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Abstract

In the present paper the low Mach number limit of kinetic equations
is used to develop a discretization for the incompressible Navier-Stokes
equation. The kinetic equation is discretized with a first and second order
discretization in space. The discretized equation is then considered in the
low Mach number limit. Using this limit a second order discretization
for the convective part in the incompressible Navier Stokes equation is ob-
tained. Numerical experiments are shown comparing different approaches.
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1 Introduction

Kinetic equations or discrete velocity models of kinetic equations yield in the
limit for small Knudsen or Mach numbers an approximation of macroscopic
equations like the Euler or incompressible Navier Stokes equation. Discretiza-
tions of kinetic models are often used in combination with the above limiting
procedures to develop discretizations for the corresponding macroscopic limit
equation.

We consider first the Euler or hydrodynamic limit: As a first example of the
above approach we mention the Kinetic Schemes. A simple kinetic relaxation
model with a so called BGK operator is discretized. In the limit a scheme for
the hyperbolic limit equation is obtained. There is a large amount of literature
on the subject, examples can be found in [21, 20, 6, 7, 15].

A second example is given by the relaxation schemes developed in [14]. Based
on a simplified kinetic model efficient second order upwind discretizations for
the Euler equation are developed. For further examples and related schemes,
see [3, 19, 12, 18].
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As already mentioned, another scaling - the diffusive scaling - gives in the
limit the incompressible Navier Stokes equation. Again kinetic models - usually
based on a small number of velocities - are discretized and investigated in the
incompressible Navier Stokes limit.

A well known example are the Lattice-Boltzmann methods, see [9, 4, 11, 8.
Also relaxation schemes for diffusive limits have been developed for example in
[13, 17]. See also [18, 1] for related schemes for the limit equations.

In the present paper we start by recalling the diffusive scaling of kinetic equa-
tions, leading to the incompressible Navier Stokes equation. Then, a natural
discretization of the kinetic equation is used to obtain in the limit a second
order slope limiting procedure for the convective term of the Navier Stokes
equation. For the slope limiting procedure the behavior of the solution in all
spatial directions is important not only along the values of the solution along
the coordinate axis.

The paper is organized as follows: Section 2 contains a short description of
the results of the asymptotic analysis leading from kinetic equations to the
incompressible Navier Stokes equation. In section 3 the asymptotic procedure is
performed for the discretized kinetic equations and a general limit discretization
for the incompressible Navier Stokes equation is derived. In 4 we concentrate on
the derivation of the discretization of the convective part. A first and second
order upwind discretization for the limit equation is derived. Whereas the
first order discretization is standard, the second order discretization includes a
multidimensional slope limiting procedure.

2 Kinetic Equations and the Incompressible Navier
Stokes Equation

The incompressible Navier Stokes equation
Osu +u - Vu+ Vep = ulu, div,u=20 (2.1)

is a reasonable model to describe the large scale and long time behavior of a
slowly flowing isothermal gas. We will use the fact that (2.1) can be formally
obtained as scaling limit of a Boltzmann type kinetic equation

Of +v-Vof = J(f). (2.2)

Here, f = f(x,v,t) is the phase space density of the gas atoms which we
consider, for simplicity, in the two dimensional case x = (z1,22) € R? v =
(v1,v2) € R%. We will not specify the complete structure of the collision opera-
tor J(f). Only those properties which are important in the Navier Stokes limit
will be listed below.

Using the diffusive space-time scaling = + /¢, and t + t/€2, the restriction to
large scale and long time behavior is incorporated. We find the scaled kinetic

equation
1 1
of+ U Vaof = E_QJ(f)' (2.3)



The assumption of very slow, isothermal flows which exhibit only small density
variations is then taken care of by assuming that f is only a small perturbation
of the Maxwellian velocity distribution M

1 2
M(v)z—ﬂexp(—%), v € R?

which corresponds to the constant state: density one, velocity zero, and tem-
perature one. Our precise assumption on the structure of f is

f=M(l+eg), g=got+eq+egp+.... (2.4)

The scaled equation (2.3) together with (2.4) is the standard perturbation pro-
cedure to obtain (2.1) as limiting problem (see [2, 5, 22]). In the next section,
we demonstrate this procedure in a slightly more general situation where (2.3)
is modified by adding a diffusive term Dy (v)f and replacing V, with an ap-
proximation V.

Let us now list some properties of J which will be needed for the analysis:
if (2.4) is inserted into (2.3) we need a Taylor expansion of J(M + eMg) to
compare terms of equal order in e. We have

LM + eMg) = cLg + 3EQ(9,9) + CR(9) (2.5

where L involves the first and @ the second Frechet derivative of J at the point
M (see [2] for details). The exact structure of the remainder R is not relevant
in the limit. Note that the zero order term in (2.5) drops out because of the
assumed equilibrium condition

J(M) = 0. (2.6)

Another important assumption is that the collision invariants of J are the func-
tions 1,v1, ve (in isothermal flows |v|? is not a collision invariant), which means
in terms of the weighted IL2? scalar product (g, h) = Jg2 ghM dv

1

(FIwy =0 v (o) (2.7

Note that (2.7) implies together with (2.5) that also

(Lg, ) =(Q(g,9),v¥) = (R(g),¥) =0 (2.8)
for all collision invariants 1. Important assumptions on the operator L are
1) L is selfadjoint with respect to (-,-) and (Lh, h) < 0.

2) L satisfies a Fredholm alternative with a three dimensional kernel spanned
by the collision invariants (we denote the pseudo inverse of L by LT, i.e.
LTL is the orthogonal projection onto (kerL)=).



Additionally, with g, A >0
<LT(U]€U[),’UZ‘> = O, <LT(U]€U[),UZ'UJ‘> = —Aékldij - ,u(él-kéjl + 5il5jk)7 (2.9)

which would be a consequence of invariance of J under certain coordinate trans-
formations in the velocity space as well as L being self adjoint and semi definite.
Finally, we need a property of () which is a direct consequence of the relation

Q(h,h) = —Lh* forh=a+ (v (2.10)

(see [2] for the derivation). Using the fact that 1,v1,ve are in the kernel of L
and that LTL is the projection onto (kerL)*, we conclude

—L'Q(h, h) = B;B3; L L(viv;) = B:Bj(viv; — 8i5)- (2.11)

The projection has been calculated with the usual Schmidt procedure which re-
quires the scalar products (1, v;v;) and (vg, v;v;). Such moments of the standard
Maxwellian will be frequently used later and we list them here for convenience

<1? ]-> = ]-7 <1avi> = 07 <viavj> = 5@_7 (2 12)
(vivj,vg) = 1, (vivj, vivr) = 040k + dirdj1 + djx0i- '
3 The discretized kinetic equation and derivation of

macroscopic discretization

We start with the kinetic equation (2.2) which is discretized using the method
of lines

Ohf+v-Vif—Dy)f=J(f)

In this section, we only assume that V2 = (9 ,9",) and Dj,(v) are linear oper-
ators, that Vg is independent of v, and that the components of Vg commute. In
the next section we choose (95}1, as central difference approximations and Dy, (v)
as numerical viscosity term.

Introducing the diffusive scaling as in the previous section and rescaling Dy, (v) f

according to €Dy, (v) f, we find

Ouf + Tv-VEf ~ Duw)f = (D).

With the expansion (2.4) and (2.5), we then get
1 A 1 1
O + —v-Vag = Di(v)g = 5Ly + 5-Q(g,9) + R(g).
and the regular expansion g = go + g1 + €2g2 + ... leads to
1 h
Org + U V29— Dp(v)g

= E%Lgo + é(Lgl + %Q(90,90)> + <L92 + Q(90,91) + R(go)> +0() (3.1)
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In lowest order e~ we immediately find Lgy = 0 so that gy € kerL, i.e.

go(v) =p+u-v, p €R, ueR? (3.2)
with parameters p,u which are yet undetermined. In order e !, we have
v V9o = Lgi + 1Q(g0, 90) (3.3)
and with (2.8) we conclude
<v Vg, 1> =0, <v . Vggo,vi> = 0. (3.4)

Using (3.2), the first condition can be reformulated

0= 83, (90,v) = 3y, (p+ vjuj,v;)
= (1,v;) Ba]}ip + (vj,v;) ajgiuj = 6£iui = divhu
where we have used moment relations from (2.12). Similarly, we find

0=y, (vjgo, vi) = (v, 0:) D p + (ViR vi) Dpur = it p

i
so that (3.4) implies
divhiu=0, — Vip=0 (3.5)

which has to be satisfied by the parameters p,u in (3.2). Applying LT to (3.3),

we obtain the projection of g; onto (kerL), so that with additional parameters
1)

oMl
g1 = Lt (v- Vhgo — $Q(g0,90)) + oV + uV v,
Using (3.5), we can calculate
v-Vhgy = fuﬁgi (p+vju;) = vivjagiuj
and hence LTv - Vhgy = (0 u;)LT(v;v;). The expression —LQ(go,go) can be
simplified with (2.11), so that

g1 = (O uj) LT (vv;) + duguj(vivy — 6;5) + pM) + U‘gl)fl}j. (3.6)

Going back to (3.1) and collecting terms of order €°, we find

dgo +v - Vg — Dy(v)go = Lga + Q(g0,91) + R(g0)- (3.7)

Again, property (2.8) yields conditions on the undetermined parameters in gg

and ¢;. Integrating (3.7) and observing that (g1, v;) = ul(-l) because of (2.9) and

(2.12), we get a divergence condition on u(!)

Ap + div "uV) = (Dp,(v)go, 1) .

Integration of v - Vg, after multiplication with ¢ = v; yields with the help of
(2.9) and (2.12)

O (vig1,v;) = (908 w)(—=Aowibij — 11(Six0j + 505))
+ %822 (uluk)(éik(Sjl + 5il5jk) + ngp(l)



so that the v; weighted integral of (3.7) leads to
Oyuj + O (usug) — (Du(v)go,v;) + 0 p
A0 (00 + %, (O ) + 0.

Taking into account that 8;}1 and 89@2 commute, relation (3.5) implies that
)\6;}], (00 ug) = pol, (Bifjuk) = 0. Introducing the discretized Laplacian A =
83’}1, 83’}1,, we have the final result

Oyuj + O (uiuy) — (Du(v)go,vy) + OF pM) = pAlbuy,  diviu=0.  (3.8)

Note that (3.8) reduces to the incompressible Navier Stokes equation (2.1) if we
choose V" = V, and Dy (v) = 0. Obviously, p!) takes the role of the pressure
and 8;}1_ (wiuj) — (Dp(v)go,v;) gives a discretization of the convective terms ones
the numerical viscosity is fixed.

4 First and second order upwind schemes

To find expressions for V” and the numerical viscosity Dy, (v) we consider the
linear transport part of the kinetic equation in two dimensions:

v-Vef = vlamf + ’Ugamf. (41)

A first order discretization is given by

c1h coh
R R (4.2)
with positive constants ci,co and
h 1 o 1
(axlf)ij = %(fi‘i’lj - fiflj), (8961 f)lj = ﬁ(fzquj — 2fij + fiflj),
1 1
(92, 1)is = ﬂ(fijﬂ = fij-1), 02 F)ij = ﬁ(fz‘jﬂ —2fij + fij—1)-

The constants are chosen later according to the macroscopic flow situation under
consideration. In view of (4.2), we define

h h
Dp(v)f = <01§a§’1hf+0258§’2hf>

and obtain

hwi

h h hv;
Dh(v)go = Clag’lhp§ + 628%2]1/)5 + Clai’lhui—l + Cgagéhui 5

2

which yields with (2.12) the required expressions in (3.8)

h
(Dn(v)go,v) = 5 <013§’1hu + 025%2%) .
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Figure 1: Piecewise linear definition of ¢(z,y) in the sets So, S1, .52

A second order discretization of (4.1) is obtained by slope limiting
C1 Z?j
(v- V’;f)z‘j_ [;T) <(1 - %Jr%j)AiJr%jf —(1- soif%j)Az?%jf)

i % ((1 ~Puay) By f -0 ‘pijf%)Aijf%fﬂ

(4.3)

where V! are again central differences, the f increments are defined by
Ay 1if = fiva = fijs Ajjirf = fige1 = fijs

and
Pirli = QD(TH%]')’ Titls = Aif%jf/AiJr%jf
Pijrl = @(ﬁ'ﬁ%)’ Tijyl = Aij—%f/AijJr%f,

with ¢(r) = max{0, min{r, 1}} being the minmod limiter. Using the definition
of ¢, one can write expressions like (1 — <pi+%j)Ai+%jf as qﬁ(Ai_%jf, AH_%jf)
where ¢ is a continuous, piecewise linear function on R? defined according to
figure 1. Extracting the viscosity term in (4.3), we get

Dh(’U)fij = 01(22};]) (gb(AZf%]f, AZJF%JJC) - qb(Aii%jfa A@féjf))

+ % <¢(Aij—%f’ Bijeyl) = 0By Aij_%f))]

Now, the task to calculate (Dj(v)go,v;) is more involved than in the first order
case. We start with the observation that

Aiy1i90 = (AiJr%ju) v

because p satisfies V2p = 0. Hence, a typical term appearing in (Dj,(v)go,v)
has the form

<¢(51 -0, 02 'U),’U> 01,09 € R2. (4.4)



Introducing the linear map

o1 o
T (i a)
we can rewrite (4.4) as (¢(Tv),v). Note that ¢ is linear in the convex sets
So, 51,52 (see figure 1). With the unit vectors e; = (1,0), e2 = (0,1) and
S(a,b) = ST (a,b) US (a,b), ST ={x(Aa+ Aab) : A1, Ay > 0},
we can describe these sets as
So = S(e1,e1 +e2), S1=(e1+ea,e2), Sy=S(ez,—e1).

Assuming that T is invertible, we conclude that ¢ o T is linear on the sets

S; =T~1S;. Since S(a,b) = ¢S(a,b) for all ¢ # 0, we have S; = T(S;) where

s 1 %22 b2\ _ o <1
T = (detT)T _<_521 51y = (=63 &1).

Hence,
So=S8(=85,01 —05), Si=S5(6f—05,01), Sy=S5(6i,67).

Taking into account that ¢ vanishes on Sy, we find

(p(Tv),v) = / (02 - v — 61 - v)vM(v) dv + / (02 - v)vM (v) dv

S S

or with the help of the matrix valued function

I(a,b):/s( b)v@vM(v)dv

that
(¢(Tv),v) = I(61 — 65,61) (82 — 01) + I(61, 03 )02 =: L(61,2).

Hence, the numerical viscosity for the second order discretization has the form

_ ai)
(Du(v)go,v),; = 2 (L(A

AV ;Z;Lj ) <L(A

B )~ DA s Ay )

3 Bigag) — LAy g, AU’—%U))}

ij

We conclude by giving an explicit formula for the function I. First, we note
that, using the symmetry of M (v) and v ® v

I(a,b) :2/s+( b)v@vM(v)dv.

Using that ST (a,b) is a cone with some opening angle 0 < 3 < 7 around the
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Figure 2: Angles a, 3 characterizing the cone S (a,b)

ray in direction « (see figure 2), we go over to polar coordinates and find

atB/2 [ cos2ep  sintcosy ©p2 2
[(a,b) :2/046/2 (sinwcosw sin? 1) > dw/o o’ 2 rdr

After some straight forward calculations we get

I(a,b) = ~ (5 +sind (COS(?O‘) sin(2a) >> .

T sin(2a)  — cos(2a)

In the case where T is not invertible, one can either slightly modify the row
vectors d1,d2 in order to obtain an invertible mapping (note that (¢(Tv),v) is
continuous in 7T'), or one can use the relation

(¢(T),vj) = ¢(Te;). (4.5)

To prove (4.5), let us consider the case do = vd1. Then, Tv = §; - v (’17) and
¢(Tv) = (01 -v)p(1,7). Now, (01 - v,vj) = 61 - €; so that (4.5) follows. The case

01 = 782 can be treated similarly.

5 Numerical results

We investigate the above first and second order discretizations of the convective
term numerically for the following stationary equation and compare them with
the second order scheme described in [18]. The viscous term eAu is treated by
straightforward second order central differences.

Vie(u®u) —eAu=0 + boundary conditions

To test our scheme for pure convection we use test examples for the stationary
case as presented in [10].

The first example is pure convection of a Step Profile, i.e. the following flow
situation is considered: Consider (z1,z2) in [0, 1]?. The domain of computation
is divided into two subdomains which give a step profile as sketched below.



(0,1) (1,1) 3D lllustration of Step Profile

(1 —tan 9)/1
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0
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(1 —tan6)/2 ”
(0.0) T (1.0) T2 o Ty

Boundary values are chosen according to the respective domain. The solution
domain is discretized using a 41 x 41 regular mesh for different flow angles 6.
We may choose ¢; and ¢ constant proportional to the maximal flow velocity:

c1 = maxij{\Zuij\}, Cy = maxij{]2vij\}.
Alternatively the local flow velocity can be used:
c1(i, ) = max{|2u;11;l, [2ui;|}, c2(i, j) = max{|2vij41], [2v45]}

In our numerical tests the local flow velocity is used.

The resulting nonlinear system is solved by a GMRES-based solver described
and implemented by Kelley [16].

The results are plotted in the following figures. They show the computed profile
at the line z1 = % for both the velocity components u1 and us. In the figures we
make a comparison of the first order upwind method, the second order approach
by Kurganov and Tadmor [18] and the kinetic second order approach developed
here. We always use the local flow velocity to determine ¢ and co.
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The second example is pure convection of a box-shaped profile:

We consider a box-shaped profile as shown in the figure below. As in the
previous example we compare approximations of the profile across a vertical
plane in the middle of the solution domain. We compare the different schemes

using a uniform 41 x 41 mesh.

(0,1)

1

(1,1)

(1,0)
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3D lllustration of Box Profile




Pure convection of a Box Profile, 6 = 174,e = 0,y* = 0.15

Pure convection of a Box Profile, 6 = /4,e = 0, y* = 0.15
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The figures show that in the cases considered here the results are comparable
to those obtained by the Kurganov-Tadmor approach.

Further, the convection-diffusion equation for the step-profile is considered. We
choose € = 0.001. Just like in the previous examples we took a uniform 41 x 41

mesh.
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Convection-Diffusion of a Step Profile, 8 = 174
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Conclusion

Starting from special discretizations of the Boltzmann equation we have ob-
tained corresponding discretizations of the incompressible Navier Stokes equa-
tion in the diffusive, low Mach number limit. In particular, a second order slope
limiting approach on the kinetic level gives rise to a limiter for the nonlinear
term in the Navier Stokes equation which exhibits an intersting structure. From
the simple numerical tests one can conclude that the new scheme yields results
which are comparable to those obtained by other second order methods. A
test of the new limiter in more complicated flow situations with strongly locally

o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

varying velocity fields is in preparation.
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