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Abstract

We consider a mixed finite-volume finite-element method applied to the Navier-Stokes system of
equations describing the motion of a compressible, barotropic, viscous fluid. We show convergence as
well as error estimates for the family numerical solutions on condition that:

e the underlying physical domain as well as the data are smooth;

e the time step At and the parameter of the parameter h of the spatial discretization are propor-
tional, At =~ h;

e the family of numerical densities remains bounded for At, h — 0.

No a priori smoothness is required for the limit (exact) solution.

Key words: Navier-Stokes system, mixed numerical method, convergence, error estimates

1 Introduction

We study a numerical approximation of the Navier-Stokes system in a space-time cylinder Q7 = (0,7T") x
Q, where T > 0 is arbitrary and 2 C R? is a bounded domain, where the fluid density o = o(t,z) and
the velocity u = u(t, x) satisfy

Oro + divy(ou) = 0, (1.1)
Ot(ou) + div,(ou @ u) + Vip(o) = div,S(V,u), (1.2)
with the viscous stress tensor S given by Newton’s rheological law
2
S(Vgu) = (Vzu +Viu— 3diV$u]I> , > 0. (1.3)

Equations (1.1-1.2) are supplemented with the no-slip boundary conditions

ulpo =0 (1.4)
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European Union’s Seventh Framework Programme (FP7/2007-2013)/ ERC Grant Agreement 320078. The Institute of
Mathematics of the Academy of Sciences of the Czech Republic is supported by RVO:67985840.

tThe research of R.H. leading to these results has received funding from the European Research Council under the
European Union’s Seventh Framework Programme (FP7/2007-2013)/ ERC Grant Agreement 320078. The Institute of
Mathematics of the Academy of Sciences of the Czech Republic is supported by RVO:67985840.

#The work of D.M. and A.N. has been supported by the MODTERCOM project within the APEX programme of the
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and initial conditions
Q(Oa ) = 00, U(O, ) =1 in Q. (15)

For the sake of simplicity, we have deliberately omitted the effect of external forces in (1.2). We
also adopted the so-called Stokes’ hypothesis taking the bulk viscosity to be zero in (1.3). As the shear
viscosity coefficient p is constant, we may write

div,S(Vyu) = pAu + gvxdivxu. (1.6)
Finally, we suppose very mild and physically grounded hypotheses concerning the pressure, namely
p € C3(0,00) N C0,00), p(0) =0, p'(g) > 0 for all o > 0. (1.7)

Moreover, the assumption p’(0) > 0 can be relaxed at the expense of some additional technicalities in
the proofs.

We consider a family of approximate solutions {op,up}r~o constructed via the numerical scheme
proposed by Karper [12] (see also Karlsen and Karper [9], [10], [11]), with the necessary modifications
introduced in [4] to accommodate smooth fluid domains. Our goal is to show convergence and qualitative
error estimates for the numerical solutions on condition that:

e the physical domain  as well as the initial data [gg, ug| are sufficiently smooth;

e the time step At and the parameter of the parameter h of the spatial discretization are proportional,
At ~ h;

e the family {op}n~0 of approximate densities remains bounded for h — 0.

We point out that, in contrast with the standard a prior:i error estimates commonly studied in the
numerical literature, see e.g. Liu [14], [15], our result does not require any information about the
smoothness of the exact solution that will in fact follow as a byproduct of the proof. Our approach leans
on the following results:

e convergence of the underlying numerical scheme established by Karper [12], with the extension to
smooth domains studied in [4];

e reqularity criterion for (exact) solutions of the compressible Navier-Stokes system shown by Sun,
Wang, and Zhang [16];

e a discrete version of the relative energy inequality for the Navier-Stokes system obtained by Gallouét
at al [7];

e a priori error estimates for the Navier-Stokes system derived in [2].

Before passing to rigorous and mostly very technical mathematical statements, we present some
heuristic arguments underlying our strategy:

e We consider the numerical solutions {gp, up } >0 constructed by Karper et al. [12], [4] on an unfitted
mesh Qp, ~ Q. By virtue of the convergence result established in [4], we obtain a subsequence such
that

on — 0, Uy — U in a certain sense specified below, (1.8)

where [g,u] is a weak solution of problem (1.1-1.5).

e As the initial data as well as the physical domain € of the limit problem are smooth, there exists a
strong solution [g, 0] emanating from the initial data [gg, ug] defined on a (maximal) time interval
[O,T), T < T. In view of the weak-strong uniqueness property shown in [3], the weak solution
[0, u] coincides with [p, 1] on [0,T).



e In accordance with our principal hypothesis, the density components g;, of numerical solutions are
uniformly bounded for h — 0; whence

0 € L>®((0,T) x Q).

Now, we can use the conditional regularity result of Sun, Wang, and Zhang [16] claiming that
the strong solution [g, 4] of problem (1.1-1.5) remains smooth as long as its density component is
bounded, which yields, in particular, T =T and o = §, u = @ in (0,T) x Q. In particular, the limit
solution is uniquely determined by the initial data and there is no need of subsequence in (1.8).

¢ Knowing that the limit solution is smooth, we can mimick step by step the estimates elaborated
in Gallouét et al. [6] to establish the desired error estimates. Note that some steps performed in
[6] must be modified in the spirit of [2] in order to control the approximation error for the unfitted
mesh used in the present paper.

The paper is organized as follows. In Section 2, we introduce the numerical method to construct the
approximate solutions. Our main result is formulated in Section 3. In Section 4, we study convergence
of the approximate solutions and establish regularity properties of the limit. In Section 5 we introduce
the main tool used in the proof - the relative energy inequality. The proof of the error estimates is
completed in Section 6.

2 Numerical method

Problem (1.1-1.5) will be solved by means of the numerical method proposed in [5] based on time
discretization, finite-volume discretization of the convective terms (upwind), and a finite-element dis-
cretization of the viscous stress in (1.2). We shall write

asbifagcb, c > 0 a constant, a~bifa<~band b~ a.

Here, “constant” typically means a generic quantity independent of the size of the mesh and the time
step used in the numerical scheme as well as other parameters as the case may be.

2.1 Mesh, domain approximation
We consider a family of numerical domains {2y,
Qp =Uger, E,

where E}, denotes a tetrahedral mesh with individual (compact) elements E. Faces in the mesh are
denoted as I', whereas I'j, is the set of all faces. Moreover, the set of faces I' C 9€, is denoted I'j, ext,
while T'ping = T \ Ty jext.-

We require the mesh to be shape regular, specifically:

e The intersection £ N F' of two elements E, F' € F, is either empty, or their common face, or their
common edge, or their common vortex.

e The diameter diam[FE] of each element is proportional to h > 0,

diam[E| ~ h for any E € E,.

e The radius of the largest ball r[E] contained in FE is also proportional to h,

r[E] = h for any E € Ej,.



Finally, we suppose that the family €2 approaches the physical domain €2 in the sense that

inan ly — x| < h uniformly for all y € €Y. (2.1)
xe

Remark 2.1. [t is easy to see that the approximation property (2.1) is satisfied for the so-called unfitted

mesh E},, obtained as B
EecE,if ENQ# 0,

where the elements E belong to a shape regular mesh E), filling a large domain B containing ) in its
interior. One can even take B = R> - examples of shape reqular meshes of elements enjoying further
specific geometric properties were constructed e.g. by Hosek [8], Vanderzee et al. [17].

2.2 Finite volumes, finite elements, upwind

Each face I' € I'j, is associated with a (fixed) normal vector n. We write I' whenever a face I'p C OF
is considered as a part of the boundary of the element F. In such a case, the normal vector to I'g is
always the outer normal vector with respect to E. Keeping this convention in mind we introduce for
any function g, continuous on each element F,

) ) 1 )
out : n : out n out n
= 1 . 5 5 = 1 . — 5 5 = —_ 5 = — . 2_2
9™"r = Mim g(-+n), ¢"|p = lim g(- —on). [lgllp = 9" —g" {g}r = 5 (4" +47).  (22)
For 'y C OF we simply write g for ¢g™. Occasionally, we also omit the subscript I if no confusion arises.

2.2.1 Spaces of piecewise constant functions

We introduce the space of piecewise constant functions
Qh(Qh) = {’U € L2(Qh) ) ’U|E =ap € R for any F € Eh} R
with the associated projection
1
9 LY(Q) — Qu(), T[] = vl /Ev dz. (2.3)
To keep the notation concise, we will occasionally denote

%] = 0.

2.2.2 Crouzeix-Raviart finite elements
A discrete counterpart Dy, of a differential operator D acting in the z—variable is
Dypv|g = D(v|g) for any v differentiable on each element E € E},.

The Crouzeiz-Raviart finite element spaces (see e.g. Brezzi and Fortin [1]) are defined as
V() = {1} € L*() ‘ v|g = affine function, E € Ej, / [[v]] dSz =0 for any I" € thm} . (24)
r

In view of the no-slip boundary condition (1.4), we will also need the space

Vio(Q) = {v eV ’ /v dS, = 0 for any T € rh,m} . (2.5)
r
The associated projection is
Iy - Wh9(Qp,) — Vi () requiring /HX[U] ds, = / v dS; for any I' € T'y,. (2.6)
r r



2.2.3 Upwind
Denote

1
c]T = max{c c|” = min{c Wpr=— [ v .
% = max{e.0}. [ = min{e.0}. (o) = 77 [ v,

Following [4], we introduce a dissipative upwind operator Up[r,u] on a face I' by

pin out

Uplru] = - ([(u-m)p + ) + [(u-m)p — 5T +

([(w-m)p + 2" + [(w-n)p — %7, (2.7)

with a positive exponent « determined below. Note that such a definition makes sense as soon as
re Qh(ﬂh), uc Vh(Qh;RS) and I" € Fh,int-
Setting, formally, h® ~ 0 in (2.7), we obtain the conventional definition of the upwind operator

w4 (u )]

To see the dissipative character of this upwind operator, we write

B I g L s G e (2.9

conventional upwind
dissipative component

where
(0 for z < —1,

s(z+1)if —1<2<0,

—1z-1)if0<2<1,

0 for z > 1,

and where the dissipative component is reminiscent of the finite volume discretization of the conventional
artificial diffusion operator —h*Ar.

2.3 Numerical scheme

Extending both g9 and ug to be zero outside 2 we set

oh = 11 [00] € Qn(Qn), ) =TT [ug] € Qn(Qu; BY). (2.9)
Next, we introduce the discrete time derivative
bk’ o bk—l
Dby = Atx~h
t At ) 9

and define (implicitly) a family of numerical solutions {of, uf}r~0, k = 1,2

o € Qn(w), ufi € Vio(Q; RY)

satisfying:
Dicko do— 3~ [ Uplekuf] [16) a5, = 0 for all 6 € Qu(@). (2.10)
Qh TETy int
[ Dkt o dr— S [ uplehafuf) - [[3]] s (2.11)

el int

- / [uvhu’g : Vi + %divhuﬁdivhé} dz — / p(of)divag dz =0 for all ¢ € Vi, 0(Qp; R?).
Qh

Qp



3 Main result

To formulate our main result, it is convenient to extend the numerical solution to be defined for any
t € (—o0,T'). To this end, we set

Qh(t7 ) = Q%) Uh(t, ) = 112 for ¢ < 07

on(t,”) = of, upu(t,:) = uf for t € [kAL, (k+1)At), k=1,2,.... (3.1)
Accordingly, we define
Uh(t) — VUp (t — At)
At

Dyvp(t,-) = , t>0.
Our main result reads as follows:

Theorem 3.1. Let Q C R? be a bounded domain of class C3. Let the initial data [0o, o] belong to the
reqularity class

00 € C*(Q), 00> 0in Q, ug € C*(4 R?),
and satisfy the compatibility conditions

uglon =0, Vip(0o)|aa = diveS(Vaug)|sn.

Let {gz,uz}hw, k=0,1,...,[T/At], h = At, be a family of numerical solutions satisfying (2.10),
(2.11), where the upwind term is determined by (2.7), with

0<a<l.
Finally, suppose that
of <r<ooforallh>0, k=0,1,...,[T/At]. (3.2)

Then problem (1.1-1.5) admits a classical solution [o,u] in (0,T) x Q, and

T
ess sup / [on]a), — u? + oy — g|2] (t,) do + / / IVyuy, — Veul? de dt (3.3)
te(0,T) JQNQy, 0 QNQy,

N <ha/2+/Q [Qo‘ﬁo—u0|2+|go—90|2] dx) ]
h

Remark 3.1. We point out that the existence of the classical exact solution [o,u] is not assumed a

priori. As we will see in the next section, it is a consequence of hypothesis (3.2) and the convergence
result for the numerical scheme established in [/].

Remark 3.2. Since the Crouzeiz-Raviart elements are of the first order, the rate of convergence stated

in (3.8) is optimal also in view of the approximation distance between QU and Q0 stated in (2.1), cf.
Lenoir [13].

The rest of the paper is devoted to the proof of Theorem 3.1.



4 Convergence, regularity of the limit solution

Since the numerical densities are assumed to be uniformly bounded, the behavior of the pressure p = p(p)
for large values of p is irrelevant. In particular, we may take pressure p(o) ~ o7 for large values of p,
with v > 1 arbitrary. Consequently, we may apply [4, Theorem 3.1] to obtain the following conclusion:

Under the hypotheses of Theorem 3.1, extending op, up to be zero outside €2, we may extract a
subsequence of the numerical solutions such that

on — o weakly-(*) in L°°(0,7; L7(2)) and strongly in L*((0,T) x Q),

u;, — u weakly in L?(0,7; L°(Q; R?)), V,uy, — V,u weakly in L2((0,T) x €; R3*3),

where [p, u] is a weak solution of problem (1.1 - 1.5) in the space time cylinder (0,7") x Q. Moreover, as

a consequence of hypothesis (3.2),
0€ L*>®((0,T) x Q). (4.1)

Now, since the limit density is bounded, the data as well as the spatial domain are regular, we
may use the conditional regularity result of Sun, Wang, and Zhang [16], together with the weak-strong
uniqueness principle established in [3], to conclude that the limit solution is regular; whence unique.
More specifically, [g,u] is a classical solution of problem (1.1-1.5), the density o is positive bounded
below away from zero, and

11/ ellcqomxay T leller o<y T 10V eolleoqo,mzo@:r%) + 107 0llcqo.ry:Ls () < Ds (4.2)

Iall o o.ryxainsy + 1l oorpcz@insy) + 18 Vaulloqoics@irs sy + 10 ullcqorye@nsy < Dy (43)

where D is a constant depending only on 7' and the regularity properties of the initial data, see |2,
Proposition 2.1].

5 Relative energy

Having observed that the exact solution is smooth, we are ready to derive rigorous error estimates for
the approximate solutions. Following [6] we evaluate the differences g, — 0, u;, — u by means of the
relative energy functional

& (Qm uy,

Q,u):/Q th\u—uh|2+H(Qh)_H/(Q)(Qh—Q)_H(Q) dz,

where H is the pressure potential,

0
p(z)
H(o)=¢ / —5 dz.
1 z
In accordance with hypothesis (1.7), the pressure p = p(p) is strictly increasing, therefore H = H(p)
is a strictly convex function. Moreover, as gp, ¢ range in a bounded subset of [0,00) and p is strictly

positive, we may assume
H(op) — H'(0)(on — 0) — H(0) ~ (on — 0)*. (5.1)
5.1 Discrete relative energy inequality

The abstract form of the inequality satisfied by the relative energy functions £ was derived in [3]. Here,
we introduce its discrete analogue proved in Gallouet et al. [7]:

& (QZ,GZ rZ,VZ) + Atz (u/ |Vpuf — Vvi? de + /?f/ divyuf — divy,vF|? dx> (5.2)
k=1

Qh Qh.



n 6
< N A~
S (o wlrvh) + At S RE,

for any r¥ € Qu(Qu), ¥ > 0, vF € V3, o(Qp; R?), where the remainders are

Ri1 =1 / Vavi : Vi (VE - Uﬁ) dz + % / divyvidivy, (Vzli - ui) dz,
Qn Q

h

ko k-1 |
ko k=1 [ Vh — Vi VitV k-1
Rh,2_/Qth ( At )( 5 —u, ) dx

Ris= > /Up[eﬁﬁi,lﬁ] 98] as.— X /FUP[QQ,HE] (i} [[5h]] as.

FEFh,int r FEFh,int

Rig=— /Q p(of)divyvy d,
h

H/(Tk) _ H/(kal)
Ris= [ S = o)
h

Rio= > [ Unleh,uf) [0 )]] as..
GETpim T

5.2 Extending the exact solution

The leading idea of the proof of the error estimates (3.3) is now the same as in [2], namely to take rf, v¥

suitable approximations of the exact solution [g,u]. To this end, we first extend [g, u] to be defined on
the numerical domains €;,. This can be done preserving the bounds (4.2), (4.3). We report the following
result, see [2, Lemma 2.1]:

Lemma 5.1. The exact solution [p,u] can be extended as [r,v] outside Q in such a way that:

e the extended density r is bounded below away from zero in [0,T] x R3, the extended velocity field v
has compact support in [0,T] x R3;

e the equation of continuity
oyr + divy(rv) = 0 holds in (0,T) x R3; (5.3)
e we have the following estimates
T‘Q = 0, V‘Q =u,

V1l o1 o 7y ey IV o, (r3: Ry F 1OV oV ll 0,110 (5538 x3y) 107 v | o ro.11:26 (r3: R3y) (5-4)

S [ull o o.pxrsy + 10l oomcz@ney) + 10 Vaulleoryns@irs<ay + 105l cqoryzs :rs))

1L/7lc(o,yx ey + I7lleorqorixrsy + 10V arllcqomiLs, rorey + 105 loqomies sy (5:5)

loc

S/ elleqorrsa + lellorqoryxa + 10:Vaell cqoryzs@irs) + 102:ellcqoryze@y)

Fllull o oryware + 1alloqoricz@rsy + 18:Vaulleomoo@rs<s) + 10 ullogoriLe@irs))-



5.3 Ansatz in the relative energy inequality

Following the strategy of [2], we take
rf =T (kAL )], k=0,1,...n

as a “test” function in the relative energy inequality (5.2), where r is the extension of the exact solution
o and Hg is the projection onto the space of piece-wise constant functions introduced in (2.3).

Similarly, one is tempted to take v¥ = IIY [v(kAt,-)], with II} given by (2.6). Unfortunately, this
is not a legitimate test function as, in general, II} [v(kAt, )] ¢ Vo n(Qn; R3). Instead, following [2], we
introduce a projection

I o s WH(Qp) — Vio(), /F I} o[v] dS, = / v dS; if T' € T i, /F I} g[v] dSe = 0 if T € T ext.-

: (5.6)
We have, see [2, Lemma 2.3, Corollary 2.1]:
10 16] = 06l ey + 2 NV 6] = Dol e = 0 Wolimy  (5)
for any F € Ep,, ¢ € C(F), and
10 16) = 0001 oy + A V1Y 6] = VTl oy S BVl (5:8)

for any E € Ej, ¢ € CH(R?), ¢|oq = 0.

Remark 5.1. Note that (5.8) is worse than its counterpart in [2, Corollary 2.1] due to the rough domain
approzrimation considered in the present paper.

The desired error estimates (3.3) will be deduced from the relative energy inequality (5.2) evaluated
for the test functions

= Hg[r(kAt, ), vE = H,‘:O[v(kAt, )] for k=0,1,...n,

where r, v is the extension of the exact solution [g,u] and n > T'/At.

6 Error estimates
Our ultimate goal is to establish the error estimates claimed in (3.3).

6.1 Energy estimates

We start by recalling the energy estimates for the family of approximate solutions. They can be deduced
easily taking r;’j =1, VZ = 0 in the relative energy inequality (5.2):

ess sup / on|tn|?(t, ) dz <1, (6.1)
te(0,T) J o,
T
/ / Vi, dz dt <1, (6.2)
0 Qp

and, by virtue of the discrete analogue of the Sobolev embedding,

T
/0 2oy 651 (6.3)



6.2 Perturbations

The crucial observation is that the proof of (5.2) reduces to that of [2, Theorem 3.1] provided we can

“replace”
Vﬁ = HKO[V(k:At, -)] by {f,li = HZ[v(kAt, )]

in the relative entropy inequality (5.2), therefore we revisit [2, Lemma 6.1.]. Consequently, we have to
show that the remainders resulting from such a procedure remain small. We proceed in several steps
handling term by term the integrals lel j In what follows, we denote RZ 1 the expression RIZ | with v’f

replaced by v¥.

6.2.1 Remainder term leL 1

We have to control
/ Vi <v§ - \7,’§> LV (uﬁ - v,’§> da and / Vi <v§ - v,’j) L VLvE da. (6.4)
Qh Qh
Since v,’j — {/,’i =0 in E whenever E N 99y, = (), we have
/ Vi, (v,’i — \72) : [Vh (uﬁ — vfb) + Vhf/ﬂ dz = / Vi (Vﬁ — \Nfﬁ) : [Vh (uﬁ — VZ) + V;ﬁ/f] dz,
Q Up,
where

|UL| < h. (6.5)

By virtue of (5.8),
<

~
9

th (V’}i B Gﬁ) HLoo(Uh;Pﬁ)

and, in accordance with (6.2),

T
~k k k
sup thv t,- H ) —|—/ th (V —u ‘
te(0,T) (t:) Lo (Up;R3) 0 " h>

Seeing that the integral containing divy can be treated in the same manner, we may infer that

2
dt < 1.

L2(Up;R?)

ALYO|RE, - RE| <02 (6.6)
k=1

6.2.2 Remainder term R’fL,Q

Obviously, the most difficult term to handle reads

E ok
k-1 k—1 Vh_vh>
0, u < dz.
/Qh h"h At

Again, we reduce the integration domain from €2 to Up. Then, in view of (5.8) and the hypothesis

At =~ h, we have
E_ ok
k=1 k-1 [ Vh— Vi k—1
/ o, uy - <At> dz / lup 7| do
Uh Uh

Seeing that the other integrals in RZ,Z may be treated in a similar way, we may use the energy bound
(6.3) to conclude

< < _
~r S M| 2 m9)-

Aty ]n;;z - 73;;2\ SYRYES (6.7)
k=1

10



6.2.3 Remainder term R’,?’L 3
The most difficult term is of the type
~k =k
> ) bl [(ulon) | [[[7h %] ]] as..
Fel_‘h int

where, by virtue of (5.8),

[[s-5) <

and the sum is taken only over I' C FE, such that E C Uy, where the set U, C €, satisfies (6.5).
Consequently, we get

2 /Qh“h’ (o), | [[oh -] ase| < /\ 51| (ukom) | as.

FEFh int Tely, mt,FC@E ECU,
< “~ k
S / af] uf| de.
Un

ﬁh, uy € L2(O, T; L6(Qh; RS)),

Finally, in accordance with (6.3),

and we may infer, exactly as in the previous step,

ALY ‘Rgg - 7%273‘ SRS (6.8)
k=1

6.2.4 Remainder term R’,?’L4

In view of (5.8) and hypothesis (3.2), we get

where Uy, is the same as in (6.5); whence
n ~
Aty ‘R’;A - RfLA’ < h. (6.9)
k=1

As observed at the beginning of this section, the estimates (6.6-6.9) reduce the proof of Theorem 3.1
to the arguments used in the proof [2, Theorem 3.1].

References

[1] F. Brezzi and M. Fortin. Mized and hybrid finite element methods, volume 15 of Springer Series in
Computational Mathematics. Springer-Verlag, New York, 1991.

[2] E. Feireisl, R. Hosek, D. Maltese, and A. Novotny. Error estimates for a numerical method for the
compressible Navier-Stokes system on sufficiently smooth domains. 2015. Preprint Inst. Math. C=.
Acad. Sci, 46, 2015.

[3] E. Feireisl, Bum Ja Jin, and A. Novotny. Relative entropies, suitable weak solutions, and weak-
strong uniqueness for the compressible Navier-Stokes system. J. Math. Fluid Mech., 14:712-730,
2012.

11



[4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

E. Feireisl, T. Karper, and M. Michélek. Convergence of a numerical method for the compressible
Navier-Stokes system on general domains. Numer. Math., 2014. Submitted.

E. Feireisl, T. Karper, and A. Novotny. On a convergent numerical scheme for the full Navier-
Stokes-Fourier system. IMA J. Numer. Math., 2014. To appear.

R. Gallouét, T. Herbin, D. Maltese, and A. Novotny. Error estimate for a numerical approximation
to the compressible barotropic Navier-Stokes equations. IMA J. Numer. Anal., 2015. To appear.

T. Gallouét, D. Maltese, and A. Novotny. Discrete relative entropy for the compressible Stokes
system. In Finite volumes for complex applications. VII. Methods and theoretical aspects, volume 77
of Springer Proc. Math. Stat., pages 383-392. Springer, Cham, 2014.

R. Hosek. Tetrahedrization of the 3D space with identical well-centered elements. 2015. Preprint.

K. H. Karlsen and T. K. Karper. A convergent nonconforming finite element method for compressible
Stokes flow. SIAM J. Numer. Anal., 48(5):1846-1876, 2010.

K. H. Karlsen and T. K. Karper. Convergence of a mixed method for a semi-stationary compressible
Stokes system. Math. Comp., 80(275):1459-1498, 2011.

K. H. Karlsen and T. K. Karper. A convergent mixed method for the Stokes approximation of
viscous compressible flow. IMA J. Numer. Anal., 32(3):725-764, 2012.

T. K. Karper. A convergent FEM-DG method for the compressible Navier-Stokes equations. Numer.
Math., 125(3):441-510, 2013.

M. Lenoir. Optimal isoparametric finite elements and error estimates for domains involving curved

boundaries. SIAM J. Numer. Anal., 23(3):562-580, 1986.

B. Liu. The analysis of a finite element method with streamline diffusion for the compressible
Navier-Stokes equations. SIAM J. Numer. Anal., 38(1):1-16 (electronic), 2000.

B. Liu. On a finite element method for three-dimensional unsteady compressible viscous flows.
Numer. Methods Partial Differential Equations, 20(3):432-449, 2004.

Y. Sun, C. Wang, and Z. Zhang. A Beale-Kato-Majda criterion for three dimensional compressible
viscous heat-conductive flows. Arch. Ration. Mech. Anal., 201(2):727-742, 2011.

E. Vanderzee, A. N. Hirani, D. Guoy, and E. A. Ramos. Well-centered triangulation. SIAM J. Sci.
Comput., 31(6):4497-4523, 2009/10.

12


http://www.tcpdf.org

