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Abstract

A finite element error analysis of a local projection stabilization (LPS) method for
the time-dependent Navier—Stokes equations is presented. The focus is on the high-
order term-by-term stabilization method that has one level, in the sense that it is
defined on a single mesh, and in which the projection-stabilized structure of standard
LPS methods is replaced by an interpolation-stabilized structure. The main
contribution is on proving, theoretically and numerically, the optimal convergence
order of the arising fully discrete scheme. In addition, the asymptotic energy balance is
obtained for slightly smooth flows. Numerical studies support the analytical results and
illustrate the potential of the method for the simulation of turbulent flows. Smooth
unsteady flows are simulated with optimal order of accuracy.

1 Introduction

In the present paper, we address the numerical analysis of fully discrete schemes arising
from Finite Element (FE) Local Projection Stabilization (LPS) methods that approximate
the unsteady Navier-Stokes Equations (NSE). We mainly focus here on the high-order
term-by-term stabilization method (cf. [15]). This method is a particular type of LPS
scheme, which constitutes a low-cost, accurate solver for incompressible flows, despite
being only weakly consistent. It differs from the standard LPS methods (cf. [9, 37])
because it uses continuous buffer functions, it does not need enriched FE spaces, it does
not need element-wise projections satisfying suitable orthogonality properties, and it does
not need multiple meshes. An interpolant-stabilized structure replaces the projection-
stabilized structure of standard LPS methods. The interpolation operator takes its values
in a continuous buffer space, different from the discrete velocity space, but defined on the



same mesh, constituted by standard polynomials with one degree less than the FE space
for the velocity. This approach gives rise to a method with reduced computational cost
for some choices of the interpolation operator.

LPS schemes were originally proposed for the Stokes problem [5], and then successfully
extended to transport problems (cf. [1, 4, 6, 36, 10, 16]). As classical stabilization proce-
dures, these discretizations are based upon an “augmented” variational formulation of the
flow equations, which includes additional terms to the standard Galerkin discretization.
They allow to circumvent the discrete inf-sup condition and to use equal order interpola-
tion for velocity and pressure and they also provide stabilization of convection-dominant
effects. Different variants of LPS methods have been investigated during the recent years
for incompressible flow problems. The main common feature is that the stabilization terms
only act on the small scales of the flow, thus ensuring a higher accuracy with respect to
more classical stabilization procedures, such as penalty-stabilized methods (¢f. [11]). For
a detailed description of different variants of LPS schemes, we refer to [30, 37, 19].

The main contribution of this work is to prove, for the proposed method, the optimal
convergence accuracy of the arising fully (space-time) discrete scheme (semi-implicit in
time), which, to the best of our knowledge, cannot be found in the literature so far.

LPS methods are well-understood for the Oseen problem (c¢f. [9, 10, 39, 41]). Recent
attempts for the extension of the numerical analysis of LPS methods to the time-dependent
incompressible NSE can be found in [2, 13], and also in [16] for the LPS method analyzed in
the present paper. However, the analysis in [16] proves only stability and weak convergence
of the proposed method in natural norms, while in [2, 13] just the semi-discrete in time
problem is considered. Thus, the present paper aims to complement the available results
with the extension of the error analysis to the fully discrete incompressible evolution NSE.
Since LPS methods may be cast in the Variational Multi-Scale (VMS) framework (cf.
[9]), the present paper also constitutes a step forward to the survey and classification of
VMS methods. The connection to VMS methods was a motivation to perform the studies
presented in this paper.

In this paper, optimal error estimates for smooth unsteady solutions are proved on the basis
of specific inf-sup conditions. The error analysis permits to show the strong convergence
of the proposed method for slightly smooth flows and a subsequent asymptotic energy
balance of the system. The convergence order decreases with the regularity of the flow,
but potentially maintaining these schemes as suitable and useful tools for the simulation of
turbulent flows. We also include numerical tests for the 3D Beltrami flow in laminar regime
that agree well with the theoretical expectations of the performed numerical analysis.
Finally, numerical studies for a plane mixing layer problem confirm that good accuracy is
achieved for simulating a high Reynolds number flow on coarse grids.

The outline of the paper is as follows: In Section 2, we introduce the model problem and
its continuous variational formulation for time-dependent NSE. In Section 3, we describe
the proposed LPS approximation of the incompressible evolution NSE, commonly referred
as high-order term-by-term stabilization, and we state its main properties. Section 4 is
devoted to the numerical analysis (stability and error estimates) of the arising fully discrete
scheme, and to the study of the asymptotic energy balance of the system. In Section 5
we present numerical studies, to test on the one hand the theoretical predictions of the
performed numerical analysis and to show on the other hand the potential of the proposed
method for simulating turbulent flows on relatively coarse grids. Section 6 states the main
conclusions of the paper.



2 Time-dependent Navier—Stokes equations:
Model problem and variational formulation

We introduce an Initial-Boundary Value Problem (IBVP) for the incompressible evolution
NSE. For the sake of simplicity, we just impose homogeneous Dirichlet boundary condition
on the whole boundary. More general inflow boundary conditions may be taken into
account by standard lifting techniques for NSE. Also, the treatment of general non-linear
wall law boundary conditions may be found in [20].

Let [0,T] be the time interval, and Q a bounded polyhedral domain in R% d = 2 or 3,
with a Lipschitz-continuous boundary I' = 9f). The transient NSE for an incompressible
fluid are given by:

Findu:Qx (0,T) — R? and p: Q x (0,T) — R such that:

du+V-(u®@u)—2vV-D(u)+Vp = f in Qx (0,7,
@.1) Vou = 0 in Qx (0,7),
) u = 0 on I'x (0,7),

u(x,0) = wug(x) in Q,

where u ® u is the tensor function of components w;u;, and D(u) is the symmetric de-
formation tensor given by D(u) = (1/2)(Vu + (Vu)!). The unknowns are the velocity
u and the pressure p of the incompressible fluid. The data are the source term f, which
represents a body force per mass unit (typically the gravity), the kinematic viscosity v of
the fluid, which is a positive constant, and the initial velocity wy.

To define the weak formulation of problem (2.1), we need to introduce some useful no-
tations for spaces. We consider the Sobolev spaces H*(2), s € R, LP(2) and W™P(Q),
m €N, 1 <p < oo. We shall use the following notation for vector-valued Sobolev spaces:
H*, L? and W™P respectively shall denote [H*(Q)]¢, [LP(Q)]¢ and [W™P(Q)]¢ (simi-
larly for tensor spaces of dimension d x d). Also, the parabolic Bochner function spaces
LP(0,T;X) and LP(0,7;X), where X (X) stands for a scalar (vector-valued) Sobolev
space shall be denoted by LP(X) and LP(X), respectively. In order to give a variational
formulation of problem (2.1), let us consider the velocity space:

H! = [H}(Q)) = {w e [H'(Q)]4:w=0on r}.

This is a closed linear subspace of H', and thus a Hilbert space endowed with the H!-
norm. Thanks to Korn’s inequality (cf. [33]), the H!-norm is equivalent on H} to the
norm ||w|[gy = [[D(w)||r2. Also, let us introduce the space of free-divergence functions:

H$7divz{weHé:V-w:0a.e. in Q}.

The space H(l) div 18 @ closed linear subspace of H|}, and thus a Hilbert space endowed with
the H'-norm. We shall consider the following variational formulation of (2.1):



Given f € L*(H™!) and ugp € H™!, find u € L=(L?) N LQ(HadiV), P € L*(L}) such that:

T
- /0 (ut), v)ag!(t) dt — (o, v)(0)

T
(2.2) + /0 [b(u(t);u(t),v) + a(u(t),v)|p(t) dt

T T
+ /0 (P(1),V - v)a (1) di = /0 (F(t), v)p(t) dt.

for any v € H}, ¢ € D([0,T]) such that o(T) = 0, where (-,-) stands for the duality
pairing between Hé and its dual H™!. The forms b and a are given by:

(2.3) b(w:w,v) = %[(w-VU7’U)Q—(w-V’U,u)Q],
(2.4) a(u,v) = 2v(D(u),D(v))q,

for u, v, w € H(l). Semicolons (;) are used for forms that are non-linear with respect to
its first argument. Note that b(w;wv,v) = 0 for all w,v € H}. The physical pressure is
the time derivative of the unknown P :p = ;P € H1(L%) = H}(0,T; L%)'. The interest
of considering P as unknown instead of p is that it is very hard to uniformly estimate p
in a Banach space, while P naturally belongs to the Banach space L>(L?). We notice,
however, that for practical computations one would approximate the physical pressure p,
and P is introduced just for the numerical analysis. We shall obtain uniform bounds in
this space for its numerical approximations. Also, note that the initial condition takes
place in H !, since w € C°([0, T, HZ ;1) (see [20], Sect. 10.2), with obvious notation.

3 A local projection stabilization model

Let {7 }r>0 be a family of affine-equivalent, conforming (i.e., without hanging nodes) and
regular triangulations of Q, formed by triangles or quadrilaterals (d = 2), tetrahedra or
hexahedra (d = 3). For any mesh cell K € Ty, its diameter will be denoted by hx and
h = MaxKeT,;, h K-

Given an integer [ > 0 and a mesh cell K € T, denote by R;(K) either P;(K) (i.e., the
space of Lagrange polynomials of degree < [, defined on K), if the grids are formed by
triangles (d = 2) or tetrahedra (d = 3), or Q;(K) (i.e., the space of Lagrange polynomials
of degree <[ on each variable, defined on K), if the family of triangulations is formed by
quadrilaterals (d = 2) or hexahedra (d = 3). We consider the following FE spaces for the
velocity:

Yl =VHQ) = {vn € C°(Q) : |k € Ry(K), VK € Tp},
(3.1) Y = [Y}]? = {v), € [CO()]¢ : vy|k € [Ry(K)], VK € Tp},
X, =Y!NH].

Hereafter, Y. (resp., Y}) will constitute the discrete foreground vector-valued (resp.,
scalar) spaces in which we will work on.



We approximate the weak formulation (2.2) of the initial-boundary value problem (2.1)
for the incompressible evolution NSE by a high-order term-by-term stabilization proce-
dure in space (¢f. [15]). To state this unsteady LPS discretization, consider a positive
integer number N and define At = T/N, t, = nAt, n = 0,1,...,N. We compute the
approximations u}, py to u" = u(-,t,) and p™ = p(-, t,) by:

e Initialization. Set:
uj, = U,
e Iteration. Forn=20,1,... ., N — 1:

Given uy, € Xy, find (uZH,pZH) e X, x My, such that:
(3.2)

w'tl —un

h h +1 +1

At » Uh + b(uZauZ a’vh) —}—CL(’U,Z ’fvh)
Q

+1
_(pZ-H’ V-vp)a + SconV(U‘Z’ uZ+la vp) + SdiV(uZ+l’ o) = <?n  UR)
(V . UZ+1, Qh)Q + Spres(pz+l7 Qh) = 07

for any (vp,qn) € Xp x My, where M, = Y}f N L2, ?H—H is the average value of f
in [tn,tnt1], and wgyp is some stable approximation to ug belonging to X, e.g., the
discrete Stokes projection.

The forms Sconv, Sdiv and Spres in (3.2) correspond to a high-order term-by-term stabilized
method (¢f. [15]), and are given by:

(3.3) Seonv (Ui, up o) = Y 7 k(07 (up - Vet of (uh - Vor)) i,
KeTy

(3.4) sa(upthon) = D a5 (V- upt), ok (V- on))k,
KeTy

(3.5) spres(Pp T an) = D ok (oh (VPR 0k (Van)) k-
KeTy

Here, 7, i, Tq x and 7, i are stabilization coefficients for convection, divergence and pres-
sure gradient, respectively, and o; = Id — o}, where 0}, is some locally stable projection
or interpolation operator from L? on the foreground vector-valued space YL_I (also called
“buffer space” in this context): There exists a constant C' > 0 such that for any K € Ty,

lon(@) 2y < Cllvll L2y, Yo € L2,

where wyg is the union of all mesh cells whose intersection with K is not empty (note
that the mesh cells are compact). Actually, o, is globally stable in L?(Q)-norm, due to
the regularity of the mesh. We also assume that oj satisfies optimal error estimates. In
practical implementations, we choose o, as a Scott—Zhang-like linear interpolation operator
in the space Yﬁ;l (ef. [18]). Actually, if needed, specific stabilizations for convection,
divergence and pressure gradient may be used, through different approximation operators.
For the subsequent numerical analysis, we need the following technical hypothesis on the
stabilization coefficients:

Hypothesis 3.1. The stabilization coefficients 7, i, T4,k and 7,k satisfy the following
conditions:

(3.6) arhf < mpr <ashk, 0<mux <pB, 0<m,x <~hi,

for all K € Tp, and some positive constants oy, ag, B, v independent of h.



Remark 3.2. The proposed spatial discretization is a term-by-term interpolation-stabilized
method with increased accuracy with respect to the pure penalty term-by-term stabilized
method (cf. [1/]). It presents the same structure of the Streamline Derivative-based (SD-
based) LPS model (cf. [9, 57]), but it differs from it because at the same time it uses
continuous buffer functions, it does not need enriched FE spaces, it does not need a pro-
jection with local orthogonality properties, and it does not need different nested meshes.

The high-order term-by-term stabilization procedure by using a Scott—Zhang-like interpo-
lation operator has been successfully applied to the Oseen problem (cf. [15]). Moreover,
it has been extended to the evolution NSE (cf. [10]) and the primitive equations of the
ocean (cf. [19]), and recently shown by numerical experiments that, since this method is
only approximately consistent, the addition of a multi-scale Smagorinsky term to the high-
order term-by-term stabilization scheme can help to counter-balance the accumulation of
sub-grid energy due to its diffusive nature, providing slight additional accuracy (cf. [15]).
This recently proposed projection-based VMS turbulence model (called VMS-S model, see
[18, 20, /7]) has thus a dual nature, as it results in a combination of (high-order term-by-
term) stabilization and (projection) VMS-LES modeling. The analysis of the multi-scale
Smagorinsky term may be found in [20].

Remark 3.3. The chosen discretization in time gives rise to a semi-implicit Fuler scheme,
since the discretization of the convection terms is semi-implicit, while that of the remaining
terms is implicit. Note that scheme (3.2) consists of a high-order discretization method in
space (optimal for smooth solutions, as we will prove in Section 4.3 by an error analysis)
although, for the sake of simplicity, we shall only consider a first-order discretization in
time to perform the numerical analysis. This approach allows to achieve the stability of the
scheme in L= (L?) N L2(H') for the velocities. These stability properties are also shared
by more general -schemes (e.g., the Crank—Nicolson scheme).

4 Analysis of the discrete model

In this section, we perform the numerical analysis of the proposed unsteady model (3.2),
which we will call in the sequel STAB model. For technical reasons, we assume throughout
the work that the family of triangulations {7} },~0 is uniformly regular. Actually, this
technical hypothesis may be relaxed to the more general case of regular grids, but we
keep it to focus the analysis on the new aspects of the method, and to not unnecessarily
lengthen it.

4.1 Technical background

This section provides some technical results that are required for the numerical analysis.
Throughout the paper, we shall denote by C, Ci, Cs, ... constants that may vary from
a line to another, but which are always independent of h and At. We define the scalar
product:

() LPx LIPS R, (fi9)r= Y mx(f,9)xk,

KeTh

where 7 denotes either 7, 74, or 7, and its associated norm:

Ifll- = (f, F)¥2.



Lemma 4.1. Assume that Hypothesis 3.1 holds. Then, for all z,qg € L?, the following
conditions are satisfied:

(4.1) Cr > hll2lfem < 212, < Co Y hiclzl3a
KeTy KeTy,
(4.2) 12012, < Cs > llzlFagy,  NI212, < Ca > BEllzl32x
KeTy, KeTy,
and:
(4.3) lon(9)ll7, < Cs kgL,
(4.4) lon (@l < Collglliz,  Non(@)llrn < Crhllgllzs-

Proof. Estimates (4.1) and (4.2) immediately follow from (3.6).
Let g € L?. By applying the second part of (4.1) to o7} (g), we obtain:

loh(@)117, < C2 Y hiclon(@liz) < C2h®loi(@)lfz < CR2|gllZe,
KEeT,

where we have used the global stability property of oj, due to the regularity of the mesh.
Similarly, by applying (4.2) to o} (g), we obtain:

lor @7, < Cliglze.  llon(@)l7, < Ch2llgllZ.-

Thus, the estimates (4.3) and (4.4) can be deduced. O

We next state a specific discrete inf-sup condition for the stabilized approximation that is
essential for the stability of method (3.2). The main difficulty in its proof stems from the
fact that the interpolation operator oj, takes values in Yﬁl_l, thus reducing the effective
number of degrees of freedom (d.o.f.) of the foreground velocity space Yﬁl.

Lemma 4.2. Assume that Hypothesis 3.1 holds. Then, we have the following inf-sup

condition:

(V-vp,qn)0
4.5 Vg, € My,  lapllze < C| sup ——-F7—
(45 A W A e

+ HUZ(V%)HTp> :

for some positive constant C' independent of h.

The proof of this lemma can be derived from [15]. Note that the discrete inf-sup condition
(4.5) can be extended to a more complex condition that holds for a regular family of
triangulations.

4.2 Existence and stability results

Let us first show results on existence, uniqueness of a solution and the stability of method
(3.2). To state them, we shall consider the following discrete functions:

e uy, is the piecewise linear in time function with values on X}, such that wy(t,) = uy,

e p;, is the piecewise constant in time function that takes the value pZ'H on (tn,tnt1),



o Ppu(t) :/0 pr(s)ds.

For simplicity of notation, we do not make explicit the dependence of these functions upon
At.

Theorem 4.3. Assume that Hypothesis 3.1 holds, and let f € L>(H™'), ug € H™!. Then,
problem (3.2) admits a unique solution that satisfies the estimate:

(4.6) lwnll Lo 2y + VPI D ()| 22y + [|Pall oo rzy < C (luolla—1, || £l 2a-1)) »

where C' > 0 is an increasing function of the data norms ||uo g1, || fllL2m-1), independent
of h and At.

The proof of this theorem can be directly derived by the one performed for the VMS-S
model in [17].

Remark 4.4. In [17], the following stability estimate was derived:

o7y (wn - Vun) | L2(r,) < C (lwolle-1, 1 £l 2r-1)) -

Thus, the convective stabilization term provides some control as v — 0 of a range of small
scales of the convective derivative, actually those scales that are not representable in the
buffer space Yifl by means of the operator op,. The large scales op(up(t) - Vup(t)) of the
convective derivative, which can be represented in the buffer space, are directly bounded in
a weak sense by the convection term in discretization (3.2) for a large class of operators

oy, (see Remark 3.4 in [10]).

4.3 Error estimates

We next prove error estimates for the approximation of the unsteady NSE (2.2) by the
discrete model (3.2). We obtain these estimates for rather general fluid viscosities (and
not just for relatively high viscosities, as in the steady case, see [18, 17]). If the flow is
regular enough, we obtain convergence of optimal order, and the order decreases with the
regularity. As already mentioned in the introduction, to the best of our knowledge, in
the literature there is no proof concerning a-priori error estimates for the fully discrete
incompressible evolution NSE with local projection as a stabilization in space.

To state this result, we start with the discrete version of the Gronwall’s lemma:

Lemma 4.5 ([20], Lemma 10.4). Let {an,})_o, {8}, be two finite sequences of non-
negative real numbers such that:

(1 - CpA)ap+1 < (14 DpAt)ay, + Bp, forn=0,1,...,N —1,

for two finite sequences of non-negative real numbers {Cp }2_y, {Dn}1_,.
Assume At <1/(2 max Cy). Then:
e

=U,1,...,

N-1
(4.7) _max an < e AN 9e2At5N -1 Z B,
n=u,L,..., n:(]
N—-1
where Sy = Z(C” +D,).
n=0



We are now in position to prove the following error estimate result:

Theorem 4.6. Assume that Hypothesis 3.1 holds, the data verify f € C°(H™1), o,f €
L2(H™Y), uwg € H'Y, and that the solution (u,p) of the unsteady NSE (2.2) has augmented
regularity, i.e., (u,p) € CO(H*) x CO(H®), 2 < 5 <1, such that Oyu € L*(L?). Assume
in addition that there is a constant C independent of h and At such that Ch < At and

that ||up — uop |1 = O(h®). Then, the following error estimate for a solution {wp,pr} of
the fully discrete STAB model (3.2) holds:

(4.8) [ — | 2y + VI D(w — wp) |l ez) + 1P = Pallee(r2) < C (h° + At),

for some constant C > 0 independent of h and At, where we are using the following
notation:

|u —upllpo 2y = , ax [u" — upllrz,
N 1/2
ID(w = wp)leqey = | AD@" —up)i:|
n=1
1P — Pyllgoe(r2) = max |IP" — Pyl e,

=1,...

¢

being P = / p(+, 8) ds, with p the piecewise constant in time function that takes the value
0 ~ ~

P on (tn,tnt1), and P = P(-,t,), PP = Py(ty).

Proof. The proof will be split into four main steps. Throughout the proof, it will be
assumed that 0 < h, At < 1.

Step 1: Error equation. We consider an approximation @) = Rpu" € X; C Y} of
u" = u(-,t,) € H} satisfying:

(4.9) (u" — 4y, vp)0 =0, Vv, €Yt n=01,... N.

Note that such interpolant Ry, exists, and satisfies optimal approximation properties as the
standard nodal Lagrange interpolant (see, for instance, [21]), as proved in [15], Lemma 3.7
(note that, due to the required augmented regularity, the solution (u,p) is continuous in
space, by Sobolev imbedding theorem). Also, let p} = Typ" € My, (p™ = p(-,t,)) with T},
the standard FE interpolation operator, that satisfies optimal approximation properties
(cf. [21]).

Let us define the errors in velocity and pressure by e}l = uy, —uj, \} = p)—p}!, respectively.
As Oyu € L*(L?), then dyu € CV([0,T],L?). Also, as f € C°(H™1), (u,p) € CO(H*T!) x
CO(H?®) with s > 2, then the unsteady NSE (2.2) yields:

(Oru(t), v)o + b(u(l); u(t),v) + a(u(t),v) — (p(t),V-v)a = (f(t),v),
(4.10) (V-u(t),q)o = 0,
u(0) = wyo,

for any (v,q) € H} x L3, for all t € [0,T]. Subtracting (4.10) at t = ¢, from (3.2), we
obtain the error equation:

en —ep 1 1 1 1
v | by, g o) — b(up, up o) +alept o) — (AT V- os)a

At
+(v : eZJrl? qh)Q = <EZL}jla Uh> + <52]j;17 Qh> + Sconv(uzla UZ+17 Uh)
(4'11) +Sdiv<u2+17 'Uh) + Spres(pz—’—lu Qh)a



for all (vp, qn) € Xy, x My, where EZ];H e H ! and EZ};H € L? define the consistency error:

an—&-l —ar N
(en vy = — (&u” - hAth’vh> — b(u™ ™ )+ b(@p, aptt )
Q
-~ —n+tl
+a(ez+17 ’Uh) - (A;;,H—l? v : ’Uh)Q - <fn - fn+17 ’Uh>,
emtan) = (V-&™ an)a,
and we have defined e)"! = @yt — untl, X”“ =prtt — L = F( ).

Step 2: Velocity estimate. Setting v, =e;"", ¢ = /\”+1 in (4.11), using:

20ept — el eftha = [ler R, — llef|Es + llep Tt — e,
bley, apt et = b@p,aptt ep ) — b(up, upt enth,

applying Young’s inequality, Holder’s inequality, Korn’s inequality, and the Sobolev imbed-
ding theorem yields:

lep e — lenllis + llep ™ — erllfe + 4vAt|D(ep™)]17
= 20t (B ) (e ) = e e

+2At [SCOHV(uhu Z—H n+1) + 3d1v( Z—H n+1) + Spres(pn—"_1 )\n—l—l)]

< A el s + DR 7e)

+CAteR e (1D @)™ s + g o ) 11D (en)™

+2AL [< ;L;—l,An-&-l) +Sconv(uh7uz+l n+1) +8dlv(u2+l ez-ﬁ-l) +3pres( n+1 )\n-i-l)}
< AT en e + 2D R + Cv T enE)

20 (e ) - scom (ufh L ep ) sai (g e ) spres (oL AT

where in the last step we have used:

ID@7) s < IDW")l|Ls + | D(w") = D(@;)|[vs < Cllu®|gesr + Ch*~ Y[ e
< Cllufl poo grs+1ys
[@hlie < futie + " =g ue < Cllu|[ge + Ch 2 [u” o
(4.12) < Cllullpeo sty

for all n = 0,1,..., N, which follows by the optimal approximation properties satisfied
by wj,, and Sobolev imbedding theorem, since u € CO(H**!) with s > 2, and thus, in
particular, u € CY(C(Q2)). Tt follows that:

lep 2, + lleftt — epl, + 2vAd|D(ef ) 2,
< (14 Cu ) [leflZa + v At B + 200t )

(4'13) 12AL [Sconv(uh’ Z—&-l n+1) + de(uz—kl ez—H) + Spres( n+1 )\n+1)}
Note that, by divergence theorem and (4.9), one has:

(4.14) (e ;LhH’ APy = (Ve g = — (@ on (VAT))a.

10



By using the Cauchy—Schwarz inequality, Hypothesis 3.1, the local error estimate for the
interpolant Ry, the regularity of the grid, and Young’s inequality in the last line, we obtain:

Tt = =@ oh (VAT e < D e o llon (VAR e
KeTy,
1/2
< lon (VAT ZiHA"HHm(K)
Ker;, PK
1/2
1
< —lor (VAT I, Z HAnH\|L2(K)
vl KETh

C 1
< * )\TL—‘,—I - hs < * )\n+1 2 Ch28
< TOTIH%(V e )|lnh® < Zllop (VAT + :

As p"'H jﬁ'”h'H — )\ZH, we have:
spres (D L AT = spres (O3 T AT = o (VARTHIZ,
Using Young’s inequality to estimate spres(th /\"+1) (4.13) becomes:
len |5z + 2vAt|D(ey™)1E: + Atlloy (VAT
< (L4 O ) efliZa + v Al s + CALA
(415) Ao (VB2 + 2scom (ufl it € ) + 25 (uf e )]

To bound ||ah(VNn+1) |, we add and subtract V5, ™ and use Lemma 4.1 and the optimal
error estimates for the interpolation operators T}, and Oh:

ok (VB Dl < o (VAR D, + lon (V" )],
(4.16) < ChIVA |2 4+ Chllog (Vp"HY)||Le < C b2

Combining estimate (4.16) with (4.15), we obtain:

leh ™ IE: + 20 At D(el ™12 + Atllon (VAR

I7,

< (L+Cv'At) |lepl;. + v At -1 + CALR*
(417) +2At [Sconv(u}w U‘Z—i_l TH‘l) + Sdlv(uz+1 ez+1)]

Arguing similarly for the forms scony and sqiy, we have:
st ep™) < 2 (lon(V @ YIZ, ~ oh(V e IR,
< 0w~ oi(V e IR,
seome (@l e < 1 (llof - AR, ~ o - e, )
Thus, from (4.17) we obtain:
leh ™52 + 2v At D(el Iz
£t o - Vel 2, + 107V - eI, + o (TN IR

(418) < (14 Cv A1) [lef s + O [ 4 v el B+ o (- Va2 ]

11



The estimate for ||o (uj - va;th |2 is rather involved, so that we discuss it in detail. By
applying the triangle inequality and Lemma 4.1, we have:

oy (ufy - VAR,
< log(uh - Ver™)n, + lloh(uf - Va )]l
< Chlluh ver e + llog (up - Vu |,

(119) < Ch(llep- Vers + @ - Vepte) + okl - Vur .

The first two terms in the last inequality are bounded by using Hélder’s inequality, (4.12),
and the optimal error estimates for the interpolation operator Rp:

b (llef - Ve e + |y, - Ver s )
~n-+1 ~ ~n+1
h (llep e V&) oo + 17l VER )
Ch (Jlehle i~ + Ve xz )

C (HeZHLZ hs+1fd/2 + hs+1> _

IN A

IN

(4.20)

The last term in (4.19) is bounded by using again Lemma 4.1, the stability of oy, the pro-
perties Va1 € L™ and (u"-Vu"*!) € H* which follow from the regularity assumptions
and the Sobolev imbedding theorem, and the optimal error estimates for the interpolation
operator Ry:

oy (upy - Vu )|, < Chlloy(uf - Va2

< Ch(llog(efr - Vu ) |g2 + llog @y - Va2

< Ch(|lep - Va2 + [[ef - vunHHH + ok (u” - V) p2)
(4.21) < Ch(lleplye +h%).

Combining (4.19) with (4.20) and (4.21), we finally obtain:
(4.22) o (uh - Vg I, < C (hlleflie +p°H).
Inserting (4.22) into (4.18) gives in particular:

lep i + 20 AL D(e ™ )1T2 + Atllog(uf, - Ve |7, + Atfloy (VA3
(4.23) < [T+ Cw ™ +m)AL [lep)2s + C (v Y[ 2, + h%) At

We now apply the discrete Gronwall’s lemma 4.5 with:

ay, = ”en+1||L27 Bn — C( 1”€n+1||H L+ h28) At Cn _ 07 Dn _ C(V—l + h2),

to deduce:
N-1
(4.24) _max lepllf. < C [ledlifs + b + > Atllel ™ If |
Ity n 0

where C'is a function of v and T that increases to +o0o as v decreases to 0 or T' increases
to +00. Summing (4.23) from n = 0 to n = r — 1 for a positive integer » < N and using

12



(4.24), we obtain:

r—1
eIz + 2’/ZNHD POIE2 + ZNII% (ujp - Vep™)|2 + Y Atllop (VA
n=0 n=0 n=0

r—1
1
< O max HehHL2+h28+7;)At”€n+ 8 ]
N-1
(4.25) < O |llenlze +h% + > Atlleytl5- ] :

n=0

Step 3: Consistency velocity error estimate. For the analysis, the consistency error

is decomposed into ( 2;{1, E €;, with:

~n+1 ~n
_ n+1 uy — Up, /\n An+1 n+l.  n+l
&1 = - (atu —,'U> ) €2 _b( uy ,U) _b(u U 71])7
Q

> 5\ +1
es = a(eyt'v), ex=-NT L Vv)g, = (" -F v),

where we recall that €)™ = @)™ — u"*! and /):ZH = pptt — p"*l. Estimates for e,
i=1,...,5, can be dlrectly derived from [20], pages 380 — 381, thus we skip them for

brevity. Collecting all these estimates yields:

n+1 2
n+1 _ (ebn > v) < —2 1 2(s+1) 2s
lepi Iz = (vseul% ” (v)||L2> _c[(m) h +h}

tn+1
soat [ (10wl + 10O s + |07 (1)) de.
tn

Summation over the discrete times and using the regularity assumptions on u and f to
hide the norms in the constant leads to:

Z AtHEn-‘rlHH L < C [(At)iZ h2(s+1) + h28j|
+O(AD? |9l awz) + 102 wz) + 1O I 2aa)
(4.26) < C [(At)*Q R26HD L (A2 + hﬂ .

Combining (4.25) with (4.26), we obtain, for 0 <r < N — 1:

r—1

leqlfz +20 > At[D(ept)]
n=0

+ ZAtHah (ull - Verth)|2 +ZAtHah VA2
n=0 n=0

(4.27) < C [||eg||i2 R 4 (Af)T2RAEHD (Atﬂ .
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With the notations of Theorem 4.6, we can write:

N 1/2
lenll e 12 +\/;”D(eh)||£2(L2) = Hllax lenllr2 + Vv ZAtHD eh)HL2]
n=1
(4.28) < CR* + (AR 4 At < C(B° + AY),

using the assumption Ch < At. Estimate (4.8) for the velocity follows from (4.28) using
the triangle inequality:
lw — unllee ey + VVID(w — )z < llenlleeqwe) + VYID(en)lle ez
Henllee ey + VVID (@)l w2,
and optimal error estimates for the interpolation operator Ry,.

Step 4: Pressure estimate. From the error equation (4.11), setting g, = 0, we have:
n+1 n

— e
(AZ—H,V"U}L)Q _ (h h

A7 ,vh> + b(up, ”H, )+b(eh,A"+1,vh)

+a ( Z+17 Uh) - <€Z/;’_17 'Uh> Sconv(uhu ’lLZ+1, Uh) Sdlv(uZ—Ha 'Uh)-

n
Let A7 = Z AtAZ“ = Z At(pitt — k“) then summation over the discrete times
gives:

(AZ“, V-vp)a

= (eZJrl —e) vp)a + Z At[b(uf, eZH, n) + blek Akﬂ,vh)]
k=0

Z Atla k+1 vp) — <€5;1’ Vp) — Sconv (uiv uiJrla Vp) — Sdiv (UZJFI’ vp)]-

The application of the triangle inequality, a standard estimate for the convective term,
the Cauchy—Schwarz and Korn’s inequalities, the stability result (4.6) for the velocity, the
regularity assumptions on u, and the optimal error estimates for the interpolation operator
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Ry, yield:

(AP V - vp)g
1D (wn) |2

< O (lleg™ e + llenliee)

+ > At (D) ez | D(ef ) e + (IDEE e + ID@H Yl ) 1D (ef) 2 )
k=0

n
+ 3t (Dl + ek e )
k=0

n

1
4+ At (]5 (uk,ukH, vp)| + |sdiv(uk+1,vh)]>
Do 2 A seom (i "

< O (llep™™ e + lleplie +5°)

n 1/2 n 1/2
+ (Z At||D(e;§+1)Hi2> + (Z At||ef;{1||%{_1>
k=0 k=0

1
(4.29) +m Z At (ISCOHV(U;?? ul;:L—&-l’ vn)| + ‘Sdiv(ui—i_l’ Uh)’) ] :
k=0

The stabilization term with respect to the divergence is bounded by the triangle inequality,
the Cauchy-Schwarz inequality, (4.4), Poincaré’s and Korn’s inequalities, V-u**! = 0 a.e.
in Q, the stability of oy, and the optimal error estimates for the interpolant operator Rj:

|saiv (W o) < [saiv (€7 vp)| + [sai (WL o) 4 [saiv (€F T vy))]
< C(IDEF Ml + IV - w2 ) 1D (wn) e
+C|D(ef ) 2 I D(wn) 2
(4.30) < O (P + 1D}z ) IDw) [z

Using the triangle inequality, Lemma 3.4 in [18], and the error estimates for Ry, yields:
|Sconv(uza ’U,’:L+1, ’Uh)|
< ‘SCOHV(,U/E,; /e\l}i+17 ’Uh)| + |Sconv(u£€m ukJrl, ’Uh)‘ + lsconv(uia ei—’—la 'Uh)‘
C 1> 42| D(up) |22 D () l|L2 + [scony (uh, ubH, vy)]

(4.31) +’3conv(ulfi7€2+lavh>"

N

Again, the triangle inequality, the application of Lemma 4.1, local inverse estimates (cf.
[7]), Sobolev injections, the stability and optimal error approximation properties of o, and
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the approximation properties of R, gives:

scom (@ o)l < O ST Hklleh - VuE g lluf - Voul

KeTy
+C Y hiller - VuF T e luh - Vol 2
KeTy,
+C ) hicllog (- VurY | 2o uf - Voull 2
KeTy,
< CR?|D(ef) el Vet ek | D(w) 12l D (o) s
+CR D) gl Ve ah ™ D)l | D (o) e
OB (- T | | D) [z Do)l
(4.32) < C (B ID(ER) e + B2 74) D) e | D(wn) 2.

Moreover, by using Cauchy—Schwarz inequality and the stability of op, we estimate:

ISCOHV(U;“L,@]ZH,W)\ < C Z TuKHUh(uh VekH)HL%K)HU}kL(UfL'Vvh)HL2(K)
KeTy
1/2
< Cloj(uf-Ver™le, | D hiclub - VoulFa
KeTy
(4.33) < Clloy(up - Vet e, h' = D(up) 2l D(vp) L2,

where we have used local inverse estimates and Sobolev injections in the last inequality.
Combining (4.32) and (4.33), from (4.31) we obtain:

‘Sconv(uzauz—i_lavh” < Ch2+8_d/2||D(qu)H%2||D(Uh)||L2
+C (R D(ef) s + 24 ) [|D(uf) [zl D(wn) e
(4.34) +C R o (- Vel ™) | | D(h) e | D(wn) [z

Inserting (4.30) and (4.34) in (4.29), using the Cauchy-Schwarz inequality, the stability
result (4.6) for the velocity, and taking advantage of estimate (4.27), we finally get:

(An+1’v.vh)9 .
Dol = C Ul e + llehllue 47 + At)

1/2 1/2
(4.35) (ZNIID . Hm) (ZAt||€k+1HH )

Thus, by the discrete inf-sup condition (4.5) and (4.26)-(4.27) it follows that:

N—_1 1/2
A e < C | sup ||6h||L2 + (Z At|[D( k“)Hm)
=04 k=0
1/2
(Z Atllebr I3 ) + [lon (VAT 7, + (h° + At)
(4.36) < CO(h* + Ab).
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Again, using the notation introduced in the statement of Theorem 4.6, in particular we
can write:

(437) [Anllewzsy = max [AR]z2 < C(h* + At).

e

Estimate (4.8) for the pressure follows from (4.37), the triangle inequality:
I[P = Phllgeo(r2)y < [|Anllgoo(z2) + [[Anlleoe(£2)5

and optimal error estimates for the interpolation operator T},.
This concludes the proof. O

Remark 4.7. To obtain optimal estimates with respect to the polynomial interpolation,
we must take s = 1. This yields:

[ — wp | oo 2y + VYD (w = wp)[| 22y + (1P = Pallpoe(r2) < C (B + At).

Thus, the convergence of STAB method (3.2) is optimal with respect to the polynomial
interpolation for smooth flows.

Remark 4.8. The proof of Theorem 4.6, that implies more concretely a strong convergence
result for solutions with slightly increased regularity (it is sufficient (u,p) € C°(H?) x
CY(H"'), even if the convergence order in space is limited to one, due to the pressure
stabilizing term), contains as a sub-product the asymptotic energy balance of the STAB
approzimation (3.2): The total energy balance is asymptotically maintained in such a way
that the sub-grid energy due to stabilizing terms asymptotically vanish (see [15], Section

3.4).

This is not the case if we consider the natural minimal regularity of the continuous solu-
tion: Indeed, due to the low regularity of the weak solution, we can just prove an energy
inequality, due to the dissipative nature of the STAB approzimation (3.2), by using that
the sub-grid stabilizing energy terms are positive (cf. [17]).

5 Numerical studies

Numerical studies with the LPS method (3.2) were performed on the one hand to sup-
port the theoretical convergence order predicted by the numerical analysis and stated in
Theorem 4.6. To this end, Example 5.1 considers a 3D unsteady Beltrami flow in laminar
regimes which possesses an analytical solution. On the other hand, the performance of the
proposed method is studied at a high Reynolds number flow. In Example 5.2, simulations
of a 2D mixing layer evolving in time at Reynolds number Re = 10* are presented and the
obtained results are compared with results from the literature.

5.1 Laminar regime: Beltrami flow (3D)

This test is aimed to check the convergence order stated in Theorem 4.6 for the scheme
(3.2) applied to the computation of the 3D Beltrami flow in laminar regimes. This ex-
ample describes a three-dimensional unsteady flow situation in which all terms in the
incompressible Navier—Stokes equations play a crucial role (i.e., there are no degenerating
terms), and for which a closed-form analytical solution exists. Although unlikely to be
physically realized, it was developed in [25] for benchmarking, testing, and validation of
3D incompressible Navier—Stokes solvers.
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Setup for numerical simulations. The problem is defined in Q = (—1,1)3. Its analytical
solution is given by:

(5.1)  w; = —ale""sin(fay£dz)+e*“cos(ax£dy)] et
(52) wupy = —ale®Vsin(az+dz)+ e cos(aytdz)e
(53)  wy = —ale"*sin(az+dy)+ e cos(az £da) e,
2
(5.4) p = _% [62(“6—{-e2ay+e2az—|—QSin(ax:I:dy)cos(az:l:dJU)ea(y+Z)

+2sin(ay +dz)cos(ax +d y)ea(zﬂ)
+ 2sin(az + dz) cos(ay + d z)e*™+Y) em2vd’t

where a and d are parameters defining a family of solutions. In our simulations, they were
fixed to be a = w/4 and d = 7/2, resulting in initial velocities ranging from 1.59 to —3.31
(cf. [25]). These velocity fields are generated by eigenfunctions of the curl operator (cf.
[12]) in such a way that the unsteady term balances the viscous term in the momentum
equation, the velocity is divergence-free, and the convective term can be expressed as the
gradient of a scalar function (i.e., the negative of the pressure). The sign + was taken in
formulas (5.1)—(5.4) to perform the presented numerical simulations, whereas the sign —
gave similar results.

Following [26, 27], two different flow regimes were considered, a diffusion-dominated flow
with v = 1 and a convection-dominated flow with v = 1073. The Reynolds numbers based
on the chosen viscosity, the length of the domain, and the maximum initial velocity (in
modulus) were Re = 6.62 and Re = 6 620, respectively. The initial flow state was the same
for both the diffusion- and the convection-dominated flow regime, since the viscosity has
no effect at t = 0. Depictions of the initial velocity and pressure fields can be found in

[27]-

Due to the balance of the left-hand side terms in the momentum equation, there are no
body forces in this problem, so that f = 0 in (3.2). Dirichlet boundary conditions based
on (5.1)—(5.3) were applied on all faces. The following expressions of the stabilization
coefficients were used:

n -1

-1

1 1 v u
5.5 WK =Tpk = | = , Tk = R
09 T =T <At+TﬁK> LK [“(hK/z)?W(hK/l)

hx/1)?
(5.6) g = KU
C1T 1K
by adapting the form proposed in [23, 24], designed by asymptotic scaling arguments

applied in the framework of stabilized methods. In (5.5)—(5.6), ¢; and ¢y are user-chosen
positive constants, [ is the degree of the polynomial interpolation, and Uy is some local
speed on the mesh cell K at the previous time step n (it should be U € L*(K), n =
0,1,..., N — 1, to ensure (3.6)). The values of the constants c¢; and ¢y were chosen to be
c1 =4, ca = /c1 =2 (c¢f [22]), and we set Uy, = HU,ZHLz(K)/|K|1/2. Problem (3.2) was
implemented in a FreeFem++ (cf. [31]) code.

The main interest was in testing the convergence order in space, so that uniform meshes
with 43,53, ..., 8% mesh cells and with Py finite elements were used for both velocity and
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pressure, and [ = 2 in (5.5)—(5.6). Starting with the initial field given by (5.1)-(5.3), the
semi-implicit Euler scheme (3.2) was applied for the temporal discretization with N = 16
and N = 32 time steps of length At = 0.00625 and At = 0.003125, respectively, resulting
in the final simulation time 7" = 0.1 in both cases. This approach implies a 22% decay of
the initial flow configuration. According to [25], these setup values optimize the spatial
and temporal variation while maintaining reasonable execution times. The time steps
chosen ensure that the temporal errors are almost negligible compared with the error in
space for all spatial meshes considered.

Numerical results. In Figure 1, the “velocity + pressure” error curves following estimate
(4.8) for both the diffusion- and convection-dominated case are presented, related to the
grid size h, here defined as the distance between adjacent nodes per direction of the mesh
cell. The expected convergence order is O(h?), due to the use of quadratic finite elements
in space and the fact that the temporal error is negligible.

Error vs. mesh width (At = 0.00625) Error vs. mesh width (At = 0.003125)

T T
—=—p? : JE—
—&—conv —=— conv
—m— diff —a— diff

L L L
0.25 0.35 0.45 0.5 0.25 0.35 0.45 0.5

Figure 1: B
Example 5.1. Convergence of [[u — up||goo(r2) + vV D(w — up)ll2r2) + | P — Phllgee(r2)
for the diffusion-dominated (v = 1, blue) and the convection-dominated (v = 1073, red)
case (At = 0.00625 on the left and At = 0.003125 on the right).

For both cases of this laminar flow (diffusion- and convection-dominated), Figure 1 con-
firms that the optimal order of convergence, which has to be expected from the error
analysis, is achieved.

5.2 High Reynolds number regime: Plane mixing layer (2D)

Numerical results for a plane mixing layer problem evolving in time at relatively high
Reynolds number are presented in this section. Mizing layers are encountered in aero-
dynamics, in the atmosphere or the ocean (e.g., in the wake of mountains, in the Gulf
Stream, or in the Mediterranean sea), as well as in the atmospheres of Jupiter and Saturn
(at the interface between neighboring zonal jets), confer [38]. Such a flow permits the study
of transition to turbulence far from boundaries, and thus the influence of boundaries is
removed. The opportunity of considering a two-dimensional problem allows to perform
numerical simulations up to a certain level of resolution with the available computer re-
sources. The interaction between two- and three-dimensional turbulence related to this
flow has been analyzed in [38].
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The plane mixing layer problem has been investigated experimentally, for instance, in [11]
for a turbulent regime as well as in [50] at moderate Reynolds number. An extensive
review of this type of flows is given in [32]. Numerically, it has been deeply discussed in
[38], where a Direct Numerical Simulation (DNS) of a two-dimensional temporal mixing
layer problem was performed, applying a second order Finite Difference Method (FDM) at
the high resolution of 2562 grid points with a uniform spacing in each direction. Further
numerical studies for this problem, including Large Eddy Simulation (LES), VMS and
stabilized models, may be found, e.g., in [, 12, 28, 29, 34, 35, 44]. The corresponding
three-dimensional case has been analyzed numerically, e.g., in [3, 31, 35, 45].

For the setup of our numerical simulations, we chose to follow the guidelines given in [28],
where numerical studies of a 2D mixing layer problem for a LES with a three-level VMS
finite element method were performed. As a benchmark, we considered the numerical
results obtained by the so-called “basic method” in [28], which consists of a Pressure
Stabilizing Petrov—Galerkin (PSPG) FEM with an additional grad-div stabilization term.

Setup for numerical simulations. We used a setup similar to the one of [28]. The problem
is defined in Q = (0,1)2. Free-slip boundary conditions were applied at y = 0 and y = 1,
and periodic boundary conditions were prescribed at x = 0 and x = 1. The initial velocity
field is given by a hyperbolic tangent basic profile reading:

(5.7) wy = ( Use tanh((gy —1)/b0) ) ’

where dg denotes the initial vorticity thickness, which will be defined below. The initial
velocity distribution (5.7) is displayed in Figure 2.

On the initial velocity field (5.7) we superposed a white-noise divergence-free perturbation
of small amplitude by means of the streamfunction:

(5.8) Y = cyUso exp[—((y — 0.5)/60)?] cos(ax),

where av = 27/ is the corresponding wave number with wavelength \. This perturbation
injects energy into all the longitudinal spatial modes, according to [38], and should reaso-
nably approximate the case of a real mizing layer that is naturally submitted to a residual
turbulence having a broadband spectrum.

The mixing layer problem is known to be inviscid unstable. Slight perturbations of the
initial condition are amplified by the so-called Kelvin—Helmholtz instabilities. With a
linear stability analysis it can be shown that the most amplified mode corresponds to the
most unstable wavelength A\, = 7dp, see [13]. For a domain having extension L, in the
stream-wise direction, with L, = nA,, n € N, the number of primary vortices which are
expected to develop in the z-direction is equal to n. We will present computations with
four primary eddies, i.e., n = 4. Since L, = 1, we have to choose dy = 1/28. We took
for the actual perturbation the sum of two waves with wavelengths 1/4 and 1/10 in terms
of the domain length, respectively. Consequently, the perturbed initial velocity was given
by:

59) P < Use tanh((gy— 1)/do) ) N ( —agfw >

with:
) = cpUso exp (—(y/50)2) (cos(8mx) + cos(20mz)) .
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Figure 2:
Example 5.2. First component of the initial velocity (without noise).

The other parameters in the computations were specified to be Uy, = 1, the scaling factor
¢, = 1073, and the viscosity v~! = 28 - 10*. The Reynolds number associated to this flow
is Re = Usodg/v = 10%. There are no body forces in this problem, so that f = 0 in (3.2).

The stabilization coefficients were chosen as given in (5.5)—(5.6). Three computational
grids were used, consisting of uniform 402, 802, and 160? partitions of the domain. On
these meshes, we consider two-dimensional Py finite elements for velocities and pressure,
so that { = 2 in (5.5)—(5.6). This choice gives rise to 51200 triangles, 102720 d.o.f. for
each scalar variable, and the grid size h = V2 /160 ~ 8.8388 - 1073 for the finest grid.

A time unit ¢ = dg/Us was defined and an equidistant time step of length At = 0.35¢ =
0.0125 was used. Starting with the perturbed initial velocity field (5.9), the semi-implicit
Euler scheme (3.2) was applied as temporal discretization with N = 570 time steps,
resulting in a final simulation time 7' = 7.125 & 200 ¢. Statistics were collected during the
complete simulation time.

Numerical results. For the evaluation of the computational results, we considered the
vorticity of the flow w = V x u = 0,up — dyu;. The vorticity thickness §(¢,,) is defined by:
2Us

sup [(w)(y,tn)|’
y€[0,1]

(5.10) 3(tn) =

where the numerator indicates the velocity jump across the mixing layer, and (w)(y, t,) in
the denominator is the integral mean in the periodic direction reading as:

1
w(x, t,)dx
(W)(y,tn) = /0 = /Olw(m,tn)dx.

i
/d:c
0

In the computations, this integral was evaluated discretely for all grid lines parallel to the
z-axis (cf. [35]), and the maximum of these values was employed to obtain 0(¢,). In the
evaluation of the computations, we considered the vorticity thickness scaled by dg.
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Besides the relative vorticity thickness, we also studied the temporal evolution of the total
kinetic energy, given by:

1
Eyin(tn) = 2/ |u2|2da:.
Q

In principal, an evolution exhibiting a somehow decaying total amount of kinetic energy
has to be expected, since the initial velocity distribution is subject to a non-zero viscosity,
and no additional energy input is provided.

Finally, two other aspects of the flow were recorded quantitatively: The mean velocity (uq)
and the root-mean-square (r.m.s.) of the velocity u;. The mean velocity (u;) at every
node was evaluated as a discrete time average over the complete simulation time according
to:

LN
(w) =+ > ui(,ty).
n=1

In addition, these nodal values were spatially averaged along the periodic z-direction in
order to achieve a final velocity profile along the y-direction. The respective r.m.s. value
V@) = /[{u?) — (u1)?| was evaluated during this averaging procedure (u denotes the
fluctuating part of u).

The physical evolution of the flow can be described with the help of Figure 3. These pic-
tures are the result of a simulation using the proposed LPS method (3.2) on the finest grid
of 160 x 160 mesh cells. They present the evolution of the vorticity w through meaningful
non-dimensional instants:

o Development of the four primary eddies. Starting with the perturbed initial condition
(5.9), the four primary vortices develop, and they can be seen clearly after about 15
time units. This behavior corresponds to the time also observed in [28, 38] using the
above mentioned basic method on the same grid.

e Pairing of the four primary eddies. The (simultaneous) pairing of the four primary
eddies in two secondary eddies takes place at about 35 time units. This behavior
compares again to the time observed in [28, 33].

e Pairing of the two secondary eddies. The first pairing is succeeded by a second
pairing of the two secondary eddies into one eddy, finished at about 120 time units.
This pairing is at a later point in time in comparison with [38] (75 time units), and
it is almost comparable with the result from [28] (115 time units).

e Rotation of the final eddy. After time unit 120, the final eddy rotates at a fixed
position. Since this eddy has an elliptic shape, the relative vorticity thickness d/d
oscillates during this stage, see Figure 4 (black line).

The temporal evolution of the relative vorticity thickness §/dp computed with the proposed
LPS method (3.2) on the various grid levels is presented in Figure 4. The main stages of the
respective flows, which have been characterized, can be discovered in this picture through
the formation of succeeding peaks followed by final oscillations. The maximum values of
the vorticity thickness at the first pairing are in between the comparable values in [38]
(slightly lower) and [28] (slightly higher), while at the second pairing, the maximal values
are slightly higher. The final oscillations are rather contained in amplitude, revealing
a slightly elliptic character closer to the results from [38] than from [28], which show
larger final oscillations. It can be seen that the vorticity thickness developed differently
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Figure 3:
Example 5.2. Colored vorticity field (blue: intense vorticity, red: irrotational outer flow)
at time units 10, 20, 30, 40, 70, 100, 115, 125, 200 (left to right, top to bottom).

on different grids. For instance, the coarser the grid, the later the point in time indicating
the first pairing and, simultaneously, the sooner the second pairing. However, in contrast
to the results from [23], the coarse 80 x 80 mesh already provides very similar results as
the finest 160 x 160 grid till the starting point of the second pairing, i.e., till time unit 80.
Moreover, the actual values of the amplitudes of the various peaks are almost identical for
all grids considered. Altogether, the grid resolution had a considerable influence on the
temporal development of the vorticity thickness, but the values of the various amplitudes
stayed unchanged.

Concerning the temporal evolution of the total kinetic energy, depicted in Figure 5, it
is evident that the lower the resolution level, the higher the overall energy loss, i.e., the
more dissipative is the method, as it could be expected. Again, the coarse 80 x 80 mesh
already gives very similar results as the finest 160 x 160 grid till the starting point in time
of the second pairing (time unit 80), while a noticeable difference is present between these
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Figure 4:

Example 5.2. Temporal evolution of the vorticity thickness on different meshes.

discretization levels during the complete simulation time in the numerical results in [28].
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Figure 5:

Example 5.2. Temporal evolution of the total kinetic energy on different meshes.

Figure 6 shows that the mean stream-wise velocity profiles achieved on the various grids are
rather close, and in agreement with the results obtained in [28]. The main differences can
be observed in the proximity of the free-slip boundaries. These differences become more
pronounced in the curves for the respective r.m.s. values, see also in Figure 6. The lower
numerical resolution is clearly reflected in the smaller maximal magnitude of the r.m.s.
values. Globally, the maximum values of the r.m.s. stream-wise velocity fluctuations are
slightly smaller than the corresponding values in [25].
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Figure 6:
Example 5.2. Mean stream-wise velocity profiles (left) and r.m.s. stream-wise velocity
fluctuations profiles (right) on different meshes.

6 Summary and conclusions

In this paper, we have performed a stability and error analysis of the fully discrete un-
steady incompressible Navier—-Stokes equations discretized with a particular type of LPS
method, commonly referred as high-order term-by-term stabilization method. The main
contribution of the present paper is the proof of a-priori error estimates for the fully
discrete scheme. The analytical results show that for sufficiently regular flow fields an
optimal order of convergence is achieved, which was confirmed by numerical simulations
of 3D Beltrami flows. An asymptotic energy balance holds even for less regular flow fields.

Numerical studies of a high Reynolds number plane mixing layer problem indicate that
the considered LPS method might be also a useful tool in the challenging simulation of
turbulent flows, providing reliable numerical results with a comparatively small compu-
tational complexity, which is an extremely important feature in the context of realistic
applications in Computational Fluid Dynamics (CFD).
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