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Abstract

Motivated by the work of Karper [27], we propose a numerical scheme to compressible Navier—Stokes system
in multi-spatial dimensions, based on finite differences. The backward Euler method is applied for the time dis-
cretization, while a staggered grid, with continuity and momentum equations on different grids, is used in space.
The existence of a solution to the implicit nonlinear scheme, strictly positivity of the numerical density, stability
and consistency of the method are proved. The theoretical part is complemented by computational results that are
performed in two spatial dimensions.
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1 Introduction

The compressible Navier—Stokes system as a set of balance laws for mass and momentum, describes the flow of isentropic
viscous gas, where the thermal effects are neglected. Let g, u be the density and velocity field, the governing equations
read

8tQ + leI(Qu) =0, (1)

0(ou) + divy(ou ® u) + Vyp(o) = div,S + f. (2)

Unlike the incompressible case, pressure in here is a function of density, assumed as

p(o) =a0”, a>0,v>1, (3)

where the important features of the pressure are its convexity and asymptotic behaviour. Discussions about weakening
this assumption can be found in [10]. For the consistency formulation, we need v > % for three-dimensional flow,
which covers the case of a monatomic gas.

For the sake of easing the computation, the viscous stress tensor is assumed to take the form S = uV, u, p > 0 is
the viscosity coefficient, and div,S = pA, u. We also omit the external forces, i.e. we set f = 0, bearing in mind that
including them would not bring any insurmountable difficulties.

The system is complemented with initial conditions

olt=0 = 00 > 0, uli—o = uo, (4)
and homogeneous Dirichlet boundary condition for velocity
11‘39 = O, (5)

where Q C R is assumed to be a bounded Lipschitz domain, for space dimension d = 2 or 3. The time interval is
[0, 7], without any assumptions on its size. More over, we expect the regularity gy € L7(€2), ug € W, ().

The existence of strong solutions to (1-5) for sufficiently smooth initial data was proved in [37], however only
for a possibly small time interval [0,7*). Therefore, it was welcome, when the unconditional existence of weak
solution was proved by Lions [32] and further developed in [18]. However, the existence result still requires vy > %,
which does not cover the case of a diatomic gas. There are results on full system describing compressible flow, i.e.
considering also the balance law of energy. Numerical schemes can be found in the framework of finite difference, finite
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volume, finite element, discontinuous Galerkin, gas kinetic BGK or mixtures of them. Representative examples are
[31, 24, 3, 30, 6, 29, 35, 36, 38]. While considering the isentropic case, L2-stable scheme has been studied in [1, 19],
where upwind and pressure projection are the main technique. All speed asymptotic-preserving scheme can be found
in [25] especially for low Mach number limit. Error estimates for the isentropic case was studied in [12, 23, 33].
The convergence of the compressible Navier-Stokes to its incompressible limit was numerically measured by a relative
entropy at low Mach regime in [17]. Recently, Gallouét et al. proposed a MAC scheme similar to ours, for which they
prove convergence results for (semi)stationary flows [20, 22], and error estimates for compressible Navier—Stokes [21].

Concerning the convergence of the numerical methods, to our best knowledge there is only one result in [27],
where the scheme is based on finite element combined with discontinuous Galerkin method and uses also upwind
fluz. For linear problems, stability and consistency is enough to ensure convergence.In [27], Karper mimicked the
proof of existence of weak solution for compressible Navier—Stokes system by Lions [32] and then showed for vanishing
discretization parameter the convergence of the numerical solution, up to a subsequence, to a weak solution. This
work had been further extended for smooth domains using non-fitted mesh [15] and to a heat conducting case [13, 14].

The scheme in [27] did not obtain a grateful acceptance, being labeled as too academic within the computational
community. Therefore, an effort to prove convergence of a simpler numerical scheme motivated our result. In [28],
Karper suggests a finite difference scheme for one dimensional compressible Navier—Stokes and shows its convergence.
Moreover, it is suggested there to extend the result to multi-dimension, which we bring in this paper. Our result can
be viewed as a starting point for two possible directions. One of them is continuation in the spirit of [27] in order to
prove convergence of the (subsequence of) numerical solution to a weak solution. The other direction could be proving
a convergence to measure-valued solution, which, in a suitable setting, coincides with a strong solution on its (possibly
short) life span, see [11, 16].

In this paper we present the theoretical results of stability and consistency followed by numerical experiments.
The paper is organized as follows. We explain the detailed scheme in Section 2. Then comes the proofs of positivity
preserving of density, existence of the solution at any time level, energy stability and derivation of uniform estimates
in Section 3, the consistency formulation in Section 4 and finally, numerical tests of the method in Section 5.

2 The numerical method

2.1 Time discretization

We discretize the time step equidistantly using At (T = N;At) and define function only at these time instants
f¥:= f(kAt). The time derivative is approximated by the backward Euler method,

fn _ fnfl

O =g n=12... N,

2.2 Spatial grids
2.2.1 Primary and dual grids

For convenience, the domain in our problem is set as Qr = I x Q = [0,T] x (0, L;)*. A staggered grid is used in our
spatial discretization. The domain 2 is uniformly discretized with mesh size h = L, /N,, i.e. Q :=|JQk where the
element Qg is given by

Qx = ((i = D)h;ih) x (( — D)h;jh) x ((k — 1)h; kh), Vi, j, k € {1,..., N},

for example in three dimensions. The primary grid 7 is built by the centers K of these elements. Boundary of each
element @ is created by faces F,,, whose centers ¢ build the secondary grid &£, cf. Figure 1 which depicts the simpler
two-dimensional case. Points o € £ belonging to 9 form Eeyy, while &y = €\ Eext- We denote E(K) as the set of
points that are at the center of the faces of element Qf,

E(K) = {UK:I:;LeS,KE'T,sl,...,d},

where e; is a unit basis vector in one of the space directions (i.e. either e, ey or e3). Note that o is linked with the
direction of its normal vector e,, we denote it also as

h
o,st=K =+ §es.

On the other hand, any o € &,; adjacent to the elements K and L € N(K) of the primary mesh, where N (K) is the
collection neighbouring elements of K, we write 0 = K|L if L = K + he, for some s =1,...,d.
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Figure 1: Space discretization: Blue circles o and red crosses x are the points of primary mesh and dual mesh,
respectively.

2.2.2 Transferring quantities between grids

For any quantity f; defined on the primary mesh 7 we denote its value at K as fx. It can be interpolated to the
dual one for 0 = K|L € &y with

{f}s = %(fK + fr).

Mainly vector quantities are defined on dual grid. We define only the s-th component g of vector quantity g on
each face o € &, if e, is the normal vector to the face F,,. Then the projection to the primary grid reads

d

S (hes + 95 ) e (6)

s=1

gk =

| —

2.2.3 Extending discrete quantities

We will compute numerical solutions using decreasing discretization parameter and investigate the weak limit of the
numerical solutions, considering these being LP functions. For this purpose we interpret discrete quantities defined in
primary mesh 7 as piecewise constant functions with respect to this mesh, defined by

frn(x) = fk, for x € Qk.

We denote the space of piecewise constant functions with respect to the grid T by

X(T)={f € L=(Q); flx = [x € R}.
Discrete vector quantity defined component-wise on dual mesh (g2) can be also identified with piecewise constants,
which is

h
gli<x - 585) = gcsr,sfv for x € QK~ (7)

for all o € £. Note that the s-th component of g is constant in the neighbourhood @, of ¢, which is the center of the
face F,. The space of such functions is denoted by X (€)%, we also define

X(Em)? = {g€ X(&)%gle... =0} .

To indicate the mesh-dependence of these functions, here and hereafter we equip them with subscript h. This subscript
will be omitted any time where values at particular points of the mesh are considered. Then, for all f, € X(7),
gh € X (Ent)? we have

S = /Q fade, B0 gle, = /Q g dr. (8)

KeT oE€Eins

Besides the piecewise constant extension g, € X (Eim)d, we will need also an extension to the space of functions
with piecewise constant first order derivatives, i.e. piecewise linears with respect to primary cells,



809 =3 ((00r =020 (5= |52]) +050) e forx= (@1 ..i20) € Qi

S=
where |:| is the floor rounding operator. The values of discrete quantities outside €2 that we use, will be extrapolated
according to the boundary conditions, see Section 2.5.

2.2.4 Projection of continuous quantities to the grid

We will also need to project smooth quantities to our grids. We define the projection operators IT¥ : L1(Q) — X (7))
and II7 : Wol’l(Q;Rd) — X (Eing)?* with
€ s
a1 /F v® dS;.

Note that v € (WH1(Q))? is the minimal requlrement so that v has bounded traces and the projection II” is well
defined. The zero trace at 92 guarantees that IIPv|, = 0 for o € Euxt.
The projection to the primary grid satisfies

1

=ja J, #dn ([V)o=

(I17¢)x

P = X
S ¢)K—/§2¢d , (9)

KeT

and using Taylor expansion and (7), one can derive the following estimates,
TP ¢ — Bl o) < BV Lo, TPV = v Loy < BIVV]|Le@)- (10)

2.3 Standard Difference Operators
2.3.1 Definitions

In this paper we use two basic difference operators

@150 == por e x(7), a

(039%)ic = 2550 for g € X ()" (12)

A property worth noticing is that the discrete derivatives and therefore also all first order differential operators
can be viewed as mappings between the grids. The mixed derivative is defined as

Irong —Y5eoin
(Oh9" )i+ porite, = Ftor IS for gy € X (Eine)” and every K € T (13)

Notice that (13) can cover (12) if r = s and K + Ze, + Ze, € Q.
We can naturally define the discrete divergence operator with

(divpg)k

||M&

and Laplace operators by

d

: S 1 1 S S

(A = ([divid* flic = 75 > (fr=fr)  (Bng’)e = 35 Z e, =205 + Gite,)-
LeN(K) r=1

2.3.2 Calculus for the discrete operators

From the definition of differential operators one deduces the following two properties that are a discrete counterpart
of the integration by parts.

Lemma 2.1. Let f, € X(T),gn € X (Ent)?, vi € X (Eine)?. Then

Z (divig)x fx = — Z 9507 f)e- (14)

KeT g€Eint
d 1 d 2
- Z (Ahvs)ag; = Z Z ((6295)1((82 K+ EZ 8hg K+ es+(— 1)7~7e (ah )K—&-ges—&-(—l)igeT)' (15)
o€Eint KeT s=1 ;1 i=1



The proof can be found in the Appendix A. Taking vy = g in (15) we obtain

d d
LS G s = 5 [ 0r+ L Z(\a Bevnarino HlOh e v ) | = D0 S 1050

o0€Eint KeT s=1 # KeT s=1r=1
r#s

(16)
2.3.3 Inverse estimates

Inverse estimate is a typical powerful tool for obtaining compactness result for a sequence of numerical solutions. We
introduce its analogue for our finite difference setting in the following two lemmas.

Lemma 2.2. Let f, € X(T) and g, € X(Emg)?. Then we have

105 fll ey < e fll e ), [divig|l ey < c()h |8l e (@)

with a positive constant c¢(p), independent of h.

Proof. We observe, by virtue of the generalized triangle inequality, that

W@ Do =P Y fu = fxP < e D | fxl,

o€Eint €&t KeT
Wy 1divig) kP =P Y g5 oy = g5. 1P < c@h? Y g3l
KeT KeT o€Eint
Using (8) concludes the proof. O

Lemma 2.3. Letp>q>1 and fr € X(T),8n € X(Ene)®. Then we have the estimate

1_1
1oy < e, )RS~ DN lpay, lgllzr@ < e )h™ ™ |1gllLo)-

Proof. We show the proof for f € X(T) only, leaving the other part to the kind reader. By definition, Hf||IL’p(K) =

h| fx|P, which implies || f||rr(r) = G )Hf||Lq(K Then from the inequality

q
/Sm11<S+1, S>0,m>1,  setting S = Cbiq,m:l”,
q

we deduce /AP + BP < /A4 + B4 and using induction also (/ Z af < </ Z a?, which implies

1 llr) = of S I k) < clp. )™~ «anm(m . ™D N 40y = 0, )R E D | aey-
KeT KeT KeT

O

Remark 1. Analogously one would show that for any quantity f that is piecewise constant in time with respect to
At-equidistant discretization of [0,T] and any p > q > 1 it holds that

11
Il fllze o,y S (A1) q)”f”Lq(O,T)a (17)

2.4 Upwind discretization and upwind derivative

The ‘upwinding’ or ‘upstreaming’ is a method vastly used in finite volume schemes for discretizing flow quantities.
For its locally conservative properties (see [9, Section 1.1]), it appears useful in wider set of methods. First, we set

J* =max{0,f}, f~ =min{0, f}. Then, we can write f = f* + =, f*=L(f+[f]) and = = 1(f — |f]).
Let u;, € X (&) and 0 = K|L,L = K + hes,s = 1,...,d. Then we define the upwind flux of the quantity
f € X(T) with respect to velocity u by

Uplf,uls = fre(ug) ™ + fr(ug)™,

and the upwind discrete derivative and the upwind divergence with

d
0Py = 2ot O Mo i e = S 0l

s=1

The following lemma is then a simple corollary of Lemma 2.1.



Lemma 2.4. Let fr, € X(T),vy = [v',-- 0¥ € X(Ene)?, then Z divup[f, vl = 0.
KeT

The next lemma shows the difference between upwinding and averaging. It can be obtained by direct calculation.

Lemma 2.5. Let f € X(T),v = [v},v%, 03] € X(Ene)?. Then,
h
Uplf,vle = {f}s(v*) — §|U§|(aif)a

2.5 The Method

We introduce the following implicit scheme,

Oy, 0% + divup[e™, u" gk — h*(Ane™)k =0, (18)
d
05, ({ot}o)" + {divup[e™a™, u"l}, + (95p(e™)) €5 — m(Anu™)y — h* > {0 ({u"}050") }, =0, (19)

r=1

forall K € T,0 € &y and n = {1,..., N;}, with initial values

ok =100, e =1 u. (20)
and boundary conditions
uy =0, (n-Vpp")e =0, for 0 € Eeyi,n=0,... Ny, (21)
To be more specific, the boundary conditions are implemented as Po—te, = Poyhe, AU  hg hg = Uy hg 1he

for any o € Exxt and r # s.
The way of projecting the initial velocity is motivated by the fact that nothing like (9) holds true for II” and also
that we do not need the initial velocity on the faces o € £.

Remark 2. There is no boundary condition for density on the continuous level. However we need to equip the scheme
with the no flux boundary condition for the density due to the additional artificial diffusion term in the scheme, which
regularizes the continuity equation.

3 Existence, stability and energy estimates

We start with showing the stability of the numerical method and deriving energy estimates. Prior to that we introduce
two auxiliary results.

3.1 Renormalized continuity equation

Under certain regularity assumptions, density and velocity that satisfy continuity equation are known to satisfy its
renormalized form (see DiPerna, Lions [5] or [10, Proposition 4.2]). Here we introduce its discrete counterpart.

Lemma 3.1. Let (on,uy) satisfy the discrete continuity equation (18). Then for any B € C*(R), (on,up,) satisfy the
discrete renormalized equation,

1 Y (OhB(ek) + (B(af)okc — Blaf))(diven )i + Pic ) = (22)
KeT
where
BH(Q”I]() n |2 1 a o s + 1 Mk S 2 «@ s — 10 Mk S 2
Prc = M= o+ 23 (0 + s 2)B (02 )@ 0)os | + (0 = s, D) B (62D 0o 2) . (23)

s=1
The intermediate values o}, QZ::i are from the Lagrangian remainders of Taylor expansions.

Proof. We multiply (18) with B’(¢’) and handle the uprising terms.
Step 1. Using the Taylor expansion for the discrete time derivative of B(o%) we get

n B O - B ‘Qnil n n At n
o1 B(og) = PR "B g ot gp — BB (o) oheic

i.e. the time derivative term yields the first terms in both (22) and (23).




Step 2. We omit the time index n which is constant along the whole rest of the proof.
As divyplo, ulx = ijl(aﬁUp[g, u]) k., we will prove it for one component only, leaving the summation over s as
the very last step of the proof. Using the notation o,s— = J|K and o, s+ = K|L, we can write

B'(ox _ _
B (o) 03Uplo w)ie = 22 (gyeus 8+ orug, 5 — ous, it — oxcus, )

B(ox) 24
= T<QK(U§,3+ —ul )t ud o (or — ox) +ul t (ok — QJ))~
Taylor expansion gives
1
B(or) — Blox) = B'(ex) (oL — 0K) + §Bll(Q§,s+)(QL - 0k)’ -
25
1
B(ox) — B(os) = B'(ex)(ox — 01) — §B/I(Q;,s—)(QK - 0s)%,
which, having used the definition of discrete derivative, yields

1 / S 1 1" x 2

—B'(0x)(or — oK) = (0,B(0))o,s+ — 57 B" (05 s ) (0L — 0K)*,
" 2h (26)

EBI(QK)(QK —07) = (0;B(0))o,s— + %B”(Q;,sfx@l( —0s)*.

Substitution from (26) into (24) yields
B'(0x)0;Uplo,ulk = B'(ox)ox (95u’)k + ug (05 B(0))o,s+ + g L (97B(0))o,s—
1, 1, (27)
= o7 Youst B (05,54 )(0r — 0x)* + 57-us LB (05 s )(ox — 01).
The last two terms are a contribution to P, while the first three are rewritten as
B'(ox)ox (Ohu®) k +ug S (95B(0))o,s+ + g L (95 B(0))o,s-
= (B'(ex)ex — B(ok))(O5u”) i
B B B 28
P POy g | ¢ By Bl 2%)
ul b —us
o,s+ o,8—

= (B'(ex)ox — Blok)) (@5u)k + 9, P [B(0), ul k-

Let us substitute (28) to (27), sum over s and over K € 7. Thanks to Lemma 2.4 , we obtain (22).
Step 3. To conclude the proof we show that the artificial diffusion term will contribute to (23) only. By virtue of
(25), we get

— h*B'(0k)(Ano)xk = —h**B'(0k) ((or — o) — (0x — 0J))

[eY 1 a—=2nl( * 2 1 a—=2nl( * 2 (29)
=~ (AnBlo))k + Zh B (0.4 ) (o — 0k + Zhe B (05, ) (ox — 02
Summing (29) over s and over K € T, the first term on the right-hand side vanishes due to Neumann boundary
condition of the density, while the other two terms contribute to the pollution term (23). O

Note that Px > 0 provided B is convex.

Remark 3. One can weaken the assumptions on B in Lemma 3.1 and allow jumps of its second derivatives, paying
the price that all B"(§),& € (a,b) in (23) are replaced by some Bo(§) € co{B”(2), B (2)}, which are the one-sided
second derivatives of B at . Anyway, Prx > 0 as long as B is convex. The proof of such assertion remains the same
as in Lemma 3.1, with one exception. Instead of the standard Taylor’s Theorem one just uses its generalized version,
see [20].



3.2 Positivity of density

We show that the discrete density is positive. Motivated by Karper [27], we present a complete proof of the following
lemma. The lemma plays a role of an induction step, where the initial step is 0 < ¢% = h=% [ x 0odz for all K € T,
since gy > 0 by assumption.

Lemma 3.2. Suppose that o} € X(T) and u} € X (Ewe)? satisfy (18), where o) ' > 0 in Q. Then
QZ >0, in Q.

Proof. The proof is stated in two steps, and the first being its nonnegativity. We use the renormalized continuity
equation (22) with the one-parametric family of functions

By (2) = (—2)" for z < 0,
K o for z > 0,

for n > 1. Notice that every B, satisfies the weakened assumptions of Lemma 3.1 in the sense of Remark 3, i.e.
B, € C'(R) and B1’7’ is a continuous function, with an exception in the form of a jump discontinuity at 0, but since
B,, is convex, we have Px > 0. Moreover, n — 1% yields B, (z) — B(z) = max{—z,0} and

By (2)z = By(z) = (n = 1)(=2)" = 0, asn— 17, for z <0, (30)

while for z > 0 the convergence is satisfied trivially. Since by assumption 0% > 0, it remains to show the induction
step. Then (22) together with Px > 0 and B, (¢% ') = 0 for all K € T (since we assume g% ! > 0) yields

> Bylok) < —At Y (B (0k) ek — Bylok)) (diviu™)k. (31)
KeT KeT

Sending 7 — 17 in (31), one gets by virtue of (30) that

Z max{*g?{v 0} < 07

KeT

from which we conclude g% > 0 for any K € 7.
Next we show that the density is strictly positive. Choose K &€ T such that o} < o7} for all L € 7. Then we have

o — g’}{l = —Atdivyp[e”™, 0"k + Ath*(Ape™)

d
At .
> =53 (ehus, , — okus, + (e, — R)U5, + (0 — Ok ne,Just ) (32)

s=1

v

—Atok (divpu™) g > —Atok|(divpu™) k|,
where we have used the minimality of ¢ to estimate the last term on the first row and last two terms on the second

row from below with 0. Then, from (32) we get

1
1+ At|(divun) |

which concludes the proof. O

o7 > 0% > >0, for any L € T,

3.3 Energy estimates
For the upcoming energy estimates we will need to handle the convective term, where we use the following identity.
Lemma 3.3. For the convective term from (19), the following identity holds,

" |?
2

B divegla e = it Y Upla" e (4

KeT g€Eint

)UH\/, (33)

where N, the numerical diffusion term reads

hd+1
4

N = > [Uple", ulo|[(050"), .

0€Eint



Proof. We omit the time index n for the sake of brevity. Applying Lemma 2.1, the left hand side £ of (33) equals

[ — _pd Z Uplow, u, - (9510), := pd-1 Z L.

0€Eint 0€Eint
Considering ¢ = K|L, we can write
Lo =—(oxuguyt +orugul ™) - (ug — ug)
R L7 |17 S V7 Y L P | V7 1 o
:QKUZ+(2K+2K_UK'UL+2_2 +,QL’U/§ T_ 9 +ug -ur — B) — B
st ooy (0> Jurl? st oo a =g
= (QKUU +oLu, ) T - T + (QKUO' — O0LUg ) T
=12 2
u h _
—nla.ul, (035-) U iUplevals @
[eg
Summation over ¢ concludes the proof. O

Now we can deduce the following energy estimates on the numerical solution.

Theorem 3.4. Let (gn,up) be the numerical solution obtained through the scheme (18-20). For any time step
m=1,..., Ny the following stability estimate holds,

d nL‘ﬁTKn‘Q 1 m d - I Arsm|2 - m d 0 ‘ﬁ(l)(‘Q 1 0
ht >y (QK 9 +ﬁp(QK)) F ALY N NN Opus R+ Y N < AT Y (QKT‘f‘flp(QK))v

KeT n=1KeT r=1s=1 j=1 KeT

m d
1 s,n n,% s n « s,m \— n,% s n
Ny = A0S ST S 5 (0 R IR e P (0 = ) 0 ).

n=1KecT 2
m n—1
m 0 — \n
N O S I T
n=1KeT
m 1 - n n s=n
N} :AthdHZ; > [Up[o", u"]o||(950"), .

Proof. We take the scalar product of the discrete momentum equation (19) and h?(u®)"e,, sum over o € &y and
handle term by term.
Time difference term. We use the notation o = K|L and the definition of projection to primary grid (6) to get

h? _ _ _ _
o > Ohleuk +orur)"uy" e = k' Y7 ) (orcuix)" - uk. (35)
0EEint KeT

Convective term. Using the projection into primary grid (6), Lemma 3.3, summation by parts (14) and the

continuity equation (18), we can write

d' 3N n d' e n
Y vuple”d”, u }K; up|e"a”, ul (ut)res = b Y divyp[ema”, u"k - i

o€Eint KeT
_ —hd Z U [ n n] 98 ‘ﬁn|2 +N_ hd Z (dl [ n n]) ‘ﬁTIL(‘Q +N
= ple",u"s | 0h = = vuplo”, u"]) (36)
o€Eint o KeT
— —hd Z (a;leK)n|ﬁ7Il(|2 +hd+a Z (Ah.{)n)[('ﬁ?(b +N
2 2
KeT KeT

Pressure term. Using (14), one gets

W3 @Orp(e")ees - (w2 = —h? S plof) (divyu™) k.
o€Ent KeT



Then, we apply Lemma 3.1 with B(z) = ﬁp(z) to deduce

d
~h® " plof) (divyu™)x = % > @Ohplo)" + 51" (Pr)™ (37)

KeT KeT KeT

Viscosity term. Direct application of (16) gives

d

d
—h'p Z (Apu”)o - (u®)5es = ph? Z ZZW}?’”E( (38)

o0€Eint KeT s=1r=1

Additional term. Using (6) and summation by parts (14), we can write

d d
SR ST S G0}, (u e, =~k 3T S O ({87 }he") itk = RIS {5} (950" (D557,

0€E&int r=1 KeT r=1 o€Eint

Then, employing

=N S=n 1 =n =n =n =n |ﬁn|2_|ﬁn |2 s|ﬁn‘2
{u"}s - (Gpu )U:%(UL+UK)'(UL_UK):L27III{: ah? o
to the chain of equalities above and using (14) with the no-flux boundary condition for density (21), we obtain

| 2

d _ _
« T =N T n S\n «@ S |‘Ll’n|2 S N « n |un
SAED SO CACOLYRV T CE e S S INCTRREEELD BEWO P SCt)
0E€E e T=1 0€Eint g KeT
Final step. We observe the identity
S 12 o2\ S on—1p2
Oherure) g~ oo (KL ) —of (oL ) g =2 T (10)
Finally, we collect the right-hand sides of (35-39), employ (40), multiply by At and sum over time to obtain the
desired result. Notice that the artificial diffusion terms get canceled out. O

3.4 Existence of the numerical solution

As the numerical scheme (18-19) is implicit and nonlinear, the existence of its solution (i.e. of the quantities in the
next step) is not a priori known. We prove it in the upcoming section using Schaeffer’s fixed point theorem, see e.g.
[8, Theorem 9.2.4]. Note that nothing about the uniqueness of the solution is claimed.

Theorem 3.5 (Schaeffer’s fixed point theorem). Let S : Z — Z be a continuous mapping defined on a finite-
dimensional space Z and let the set

{z€Z,z=kS(z),k €[0,1]},
be nonempty and bounded. Then there exists z € Z such that
z=8(2).
Before stating the existence theorem, we prove an auxiliary lemma concerning the viscosity term.
Lemma 3.6. Let £ : X (Emg)? — X(En)? be a linear mapping given by
(L(V))o = (AnV),- (41)
Then its inverse operator L' is bounded with constant depending on the discretization parameter h.

Proof. Note that for fixed h X (En¢)? is a finite-dimensional space and thus all norms are equivalent. Therefore, we
aim at proving

I£V)|loo = c(h) >0, for all v = (v',v%,0) € X(Ent)% [V]|eo = 1. (42)

From ||v]|cc = 1 we have that |[vZ| =1 for some o € &yt Without loss of generality we may assume that v = —1.
And as v}, = 0 when o’ € &, there exist K, Ko € T such that

S, .S h h2 S, S h2
(aU)K'zZE:Liwv and (av)Klg_fxv

10



where K7, Ko differ only in the s-component and hN, = L,. Therefore, using the same argument as before, there
exists o € &y such that
(85U5)K2 — (asvs)Kl > %

L, - L2’

1(ARY)loo > [(0305v)5] >
which is (42) with ¢(h) = 2. O

Theorem 3.7. Let p(o) = ag” and o} ' € X(T), u}™' € X(Eme)? be given; o' > 0 for all K € T. Then the
numerical scheme (18-19) admits a solution
or € X(T), 0% >0 for all K € T,ull € X(Eme)®
Moreover, is satisfies the discrete conservation of mass
D k=) dic (43)
KeT KeT

Proof. We show the existence in two steps. We treat the continuity equation first.

Step 1. We claim, that for QZ_I given, the continuity scheme (18) provides a unique solution depending continu-
ously on the parameter u! € X (Eint)?.

In fact, for all K € T (18) builds a system of N, linear equations with N, unknowns, where N, denotes the number
of points in the primary mesh, where Q"I{l represents the (known) right-hand side and uj, is a parameter.

The associated homogeneous problem

0% + Atdivyp[o™, u"xk — At h*(Ape™)x =0, (44)

admits a unique solution and hence the trivial one. It is easy to verify that ¢} = 0 indeed solves (44). To show
uniqueness one uses the same procedure as in the proof of Lemma 3.2 to get

Z max{fg’}(, 0} S Oa
KeT

and hence g} =0 for all K € 7.
Therefore, for given QZ_l, the continuity scheme (18) supplies us with a unique solution g} = o}l (u}’), where the

mapping
uj, = oy (uj),

is continuous in X (g )?. Moreover, Lemma 3.2 gives o > 0. The discrete conservation of mass (43) can be obtained
by simple summation of the discrete continuity equation (18) over all K € T.
Step 2. We rewrite the momentum scheme (19) as follows,

w(Apu™)pe, = kF,(uf), o € &, (45)

where

{ n[un}ﬁn} 7{ nflﬁnfl} d
Folup) 1= — 15 mE IS 7 — {divop[o" [wpla" u"l}, — (Gip(e" (i) + b D {05 (0" 50" [uf]) o
r=1

Note that @"~! was determined in the previous step and @" is given by the initial conditions (20). We define
F = (Fo){oetn}y together with uj, =0 for 0" € Eoxt-

We are searching for uy being a fixed point of the mapping F o L7, with £ defined by (41). We verify the
assumptions of the Schaeffer’s fixed point theorem (Theorem 3.5). As F is clearly continuous and £7! is linear and
bounded, their composition is continuous in the finite dimensional space X (Eint)d. Any possible solution uﬁ,,C of (45)
is indeed a solution of the momentum scheme with the diffusion constant enlarged to £, i.e. the energy estimate (34),
with p replaced by yu/k, implies that F(uy; ) is bounded in X (Eint)?, independently of k. The boundedness of £~}
further implies that also

{up . € X(Em)?, uf,.=rFoL '(up,)}, (46)

is bounded independently of k. Note that the set in (46) is nonempty, as zero obviously solves (45) with k = 0.
O
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3.5 Uniform bounds

The convergence proof requires some compactness results which are usually gained through uniform bounds of ap-
proximate quantities. In sequel, the notation A < B means A < ¢B, where ¢ > 0 is a constant that does not depend
on the discretization parameter h. A ~ B means A < B and B < A.

The energy estimate (34) allows us to establish the following uniform bounds.

Proposition 3.8. Let (pn,un) be a numerical solution obtained through the scheme (18)-(20) and let the total initial
energy D be defined by

1 1
D= Zppu?+— dz. 47
/92901104'7_110(90) x (47)

Then

lonllLe@r)y S D, lplen)lleer@)y S D, IIVentnllpe(r2) < D- (48)
Note that the constant D depends solely on the initial data (gg, ug).

Proof. Due to the convexity of p(z), all the terms in the left hand side of (34) are non-negative, hence every single
one can be estimated by the right-hand side of (34).

Further, it is the definition of initial conditions to the numerical scheme (20), property (9) and the inequality
ool (@) < lloollL~ (o) that guarantee

hd
v—1

> vlek) < — [ plen)da

KeT

Then we apply the Jensen’s inequality on each cell twice to get also

WY olaf < D ok (/ |u0|2dI) <y hid/ / ooluol* dedy = > / 90\110|2d$:/90|u0|2d$-
K Qr K K QK Q

KeT KeT KeT

O

The reader can observe a slight abuse of notation, concerning the Bochner spaces. Since we have not defined the
extension of our discrete quantities to integrable functions in time, keep in mind that the equiintegrability of some vy,
in a Bochner space L?(0,T; X) should be understood as

N, G
(AtZ(H”"HX)q) <e,
n=1

which corresponds to the standard Bochner norm for the piecewise constant extension in time.
Using Holder inequality one deduces from (48) also

i < D. 49
||Qhuh||Lx<L%(Q;Rd)> S (49)

3.6 Discrete inequality of the Sobolev type and velocity estimates

Similarly to the continuous case, we would like to obtain information about better (equi)integrability of u. For this
purpose we introduce a version of the discrete Sobolev embedding theorem. Both the claim and its proof are inspired
by an analogous assertion from [2, Lemma 1]. Prior to that, we introduce the following auxiliary algebraic inequality.

Lemma 3.9. For any a,b € R and any p > 2 the following inequality holds,
[la"~"a — o["~*b] < £ (lal~" +1b"") a — b} (50)
Proof. Without loss of generality we can assume that a > b, then it holds, that
laP~ta — |bP~1b > 0. (51)
It can be shown through discussing the signs of a and b:
1. Let @ > 0,b > 0. Then the left-hand side of (51) equals a? — b? > b"~!(a — b) > 0.
2. Let a > 0,b < 0. Then a? — [b|P~1b > 0.

12



3. Let a < 0,b < 0. Then (—=b)[b|P~! — (—a)|a[P~t > |b|P~L(a — b) > 0.

Therefore, it remains to show that |a|P~'a — [bP~'b < E(|aP~" + [b|P~!)(a — b). We will use Taylor expansion of the
function f(x) := |z~ 1z, notice that f'(x) = p|lz|[P~! and f”(x) = p(p — 1)|z|P~3x is increasing.
Then

1
ot = lal" " a+ pla]” (@ — a) + 5" (C) (z — a)?,

52
p—1,, p—1 p—1 1 " 2 ( )
[P e = [bP70 + plblP™ (@ = b) + 5 F7(G) (z — )"
We take z = 3(a + b) and subtract the equations in (52) to obtain
_ _ _ _a—b a—b)?
= — P~ = plla =+ 6P 0+ (@) - e e (53)

As (4 > ¢ and f” is increasing, the last term on the right-hand side of (53) is negative which, together with (51),
recovers (50). O

Now we can prove the Sobolev-type inequality for discrete quantities.
Proposition 3.10. Let w = (w',--- ,w?) € X (Ene)?, then the following inequality holds

2
ki d
— e d=2 S
d s d ros2 . 2 y 4
h (}; |w,,|q> SHYDT D Ghur = [Vawall3 for{d:& .

g€Eint r=1s=1KeT

[17 )7
1,6].

Proof. We start with d =3, v € X (Ent)?, v]ga = 0, whose relation to w will be specified later. Any component v* of
v can be expressed, by virtue of the definition (13), as

vs(x) =h > (00" ki (), (54)
KeT
for any r = 1,...,d, where the characteristic function x%° equals one at = € o, for which K participates on creating

the value v, and zero otherwise. In particular, if r = s, we define

os 1 ifreQ,:(c—K)-es>0AN(c—K)-e,=0,Vpe{l,...,d s},
(@) = . v Hodbsd (55)
0 otherwise,
and for r # s
rs 1 freQ,:(60—K)-es=2AN(0-K)-e>0AN(6—K)-e,=0,pe{l,....d r, s},
0 otherwise.

We comment on the definitions (55-56), that since every x belongs to three distinct cubes Q,, we pick always the one,
whose face F, has the normal vector e, where s is indicated by the second item at the upper index of x77 and was
fixed at the beginning of the proof.

Integrating (54) over © and estimating the characteristic functions x%° from above yields

/ sl de < b 37 100 cht L < Bt S (0% k. (57)
Q KeT KeT

Further, denoting K = K + Ze, — Ze,, and K = K + Ze, — Ze,,, we can express

05 (@) = D (07 0s) geho () Y (0720) phx2 " (@) < <Z I(ﬁ”vs)Khxﬁé’s(I)> (Z (3T2vs);~¢|h><’}?’s(x)>

KeT KeT KeT KeT
with three mutually distinct indices r1, 79, s, where

(58)

(@) = 1 ifxEQU:(U—K)eS:% AN(o—K)-e,=0,pe{l,...,d}\ {ri,s}
o otherwise,

which is a dominating function to x’%°, independent of ;. In particular, X3}"*(x),X%2"*(z) depend only on (z,,,z5),

(zr,,xs), respectively. Thus we can compute

13



/ / V2 da,, d,,

< Z h)( am %) Kl/ =T1,8 (T, T5) A, Z h( 67‘2 s K|/ 72,8 (@, xs) Ay, (59)

KeT KeT
=1 Y100 ) gl D0 10720 gl (L e, (25))%,
KeT KeT

where we used the fact that after integrating with respect to z, ,,,, the functions X' (z), X" (x) leave their

projections to the line xs, which are in both cases equal to 1, _ he, (xs). Integrating (59) over the remaining variable
Tg, We get

/ |va|2dx—/ w32 < 10 S 100 0) |0 i - (60)

KeT

Having all the ingredients, we enter the main part of the proof. We start with the standard interpolation inequality
and substitute from (57) and (60) to obtain

o

1
2
3 1 9
[orll3 < llvRll? lvhll2 < A2 (E 070 D 10 Y |022vsk> : (61)

KeT KeT KeT
Using the AG-inequality ABC < 35(A + B + C)3, (61) becomes

o
(N
w

[N

d 2
lojl|2 <37 3(2 050 |k + D 10 i+ D 135 S|K> < h# (Z Za;v%) : (62)

KeT KeT KeT KeT r=1

Now we set v = |w;[>w; and apply Lemma 3.9 to (62), to get

d 3
2 Ar e *T
lwillf < (ShdZ 2 lazws|K{|wS|3}K> : (63)

r=1KeT

where {v°}37 is rather unusual interpolation. In particular,

1 1
{vs}}c{r — {2 (UK—&-%eS + UK+%es—er> + 2 (UK-&-%es + UK—&-%eS-i-er) for r 7é S,
Uktbhe, T Uk _be, forr =s.

However, all we care about is its estimate ), {[v°|}j <237
(63) remains

see,, [V°]. With that and Cauchy-Schwarz inequality,

s 6< 513 %
2
[wi 1§ [lwil?[l5 -

d 3
> 105w
r=1 2
i.e., after summation over all components
(10-% < 1T (3
lwille * < IVhwill3-

The proof for d = 2 follows the same step and is a bit simpler. We have

o5 (2)]* < <Z (0sz)Khx§?(x)> (Z (aivs)xhxiés(x)> : (64)

KeT KeT

where r = s € {1,2},7 # s and K = K + he, —
dominating function to x%°, with

Le,. We recall the definition of y};° (58) and introduce X3’ a

T ) = {1 ifreQs,:(c—K)-e,=0,pe{l,...,d}\{r,s},

0 otherwise.

Similarly as before, X72° () = X7’ (z5) and X%°(z) = X3 (z,). Therefore, the integration of (64) yields

/Q|vs(ac)|2dm <1 S @) Y (050 (65)

KeT KeT
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Then we set v = |w|* 1w, with w € X (&,1)? and A > 2. Substituting into (65) and applying Lemma 3.9 one gets

lw?(l2x S <h2 > Al P G > <h2 D Al MR Gk ) < M Pl 0hws |l 105wl (66)

KeT KeT

where we applied Holder’s inequality in the last step. Now we fix p with 2\ = p(A — 1) (and therefore p/(A 4+ 1) = 2X)
and divide both sides of (66) with the norm of w*® and apply the Young inequality to get

2
lw®llax S Y 105w® . (67)
r=1
The final step is the chain of inequalities build on (67) and standard Lebesgue embeddings
[w’llg S llw*llax S [Vaw®|| 22 S [[Vaw? |2,

asp’ = < 2 for any admissible .

A+1
O

Remark 4. To prove discrete Sobolev inequality we use the cross derivatives of the velocity, which are, in the finite
difference scheme, employed in a rather awkward way. It is interesting that in the three-dimensional case, thanks to
the interpolation (61), we do not need to use all 3 x 3 derivatives, but only 3 x 2, as we could alternatively use the
same derivative twice in the inequality in (61).

Due to the positivity of the density we can deduce from (34) that

IVrunllz2(z2(0)) < D- (68)
and using Proposition 3.10 we get also that
lunllz2pag) S D lnllz2rae) < D, (69)

with g € [1,6] for d =3 and ¢ € [1,00) for d = 2.

4 Consistency of the numerical method

One step towards the convergence to a weak solution is the consistency of numerical solutions, i.e. verifying that the
numerical solution satisfies the weak formulation of the problem up to a residual term R(op,uy) which satisfies

R(on,up) =0, ash—0.

In this section we formulate the results both for d = 2,d = 3. The difference in these cases occurs only in the inverse
estimates and the discrete Sobolev inequality (Proposition 3.10) and its consequences, mainly the velocity integrability
(69).

We want to emphasize that our result on consistency is not the only possibility. Our goal was to enable as large
set of admissible values for v as possible. Stronger assumptions on the integrability properties of test functions is the
price to pay.

4.1 Preliminary material for proving consistency

First, we show some useful estimates on projections and artificial diffusion terms in order to shorten the proofs of
consistency. First let us recall the estimates (10).

Lemma 4.1. Let ¢ € WHP(Q). Then

10s 17 8] o) S IVl Loy, 10T IIPV] Loy S VY e () (70)
ITPIIPv — vl o) S RIVV]Le@), (71)
MV, TPy — Vvl o) S PIVIVILe@)- (72)
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Proof. Estimates (70) are the direct consequences of the mean value theorem, with its double application in the latter
case,

((O°TT7¢)s| = h™ (L) — d(éx)| S [Vaol, with some Ex € Q&L € Qr,
(O TPTPv), | = h U v(Er) — V(€| < Vv, with some Ex € Qi &5 € Q.
Similarly, to get (71) we can write
(IPTIPv — v| < [IPTIPv — IPv| + [IPv — v| < h|VLIIPV| + h|V,v| < h|Vav].

To prove (72) we show using Taylor expansion that

(PP IP0") () — 90" ()] S B V30", (73)
where x € K. Let us denote L = K + hes, J = K — heg, then
1
(M op PP v () = o (@P1IPo"), — (MPIPv),) . (74)

Expressing the Taylor expansion of v" at each cell K gives

V(@) = o () + Vo (wxe) @ — xc) 5 (2 — ) TV () 2 — ),

where z g is its center. Further, as the affine function with zero mean belong to the kernel of the combined projection
PiPP .= TIPTIP, we have

V20" (€(x))(z — 2 )* dS, + /

For

(PP g = v" (z) + 47;2 </Fa V20" (E(x))(z — 7 )? de> . (75)

o
Combining (74) and (75), we can write
1

1
o (IPIPo"), — @PIPv") ) — 0% (z)| S ‘% (v"(zr) —v"(2)) — 00" ()| + h|VZ0"|. (76)
Further we use the Mean Value Theorem to express
0°v"(x) = 0°v" (k) + V.00 €k )(z — k), (77)

for x € K. The combination of (74, 76, 77) finally yields (73), which proves (72).

We introduce the following lemma that will simplify the treatment of the artificial viscosity term.

Lemma 4.2. Let g be obtained through the scheme (18-19) with v > 1. Then it holds that
h)\05onll L2 (0,7, L2(02)) < WP e(D),
with B = % + min{0,d(% — 1)} and D is defined by (47).

Proof. First let v > 2. We use the renormalized equation (22) with B(z) = z2. Thanks to the fact that Py > 0, we
obtain

T T
’”La//(ahé’h)2 S/dix—/ QQ(T)dCC-i-// lon*|diviun| dz S D? + 0wl (0.7, 4 ) 1diviunl| L2 0.7:22(9))
Q Q Q Q
0 0

(78)
where we used the Holder inequality and energy estimate (48). Applying the inverse estimate to the latter term in
(78), one gets

. 1 . d(v—4)
lonllfay S A OG0 lgy |7, S D2,

~

(79)
Combining (78)—(79)) together with the energy estimates (48) and (68), one gets

1 1

haHafsthHL?(L?) = h%||h%aZQhHL2(O,T,L2(Q)) < he/2pl/2 + h%—t—min{o,d(z—;)}D%.

For v € (1,2), one just uses one more inverse estimate to get |lon|ly S hd(%_%)HQhHW, but this term will be dominated
by hPc(D) for low values of h, anyway. O
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Let us write out explicitly the assumptions on a and - that ensure 5 > 0 in Lemma 4.2.

€(1,4), a>2%-1, €(1,4), a>%-3
B>0 if wehave d=2: 7€ (L4, a v oo d=3: 1" (L4), o Vo2 (80)
v >4, a>0, v >4, a>0.

The two following lemmas find their use in the proof of consistency of the momentum scheme.

Lemma 4.3. For any fr, € X(T), gn € X (Ene)?, v € W29(Q) we have

/ frdivyvdr = / fhdivh(va) dz, (81)
Q Q

Proof. The proof of both identities is based on the Divergence theorem and decomposition of the domain € to cells
Qxk, where fj, and (V,g) are constant. The chain of equalities

/fhdwxvdx_ Z fK/ divyvdz = Z fK/ v-nds,

KeT KeT  79Qk
=0y fKZ ( (I1Pv) oy — (IT v)gs_) =h" Y fr(divallv) = / fudivy (TTPv) dz,
KeT s=1 KeT
recovers (81). O

Next, let us define the extension for (aggS)K%esi%er for r # s and g € X (Ene)? to be piecewise constant in its
neighbourhood. In particular we define

h h
(4")(@) = (¢") i borsho. when x — 58 F 5er € Qr Nz €Q, (82)
with
=0hgi, or 4" = 049,04, (83)

where g € X (Ene)? and v € X (€)%
As a consequence of (82) we have also

1 1
d T,8 T, _ T,
h E (2(q )K+’2les+%er + 5((] S)K+gesge,.> = /Q(q s) de,

KeT

and thus also

d 1
h Z Z 7°) K+Z( K+ etk er+§(qr’s)x+ e.— er) /ZZq”dx (84)

KeT s=1 r=1 s=1
T;és

where ¢™* satisfies (83). The core of the argument is that all nonzero q}s are covered twice with one-half, beside the
border ones, whose intersection with 2 is of the size h9/2.

The extension (82) might be viewed as another mesh, and that is the reason why Gallouet at al. define it at
the beginning in [20]. We prefer to state it here at the only place where we use it. Notice that for r = s we have
05g° € X(T), for which the extension is defined in Section 2.2.3.

Lemma 4.4. Let g € X(Ene)? and v € W' (). Then it holds that

d 2
1 T S I
Z Z K (OIPv) K + 522(@;9 )K—&-%eﬁ-(—l)i%er(8hHDV)K+%es+(—1)i%eT
s=1 r=1i=
wer s (85)
d
/ZZ@ g;05v*(z) dz + R = /thh V.vde + R,
s=1r=1

where |R| < h|[Vagn 2| Vv]2-
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Proof. Let K := K + e, + (—1)'Le, for i € {1,2}, no matter whether r # s or not. If we extend v with zero outside
Q, we can express

1 1 1
r D s o s s
(0,(I1%v) )Kh[hd—l/m” Sy — - 3= 1/611 dSz], (86)
where o4 1= K + %er.
Similarly as in the proof of Lemma 4.1, we use Taylor theorem to express
1
v (1) = v*(0) + Vv (o) (z — o) + = V20 (z — o), (87)

2
for x € F,, Substituting (87) into (86) yields

(0" (MPv)*) g < %(vs(ﬁ) —v*(0=)) + h(|VZo* (o+)] + [V3v* (0 -))),

as the affine function with zero mean belongs to the kernel of the projection II”. Then we use the mean value theorem
twice to get for x € Qj (we apologize for an abuse of notation)

(0" (I7v)*) . — 00" ()
< %(vs(ﬁ) —v*(0-)) = Opv*(2) + h(|Viv* (04)| + [VZo* (o))
= 0,v°(€) = p*(2) + h(|VZv* (o) + | V3v* (0-)])
< V2V, 000° (€) + +h(|V3v* (o) + [V (0.

Now we have for any K

(Oh9 )0 (PV))c < Ohg*) ™" [ 0ot @)t~ [ V20 (a)]do. (889)
Qxk K
Finally we apply (84) to (88) and Cauchy-Schwarz inequality to obtain (85). O
4.2 Consistency of the continuity scheme

The weak formulation of the continuity method reads as follows.

Theorem 4.5 (Consistency formulation for the continuity). Let o,y be piecewise constant and piecewise affine
representations, respectively in space cmd piecewise constant in time, of the solution to the numerical scheme (18-19),

d(4—n) ‘
with the following parameters: v > a > max {TV’ 0}, i.e.

d+2’

(89)

Then for any ¢ € C*(Q) it holds that

/a QZqﬁdxf/ ol - Vopdr = h9 (ry,, Vad) + h%2(Qp, V26),

where 01,05 >0 and ||| 2o 7 1)) S L |Qullroripe )y S 1 for o = 325 and ¢’ = ;L5 satisfying
p=2
p= 22 p> 5676
d=2: q>TZ2 or d=3: - %y
qg>1 1= 7%
N qg>1

Proof. We multiply (18) with h?(II¥ ¢) - and sum over K € T. Then we handle the product term by term as following.
Time derivative. We use (9) to get

WS @Ghox)"(MF6) = 3 (Bhox)" /K o) de = / (B on)"é da.

KeT KeT Q
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Convective term. Using the definition of the projection and standard integration by parts we get

hE > divyp[e™, u"k (T7¢) k
KeT
_ / divup o}, ufj dz
Q
d h — —
> /Q Uplef w20
- _Z/{gh}u;”ahqsdHZ/ 5 lu”

where the equality on the last row follows from the application of Lemma 2.5. Further

)8,§¢dx =1 + Ry,

I = ,/Q{Q;:}ug Vhbdr = */QQZUZ V6 da 7/{1 (QZ(:B + %e;) —op(x)  oplx) — Qz(x - ges)> l - Vaéda
=: 15+ Rs.
Then, using standard integration by parts together with uy|go = 0, the identities
Orvp |k = Onr |k = 0°07 |k,

for any v = (v}, v%,0%) € X(Ene)? and div, i being constant on each cell, we get

I :/dlvh(ghuh Ypda = Z QK/ divpup ¢ = Z 0% odiv, 0y dz

KeT KeT Qr

Z ¢>dwx (opap) = / oy - Vo da.
Q

KeT

We need to show that the residual terms R;, Rs contribute to ry, Q. To see that, we perform summation by parts
to Ry, Ro to obtain

[Ry| + [Ro| < b ] JRICAZOr R
Q

<h [ 1VaaVaollehl o+ b [ fu0,9.6) ek do = R + R
Q Q

Using Holder inequality with exponents pi, ps, p, where p% + p% + % = 1, and using inverse estimates we can estimate
1Ry | = h/ Vi [Vl de S IV augllp, 0 1p: 1V bl S R IV nug 2]l 0f 14 V26, (90)
where 6; > 0 as long as p > m , which implies the restriction on 7 such that v > 2 5 d, see also Remark 5.
Similarly we deduce
0
1Ryl S ROl g, llen I IV 3¢l (91)
where § > 0 if ¢ > 1 and g > (q1+dqcllq1;)7 Y > q1+(f1q<{111—d7 q1 > 1. More specifically, the lower bounds read
6y . 27y . . .
d=3: q¢> with g1 =6, or d=2: ¢g=q(q1) > with ¢ arbitrarily large.
Tv—6 3y —2

We recall also the basic constraint v > 1 which is crucial for stability of the method.
Then, summing over time one gets

Ny

At Z(|R1| + Ry

n=1

) S W7 e(D)[|[Vaslly + hc(D)[[ V2,

after using the energy estimates (48), (69) and (68).
Artificial viscosity term. We perform integration by parts (14) to get
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RN (A" k(P g) e = hT > (Vio™)o (05117 ¢),,

KeT o€Eint

which can be further estimated using Holder inequality to obtain

B ST (Ang") e (MP6) i < h° ( / <ahez>2dm)2 ( / (ahnp¢>2dx)2 < 1 n} 2] V62 (92)

KeT

where we used Lemma 4.1 in the last inequality. Then the summation over time and Lemma 4.2 supply the estimate
hPc(D) as well as the lower bound on «, see (80). Moreover, p > 2 is required.

The existence of ry, Qp with properties stated in the Theorem is a consequence of appropriate boundedness of
terms on the right-hand sides of (90), (91), (92), the Riesz representation theorem and 6, = min{6, 8}. O

Remark 5. In the above computation, we can formally apply the inverse estimate to smooth functions as well. For
instance in (90), since p% + p% + % =1, we have

1 1 1 1 1 1 1 2 —2d 1
O<91:1+d<—)+d(—>:1+d(l —————— ):d(W—),
P 2 P2 2 v p 2dry D

which indicates
2dy 2d

erd) 21 "7 24a

4.3 Consistency of the momentum scheme

Theorem 4.6 (Consistency formulation for the momentum). Let (o}, u}) be piecewise constant representations of the
solution to numerical scheme (18-19) with At = h and the following parameters

d a4 - )
’Y>2,C¥>max{2ry,0}. (93)

Then for any v € C?(2)3, it holds that

/ Ot (ont)" - vda —/ opup @y : Vyvde — / p(or)div,vdz + ,u/ (Vpu) : Vyvde
Q Q Q

Q (94)
= h% (rp, Vov) + h2(Qp, V2v),
with ||rull L2070 (@) S 1 and |Qullpio,rpar (o) S 1, where p' =SB and ¢’ = L5 which satisfy:
p > 3, 6
> 53
d=2: D> %, or d=3: {p 2%,;3 (95)
q> %7 q> 4y—3"

Proof. We multiply momentum scheme (19) by h?IIPv and handle term by term. We would like to point out, that
the values of exponents 6; may vary throughout the proof. To find the proper values of 8; for (94) should be obtained
as the minima of 6;,7 = 1,2 throughout their occurrences in the proof.

Time difference term. Using the transition between grids (6) one gets

ht N op{en}y - MPv = w0, (Z (0t) K - (HPHDV)K> = / O} (ontn)™ - v+ Ry + Ry,
Q

o€Eint KeT

where

ﬁn _ ﬁn—l
Ri=h'Y \/Q?(i\/ Q?{l%/ (I Iy —v) dz
KeT K
n—1)3 n—1 ﬁZ —u"! 2 ? _1
”Qh ||vh||VzV||% (At) Qgh AL dx (At)™2

13 1
o IS IVavl] 22 U, 01 =
y—1 2

IN
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By virtue of (34) we have At Z;V;l(Uﬁ)z < ¢(D), which implies, together with (48), that At Efy;l |Ry| < hz ||V, %C(D

The other residual term reads

Ry=0" Y uy ‘QK (HPHD v). (96)
KeT

From energy estimates (34) we have

Ny n—1
APRYS Y ()T (AfK) S e(D). (o7)

n=1KecT

Using the properties of Legendre remainder points of strictly convex functions, formulated e.g. in [7, Lemma 2.1], (97)
implies also

fdet Q?(_Q?(_l 7<
(At)"h Z Z —x < e(D, 7). (98)

Thus, applying Holder inequality and estimate (71) to (96), one gets

n n—1\ Y\ 7
n ! _ O — 0 1 n n
|Rs| < ||u H6h||vr"||,6—zﬁ(m) - ((At)v 1pd Z ( K AtK > > Shw||uh||6uvmv\|rﬁzsﬂh,
7 KeT o

where (98) yields At Zg;l(H}Z)'y < ¢(D). This together with (69) implies
Ny

ALY |Ro| S h7e(D)|[Vavl| ea . ford=3,

n=1

For d = 2 we can estimate analogously

1 . p1Y
Ro| < h~||u™ Vvl Hp, with ——————
[Ral < 1 [V e
and thus we get a lower bound p = p(p1) > ’le’ as p; can be arbitrarily large.

In both choices of d we have 6, = % It is possible, but not effective to lower the integrability exponent of V,v by
inverse estimates, since this constraint on integrability is not active.

Notice that we used the relation At = h in this part of the proof.

Convective term. We use the transition between grids, summation by parts (14) and Lemma 2.5 to obtain

N, N
Ath®> " N {divep[ema,u"}, - (TPv), = —=Ath? >~ Y~ Uplg"a™, u"] - (117 TT"v),

n=1o0€En n=1c0€&
Ny
— oAt ST wrtopapts - GRIPIPV), + A ST s 05 (0" - (0P TIOV),
n=1oc€En Uegint

N
=—hAty Y grut@ut  {VAII T vk + Ry = —Atz > / ol @l : Vv + Ry + Ry.
n=1KeT n=1KeT

We need to estimate the residual terms. Before starting that, we perform summation by parts (14) to Rs and we
split the discrete derivative of the product,

d
= — 2N " (" u") k- Y (05 ([ut ORI TP V) ¢
KeT s=1
d d
— RN (M) k- Y (Ot )k (O TTP TP V) g o — RN T (oMM k- D> (050 TP V) gl
KeT s=1 KeT s=1
=:R31+ R3p.

Then we use Holder inequality using p, p1,p2 : % + p% + p% =1, the inequality
Ok l9ll < |9p9l,
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relation (70) and inverse estimate (Lemma 2.3) twice to get

[Rga| <A™ Y [opuk] Z| O™ e ||(B T TIPV) 5 5| < B[V ully, [[of a7 [lp, 0TI TIP v [,
KeT s=1
S h IVrugllollenarll 2o [[Vevllp,

where the exponent #; remains positive as long as p > 227d7d, 0 > 3, l.e.,
2y 6y 3
d=2:p>——7v>1, d=3: p> Y > =
P=17 o P=9, =377 3

Similarly, for R3 o we use the same tools and Mean Value Theorem to obtain

TL—

i 1RV k| S hllug g, | onh llg, 06| Vavllg

KeT
< h% il IIQhﬁhIIA IVavlla,
y+1

where 05 is positive as long as

2y
d=2: q= d=3:
q=q(q) > 1 o 1

since g1 can be arbitrarily large for d = 2 and ¢; = 6 for d = 3.
Applying summation over time, uniform estimates (49, 69) and the assumptions on test function v one gets that

N, y
ALY, L [Raal + Ry ol = o(D) (B [Vavllp + k= Viv],g).
Pressure term. By virtue of summation by parts (14) and Lemma 4.3 we write the following chain of equalities:

RS (@5p(0™)oes - (TPV)y = —h? 3 p(o)diva(TPv) i = — / p(a})divev da.
Q

o€Eint KeT

Viscosity term. We apply summation by parts (Lemma 2.1) and Lemma 4.4 to get

RAAE Y (Apup), - (TPv); = hdAt/ Vhup s V,v + Ry,
Q

0€Ein¢

~

where At an;l IRe| < R Va2 V2v]e < C(D)RO||V2V]|,, with 65 = 1 + min {O,d(% - 5)}, thus 0, > 0 as long

as q > ie.,

2+d’

6
d=2:q>1, or d=3: q>g.

Artificial viscosity term. Finally we treat the last term using summation by parts and transition between grids
to get

d d

d
Ry := pdte Z Z{a}z({ﬁn}aggn)}g . (HDV>J — pita Z ZZ@ {ué n 87 n) (HPHDUS)K

og€&int T=1 KeT r=1s=1
d
=t ST S (00" (BRI,
0€Ein; =1

where in the last inequality we interchanged the role of r and s in order to get the standard summation over o, which
is associated with s. Applying the Holder inequality we get

|Rs| < h®[lug 6|07 0n |21V v 3.

Summation over time together with applying the uniform bounds gives

N,
ALY |Rs| < h*lunllo6l Vavislldfenllze < B e(D)IVv]s,

n=1

where 6; = 8 > 0 is ensured by the assumptions on the lower bounds of «, see (80). Moreover, p > 3 is required. [
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5 Numerical experiments

In this section we perform two numerical experiments for the scheme in two dimensional space, one with Dirichlet
boundary condition and the other is periodic type. Our computational domain is always Q = [0,1]?, and some
constants are chosen as u = 0.01, a = 1.0,y = 1.4. a = 1.86 is chosen to satisfy the restriction (80).

Implementation — fix point iteration for the implicit scheme We solve the implicit nonlinear scheme by
fix-point iteration. Given the data (QZ,uZ) at time t", let (QZ’O,uZ’O) = (Q;L uZ), then for £ = 0,1, -, we linearize
the nonlinear system and solve
41 ,0
ok — ok

o+ divuglo™ u s — B (Ang™ ) =0,

{Qn,£+lﬁn,£+l}a _ {Qn,Oﬁn,O}U

+ {divyp[o™fa™t, u™)}, + (aﬁp(g"’z))a s

At
d
_ M(Ahun,é-i-l)g — R Z{a’C(ﬁn,Eaggn,Z+l>}U =0,
r=1
until HwZ’IZ — wZ’ZHH < §Hw;;’é||, for wy, € {on,un}, where £ is a very small positive parameter, e.g. £ = 1.0e — 6.
Then the solution at next time step t"*! is obtain by wZH = wZ’Hl. As we solve the above iterative steps explicitly,

a CFL condition is required for preserving the stability At = CFL‘uhl‘% with CFL = 0.6.

5.1 Cavity flow

In this experiment we simulate the two dimensional cavity flow supplied with Dirichlet data u = (1622(1 — z)2,0)”
on the top boundary, and zero otherwise. Starting with the initial values u = 0, and ¢ = 1 we show in Figure 2 the
evolution of the contour mapping for density and velocity components till time 7' = 1 with mesh parameter h = 1/128.
In order to present the Experimental Order of Convergence(EOC), we calculate the errors in relative norms for different
mesh sizes till £ = 0.1 while the reference solution is computed at the fine mesh h = 1/512. From Table 1 we observe
first order convergence.

Table 1: Convergence results of cavity flow

h levullizz2) | EOC | |leullizz2) | EOC | legllinzry | EOC | [leglli= vy | EOC
1/32 9.22e-03 — 2.84e-01 - 6.08e-05 — 1.79e-03 —
1/64 4.46e-03 1.05 1.37e-01 1.05 2.79e-05 1.12 9.15e-04 0.97
1/128 2.06e-03 1.11 7.14e-02 0.94 1.45e-05 0.95 4.79e-04 0.93
1/256 9.03e-04 1.19 3.09e-02 1.21 5.98e-06 1.27 2.11e-04 1.18

5.2 Gresho-vortex
This experiment is an example of rotating vortex, that has been studied in [4, 17, 34] and reference therein for the
isentropic flow. Initially, a vortex of radius R = 0.2 is prescribed at location (zg, yo) = (0.5,0.5) with the velocity field
given by

u2(0, z,y) = up(r) * (0.5 — x) /7.

where r = \/(z — 0.5)2 + (y — 0.5)2 and the radial velocity of the vortex u, is

{ u1(0,2,y) = u,(r) * (y — 0.5)/r,

2r/R if0<r<R/2,
ur(r) =73 2(1—-r/R) ifR/2<r <R,
0 if r > R.

By setting the periodic boundary condition, we show in Figure 3 the evolution of the flow with mesh parameter
h = 1/128, from which we see obvious diffusion effects. Analogous to the settings of the previous cavity test, EOC
Table 2 indicates similarly first order convergence in the related norms.
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Figure 2: Time evolution of cavity flow, from top to bottom are ¢ = 0.01,0.1,0.5,0.75, 1, from left to right are densities
and velocity components
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Table 2: Convergence results of Gresho vortex test

h Hequlz(Lz) EOC ||6u||l2(L2) EOC Hengl(Ll) EOC ||eg||loo(L’Y) EOC
1/32 1.10e-02 - 3.74e-01 - 4.40e-04 - 1.35e-02 -
1/64 5.57e-03 0.98 1.88e-01 1.00 | 2.22e-04 | 0.99 6.72e-03 1.00

1/128 2.69e-03 1.05 8.71e-02 1.11 1.02e-04 1.12 3.10e-03 1.12
1/256 1.15e-03 1.22 3.37e-02 1.37 3.86e-05 1.40 1.16e-03 1.42
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A Appendix: Proof of Lemma 2.1

Before proving Lemma 2.1, let us introduce a simplified version in one dimension.

Lemma A.1. Let the computational domain Q degenerate to one dimensional interval I = [a,b] and be equally divided
into M intervals of the size h = b_wa Assume that the functions f,1,v are discretized at the interval centres, while
g, @ are located at the division points. Moreover, we assume homogeneous Dirichlet boundary conditions for g,v, e.g.

9172=10, gumy12=0, vo=—v1, VM1 = VM.

Then the following equalities hold

Mg 1/2 — Ji—1/2 = f f
i+1/2 — Gi— i1~ fi
ZfiT/ =— Z +Tg¢+1/2 (99a)
i=1 i=1
¢z+3/2 —2¢it1/2 + Gic1/2 M Giv1/2 — Pi—1/2 Git1/2 — Ji-1/2
Z B2 l+1/2 = - Z A h . (99b)
=1 i=1
M M M
Yip1 =20+ Yicn. I i —Wivi — v | I i — im0 — v
; 2 ””2; h I +22 I I (99¢)

Proof. By using the boundary conditions g,/ = ga4+1/2 = 0 we directly obtain (99a)

G2 —Gicie 1 [ & M 1M M-1

iv1/2 — Gi—
ZfiT = h(ZfigiJrl/Z - Zfi!h’l/?) = h( E fiGiv1/2 — g fj+1gj+1/2>
i=1 i=1 i=1 i=1

=0

1 M=l M—1 M—
’L 1
= h< Z figiv1/2 — Z fit19541/2 + frmgnmtiy2 — f191/2> = Z + gz+1/27

i—1 j=1
and (99b)
M-—1 M M-—1
Gitr3j2 — 20ir1/2 + Pim1/2 1
Z / % / / gi+1/2 = 73 Z(¢j+1/z —Pi—1/2)9i-1/2 — Z (it1/2 — Pim1/2)9i41/2
i=1 =2 i=1

_ i Giv1/2 — Pi1/2 Jiv1/2 — Ji-1/2

3 A — (P3/2 — b1/2)91/2 — (Prr+1/2 — Pri—1/2)90+1/2

i=1

_ f: ¢i+1/2 - ¢i—1/2 Ji+1/2 — 9i—-1/2
h h '

i=1

Applying the Dirichlet boundary condition for v we can show (99c¢)

}iwm—% Vi1 — i _i_}%wi—%q Vi — Vi—1
h h 2, h h

AER M M1
- 2h2( Z (V5 = ¥j-1) Z Viy1 — ¥i)vi + Z( — 1) (1 — >
i=1 i=1

=2 =0
M
T 2n2 ( Z Vi1 — 20 + Yim1)vi + (Y1 — Par)(On1 +om) — (Y1 — o) (o1 + UO))
Ly
=52 Z(%‘H — 2 + Pi1)v;
i=1

Lemma 2.1 is to show for f € X(T),g € X(Eing)? the following equalities.

> (divig)xfx == > 9505 )0

KeT 0€Eint
1 d 2
- Z (Apv*)ogs = Z ((3;5198) (On 5 Z Z 9h9°) K4bte 4(-1)ik (aﬁvs)x+ges+(—1)igeT>~
0€Eint KeT r=1,r#s i=1
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Proof. Tt is obvious to obtain the first equality by using (99a) for s = 1,...,d and summing them up. The second
equality can be done with same strategy by applying (99b) for the first term on the right hand side and (99c¢) for the
latter term on the right hand side. Summing them up concludes the proof. O
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