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Abstract

We study convergence of a finite volume scheme for the compressible (barotropic) Navier—Stokes sys-
tem. First we prove the energy stability and consistency of the scheme and show that the numerical
solutions generate a dissipative measure-valued solution of the system. Then by the weak-strong unique-
ness principle, we conclude the convergence of the numerical solution to the strong solution as long as the
latter exists. Numerical experiments for standard benchmark tests support our theoretical results.
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1 Introduction

We study the flow of a viscous fluid governed by the compressible Navier—Stokes system:

0o + divy(ou) = 0,

1.1
Oi(ou) +divg(pu®@ u) + Vep = pAgu+ (p + A)Vediveu (L)

in the time—space domain (0,7") x 2. Here o = o(t,z), and u = u(t,x) are the fluid density and velocity,
constants p > 0, A > —p are the viscosity coefficients. The pressure p is assumed to satisfy the isentropic
state equation

p(o) =a0”, a>0, y>1. (1.2)

For the sake of simplicity we impose the periodic boundary conditions, meaning that the domain §2 can
be identified by the flat torus Q = ([0, 1]|o.1)%, d = 1,2,3. The problem is (formally) closed by prescribing
the initial conditions

0(0) = go € L7(Q), 0o >0, u(0) = ug € L*(; RY). (1.3)

In the literature we can find a variety of numerical schemes for viscous compressible flows starting from
the finite difference methods, such as the MAC scheme, e.g. [18, 19, 21], the finite element schemes, e.g. [1,
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24, 33], the finite volume schemes, e.g. [7, 10, 20, 26] or the discontinuous Galerkin schemes, e.g. [6, 9, 22].
In this paper we want to concentrate on the finite volume methods that are standardly used for physical
or engineering applications, see, e.g. [17, 25, 26, 29, 32, 33| and the references therein. In the cell-centered
finite volumes the unknown quantities (numerical solution) are located at the centers of mass of the mesh
cells (finite volume cells). This is very typical for the compressible inviscid flows governed by the Euler
equations. By means of the Gauss theorem the inviscid fluxes at cell interfaces are approximated by suitable
numerical flux functions. The latter are based on the flux-vector splitting or upwinding strategy as we will
explain below.

For the compressible Navier-Stokes equations in addition the viscous fluxes need to be approximated,
which means that the gradients of the numerical solution are to be represented at the cell interfaces. Having
piecewise discontinuous approximate functions this requires and additional reconstruction step, which is
usually realized by introducing the so-called dual grid around the cell interfaces of a primary grid. We
refer a reader to Kozel et al. [17, 25, 29], where the viscous terms are approximated by the second order
central differences using a dual finite volume grid of octahedrons constructed over each face of the primary
hexagonal finite volume grid. In [26] and [8] the barycentric subdivision is used to define dual finite volumes,
in [31, 32] a special reconstruction satisfying maximum principle is developed for the viscous fluxes. A nice
overview of various finite volume methods with the gradient approximations at cell interfaces can be found
in [3].

Despite high frequently used in practical simulations, the convergence of finite volume methods for
multi-dimensional viscous compressible flows still remains open in general. For a mixed finite element—
discontinuous Galerkin method, the convergence to a weak solution has been shown by Karper in his pi-
oneering work [24] under the assumption that the adiabatic coefficient v > 3. It should be pointed out
that the generalization of the proof of Karper [24] for other numerical schemes is highly non-trivial and still
open. In [23] Jovanovi¢ obtained the error estimate for the isentropic Navier—Stokes equations for entropy
dissipative finite volume—finite difference methods under some rather restrictive assumptions on the global
smooth solution. In [13] Feireisl and Lukécova proposed a new way of the convergence proof via the dissipa-
tive measure-valued (DMV) solutions. They improved the result of [24] and showed the convergence of the
mixed finite element-finite volume method for the isentropic Navier—Stokes equations for physically relevant
range of adiabatic coefficient v € (1, 2).

The main aim of this paper is to demonstrate that the strategy proposed in [13] can be adapted to
investigate the convergence of finite volume methods. More precisely, we consider the first order cell-centered
finite volume method, where the inviscid fluxes are approximated by the upwinding and the viscous fluxes
by the central differences. See also our recent works [14], [15] where analogous finite volume schemes have
been applied to show the convergence for the complete Euler system. We adapt this approach to a time-
implicit finite volume method for the barotropic Navier—Stokes system and show the stability as well as the
convergence of numerical solutions to the (unique) strong solution of (1.1). To the best of our knowledge,
there is no convergence proof of a finite volume method for the multi-dimensional Navier—Stokes system (1.1)
available in literature assuming only the existence of the strong solution.

The rest of the paper is organized as follows. In Section 2 we introduce the mesh, basic notations, the
numerical method, and some preliminary (in)equalities. Next, in Section 3 we show the energy stability of
the scheme and derive all necessary a priori bounds. Then we establish the consistency formulation of the
scheme in Section 4. Further, we address the convergence of approximate solutions in Section 5. Finally, we
present some numerical experiments in Section 6.

2 Numerical scheme

We introduce the basic notations, mesh, space and time discretizations, and, finally, we define the numerical
scheme along with some useful (in)equalities.

2.1 Space discretization

Mesh. A discretization of €2 is given by M = (T, &), where:
e The primary grid T is the set of all compact regular quadrilateral elements K such that

0= J K

KeT



Let h; be the mesh size in the ¢-th Cartesian direction, and h = max;—1 4 h; be the mesh size. The mesh

-----

is regular in the sense that there exists a positive 7, such that 7, = max;—1 g4 {}%}

e We denote by £ the set of all faces, and by &; the set of all faces that are orthogonal to the standard
basis vector e;, ¢ = 1,...,d, of the Cartesian coordinate system. By £(K) we denote the set of faces of an
element K, and define &;(K) = £(K)NE;. Each face o € £ is associated with a normal vector n. The points
xg and x, stand for the centers of mass of an element K € T and a face o € &, respectively.

e The intersection K N L, for K, L € T, K # L, is either a vertex, or an edﬁ;, or a face 0 € £. For
any o0 € £ we write 0 = K|L if 0 = E(K) N E(L), and fu@ write 0 = K|L if x;, = xx + h;e; or
x7, = Xi + (h; — 1)e; for any o € &;. Similarly, we write K = [o0’] for 0,0’ € &(K) if x,» = X, + h;e;. For
any o = K|L € &, i €1,...,d, we also denote by d, = h; the periodic distance between the points xx and
X

e By |K| and |o| we denote the (d— and (d — 1)-dimensional) Lebesgue measure of an element K, and a
face o, respectively. Obviously, |K| = h;|o| for any o € &;(K). In what follows, we shall suppose

K|~ h?, |o|~h¥forany K e T, o €k&.

Function space. In order to define a finite volume scheme we introduce the space of piecewise constant
functions @y, defined on the primary grid 7. We also introduce a standard projection operator

1
7 : LNQ) = Qu. Tyo= ) 1K|K|/ pdz.
KeT =

For a piecewise (elementwise) continuous function v we define

out T in T — _ Uin(x)_FUOUE(x) ___out in
v (x) = 51_1)%1+v(x + dn), v"(x) = 61_1>r(r]1+v(a: —omn), v(z) = 5 , [v] = v (x) — 0™ (2)

whenever = € o € £. Hereafter we mean by v € @y, that v € Qp,(; RY), i.e., v; € Qp, foralli =1,... d.

Diffusive upwind flux. Given the velocity filed v € Qp, the upwind flux for any function » € @y, is
defined at each face o € £ by

; 1
Uplr,vl]=r""v-n=r"w -n]t +r°%v -n] =7V -n— 5]7 n|[r],

where

ik

f=£If] . rinifu-n >0,
= and 7r"P =
2 r°% ifu-n < 0.

Furthermore, we consider a diffusive numerical flux function of the following form
FEn(r,v) =Up[r,v] —h*[r], e > 0. (2.1)

Discrete divergence. We define the discrete divergence operator as

. . . 1 _
divpup(x) = Z (divpup)glg, (divpup)g = @ Z lo[ay - n, for all uy € Q. (2.2)
KeT o€&(K)

2.2 Time discretization

For a given time step At ~ h > 0, we denote the approximation of a function vy, at time t* = kAt by v,’i for
k=1,...,Np(=T/At). The time derivative is discretized by the backward Euler method,

k k-1

UV, — VU
Dtv’,j:hTth, for k=1,2,..., Np.



Furthermore, we introduce the piecewise constant extension of discrete values,
on(t,") = o) for t < At,  op(t,-) = of for t € [kAt, (k+1)At), k=1,2,...,Nr,
w,(t,-) =u) for t < At, uy(t,-) =uf for t € [kAL, (k+1)At), k=1,2,...,Nr,
and pp = p(op), for which the discrete time derivative then reads

Uh(t) ) - Uh(t B Atv )
At ’

Dt’l)h =
We shall write A ~ B if A < ¢B for a generic positive constant ¢ independent of h.

2.3 Numerical scheme

Using the above notation we introduce the implicit finite volume scheme to approximate system (1.1).

Definition 2.1 (Numerical scheme). Given the initial values (09, u))) = (II70o,Il7up), find (on,un) €
Qn x Qy, satistying for kK =1, ..., Ny the following equations

/ Dudkonds— " / Fh(ef uf) [¢n] dSz =0, for all ¢, € Qu, (2.32)

el

/ Dy(ojuy) - ¢y, da — Z/Fh ohuy, up) - [¢y] dSz — Z/Phn‘ [¢4] dSz

el o€k

= —MZ/ [on] dSz — (n+ N) /Q diviuf divy,¢, dz, for all ¢, € Qp. (2.3b)

The weak formulation (2.3) of the scheme can be rewritten in the standard per cell finite volume formu-
lation for all K € T,

DtQK+ Z hvui) 0,
oeé&( K)
Di(oFu” MF kok -k 7;_[[“2]]_ Ndiveufn | = 4
Wofup)k + Y %] n(ohug, ug) + pin — p=—2= = (p+ A)diviugn | = 0. (2.4)
ce&(K) 7

Approximate solutions resulting from scheme (2.3) enjoy the following properties:

1. Conservation of mass.
Taking ¢, = 1 in the equation of continuity (2.3a) yields the total mass conservation

/Qh(t,-)dx:/ggdx:Mo>0, t>0.
Q Q

2. Existence of numerical solution.
The discrete problem (2.3) admits a solution (of,uf) for any k = 1,..., Ny. We refer a reader to [21,
Theorem 3.5] for the proof, as it can be done exactly in the same way.

3. Positivity of numerical density.
Any solution (of,uF) to (2.3) satisfies of > 0 provided Qlfb_l >0,k=1,...,Np, see 21, Lemma 3.2] for the
proof.

2.4 Preliminaries

To investigate theoretical properties of our finite volume method it is convenient to define a dual grid. We
emphasize that the dual grid is not needed for the implementation of the scheme.

Dual grid. A dual element D, is associated to a generic face 0 = K|L € £, where D, = Dy g U Dy 1, and
D i (resp. Dy 1) is built by half of K (resp. L), see Figure 1 for an example of such cell. We denote the set
of all dual cells as D. Furthermore, we define D; = {Dy}ses,,i = 1,...,d. Note that the dual grid verifies
for each fixed i the equality and Q = J,c¢ Do
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Figure 1: Dual grid

Let W,Ei), i = 1,...,d, be the space of piecewise constant functions defined on the dual grid D;. By
a=(q,...,q9) € Wp, := (ngl),...,W}(Ld)) we mean that ¢; € W(z), for all 2 = 1,...,d. We define the
standard projection of ¢ € L*(f) into the discrete functional spaces Wy,

p: LYQ) =Wy, Ip=OY, . .. 1m@) nle= Z ¢dz.

oc€t; |D ’ Do

Discrete differential operators. We need some discrete operators that are not directly used to discretize
the Navier-Stokes system, but are essential to establish the consistency formulation in Section 4. For any
rn € Qn and qp, = (q1,h, - - - qd,n) € Wh, we define the difference operators based on the dual grid

= Z 1p, <5g)rh> , (5,(;)7%) = TLTK TK, for all o = K|L € &;,
D, D, dy
og€EE;
and the primary grid
Tq”‘ Z(ESquh) lg, i=1,....d,

KeT
where

(6%3)% )K = w, for all 0,0’ € & and K = [UUI]'

Using the above notations we define the gradient operators for r, € @y and q; € W}, by

Vern(x) i= (0 rn,...,00m)(x)  and  Vran = @ gm0 qan) (%),

respectively. Note that the divergence operator div,, defined in (2.2) can be rewritten for all u, € Qp,

d
divhuh = 25(7{)1%'711, (2.5)
which for a regular rectangular grid is equivalent to
d . .
divhuh = 2531—) (H(Dl)uh> .
i=1
Moreover, we define the Laplace operator for r, € @Q, on the primary grid

Aprp(x ZA( rh(x Z (Aprn) k1K, Ag)rh(x) = Z (Ag)rh)KlK,
KeT KeT

where ¢ = 1,...,d, and

i 1 T 1 r
(Ag)rh)K = m Z o] [[dh]]’ (Aprp) K = |T(] Z lo| [[dh]]’ forall K € T.
o€&i(K) 7 se&(K) 7

In addition, it is worth mentioning that

A(l)r _50)(6() ), i=1,....d.



Integration by parts. Let us start with recalling the algebraic identity

URUy — Up, TV = — [[uh]] [vr] (2.6)

together with the product rule
[unva] =@ [on] + [un] on (2.7)
which are valid for any up, v, € Qp. A direct application of the product rule (2.7) further implies

1
[raval [va] = 5 [ral] [[vil?] =75 [va]® for r4 € Qn, Vi € Qn, (2.8)
and the following lemma.
Lemma 2.2. For any rp, € Qpn and vy, € Qp, it holds

Z/ 7 [vi] + Vi [rr]) - ndSz = 0. (2.9)

ceé
Proof. For the functions rp, vy constant on each element K € T it holds that
Z/ 7 [vi] + Vi [rn]) -ndSz = Z/ [rnvan] -ndSz = — Z TKVK - Z /ndSa:—O
oef oe& KeT o€&(K)

O

Consequently, for any 7y, ¢ € Qp and qp € Wp, it is easy to observe the following discrete integration
by parts formulae

/ Aprpgp dr = —/ Verp - Vegpdr = / TR Apdp da, (2.10a)

Q Q Q

/ qiyhﬁg)rh dz = —/ rh?ﬁ—)qi,h dxz, forall i=1,...,d. (2.10b)
Q 0

Useful estimates. Next, we list some basic inequalities used in the numerical analysis. We assume the
reader is fairly familiar with this matter, for which we refer to the monograph [10], and the article paper
[19]. If ¢ € C1(Q2) we have

|[76)| S hlldllen, for any € 0 € €, and [~ Tlrd] 1) S Bl (2.11)

Furthermore, if ¢ € C2?(Q2) we have for all 1 < p < oo

Vet = Vellrol o S by [IVellroll e S llllr + A, (2.12)
[Ved = Vrllp(rd) |, Sh,  [ldived — diva(II7r¢)l| e < (2.13)

If in addition, ¢ € C3(Q) we get
18T — Aublls S Bldllcs, I1ATIr6l L < @llce +Rldllcs, forall 1<p<oo.  (214)

The inverse estimates [4] for r, € Q) read
11
lrnll o) S B9 |l Loy for any 1< ¢ <p < co. (2.15)

Finally, we need a discrete analogous of the Sobolev-type inequality that can be proved exactly as [16,
Theorem 11.23].

Lemma 2.3 (Sobolev inequality). Let the function r > 0 be such that

0</rd$:cM, and/rvdxchf0T7>l.
Q Q

Then the following Poincaré-Sobolev type inequality holds true

2
vl 60 <cHngHL2 +c</ r\v[dx) NcHngHLz +cM+c/r]v|2dx (2.16)
Q Q

for any v € Qp, where the constant ¢ depends on cpy; and cp but not on the mesh parameter.



The following lemma shall be useful for analysing the error between the continuous convective term and
its numerical analogue.

Lemma 2.4. For any ry,, vy, € Qp, and ¢ € C1(Q), it holds

/thvh -Veodx — Z Eplry,vi] [Hre¢] dSz

ocE’?

=5 [ (5w nl+ 4 il o) Bl 170l dSe+ [ rvs - (9.6 = Vrlin(liro)) da

o€l

Proof. Using the basic equalities (2.6)—(2.9), we have

/rhvh Vepdr = Z/rhvh V¢ dx
Q

KeT
— E:l/'mﬂ% V¢ — Vrllp (I7¢)) dx+—§:(/‘7mvh nll; ¢ dSz
KeT KeT
- /Q PV (Vo — Vrllp (7)) dz — 3 [ [rava] - nlfradsa
i
/ v+ (Vat — Vrllp (7)) do+ 3 / 7y - [ll6] dSa
Q occ&
/ ravi - (Vat — Vollp (7)) do + 3 / (77 — 7 Vi) -0 [Tir6] dSa
o€l
+Z/7"h Vi, - n[IIr¢] dSwiZ/( [V, - n]—i—hE) [rn] 7] dSz
o€l

= [ riva- (Voo = Vrlip(itra)) da+ 3 [ {Irelval - n[iTro] dSa

el

+Z/amm@www+z/<wﬂwﬁﬁwmmw%

el

3 Stability

In this section we show the stability of the scheme and derive the energy estimates that will be necessary
for the consistency formulation in Section 4. For simplicity, we will hereafter denote the norms ||| 14 and
||‘HLp(o,T;Lq(Q)) by |||l e and [|-[| 54, respectively.

To begin, we recall the discrete internal energy balance, which is a result of the renormalization of the
continuity equation, see, e.g. [12, Section 4.1] or [21, Lemma 3.1]. Indeed, multiplying (2.3a) by H'(of) gives
rise to the result of the following lemma.

Lemma 3.1 ( Discrete internal energy balance). Let (op,upn) € Qn x Qy, satisfy the discrete continuity
equation (2.3a). Then there exists £ € co{g’,f:l, 0%} and ¢ € co{o%, 0%} for any o = K|L € € such that

/D{th dx—Z/uh n dS:v

(3.1)
-5 [ D o - ;Ze; [0 [ah] 0 + - ) asi,

where H (o) = 22

v—1

Next, we recall the renormalization of the transport equation, see [12, Lemma A.1, Section A.2].



Lemma 3.2 (Discrete renormalized transport equation). Suppose that bf € Qp, x € C?(R). Then there
exists € € co{by 1, bEY, ¢ € co{bf, (bF)°™} for any ép, € Qp, such that

/bmmw%mm—szwwmbwmﬁwx
S RACC) oncts =3 [ ovldixcthywl o ass+ 5 [ (1D Po,da
+Z / hf gh bk) /(bg)bz) @ﬂ dSz
- Z S | o [[bz]]z (gk)eut [17,3 nr dSz.

KGT cCOK "%

(3.2)

3.1 Total energy balance

Now, we are ready to derive the discrete counterpart of the total energy balance.

Theorem 3.3 (Discrete energy balance). Let (op,up) be a numerical solution obtained from scheme (2.3).
Then, for any k =1, ..., Nr, there exists £ € co{gi_l, QZ} and ¢ € co{ 0%, 0%} such that, for any o = K|L €
g,

k k 2 k|2
Dt/( okuf® + H(o )dx+h5§ /gh uf dSa;—l—,uHVguhH +(u+)\)/ Idivyul|? dz
Q L2 Q

/’H” )| Dyok |2 da — Z/Hu ;fl hs+|uh n|> dSz (3.3)
At [ 1 k2 / K K]
2 Dok dz — - |k dSi.
5 | o 1Dk d 2%;0@0 [uf-nf [uf] " dsa

Proof. First, taking ¢;, = uZ in (2.3b) we get

/Dt obuf) - uf do — Z/Fh ohul uf) - [[uh dS:c—Z/ . [[ul,fiﬂ dSz
oef o€l

=—u HVgu’fLHL2 —(n+ )\)/Q\divhu’fL\de

Next, we use relation (3.2) for b, = uf, x(|uf|) = 1[uf|?, and ¢}, = 1 to compute

| Drtalaby - whdo— 3 [ Uplofutuf - [ul] dse
Q occE’?
At _
/Dt( ofut ) dr— Y Up[ ol } m ds:c+/ng Dyl da

ceEV

—Z/Uha |[ |uh|2ﬂ de—f >3 / jout ]_ ﬂu’grdsx

oce€ KeT COK

1 At 1
- [ > (292\1122) e dm—Z/ [Llui‘fﬂ A5z

oe€
w52 fehr o on] o] ase
oeg’?



Further, summing up the previous two observations we infer that
1
Dt/ SonlufPde+ p | Veuf| +(u+A)/ divyuf? de
1
= | asz- | i) as ne (o] |5 k2] as
Z/Uphn uh x Z/ Qhuh uh 95‘*‘2/0 on 2|uh| x (3.4)
oc€€
_g k—lD k’2d = k\up k_ k2dS
B o |Dyuy|”da 5 Z (op)"P[uy, - n| uy Z.
Q o
o€l
Finally, combining (3.4) with (3.1) and using the equalities (2.8)—(2.9) we get
} ki k|2 k € k44K 2 k|2 : k2
Dy oplup|® +H(ex) ) de +h Z of flup|l dSz 4+ p||Veur|  + (n+A) [ |[divyug|”de
o \2 o L2 Q
At " k2 1 " k]2 (e k
—5 [ H' O dr =5 > [ H'(Q) |eh] (A7 + uf-n]) dSz
2 & 2065 e
_ 1 = 2
S [ e b as - 53 [ (e n Juf]” ase.
& ocEVT
which completes the proof. O

3.2 Uniform bounds

Having established all necessary ingredients, we are ready to discuss the available a priori bounds for
solutions of scheme (2.3). From the total energy balance (3.3) and the Sobolev inequality (2.16), we directly
get the estimates comprised in the following corollary.

Corollary 3.4. Let (op,uy) satisfy scheme (2.3) for v > 1. Then the following estimates hold

thu%zHLooLl 5 ]-a (35&)
lonllpoerr S 1, (3.5b)
||Qhuh||L L2 S (3.5¢)
IVeup|p2r2 S 1, (3.5d)
[divaup|lp2z2 S 1, (3.5¢)
lupllpzre S 1, (3.5f)
/ 3 / o7 [un]? dSadt < 1, (3.58)
ocE’?
|3 [0l (7 + i mpasedr < 1, (3.50)

oeEV
where ¢ € co{ok, oL} for any o = K|L € €.

To show the consistency of the numerical scheme we shall need further bounds on the numerical solution,
which can be derived provided the adiabatic coefficient in (1.2) lies in the physically realistic range v € (1, 2).

Lemma 3.5. Let (o, up) satisfy scheme (2.3), h € (0,1) and v € (1,2). Then there hold

_et2
lonllfope ~ b2, (3.6a)

s+2

HQhuhHL2L2 ~h-

Proof. We start the proof by recalling the Sobolev inequality for the broken norm

1l S 2 + 3 ”fh“

ocE’? do

dSz = || fulli2 + |Vefulrz s YVfn € Qn,



and the algebraic inequality

O*H(z .
ay(o)? — o}/%)? < agg )(QL — 0k)*, ¥V z € co{or, 0k}, 01, 0k > 0 if 7 € (1,2).

Then we indicate from the estimate of the density jumps (3.5h) that

< p—(e+1)
Lo /Z/ dSz ~ h=ET Y,

Applying the above inequalities, the inverse estimate and the estimate (3.5b) we derive

lonll p1 e~ :/0 H 7/2H2/7 dt < /OT (h—1/2 ng/z‘ )2/7 My

< 1 / (H o[

<nh (rghuw + | vea| ]

foea;

L6

e Fed) " arn (o + e

/7 ) _e+2
<h .
L2

Further application of the above inequality together with the Gagliardo-Nirenberg interpolation inequality,
Holder’s inequality, and the density estimate (3.5b) immediately yield (3.6a), i.e

T
2
lonllope = ( [t dt)

Finally, the estimate (3.6b) can be shown in the following way

2/
LY/2L2

1/2 1/2

T
1/2 1/2 < g —et2
s(/o lonll o llonll dt) < Newl 2, lonlV2 . S b5

< 1/2 /2 <, —=f2
”Qhuh||L2L2 ~ ||\/ QhHLQLoo H\/ QhuhHLooLQ = ”QhHL/lLoo HQthHLooLl ~ho

4 Consistency

Next step towards the convergence of the approximate solutions is the consistency of the numerical scheme.
In particular, we require the numerical solution to satisfy the weak formulation of the continuous problem
up to a residual term vanishing for h — 0.

Theorem 4.1. Let (o, uy) be a solution of the approximate problem (2.3) on the time interval [0,T] with
l1<y<2and0<e<min{l,2(y—1)}. Then

T T
/Q 260, ) do /O /Q (0n016 + ontty - Vo] dzdt + /0 ern(t, 6)dt, (4.1)

for any ¢ € C3([0,T) x Q);

T
—/ opup (0, ) dz = / / lopup, - 0r + opup, @y, : Vi + ppdiv,¢| dx dt,

T T T
—u/ /Vguh:Vx¢dxdt—(u+)\)/ /divhuhdivxd)dxdt+/ ean(t, @) dt
o Jo 0 Jo 0
for any ¢ € C3([0,T] x Q; Rd);
lejnCy )l ory) S hP (Iolloe + hlldlles), 5 =1,2, for some B> 0.

Proof. Let ¢ € C3([0,T) x Q) and ¢ € C3([0,T) x ; R?). We test the equations (2.3a) and (2.3b) with II7¢
and Il7¢, respectively, and deal with each term separately.

10



Step 1 — time derivative terms:

/ /Dﬂ“hHT(ﬁdx dt = / / _Th At)¢(t> de dt
At/ / dxdt—/T At/ r(t)o(t + At) da dt

—/ /rh(t)thﬁ( d:cdt—i—/ /rh o(t + At) dmdt—/ /rh o(t+ At)dx dt
0 Q T—-At At

_ /0 ! /Q rh(t) Ded(t) dz dt — /Q rh¢(0) dz

where 7y, stands for gp, or gpu;p, @ = 1,...,d. Thus, we have

T T
/0 /Q DyonTiréde dt = — /0 /Q on(E)Dy(t) do dt — /Q o)6(0) d
T T
/0 /Q Di(onup)Ilye dadt = /0 /Q on () un(t) Dycb(t) d dt — /Q Al p(0) da

for the continuity and the momentum equations, respectively.

Step 2 — convective terms:
To deal with the convective terms, it is convenient to recall Lemma 2.4:

/T/rhuh-vx¢dxdt—/TZ/F[rh wy] [I17¢] dSmdt:iE-(rh)
0 Ja 0 see’e ’ j=1 Y

where
=5 [ 3 [ mnl el asear,
ocE’?
1 [ [l ninamrel asea
ocE’?
3(7h) / he [rn] [Hre] dSzdt,
ocE’°
Ey(rn) = / / TR - (Vm — V+IIp (HT¢)) dz dt,
0 JQ
are the error terms to be estimated. Again, 7}, is either g, or gpu;p, 1 =1,...,d.

e Firstly, for the error term E; we can write

/ -l [r] [Ty 6] dSa dt = / @iz [ral [T7] dSa

iR iR

e
g
>

where we have used the integration by parts formula (2.10b), the product rule

/ hil im0 0P ¢ da dt

=1 oc0€&;

/ hiry o) (]uzhlﬁg HT¢>) do dt

i= lKET
i=1 KeT

(Al )
2

q1 + g2
2

Tog2 — T1q1 = (@2 —q1) + (rg —mr1).

11

> [ ruh (HTrumrst< Tr) + (6%91%)HT<6‘;>HT¢>) dadt,

(4.3a)

(4.3b)



2 . . .
Further, employing the inequality (%%)” < ¢ +b twice, we claim || S| ;2. Similarly,

we claim HéT ui’hHLQ ~ H65 ui’hHB as (55—)%,}1) = Iy (5( )uz h)K. Then applying Hoélder’s inequality,
interpolation error estimates (2.12), (2.14), the velocity estimates (3.5d), (3.5f), the fact |Ozu;| > 0z|u;|, and
noticing A,(f)r = 5%1-)5(52)7‘, we derive

ézd:hi </OT;/KT%<>

=1

S [ ruchs(1trimr| 0 01 ) + (a5

(
(I

s+ 00, [

wir) HT<6§?HT¢>> dz dt

/Hﬂuzh ) HA HT¢HLooLoo

1/2
> [ (o)) Juranral,.,.
o)

KeT

KeT

d
- A
S lrnlege ([[aimir]
i=1

<
~ hlrall g2 pe (AT Ol oo poo (Ul 22 + IVET @ foo oo [[Veun[ 2 p2)
<
~ bl a2 -

Consequently, applying the density estimate (3.6a), and the momentum estimate (3.6b) indicates

€+ 2

< pB -1 _

> 0, provided € < 2(y — 1),

for r, being oy, or opu;p, 1 =1,...,d.
e Secondly, we deal with the error term Fs. In accordance with (2.11), we have

2 () hZ/\[[uh]] n[r] |dSz dt.

el

For rp, being gy, we further write

Ey(on) ~h (/TZ/U[[uh]]? dedt) - (/:;/U [on]* dSz dt> -
< b/ ( / 3 /U o dSmdt) /2

cel

_ e+2
SRRV gl pape S B8, B = 3 >0 (v —1).

Here we have used Holder’s inequality, (3.5d), (3.6a), and the fact | [on] | < 205.

For ry, being opu; p, we get

(onun) / | [un] - nl |[ox] 7 + [un] 27| dSw dt := T} + .
ocEV9

To control the residual term 77 we apply Holder’s inequality, (3.5a), (3.5g), inverse estimate (2.15) and the
inequality | [on] | < 205 to obtain

T S h / | [us] - nlgR{o] Sz dt
oceEV 9
. 2 ;o5 1/2
Sh </ Z/Qh[[uh]]Q dS:z:) (/ Z/ghuh]QdS:E>
0 seg’o 0 see’o
< -9

12



Further, applying (3.5g) we can control the residual term 75 as
T — h/ Z/ | [un] - 1| [un] |27 dSz dt S h1-<.
oce€
Therefore, we claim that provided e < 2(y — 1) we have
By(rp) ShP, 8>0
for r, being oy, or opuip, 1 =1,...,d.

e Next, we consider the error term FE3. Analogously as above, the integration by parts formula (2.10a),
Holder’s inequality, and the interpolation error (2.14) yield

/65‘7

S gl pap (6l ez + R llllca) S T Irnll g -

T
[rn] [r¢] dSz dt = —h=+? / / AR r¢ dz dt
0 Q

Using the estimates (3.5b) and (3.5¢) we can conclude for rj, being g or gpu;p, @ =1,...,d, that

Es(ry) S hT

e Finally, using the estimates of kinetic energy (3.5a) and momentum (3.5¢) together with the interpolation
error (2.13) we obtain for 7, being gp, or opu;p, ¢ = 1,...,d that

T
Eq(rs) :/0 /thuh‘ (Voo — Vilp (7)) dzdt S hl|lles raunllpip S hllrnapll e S b

Consequently, we conclude the consistency formulation of the convective terms in both equations (2.3a) and
(2.3b), by collecting the above estimates of the four terms Fj;, j =1,...,4,

/ ontt - Vg dr — > / [on, up] [TI7¢] dSz < A, (4.4a)
el
/ opup @uy, : Vepda — Z / Flopup, up] [lI7¢] dSz < ho, (4.4b)
oce€

for some f31, B2 > 0 provided € < min{1,2(y —1)}.

Step 3 — viscosity terms:
In accordance with (2.12) and (3.5d) we can control the viscosity terms. Indeed, we have

/ /Vguh v (j)da;dt—/ Z/U[uh]] [IIr¢] dSz dt

(4.5a)
= / /QV5Uh (Vo = Vellrg) dzdt S [[Veup|[ 22 @l c2 S b,
0
and for the divergence term we get
T T
/ /divhuh divy, (H7—¢) dz —/ /divhuh div,¢ dx dt
0 Q 0 Q (4.5b)

T
_ / / divyuy, (divh (I ¢) — divm) dadt < ||divaup|| g2 b |l ee < b
0 Q

by using (3.5¢) and (2.13).

13



Step 4 — pressure term:
The pressure term can be controlled by using the integration by parts formula (2.9), the interpolation error
(2.13), and the estimate (3.5b), i.e

ocEV?
/ E /O'HT¢ n [pp] dS:rdt—/ E / prdive ¢ dx dt

o€ KeT (4.6)
/ > opk Y /H7-¢ ndSzdt — / / prdivyé dz dt
KeT  oe&(K) 0 KeT
/ / pr (divy (Il7@) — dive@) dzdt S [[ppll pee s hll@llce S
0 KeT
Collecting the inequalities (4.3)—(4.6) we complete the proof of Theorem 4.1. O

5 Convergence

In this section, we show the main result, the convergence of the numerical solution to the strong solution
of the system (1.1) on the lifespan of the latter. To this end we start by introducing the concept of
the dissipative measure-valued (DMV) solutions to (1.1). The interested reader may consult [11] for the
discussion about the concept of DMV solutions and the DMV—strong uniqueness principle that will be used
later in this section.

Definition 5.1 (DMV solution). We say that a parametrized family of probability measures { Vi x } (¢, 2)e(0,7) x>

Vi € Lot (0.7) x % P(Q). Q= {le.u] | 0 € [0,00), we R},

is a dissipative measure-valued (DMYV) solution of the Navier—Stokes system in (0,7") x €2, with the initial
condition Vp , € P(Q) and dissipative defect D € L>(0,T), D > 0, if the following holds:

[ /| <Vt,x39>¢(t,.)dx]:; = [ [ 1000+ Vi ) - ot

for any 0 <7 < T and ¢ € C*([0,T] x Q);

[ oot e : = [ [V 006 + Dissou o u+ plolD) s V.l

_/OT/QS(vggu):Vx¢dxdt+/0T<rM;Vx¢> de

for any 0 < 7 < T and ¢ € C}([0,T] x Q; RY), where
W= Vigsu), ue L20,T; Wh2(Q; RY),

S(Vau) = p(Veu + Viu) + Adivgul, and ™ € L0, T; M(Q));

1 t=1 T
[/ Vh.os = ou® + H(0)) dx} —i—/ / S(Vzu) : Vyudedt +D(1) <0,
Q 2 =0 Jo Ja
for a.a. 0 < 7 < T. The dissipation defect D dominates the concentration measure ", specifically,

[(r(7);0)]| £ E(TD(7) 19l ¢ » for some € € L1(0,T).
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5.1 Convergence to dissipative measure-valued solution

In this subsection, we show that any Young measure generated by a family of numerical solutions is a DMV
solution in the sense of Definition in 5.1.

Theorem 5.2. Let {(Qﬁ,uﬁ)}é\gl be a family of solutions that satisfy the energy stability (3.3) and the
consistency formulation (4.1)~(4.2), with At ~h, 1 <y <2, 0<¢e <min{l,2(y— 1)}, and the initial data
satisfying

00 € LV(Q), 00 >0, ug € L*(%; RY).

Then any Young measure {Vt7m}(t7x)e(07T)><Q generated by (Q],?L, u’fL) for h — 0 represents a dissipative measure-
valued solution of the Navier—Stokes system (1.1) in the sense of Definition 5.1.

Proof. We may use the energy estimates (3.3) to deduce that, at least for suitable subsequences,
on — ¢ weakly-(*) in L¥(0,T; L7(2)), ¢ >0
u;, — u weakly in L2((0,7) x Q; R%),
where u € L*(0, T; W2(Q)), Veuy — Vu weakly in L*((0,7T) x Q; R¥*?),
2
opup, — ou weakly-(*) in L*°(0,T; L“%l(Q; RY)).

where the superscript ‘~’ denotes the L'-weak limit.
Note that, the limit functions satisfy the equation of continuity in the form

T
—/ 006(0, ) dz :/ / 00+ 3 - Vo] dadt, for all ¢ € C2([0,00) x ),
Q 0 Q

which can be further rewritten as

UQ Qéb(t,.)dgg} : Z/(]T/Q[gatcﬁﬁ"vm] Ao dt (5.1)

for any 0 <7 < T and any ¢ € C*([0,T] x Q).
In accordance with the weak convergence statement derived in the preceding part, the family [op, up]
generates a Young measure - a parameterized measure [2, 28]

Via € L®((0,T) x ;P([0,00) x RY)) for a.e. (t,z) € (0,T) x Q, with Voz = 60 (2)u0(x))-

such that

P

Viw, 9(0,0)) = g(o,u)(t, z) for a.e. (t,z) € (0,T) x &,
for any g € C([0,00) x R?) such that

—_~—

g(on,up) — g(o,u) weakly in L'((0,T) x €).

Accordingly, the equation of continuity (5.1) can be written as

Uﬂ Qqﬁ(t,.)dx} : _ /OT/Q[Q@QH Vi, o) - Vo] da dt (5.2)

For the consistency formulation of the momentum equation (4.2), we apply a similar treatment. Whence
letting h — 0 in (4.2) gives rise to

t=r1 T
[/ (Viw; ou) - #(t,-) dﬂf} = / / [<Vt,x§ ou) - 01 + Vigiou®@u+ p(o)l) : Vm} dz dt
Q t=0 0 JQ (5.3)
— / / [/qu : Ve + (1 + Ndivyu - divxqﬁ} dxdt +/ / M Voo dadt
0 JQ 0 JQ
for any 0 < 7 < T, ¢ € C°([0,T] x Q; R?) where the concentration remainder reads

™ = {ou®u+p(o)I} — (Viziou®@u+ p(o)l) € [L>(0,T; M(Q))]x,
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Similarly, the energy inequality (3.3) can be written as

1 t=1 T .
UQQ<vt,x;g|u|2+H(g)> dx]t0+/0 /Q(,LL|qu|2+(u+)\)d1qu]2) dedt D) <0 (5.4)

for a.e. 7 € [0,T], with the dissipation defect D satisfying

/ 1M s dtg/ D(t) dt, D() Zliminf/ IV eun 2 dt—/ /]qu\Qda; a,  (55)
0 0 h=0 " Jo o Ja

cf. [11, Lemma 2.1].

Collecting (5.2)—(5.5) implies that the Young measure {V; + }; zc(0,7)xq represents a dissipative measure-
valued solution of the Navier—Stokes system (1.1) in the sense of Definition 5.1. Seeing that validity of (5.2)
and (5.3) can be extended to the class of test functions from C'([0,7] x ©; R?), we have proved Theorem
5.2. O

5.2 Convergence to strong solution

In the previous subsection, we have shown that the numerical solution generates the dissipative measure-
valued solution. We admit that the conclusion of Theorem 5.2 is rather weak, also due to the non-uniqueness
of Young measure. However, we may directly use the DMV-strong uniqueness principle established in [11,
Theorem 4.1] to obtain convergence to the strong solution as long as it exists.

Theorem 5.3 (Convergence to strong solution). In addition to the hypotheses of Theorem 5.2, suppose
that the Navier—Stokes system (1.1) endowed with the initial data (0o, ug) admits a regular solution (o,u)
belonging to the class

0, Va0, u,Vou € C([0,T] x Q), du € L2 (O,T; C; Rd)) L 0>0.

Then
on — o (strongly) in LY ((0,T) x Q), u, — u (strongly) in L? ((O,T) X Q;Rd) .

Indeed, the DMV—strong uniqueness implies that the Young measure generated by the family of numerical
solutions coincides at a.a. point (¢, x) with the Dirac mass supported by the smooth solution of the problem.
In particular, the numerical solutions converge strongly and no oscillations occur.

Remark 5.4. We have constructed solution on a space-periodic domain 2. When considering a polyhedral
domain, the existence of smooth solutions remains open and may be a delicate task. To avoid this problem,
one has to approximate a smooth domain by a family of polyhedral domains analogously as in [13]. Note,
however, this problem does not occur in the case of periodic domain.

If, in addition, we assume the density is uniformly bounded, meaning independently of the numerical
step, the results of Theorems 5.2 and 5.3 remain valid on an unstructured grid as well. Indeed, the only
difference of the proof would be in showing the consistency of the convective terms in (4.4). The estimate
of the error terms F1(gp) and Ei(epup) could be done without the discrete integration by parts thanks
to L*°—bound on the density. Another way would be to introduce new discrete operators 5((;)7%, 5?%@
between the dual and the unstructured primary grid, such that the discrete integration by parts holds.
Moreover, in view of the conditional regularity result [30], we obtain the unconditional convergence to the

strong solution since the DMV solution with bounded density is regular.

Theorem 5.5 (Convergence with bounded density ). Let d = 3. In addition to the hypotheses of Theorem
5.2, suppose that

e the initial data belong to the class

00 € WH(Q), ug € WH2(; R);

o bulk viscosity vanishes, meaning
2
A4 op=0;
gk
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llonll Lo 0,1y x) < €
uniformly for h — 0.

Then
on — o (strongly) in L9 ((0,T) x Q), ¢ > 1, u, — u (strongly) in L* ((O,T) X Q;Rd) ,

(0,u) is the strong solution to the Navier—Stokes system (1.1) with the initial data (0o, up).

The condition on vanishing bulk viscosity is technical and we refer to [30] for the discussion of its
necessity. We point out that Theorem 5.5 guarantees unconditional convergence of the scheme without
the a priori hypothesis of the existence of smooth solution. In other words, uniform boundedness of the
numerical densities implies the existence of global smooth solution as long as the initial data are sufficiently
regular. It is also worth noting that boundedness of the numerical densities is still a considerably weaker
assumptions than the hypothesis made by Jovanovié [23].

6 Numerical experiment

In this section we show the numerical performance of scheme (2.3) in two space dimensions. Note that
scheme (2.3) is nonlinear, thus we solve it numerically by a fix-point iteration. For each sub-iteration, we
set the time step as At = CFLm, where CFL = 0.3, ¢ = \/7p/p. We set the viscosity coefficients
i = A = 0.01 and the adiabatic coefficient v = 1.4 in all experiments. Moreover, we choose the artificial

diffusion € = 0.6 which satisfies the assumption of 0 < ¢ < min{1,2(y —1)}.

Experiment 1. First we validate the accuracy of the scheme by a smooth solution

sin(27t) ~ sin(2mt) )T
(2r(z+y)) cos(2m(x+y))

pref = cos(2m(x +Y)), Upef = (cos

We compute the relative error ey, for ¢ € {o,u, Vu} in the corresponding norms, and the experimental
order of convergence (EOC), where

— ||¢h - (Z)TefH EOC — 10g2 6¢2h
" [ Gre Con

and ¢,y denotes the reference solution. From the numerical results, we observe the first order of convergence
of the scheme, see Table 1.

Table 1: Numerical convergence for Experiment 1.

b [ llevaal 2z | BOC [ Tleull e [ BOC | eal o | BOC [ llegl sy | BOC
1/32 4.21e-02 — 3.43e-03 — 1.24e-03 — 4.28e-02 —
1/64 1.78e-02 1.24 1.39e-03 1.30 4.95e-04 1.32 1.81e-02 1.24
1/128 7.75e-03 1.20 5.88e-04 1.24 2.04e-04 1.28 7.86e-03 1.21
1/256 .51e-03 1.14 2.59e-04 1.18 8.69e-05 1.23 3.50e-03 1.17

Experiment 2. In this experiment, we simulate the Gresho—vortex flow [5, 27, 21]. The initial state is
the vortex of radius o = 0.2 located at (0.5,0.5) with

2r/ro if0<r<ry/2,

00,x) =1, u(0,x)= ( g;?i ) ur(r)’ with  u,(r) =7 <¢ 2(1—r/ro) ifro/2 <r <,
' " 0 if r > 7o,

where 7 = /(x — 0.5)2 + (y — 0.5)2. We present the evolution of the flow in Figure 2 for the mesh size
h = 1/128. We can clearly recognize that the solution is in a good agreement with those presented in the
literature, see [21]. To further invest the numerical convergence, we present in Table 2 the errors for different
mesh parameters and the reference solution is computed at a fine mesh h = 1/1024. We observe again the
first order of convergence as expected.
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(a) density p (b) velocity component u; (c) velocity component ug

Figure 2: Time evolution of the Gresho—vortex: solution at ¢ = 0.01,0.05,0.1,0.15,0.2 from top to bottom,
solution of density and velocity components from left to right

Conclusion

We have studied a finite volume method for the multi-dimensional compressible isentropic Navier—Stokes
equations on regular quadrilateral mesh in a periodic domain. Due to the artificial diffusion in the numerical
flux function (2.1) we have slightly better a priori estimate for the discrete density. The solutions of the
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Table 2: Numerical convergence for Experiment 2.

h Hevxu”LQ(LQ) EOC HeuHLQ(LQ) EOC HeQH[A(Ll) EOC H%HLoo(m) EOC
1/32 7.98e-01 - 3.68e-02 - 3.90e-04 - 1.03e-02 -
1/64 4.42e-01 0.85 | 1.89e-02 | 0.96 | 2.16e-04 | 0.85 | 5.81e-03 | 0.83
1/128 2.17e-01 1.03 | 8.95e-03 | 1.07 | 1.06e-04 | 1.03 | 2.83e-03 1.04
1/256 9.43e-02 1.20 | 3.86e-03 | 1.21 | 4.72¢-05 | 1.17 | 1.25e-03 1.18

scheme were shown to exist while preserving the positivity of the discrete density. Moreover, we have shown
the stability of the scheme by deriving the unconditional balance of the discrete total energy in Theorem 3.3.
Furthermore, we have established the consistency formulation provided the artificial diffusion coefficient is
large enough, see Theorem 4.1. In addition, we have shown in Theorem 5.2 that the numerical solutions
of scheme (2.3) generate a DMV solution of the Navier-Stokes system (1.1). Finally, using the recent
result on the DMV-strong uniqueness principle and the conditional regularity result [30], we have proven
the convergence to the strong solution on its lifespan and uncondtional convergence to regular solution,
cf. Theorem 5.3 and Theorem 5.5, respectively. Numerical experiments are also presented to support the
theoretical results. To the best of our knowledge, this is the first rigorous result concerning convergence of
a finite volume method for the compressible isentropic Navier—Stokes equations in the multi-dimensional
setting.
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