a positive constant. Appropriate numerical values lie between 2 and 6. The radius of interaction h defines a
set of neighboring particles around x. We define h such that there are enough neighbouring points for the least
squares approximation. In general, we define h=3dx, where dx is the initial spacing of particles. Let
P(x,h) ={x;: |xi —x| < h, i=1,2,...,m} be the set of m neighboring points of x inside the radius h. The distribution
of neighboring points needs not to be uniform and it can be quite arbitrary. For consistency reasons some obvious
restrictions are required, namely for example all neighbor particles should not be on the same point. Furthermore,
in certain situations new particles have to be introduced in order to stabilize the code. The fluid quantities are
approximated from the neighbor particles with the help of the least squares method. We approximate the function

f(x) by
Ju(®) = Mfy(x Zf(,bh Xi, X (21)

where the shape function ¢, (x;, x) is computed at each point x by the least squares method over its own compact support h. It
is important to stress that this expression is consistent only if the function ¢, is 1 at x;, namely ¢ (x;,x;) = J; for all
i,j=1,2,...,N.

The approximations of the first and second order derivatives can be computed directly from f,(x) or directly by using the
least squares method. The first method is known in literature as moving least squares method. In this paper we approximate
the derivatives of (x)/0x by

(fa(X))x = Mfu(X) Zf (X, X (22)

where 7, (x;,x) is directly computed by the least squares interpolation. In a similar manner we define the approximation for
the second order derivatives &f(x)/9x* by

(i (%)) = Mfin(x wah Xi, X (23)

The operators I1, I, and II,, are well defined and satisfy the following properties:

(1) the operator IT is linear and the approximation depends linearly from the particle point values;

(2) the approximation obtained by applying the least square method is consistent and the evaluation at the particle points
gives the interpolating value. Therefore, IIf(x;) = fi = f(x;) foralli=1,2,...,N;

(3) From the above formalism we have IIf,(x) = I1f (x) and I1f(x) = Hf(X).

The functions f,(x), (fu(x)),,and (fy(x)),, can be computed easily and accurately by using Taylor series expansion and least
squares approximations. We use Taylor’s expansion around the point x and then compute the coefficients by minimizing a
weighted error over the neighboring points. The optimization is constrained to satisfy ¢,(x1,x;) = 1 where x; is the closest
point, i.e., the approximation must interpolate the closest point.

In order to approximate the function and its derivatives at x by using a quadratic approximation through the m neighbor-
ing points sorted with respect to its distance from x we let

£ =09+ G0, %) + 3 ()06 — 97 e, 24)

where e; is the error in the Taylor’s expansion at the point x;. The unknowns f;, (f»), and (f,,),, are computed by minimizing
the error e; fori = 2,3, ..., m and setting the constraint e; = 0. Our method to solve this constrained least squares problem is
straightforward. By subtracting the first equation with e; = 0 to all the other equations the system can be written as
e = Ma — b, where
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X2 — X1 %(Xz _Xl)z
_ X3 —X; %(X3*X1)2 7 (25)
1 2
Xm — X1 5 (Xm —X1)
a=[(feol's b= —fi.fs —fi,....fu—fi] and e = [es,€5,... n]".
For m > 2, this system is over-determined for the two unknowns (f,), and (fi),,-
The unknowns a are obtained from a weighted least squares method by minimizing the quadratic form
J=> " wel = (Ma-b)'W(Ma-b), (26)

Il
—_

1

where W = §;w;. The minimization of J with respect to a formally yields
a=MWM) " (M'W)b. (27)

Since (M"WM) " is a (2 x 2) matrix its inverse can be computed analytically. When we equate the components of the vector
a = [(f),. (fi)]" to the components of the right hand side vector, we obtain the derivatives as linear combinations of the dis-
crete neighbor values f; in the form (22) and (23).

Now, from Eq. (24) for the closest point x; we can compute the value of f;(x) at x as

F0) = F50) — 06 = X))~ 5061~ %) 28)

since (fy), and (f,),, are now known and we can express Eq. (28) in the form (21).

For an explicit solver, the above approximations of first and second order derivatives are sufficient. However, we use an
implicit scheme and have to deal with the second order linear partial differential equations given in (13), (15) and (18). All
these Eqgs. (13), (15) and (18) have the following form of second order linear partial differential equation

Af +Bfi + (e = 8. (29)

where the coefficients A, B, C are given real numbers and g = g(x) is a given real valued function. We solve these equations
with Dirichlet f = fr or Neumann boundary conditions
a =G onl. (30)
an
Egs. (29) and (30) are solved by adding them as constraints in the least squares approximation (21). This yields big linear
sparse systems of equations, where the matrix represents the discrete approximation of the differential operators involved,

and the right hand side reflects the source terms. The linear system can be solved using any iterative methods. The method
gives second order convergence [23].

4. Hybrid method

For the coupling procedure we use the particle methods for the Boltzmann and the Navier-Stokes equations described in
the last section. Both methods are Lagrangian methods. Whereas the particle method for the Navier-Stokes equations is a
meshfree method, the method for the Boltzmann equation needs a mesh, where molecules have to be sorted into cells in
order to compute the intermolecular collisions. Our main goal is to develop a hybrid code, which switches automatically
from one domain into another domain, where the respective methods are used, and vice versa with the help of some break-
down criteria for the Navier-Stokes equations.

We start by defining regular cells as usual for DSMC simulations. In the cell centers we store the macroscopic quan-
tities obtained by averaging over the particles contained in the cell. As far as the Navier-Stokes equations are concerned
we use the cell centers as starting positions for the corresponding particles. Then, we prescribe the initial conditions on
each Navier-Stokes particle and solve the Navier-Stokes equations in the whole domain. Next, depending on a break-
down criterion, the cell may either remain a Navier-Stokes cell or it may be redefined as a Boltzmann cell which means
that it may need to be subdivided and new particles have to be defined according to the requirements of the DSMC
method. To predict the breakdown of the continuum equations many criteria are reported [7,8,22,28]. In this paper
we use a breakdown criterion suggested in [35], where the distribution function f(t,x, ») is written as a deviation from
the local Maxwellian fy(t,x, v) according to (4). The size of the deviation ¢ is then estimated with the norm
Il = Jes f%cpz dv. A local equilibrium can be assumed if |¢|| < 1. Using a first order expansion in € one obtains the
explicit expression (5) for ¢ and

12
1
|¢|W{§ﬁ+2|1 } . (31)
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From the point of view of solutions of the Navier-Stokes equations the quantities q and t are given by (7). From the point of
view of the Boltzmann equations we have

a5 [ deifdv. = [ c-clfdv- pR
2 Jr3 R3

The main difficulty is to find the cutoff value for the breakdown criteria. g and t are of the order of the Knudsen number €.
Hence, the breakdown parameter is of the order of €. Therefore, we use € as cutoff value and define a cell as Navier-Stokes
cell if ||¢|| < €, otherwise it is a Boltzmann one.

4.1. Adaptive grid refinement

The spatial grid size for the Boltzmann solver has to be chosen of the order the mean free path 4. However, the grid size for
the Navier-Stokes solver is independent of /. This means that we usually need to subdivide a Boltzmann cell into smaller
units to achieve the desired numerical accuracy. In the following, we refer to these units as Boltzmann subcells. Let N be
the total number of Navier-Stokes particles for the unit interval [0,1]. The particle distance for the Navier-Stokes solver
is given by dxys = 1/N. Due to the explicit movement of the particles the time step for the Navier-Stokes equations is re-
stricted by

dx,
Atys < —%-

)
|Umax |

(32)
where U4, is the maximum fluid velocity. The number of Boltzmann subcells per Boltzmann cell is defined by
L — max {int(@) 41, 2}. (33)

This means, we define at least two Boltzmann subcells per Boltzmann cell. The Boltzmann grid size dx and time step Atg are
defined by
dXNs Ath

dXB = T, Atg = T (34)

The number L is the total number of time steps for the inner Boltzmann solver.
4.2. Coupling condition

If a Navier-Stokes cell is predicted to be a Boltzmann cell in the next time step, we use the macroscopic quantities
p, u, T, g, T from the Navier-Stokes solver and generate the Boltzmann particles according to the Chapman-Enskog distri-
bution using the acceptance-rejection method suggested by Gracia and Alder [21]. Then, the Boltzmann cell is refined
according to the size of the mean free path. The macroscopic quantities are stored in the cell centers of the coarse cells,
and the same quantities are used to generate the Chapman-Enskog distribution in all finer cells. If the cell was a Boltzmann
cell in the previous time step and the breakdown criterion determines it to be a Navier-Stokes one with a corresponding
particle in its center in the current time step, we remove all Boltzmann particles from the cell.

In order to apply the boundary conditions for the Boltzmann equation, we have to define the boundary cells (or interface
cells) between the Boltzmann and Navier-Stokes domains. The interface cells are, in fact, the Navier-Stokes cells which are
adjacent to the Boltzmann domain. Hence, the boundary conditions for the Boltzmann equation at the interface are obtained
by generating again the Boltzmann particles according to a Chapman-Enskog distribution from the Navier-Stokes values at
the interface. Then we perform the Boltzmann simulation for L time steps. At the Lth time step of the Boltzmann simulation
we compute the macroscopic quantities in each subcell and then take the average values in the (coarse) cell. The boundary
conditions for the Navier-Stokes equations are chosen as Dirichlet boundary conditions, where the macroscopic quantities
from the Boltzmann cells at the interface are used as boundary conditions. As in all DSMC codes there are some statistical
fluctuations in the Boltzmann data. These fluctuating data destabilize the Navier-Stokes solver. Therefore, we need a
smoothing operator. Here we have used the Shephard interpolation. For example, for the density at cell center x, the Shep-
hard interpolation is defined as

Zi:lwlpi (35)

where m is the number of neighbouring cell centers x;, which are Boltzmann cells and w is the weight function given by (20).
Similarly, we smooth u and T and then update p and «.

Initially, we define coarse regular cells in the domain. The center of these cells are the positions of the Navier-Stokes par-
ticles. Since Navier-Stokes particles move with their fluid velocity according to (12), they will be redistributed arbitrarily. In
this case it is meaningful to reproject all Navier-Stokes solutions to the old positions and then consider the old positions as
the current positions of particles. This is called particle remeshing and is used by several authors, see [16] and other refer-
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ences therein. The fluid quantities at the old positions are approximated from the neighbour particles at the new positions
with the help of the least squares method. To reconstruct the flow field accurately one needs at least a second order least
squares approximation. The solutions obtained from the remeshing particle method are consistent with the moving particle
method as well as with corresponding analytical solutions [36,39].

4.3. Coupling algorithm
Summarising the above, we present the following coupling algorithm:

1. Define coarser cells with cell size dxys and define cell centers as NS particles. Prescribe initial value on NS particles.

2. Solve the NS equations in all NS cells for a time step Atys. Boundary conditions are taken from the values of the Boltz-
mann cells (if there exist any).

3. Compute ||¢|| from (31) in all coarser cells and define

NS, if ¢l <€

coarser cell = .
Boltzmann, otherwise.

Here € is the local Knudsen number computed in each cell.
4. If flag of a cell changes from NS into Boltzmann, generate particles according to the Chapman-Enskog distribution.If
flag of cell changes from Boltzmann into NS, remove all Boltzmann particles from the cell.
5. Refine the Boltzmann cells by dxz = dxys/L and choose a time step of At = Atys/L.
6. Dofori=1,L
(a) Generate particles on boundaries between Boltzmann and NS domains according to the Chapman-Enskog
distribution.
(b)  Free flow of Boltzmann particles over a time step Atg.
(c) If Boltzmann particles leave Boltzmann domain, delete them.
(d)  Sort particles into Boltzmann subcells and perform intermolecular collisions.
end do
7. Compute macroscopic quantities (moments) in Boltzmann subcells and store the mean values in the centers of coarser
cells.
8. Smooth the macroscopic quantities in the Boltzmann cells.
9. Reproject Navier-Stokes particles onto old positions (coarser cell centers).
10. Goto 2 and repeat until the final time.

5. Numerical tests

We consider the classical Sod’s 1D shock tube problem [32]. It is an unsteady situation with three regions, namely rare-
faction, shock and contact discontinuity, where the continuum equations fail. We present three solutions: full Navier-Stokes,
full Boltzmann and hybrid using the above described solvers. The hard sphere model for the collision cross section is con-
sidered for the Boltzmann equation. We consider three cases, where the Knudsen number ranges from 0.8 to 0.001. We have
used N = 200 Navier-Stokes particles or coarse cells in all test cases. In order to compare the CPU time for both hybrid and
full Boltzmann simulations the number of Boltzmann particles per cell are of the same order for both simulations. Moreover,
we have used the following parameters, which are the same for all cases. The gas is chosen as Argon with a molecular mass
m = 6.63 x 10 % kg. Furthermore, the Boltzmann constant k =1.38 x 1072*JK™', the molecular diameter d = 3.68x
107'° m, the ratio of specific heats y = 5/3. These parameters give the gas constant R = 208 ] kg K.

We choose Q = [0, 1] as computational domain. Initially, there is a discontinuity in the density and temperature at x = 0.5.
The velocity is taken zero everywhere. The parameters with the index | denote the fluid quantities in the left half interval
[0,0.5] and those with the index r denote them in the right half interval (0.5,1]. The initial temperatures are
To = 273.008012 K and Ty = 273.00641 K. These temperature values are equivalent to the internal energy considered in
the classical Sod’s problem [32]. In the following test cases, we vary the densities p, and p,, such that we have different
ranges of Knudsen numbers. We have simulated the problem up to the final time tj,y = 6.8 x 10~ s. On the boundaries
the velocities are taken to be zero and the temperatures are equal to the initial values.

5.1. Test 1

We consider the first test case with the initial densities py =1 x 107° kgm=3, p,. = 0.125 x 107° kg m~3. This cor-
responds to the Knudsen number € = 0.1 and €, = 0.8, where the characteristic length D is equal to 1. The Boltzmann
cell size could be less or equal to the mean free path 4 = 0.1. This corresponds to the order of 10 Boltzmann cells
which gives a poor approximation. Since we have used 200 Navier-Stokes particles (or coarser cells) and the minimum
number of Boltzmann subcells per coarser cell is L = 2, we consider 400 cells for the pure Boltzmann simulation. The
number of Boltzmann particles is proportional to the density p. In the left half of the domain we used n0 = 5000 ini-
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tial Boltzmann particles per coarser cell. The corresponding number of particles on the right half of the domain is gi-
ven by

; pOrnO)
int{ ——). 36
( Pl (38)

Similarly, in the hybrid code, if the cell becomes a Boltzmann cell, or in the interface boundary cells of the Boltzmann do-
main, the number of particles is given by
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Fig. 1. Test 1: Breakdown criterion and the local Knudsen number for times t = 8.9 x 107> s (top left), t = 3.709 x 10~* s (middle left) and t = 6.8 x 10 s
(bottom left). Domains for Boltzmann and Navier-Stokes equations (the value 2 indicates the Boltzmann domain, the value 0 indicates the Navier-Stokes
domain) for the same times.
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The time step for the pure Boltzmann simulation is approximately 7.41 x 10°%. The time step for the Navier-Stokes simu-
lation is Atys = dxns/Uma- In the first time step we solve the Navier-Stokes equations in all coarser cells. Then we compute
the breakdown criterion ||¢|| and the local Knudsen number € = / from (2) in all cells. If ||¢|| > € the cell is defined as a Boltz-
mann cell, otherwise a Navier-Stokes one. In Fig. 1, we have plotted the time evolution of ||¢| and €. We also present the
corresponding domain decomposition, where the cells with value 2 correspond to Boltzmann cells, those with value O the
Navier Stokes cells. The cells of value 1 indicate the interface boundary cells, where we use the boundary conditions for
the Boltzmann domain.
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Fig. 2. Test 1: Density (top), velocity (middle) and temperature (bottom) at time t = 6.8 x 10~* s for all three solvers and a maximum Knudsen number of
0.8.
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In Fig. 2, we have plotted the solutions of the pure Navier-Stokes solver, the pure Boltzmann solver and of the hybrid
solver. For the pure Boltzmann solver, we have smoothed the data according to the Shephard interpolation (35). As expected,
Fig. 2 shows that the pure Navier-Stokes solution is far away from the pure Boltzmann and hybrid solutions. In this Knudsen
regime the gas is too rarefied such that the pure Navier-Stokes equations give unphysical results.

5.2. Test 2
In this case we increase the density by a factor 10. We consider py,; =1 x 107> kg m3, p,, = 0.125 x 107> kg m~3. The

corresponding Knudsen numbers are €, = 0.01 and ¢, = 0.08. The number of Boltzmann cells and Navier-Stokes particles
are same as in the Test 1. Furthermore, the other parameters are also the same as in the Test 1. The time dependence of
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(bottom left). Domains for Boltzmann and Navier-Stokes equations (the value 2 indicates the Boltzmann domain, the value 0 indicates the Navier-Stokes
domain) for the same times.
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the domain decomposition of the Boltzmann and Navier-Stokes is similar as in Test 1. In Fig. 3, we have plotted the break-
down criterion, the local Knudsen number and the corresponding domain decomposition at different times.

In Fig. 4, we have plotted the density, velocity and temperature for all three solvers. Again the agreement between the
hybrid and the Boltzmann solutions is very good. However, the velocity and the temperature from the Navier-Stokes solver
on the right half of the domain deviate slightly from both solutions. The reason is that we are still in the rarefied regime,
where the local Knudsen number is of the order of 0.08.

1.1e-05 T T T T T

T T
Boltzmann

1e-05
9e-06
8e-06
7e-06
6e-06

density

5e-06
4e-06
3e-06
2e-06

1e-06 1 1 1 1 1 1 1 1 T—
0O 01 02 03 04 05 06 07 08 09 1

250 T T T T T T

Bloltzmalnn
hybrid -------
NS

200
150

100

velocity

50

350

300

temperature

250

200

Fig. 4. Test 2: Density (top), velocity (middle) and temperature (bottom) at time t = 6.8 x 10~* s for a maximum Knudsen number of 0.08.
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5.3. Test 3

In our final test case we further increase the density by a factor of 10 compared to Test 2. Here the densities are taken as
Po=1x10"*kgm=3, p, =0.125 x 10~* kg m~3. The corresponding Knudsen numbers are ¢ = 0.001 and €, = 0.008. The
total number of Boltzmann cells equals 1200, which guarantees that the cell size is smaller than the mean free path. The
total number of particles for the Boltzmann simulation is the same as in the earlier test cases. The other parameters are
the same as in the earlier test cases. The refinement factor (36) yields in this case L = 6. This guarantees that the Boltzmann
subcell size and time steps in the hybrid solver are the same as in the pure Boltzmann solver. In Fig. 5, we have plotted the
breakdown criterion and local Knudsen number and the corresponding domain decomposition at different times. In this
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Fig. 5. Test 3: Breakdown criterion and local Knudsen number for time t = 8.9 x 107> s (top left), t = 3.709 x 10™* s (middle left) and t = 6.8 x 10 s
(bottom left). Right side: Domains for Boltzmann and Navier-Stokes equations (the value 2 indicates the Boltzmann domain, the value 0 the Navier-Stokes
domain) for the same times.
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range of Knudsen numbers we observe the separation of the Boltzmann and Navier-Stokes domain near the rarefaction and
shock. For even smaller Knudsen numbers the Boltzmann domain decreases significantly. In Fig. 5, we observe some isles in
the regions of contact discontinuity and shocks. These isles do not create any problems for explicit Navier-Stokes solvers.
However, for the implicit one, presented above, some care must be taken and domains have to be smoothened. In the 1D
case considered there are one or two cells in the isles which can be considered as Boltzmann cells. For higher dimensional
cases this point has to be investigated in more detail.
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Table 1

Comparison of CPU time.

Test cases Boltzmann (s) Hybrid (s)
Test 1 68 28

Test 2 70 25

Test 3 216 66

Finally, in Fig. 6 we have again plotted the density, velocity and temperature for all three solvers. In this case we observe
close agreement for all solutions.

5.4. CPU time

In Table 1 the CPU times are shown for the hybrid and the Boltzmann solvers. The CPU time for the Navier-Stokes solver is
negligible compared to the other two. The computation was carried out on a single processor Intel Xeon E5420 (2.5 GHz). For
these tests the hybrid code is significantly faster than the Boltzmann solver, for example by more than a factor of 3 in Test 3.

6. Conclusion and outlook

We have presented a particle-particle hybrid method for time dependent problems. The Boltzmann equation is simulated
by a variant of the DSMC method and the Navier-Stokes equations are solved by a meshfree Lagrangian particle method. To
decompose the domains we use a breakdown criterion in each time step. The coupling between the two domains is done by
sampling macroscopic field quantities from the particle ensembles in one direction and by creating particle ensembles from
a Maxwell distribution with suitable parameters in the other direction. Sod’s 1D shock tube problem was considered as a test
case. A very satisfactory agreement between the solutions of the hybrid and the Boltzmann code was found. However, the
hybrid code is more than 3 times faster than the pure Boltzmann code.

Future work will be concentrating on the extension of the code to higher dimensional problems as well as to special mi-
cro- and nanoscale geometries.
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