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A WELL-DEFINED GODUNOV-TYPE SCHEME IN A
NAVIER-STOKES MODEL WITH A FRICTION TERM

JULES OUYA'* AND AROUNA OUEDRAOGO?

ABSTRACT. In this paper, particular attention is paid to Godunov-type nu-
merical scheme for solving partial differential equations. We numerically ap-
proximate the weak solutions of the Navier-Stokes problem in the compressible
case in one dimension of space with a friction term. The solutions of this model
exhibit various properties that must be maintained accurately through numer-
ical methods. Indeed, the solutions may satisfy stable regimes, the scheme
mush maintain positive density throughout the flow. By developing a suitable
approximate Riemann solver, a finite volume method is formulated to preserve
as well as possible (or even exactly) those steady states of particular physi-
cal interest. Numerical simulations illustrate the effectiveness of the suggested
computational method.

1. INTRODUCTION

Our focus lies in simulating the 1D unsteady compressible Navier-Stokes system.
Assuming the fluid is subject only to the force of friction, the problem is written
as follows

O + 0x(pv) =0,

Ii(pv) + 0. (pv?) + 0up(p) = 0, (nOv) — 1pv?,

where, p(t,x), v(t,x) and p > 0 represent, respectively, the density, velocity and
viscosity of the fluid; with (¢, z) € [0, +oo[xR. We restrict ourselves to the isen-
tropic case, where the fluid pressure p is written as p(p) = kp® with & > 0 and
a > 1. Finally, the quantity of motion is given by ¢ = pv. In (1.1), the first
equation expresses the conservation of mass and the second, the evolution of the
quantity of motion.

The main purpose of this paper concerns numerical implementation of finite vol-
ume schemes associated with Godunov-type solvers (see [18]). The Godunov
scheme, proposed by Serguey Godunov in 1959 [16, 20], is a conservative numeri-
cal scheme used for solving partial differential equations. This scheme employs a
finite volume method to solve exact or approximate Riemann problems between
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each cell. The simplest form of the Godunov scheme is first-order accuracy in
both space and time, but it can be extended to higher-order methods. The Go-
dunov scheme and its linearized extensions, known as Godunov-type schemes, are
commonly used to illustrate finite volume schemes.

Motivated by the articles [11], [1, 2, 4, 6] and D. Hoff [19], we use the Godunov-
type scheme to approximate the weak solutions of our problem (1.1). In [19],
the existence of weak solutions has been established. For additional results and
references on the existence theory for the compressible Navier-Stokes system, we
recommend consulting [10, 22] and the reference texts [12, 23]. It is worth noting
that recent advancements [3] address more intricate pressure laws and introduce
novel compactness arguments. For outcomes related to density-dependent vis-
cosities, we suggest referring to [7, 24, 28].

The paper is structured as follows: Section 2 is devoted to the search for sta-
ble solutions, in particular those at rest and the establishment of the entropy
inequality. In Section 3, we construct the finite volumes scheme, the Godunov
scheme and the Godunov-type scheme, focusing on the discretization of the dif-
fusion and friction terms. Finally, in Section 4, we illustrate numerical results
with particular emphasis on the value of viscosity.

2. PRELIMINARIES

We introduce the new variables

W= (p@) . F(W) = (mﬁmjrp) . D(W)D, W = (Maozv> L S(W) = (_TOPU2> (2.1)

where the vector W accounts for the conservative variables, F'(1W) for the compo-
nent of the convective flux, D(W)0, W designed the viscosity term respectively,
and S(W) for the friction term . Thus, (1.1) is written as

OW + 0, F(W) =0, (DW)O, W)+ S(W), (2.2)
where W belongs to the set of admissible states 2 defined by
Q={W=(p,q)' €R* p>0, g€ R} C R’

Remark 2.1. The admissible space €2 contains zones defined by p = 0 in which, a
priori, the system no longer makes sense. So, from now on, let us emphasize we
do not consider vacuums regions where p = 0.

The primary goal of this study is to develop a finite volume scheme that can effec-
tively approximate the weak solutions of equation (1.1), with a specific focus on
steady states. Steady states are particularly significant in numerical simulations,
as many real-world experiments are expected to eventually converge to these sta-
ble states over long periods of time. Therefore, it is crucial for the scheme to
accurately approximate these specific solutions. In the following, we approach
the weak solutions of (1.1) with a Godunov-type scheme (see [10, 18, 20]).
Indeed, this paper focuses on steady states described by

al’(pv) = 07
(2.3)
dx (pv* + p(p) — pd,v) = —rpv®,
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Our focus is on steady states at rest, where the velocity v is zero. Consequently,
the steady states we are interested in are solutions of equation

v =0,
(2.4)
axp =0,

Thus, we obtain the following definition of the steady states: v =0 and p = cst.
In order to exclude non-physical solutions, the in-homogeneous system is given
an entropy inequality.

Lemma 2.2. A weak solution of the Navier-Stokes system satisfies the following
entropy inequality :

BE(W) + 8,G(W) + rpv® < 8, (mﬁ) , (2.5)

where E is the entropy or energy function and G is the entropy flux defined by
EW) = pUQ—2 +e(p) and G(W) = pv (”2—2 + e’(p)), with €”(p) = @.

3. FINITE VOLUMES SCHEME

The aim of finite volume schemes is to try to approximate weak solutions for
the problem

{atw +0,F(W) =0 51)

W(z,t =0) = Wy(z),
with Wy(z) € Q.

Ci—1 Ci+1

XTi—1 Z; iy CE,L-+% Ti4+1

FIGURE 1. One-dimensional discretization of space.

In this paper, we adopt this method which is more adapted to the hyperbolic char-
acter of the Navier-Stokes system. We will briefly present finite volume schemes
in a general framework and then recall the basics of the Godunov [27, 18] scheme
and Godunov type schemes [27, 26]. Here, we consider the homogeneous model in
its (3.1) form. The case with a viscosity term will be dealt with in the next sub-
point. The first step in the finite volume method is to discretize the space. This
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involves dividing the space into cells as shown in Figure 1. Consider a uniform
mesh defined by the sequence of points (z;11/2)icz Where

Tiv1)2 = Ti_1)2 + A,

with Az the step in space, assumed to be constant. Thus we have the cells
¢; = (Ti—1/2,Tip1/2) centered at x;. In the same way, we define the sequence
(t")nen by t° = 0 and "' = " + At where At is the time step that will be
restricted by a CFL (Courant-Friedrichs-Lewy) condition.
We note W the approximation of the solution W(x,t") at date t* . In fact,
this value corresponds to the approximation of the average of the exact solution
W (z,t") over the cell ¢; , as follows:
" 1 Tit1/2 n
W~ N Wz, t")dx. (3.2)

Ti-1/2

This approximation is initialized by averaging the initial condition over each cell,

given for all 1 € Z
WD 1 Tit1/2
T A

A finite volume scheme is obtained by integrating the system (3.1) over ¢; X
[tn, tn+1 [’

Woy(x)dzx. (3.3)

Ti—1/2

tn+1

Tit1/2
/+ / W (z,4) + 0uF(W (x,1))) dudt = 0.
Ti—1y2 Jt

n

This implies that

/ - (W (2, ") = W (")) da + (F(W (@ig1/2, 1)) — F(W (2i-1/2,1))) dt = 0.
i—1/2

Using (3.2) and by choosing the flow approximation, called the numerical flow:

tn+1

1
Fa (V[/zn7 ‘/Vzn+1) ~ E/ F (W(Ii+1/2,t)) dt, (34)
tn
we obtain the first-order finite volume scheme, given by :
At
Wt =y S ) - B ] e

where the numerical flow Fa defines an approximation of the physical flows at
the interfaces.

3.1. Godunov scheme.

In this subsection we present the Godunov scheme [20, 16]. At date t", we assume
that an approximation to the piece-wise constant solution Wa(z,t") = W/ is
known if € (2;_1/2,%i11/2). This approximation is now extended to the date
t" + At by solving the following problem

AW (x,t) + 0, F(W (z,t)) = 0
{W@% t") = Wa(z, ). (3.6)
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Locally, on each interface x;,/2, we have to consider a Riemann problem written
in the form

AW (2,t) + 0, F (W (z,1)) = 0

W) — wr it 2<0 (3.7)
O\ wR,if 2> 0.

— Tit1/2

We note Wx (x ;

(3.7). Thus, for At sufficiently small, the solution to the (3.6) problem is given
by

W, W[_LH) the exact solution of the Riemann problem

T —Tiy1/2

WA(SE,tn—Ft) :WR( /

W W;il) , (3.8)

where t € (0,At) and = € (x;, x;41).

Let ()\ifl /2 be the fastest and slowest wave speeds resulting from the exact
i€Z

solution of the Riemann problem (3.7) at the interface z;;1/2. By construction of
the solutions of the Riemann problem all these wave speeds are bounded whatever
i € Z. We impose the condition CFL (Courant-Friedrichs-Lewy) defined by

At 1 At 1

Ar max (|)‘z‘_+1/2’a P‘;’:l/Q‘) < 2 = A_xr?eazx (IU?! + \/p_;n) < 5 (3.9)
it follows that Wa (z, t" + At) is a non-interacting juxtaposition of Riemann prob-
lems positioned at each interface. We see that on each cell (x;_; /25 Tig1 /2) the
solution W (z, t" + At), given by (3.8), is not constant over (x;, z;11). It is made
up of constant states separated by shock waves and rarefaction waves. We project
this solution onto the piecewise constant functions in the sense of L2. To do this,

we define the approximation at date ™ + At, as follows:

1 Tit1/2

Wit = —/ Wa(z, t" + At)dx. (3.10)
AQZ Ti—1/2

It is also possible to reformulate the diagram in the conservative three-point form

(3.5).

Lemma 3.1. At At > 0, consider Wg the solution of the Riemann problem (3.7).
Then, under the condition CFL (3.9), we have

2 [ Tty 2At

Az J, | Az
T2
and
2 Tyl T— X1 IAL
N ) W (—t = Wi, Wi—i—l) de =W, — A, (F(WZ) — F(Wg(0; W5, I/Vi+1))93-12)

Proof. Since Wx is the solution to the Riemann problem, then this function
verifies

OWg + 9,F(Wg) = 0. (3.13)
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If we integrate this equation over the block [z;_1/2,2;] x [0, At], we obtain
Ax

/0 2 OAt oWnr (%, Wi 1, WZ> dxdt + 0, F (WR <%, Wi_1, Wz>> dxdt = 0.

This implies
Ax

Azx/2
/2 Wn(i,ml,m)d:c—/Q Wo<:c>d:v+/ F(WR( "2 1,W)>d
At
—/ F (W (0; Wiy, W) = 0.
0

Since x > 0, then we have W(z,t = 0) = W,;. Under CFL condition (3.9), we
Ax/2
have F ( W xt/ Wi 1,W)> F(W;). Furthermore, F (W (0; W_,, W)

is independent of ¢, so

Az
1 [=2 At
= 2 (P(W) - F R AR AN
AM/0 Wr (5 Wit W) de = W= 00 (F(WE) = F(Wr(0: Wiy, W)

Hence (3.11).

Similarly, by integrating the equation (3.13) on the block [;, z;11/2] % [0, At], we
obtain

Az
0 T 2 At —Ax/2
/M W (a0 Wi Wi ) dr —/0 Wo(e)dz —/0 F (WR (T/,Wi,wm)) dt

At
+/ F(Wr (0; Wi, Wit)) dt = 0.
0

Since < 0, then we have W(x,t = 0) = W;. Under CFL condition (3.9), we

S
—Ax/2
F <WR( tx/ ;Wi;Wi—l-l)) = F(VVz) In addition, F(WR (0, Wz’—hWi)) is

independent of £, so

L[ At
=W, — —(F(W,) = F AR 14 ‘
A2 /_%W ® (27 Wi Wit ) dz = W, a3 (FOV) = FOVR(0: Wi, Wi)))

O

The Godunov scheme (3.10) can be written as :

1 Z; — T 1 Tit1/2 —x;
Wit = E/ W (% Wi, Wi) R L (% Wi, Wm) da.
i—1/2

By changing the variable x — 2,4, /2 +— x, it follows that

0

Az
Wt = L/ZWR(A,WZ 1,W)dx+i WR(“"
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Consequently, the relations (3.11) and (3.12) give us

n+1 _ 1 n At n .
W =g (W= 7 (FOV) - FOVa(0: et W) )

+% (m” - _AA;/2 (F(W")) — F(Wg(0; W;, Wi+1>))
At

=W — ~ (F(Wgr(0; Wi, Wiy1)) — F(Wgr(0; Wi_1, W)

which can be reformulated in the conservative form (3.5) with a numerical flow
given by
FA(W], Wiiy) = F (Wr(0; W, W;?H)) (3.14)

Note that the Godunov scheme is consistent since WR( W, W) = W so that
FA(W, W) = F(W).

3.2. Godunov-type scheme.

The exact solution of the Riemann problem must be computed for the Godunov
scheme. This solution is often difficult to show. In 1983, Harten, Lax and van Leer
[18], proposed using an approximation of the solution of the Riemann problem in
place of the exact solution to construct a new class of numerical methods. Harten,
Lax and van Leer noticed that the consistency of the scheme can be obtained by
considering the projection of the exact solution of the Riemann problem onto the
constants in the L? sense. On the basis of this observation, they proposed substi-
tuting the exact solution WR( : Wi, Wii1) by an approximation Wx ( s Wi, m+1)
satisfying the following mtegml consistency relation:

Az
1 2

= WR< m,m+1) drdt = —/ WR< WZ,WZH) drdt. (3.15)

Under the previous consistency condition, it is p0851ble to reformulate the mean
of the exact solution of the Riemann problem explicitly. To fix ideas, the approx-
imate Riemann solver will be taken in the following form:

W if z< >\2+1/2At

—~ €T — .

Wi (;; Wi, I/I/Z-H) —dW(L) it M +1/2At <z <A At (3.16)
where )\l 172 and )\2 Y1/2 are characteristic velocities. However, it is important to
note that the cone of dependence of the approximate solver defined by A\ i1/2 and
AR "1/ must contain the cone of dependence of the exact solution defined by A, , /o
and A/, | Ja -

Lemma 3.2. Let W (At7 Wi, Wz-i—l) the exact solution of the Riemann problem
(3.7), then
Az
! / W (x Wi, W, )d Lo W) — 2L (rw ) — FOV)31T)
A Wi W T =5 Wi i+t1) = A i+1) — i)9-
Ar R\AL +1 5 +1) T A +1
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under CFL condition defined by

At 1
Emax(‘)‘1+l/2| A jl) < 5 (3.18)

As a consequence of this result, let us now note that, according to (3.17), the
condition of integral consistency (3.15) becomes

Ax

At

/ W (i W W) do = S(W, 4 W) = S0 (F(Wei) — F(W)3.19)

1
Az

Proof. By integrating the Riemann problem (3.7) on the interval [=2%, =22]times|0, At],
we obtain the following equality:

Az

Azx Az At
2 T 2 Ax/2

/_& Wx (E;Wi,WiH) dr = /_& Wxk(x, O)d:v—/o F (WR( t/ ;I/Vi,W/iH)) dt
2 2

At _
+/ F (WR <AT$/2;WZ-,WZ-H)> dt.  (3.20)
0

Using the definition of the initial condition of the Riemann problem (3.7), we
have

Az
Az

|y Wl 0)de = == (Wit Wip) (3.21)

2
The CFL condition ensures that for ¢ €]0, At], we have

—Az/2

Azx/2
WR( i/ ;Wz‘,WiH) = Wi and WR( ;WiaWi—i-l) = W;. (3.22)

Therefore, (3.20) becomes

Az

1 2
Az

(Wit Wia) = 2L (F(Wip) — F(W))

WR ( m’m“) dr = % Az

At
0J

Knowing an approximate Riemann solver satisfying the integral consistency
condition (3.15), we can construct a conservative scheme consisting of three
points. At date t" ' we assume that an approximation to the piecewise constant
solution is known Wa(z,t") = W/ if x € (z5_1/2, %i41/2). Then, we introduce an
approximation to the solution at date t" + At, given by

gy ey Z; n n .
WA(I,tn + At) = WR (T;W W VVZ+1) if xe€ (l’i_l/g,l’i+1/2), (323)
where Wx_satisfies the consistency condition (3.19). Note that under the CFL

condition (3.18), the approximate solution W, is in fact a non-interacting jux-
taposition of the approximate Riemann solvers posed on each interface. At date



NAVIER-STOKES EQUATIONS: GODUNOV-TYPE SCHEME 221

t" 4+ At we consider the projection in the sense L? of WA on the piecewise constant
functions to define the update as follows:
1 Tit1/2
Wit = —/ Wa(z,t" + At)dz. (3.24)
AI Ti—1/2
We will now show that this Godunov-type scheme can be rewritten in the con-
servative and consistent form (3.5). Indeed

1 T __ 1 Tit1/2
X T zi

Ti—1/2

then, using the definition (3.23), we obtain

1 T~ fx—
VVZH_I - _/ Wx (—1/27 w! ., VVZL> dx
A$ Ti—1/2

AV
1 Tl —  x—
+ 5 Wr (—A t“/ 2w, ng) da (3.26)
1 Tit1/2 T — $¢+1/2
el Wep | ———= W W=, ) de.
* Ax Tit1 & ( At T H_l) v

The integral consistency condition (3.19) allows us to rewrite the previous ap-
proximation as follows:

At /1 Ax
ntl _pyn o T2 [ T n_Wwnr F L R m
Wit = W = (S (W = W) + (F(WEy) = FOW))
1 [" = [(T—®iq
_ TZ T ) g
i) WR( N ,Wz_l,WZ> v
1 Tit1/2 x_xi+1/2
LT Ti41/2 g , 2
tai ) WR< < ,W,,WZH) das) (3.27)

This gives the following conservative form:

At
Wit =W — ~ (FA(W;, Wig1) — EA(Wi_1, W5)
x
where the numerical flow function finds the following expression :
" Ax T [ — (T =Tig12 0 o
FA(Wi, Wisa) = F<Wi+1) - Emfwl + E/ Wr (Tsz Wi | dx

Tiy1/2

Or else

Az 1 [0 ~ x
Fa(Wp, Wg) = F(W,) + ——W, — —/ Wr (—; Wi, WR> dx

N R VY
or again
1 Ax
Fa(Wi, Wi) = 5 [F(W) + F(We)] = T (Wa = W)
e /0
2 —~ xXr o xr
tsai ) e (Eﬁ’ W, WR) dr — 5 e Wr <Kt’ Wi, WR) dz.
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Note that we have a scheme in conservative and consistent form if WR (Ait; W, W) =
W since we then obtain FA(W, W) = F(W).

3.3. Godunov-type scheme for the Navier-Stokes model with viscosity
and friction terms.

The special feature of this scheme, as mentioned earlier, is the use of the approx-
imate solution of the Riemann problem. In the previous subsection, we presented
the Godunov-type scheme for the homogeneous system. In this Section, we ex-
tend the Godunov-type schemes to take into account the viscosity term and the
friction term. We adopt the space and time discretization introduced at the be-
ginning of this Section 3. It is assumed that at time ¢", a piecewise constant
approximation to the solution of (1.1) is known and defined as follows:

WA(I,tn) =W" if z € (Ii_l/g,xi+1/2).

We are looking for an approximation of the solution at time t"™! = t" + At. To

approximate the solution of the system (1.1), according to [16, 9, 17], the update

Wt is given by

1 Tit1/2

Wit = A_x/ Wa (z,t" + At) dz, (3.28)
Ti—1/2

where Wx (x,t" + At) represents the non-interacting juxtaposition of the approx-
imate Riemann solvers defined on each cell (z;, z;41) by

W o+ 20) = W (P WL ) (0.0 € (o) < 0.00),

Note that WR (%, Wi, WR> denotes the approximation of the solution of the fol-

lowing Riemann problem:
OW + 0, F(W) = 0, (D(W)0,W) + S(W)

W, if x<0 (3.20)
W(z,t=0)=
Wr if =>0.
According to [18](see also equality (3.15)), the approximate Riemann solver must
satisfy the following integral consistency condition:
Az T
L[ (5 W Wi, )da = ! AZW( At Wy, We)dz, (3.30)
Azx _% R At L, VV R, T = R L, Wi, Wr)ax, :

A.T _A_
2

where Wg (:L', At; W, WR) represents the exact solution of the Riemann problem
(3.29). However, because of the diffusion term, the Lemma 3.2 can no longer be
applied here and the mean of Wx is, a priori, no longer accessible. Indeed, as
long as At is sufficiently small that

Wr( = 42, AW, Wr) =Wy, and W (42, AL WL, W) = W,
integrating (3.29) over the domain (—Az/2, Az /2) x (0, At) gives us
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Az

1 [z 1 1 At
s e W (2, At; Wy, Wg)dx = 5 (Wr+Wp) — E/o F (Wr(Az/2,t; W, Wg)) dt
1 (A 1 3 A
+E/o F(Wr(—Az/2,t; WL,WR))dt—i—E/_%/O S (Wr(z,t; Wr, Wg)) dudt

1 At 1 At
+ —/ D (Wr(Az/2,t; W, Wg)) dt — —/ D (Wr(— Az/2,t; W, Wg)) dt,
A.ZU 0 AZE 0
(3.31)
where we use the notation D(Wz) instead of D(Wx)0,Wx for simplicity.

The consistency condition (3.31) (due to (3.30)), satisfied by the approximate
Riemann solver Wp (é; Wi, WR) allows us to reformulate the update W' as

a usual finite volumes scheme. Indeed, from (3.28), we obtain

1 [~ o
Wit = — / W (S 2w, W ) da
Ti—1/2

o Ax At
1 Tit1/2 Tr—x; n n
+A_x R( At+1/2; 4% ,Wi+1>dlL‘. (3.32)

At the interface x;1 /2, we perform the following change of variable
T — T — Tiy1/2, to obtain

Loz — (90 — Tit1/2
(2

s ,WiH)d:z: - WR<—- W ,WiH)dx,

Az J, At Ar J_az TF\AY
and

1 Tipl __ T — Tit1)2 " " 1 %N x n n
M/ WR<T7VVZ 7Wi+1>dx = M/o WR(&J/VZ 7W¢+1)d55-

Tiy1/2
To simplify notation, we define,
Az

_ 1 0 = T n n + 1 2 L n n
T = a7 | o Wrl(Gp WO Wi o a =7 | Wa( g0 W )de
T2
Then (3.32) is rewritten as follows:
VVinH = [;:1/2 + [1;11/2
1 _
— 9 (];1/2 + Ii—l/Q) +
1 _
+ 5 (Iitl/Q - Ii—1/2> +
We have, for all i € Z

(-7111/2 + ];1/2>

(Iijrl/z - 11’11/2)

N — po| —

Az

1/ 1 2~ T n n

2 U+ Tie) = 9, / s Wr (3 WES W ) (3:33)
2
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and
Az
S (It 100) = ﬁ/_;ﬁ (oW W) (3.34)
Using (3.31) and the equalities (3.33)-(3.234), we obtain
Wt = %(FA (W7 W) = Fa (W, W) )
L2 (Disij2 = Dicap) + % (Si—1j2 + Sit1s2) 5 (3.35)

Ax
where we approached the integral on (0, At) of D (WR( AI/ 2 Wy, WR)> and

At
flow function defined by

D (WR(M/ 2, Wi, WR)) by constants given by D and Dy, with the numerical

1
Fa (WL, WR> =3 (F(Wy) + F(Wh))
Ax Az _
~IAL (Wgr —Wp) + AL (Iie—1I1g) (3.36)
where
Az

0
- W( WW)dx - L 2W< WW)dx
LR= Ag [ ae "RAAp TR N AR
2

Consequently, the scheme (3.35) will be fully determined once the Riemann solver
Wpx and the approximation of the viscosity term (diffusion term) and the friction
term have been chosen. The characterization of these functions is the subject of
the following subsections.

3.3.1. Discretization of diffusion and friction terms.

The construction of the local approximation of the terms Dyp (W, Wg) and
Str (W, Wx) must allow the scheme (3.35) to preserve stationary solutions. It
is important to note that this function Dyp (Wr, Wg) and Spr (W, Wg) are a
local approximation on each interface of the viscosity term and friction term,
respectively. It is therefore necessary to define the stationary solutions interface
by interface. In line with the stationary solutions (2.4), we introduce the definition
of local stationarity as follows.

Definition 3.3. A solution is locally stationary if for all states W and W5y , we
have

prvp = prog  and B (Wp, Dy, Sp) = B(Wg, Dg, Sg) (3.37)
where B(W, D, S) = pv? + p(p).
Now, if (WL, Wg,Dr, Dg, St, SR> verifies the local equilibrium (3.37), Dpg (Wp, Wg)
and Spr (W, Wx) must be fixed so that WR <£; Wi, WR> remains stationary:;
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1.e.

~ /x Wr, if <0
We (W, Wg) = 3.38
R(At’ L R> {WR if z>0. (3.38)

The stationarity relation (3.38) allows us to propose a discretization of the vis-
cosity term. Note that the integral consistency condition (3.31), for a stationary
solution in the form (3.38), is rewritten as follows:

2Az (Dp — D) + (SL + Sg) = F(Wg) — F(Wy). (3.39)
(We will establish the proof of (3.39) after defining the Riemann solver).

Consequently, as soon as (W, Wg, Dr, Dg, Sr, Sg) satisfies (3.37), the approx-
imate diffusion term Dy = (EZR,EqLR)t and the approximate friction term

Sir = (EZR,E%RY must satisfy

AzD) = AzS] =0, 202D} 5+ St p = (prvy, +pr) — (pLvi + pL) - (3.40)

Since the equation of continuity (evolution of density) does not contain nei-
ther a viscosity term nor a friction term, we impose EZR = EZR = 0, for all
(Wi, Wg, Dy, Dg, S, Sg). We will now consider D} , and S} 5 to propose a def-
inition consistent with the second member 9, (ud,v) — rpv? and such that (3.40)
is verified as soon as (W, Wg, Dy, Dg, Sr, Sr) defines a local stationary solution
(3.37). To solve such a problem, we now state a condition that must be satisfied
by D} and S} 5.

3.3.2. Approximate Riemann solver.

To complete the characterization of the numerical scheme (3.35), we need to
define appropriately the Riemann solver Wx (x/t, W, Wg) in accordance with
the consistency condition (3.31). We utilize an approximate Riemann solver that
involves two constant intermediate states, denoted as W} and W7, in the following
manner

Wy if x/t < Ap,
W if A, <a/t<0
Wgp if 0<z/t<Ag
Wg if x/t > g,
where A\;, < 0 and Ar > 0 are the wave velocities.

In order to avoid instability problems (see [18, 27]), we impose a sufficiently

wide cone of dependence on the approximate Riemann solver. Consequently, the
characteristic velocities A\;, and g are fixed as follows:

WR (iﬂ/t, WL, WR) = (341)

)\Lgmin<—|7)[/|_ \/p/L7_|UR|_ le>
AR > max <!vL| + /DLy [vR| + \/p'R)a
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so that the cone defined by A\, < x/t < Ag contains the cone of dependence of
the exact solution of the Riemann problem (3.29). Moreover, using the definition
(3.41), we give the expressions of I, and I} to deduce the new expressions of
the numerical flux given by (3.36). We will consider cases where the waves are

symmetrical, i.e. Ag = A = —Ap. For two intermediate states W} and W, we
have
D VAV 1 MAt AAE 1 MA¢

Iin= "5 Wi + <§ = ) Wy and Iy = S Wi+ (5 = > Wri(3.42)

Then we have
AL, . 1 MAt
Ifp —Ipp = Ay We—Wo)+ (5 s ) (Wr—WL). (3.43)
From this, (3.36) derives
1 A A

Fa (WL, WR> =3 (F(WL) + F(WR)) + 5 (We = W)+ 5 (Wi = Wa) (3.44)

For one intermediate state W; = Wy = W* = WHEL | we have
_ 1 MAt

Consequently, the numerical flow given by (3.36) is written as

1 A
Fa <WL, WR> == (F(WL) n F(WR)> — 5 (Wr—Wy). (3.46)
In this case of one intermediate state, the integral consistency
Ax
L[ W W, W, )d (W +Wg)
Az | aa R(At Ly Wrar = 5 (W R
At At — = At —
v (F(Wg) — F(Wp)) + Az (Dr—Dy) + > (SL+ Sg) (3.47)

is rewritten as follows (using (3.42))

Ax
1 2~ T
E/M WR<E;WL,WR>dx =T+ I,

Al At
=AW+ L w4y - A, (Wa+ W), (3.48)

By identifying (3.47) and (3.48) we obtain
W (W W) — (F(W) FW ))
R L)~ 5y R L

1 1
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With two intermediate states, we have

Ax

1 2 -
= WR< N W )de = Ifp + I
1 At At 1 At L At
- (5 . /\A—) Wi+ AWt + < - )\A—) Wi+ AWi . (3.50)
By identifying (3.48) and (3.50) we obtain
W* = 5 (WE + W) . (3.51)

From expression of W* given by (3.49), we have

PR+ PL  qrt+qL
o = B _ pHLL

9 )
and
. qr+ 4L  PRVR + DR — PLUT — pL 1
- = Lo
4 2 ) o Pirt pagdie
1 1 —
HLL
— — D .
¢ NPT AR

At steady state, we have qr = qr, = ¢; W}, = Wr and W} = Wy, (3.51) becomes
W* = % (Wr+Wp). (3.52)
Identifying (3.52) with (3.49) we obtain (3.39) given by
2Az (Dg — D) 4+ (Sp 4+ Sg) = F(Wg) — F(Wy).
We state the main properties satisfied by the scheme (3.35).

Theorem 3.4. Let the following type CFL restriction :

At

Er?eax (|)‘z+1/2| |/\z+1/2|) < 2

The scheme constructed (3.35)-(3.51)-(3.39) is consistent with (1.1). Let W/ be
in Q for all i € Z. The updated state W;""', given by the scheme (3.35)-(3.51)-
(3.39), satisfies the following properties:

1. Positiveness preservation:: p > 0 for all i € Z,

2. Preservation of all smooth steady states: W™ = W for all i € Z as
soon as (W/");ez verifies

uf =0 and p!=c forall 7eZ.

for given constant c.

3. A discrete entropy inequality in the form:
EMt — En n Giv12 — Gic1)2 —E —=E
At Ax - 7

(3.53)
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where
G( 111) +G(W7) Az n n Az E+ E—
Gi+1/2 = 9 - ANE (E( z'+1) - E(VVz )) + 2_At <]z+1/2 ]z 1/2>
with
Iﬁ:p A / Wzn ﬁﬂ) ) du,

1
E— n n
lie = 3z /_M E<WR <At Wi W”l> ) dz,
2
and the diffusion and friction terms satisfy

QAI'D(WR)@HM + S(WR)1+1/2 = F(Wi,) — F(WP).
4. NUMERICAL RESULTS

Some numerical results are given here to illustrate how the proposed scheme
behaves.

Using one intermediate state (being at equilibrium). For fixed values of a = 2,
k =5, r = 1.5 and a number of control volumes varying between 50 and 600, and
by varying the value of the viscosity of the fluid, we obtain, at different times, the
graphs below. We repeat the evolution of the density and that of the momentum.

— density —— density

10 —— moment 10 —— moment

0.8 1 0.8 1

0.6 1

numerical flows
numerical flows

0.4

\

0.0 0.0

T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1o
Xvalues X-values

(A) Approximate solution for N = 50, (B) Approximate solution for N = 600, u =
pw=0.001, ¢ = 0.001 0.0015, t = 0.02
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— density 1.5 4 — density
—— moment —— moment

=
o
.

1.0

o
EY
.

o
o
L

0.5 1

o
=
L

numerical flows
numerical flows

0.0

o
N
.

—0.5 4

0.0 1

T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1o
Xvalues X-values

(A) Approximate solution for N = 120 (B) Approximate solution for N = 500, u =
1= 0.01, t =0.02 0.02, t = 0.02

Comments: We note that:

e For a fixed number of cells: when the value of the viscosity p increases
progressively, up to a value of about 0.01, instabilities start to appear and
become significant as time progresses (the last two figures, for instance).
This can be explained by the fact that our constructed scheme is consistent
to one order in space, but the viscous term is of second order, so when u
increases at a given moment it is the viscous term that becomes dominant.
As a result, instabilities appear especially for a ”slightly long” time.
Another reason is that, naturally, compressible fluids are generally less
viscous. The viscosity of the reference fluid, air, is around 107°.

e As for the simulation time, if it is long, close to 0.1, we are forced to take
a number of cells less than 100, otherwise the values will explode, unless
the viscosity is very small, less than 1073. The gas diffuses fairly quickly.

e The density remains positive throughout the flow.

5. CONCLUSION AND PERSPECTIVES

In this paper, a numerical study has been carried out on the compressible 1D
Navier-stokes equations. Taking into account the effects of friction, the quadratic
friction term, a Godunov-type scheme has been constructed to approximate the
weak solutions of the problem under the CFL condition (meaning that a wave
can only travel through half a mesh). The results show that the scheme remains
stable and captures the quiescent states for very small values of viscosity.

We plan to make significant corrections to this first-order scheme (e.g. extending
it to second order, a more appropriate discretization of friction and diffusion
terms) in order to deal with cases of "slightly” higher viscosity. Considering
the problem in a higher dimension would also be useful, since real problems are
generally of this kind.
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