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Abstract

We study a computationally attractive algorithm (based on an extrapolated Crank-
Nickolson method) for a recently proposed family of high accuracy turbulence models
(the Leray-deconvolution family). First we prove convergence of the algorithm to the
solution of the Navier Stokes equations (NSE) and delineate its (optimal) accuracy.
Numerical experiments are presented which confirm the convergence theory. Our 3d
experiments also give a careful comparison of various related approaches. They show
the combination of the Leray-deconvolution regularization with the extrapolated Crank-
Nicolson method can be more accurate at higher Reynolds number that the classical
extrapolated trapezoidal method of Baker [6]. We also show the higher order Leray-
deconvolution models (e.g. N = 1,2,3) have greater accuracy than the N = 0 case of
the Leray-alpha model. Numerical experiments for the 2-dimensional step problem are
also successfully investigated, showing the higher order models have a reduced effect on
transition from one flow behavior to another. To estimate the complexity of using Leray-
deconvolution models for turbulent flow simulations we estimate the models’ microscale.
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1 Introduction

The Leray-deconvolution (LerayDC) fluid flow model is a recently developed, high accuracy
regularization of the Navier-Stokes equations (NSE). The NSE are given by

w+u-Vu—vAu+Vp=f, V-u=0, inQx(0,7). (1.1)

In 1934, J. Leray [29, 30] introduced the following regularization of the NSE (now known
as the Leray model) as a theoretical tool:

u+u-Vu—vAu+Vp=fand V-u=0, inQx(0,7). (1.2)
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He chose © = g5 x u, where g5 is a gaussian associated with a length scale § and proved
existence and uniqueness of strong solutions to (1.2) and convergence as 6 — 0 (modulo
a subsequence) to a weak solution of the NSE. If that weak solution is a smooth, strong
solution it is not difficult to prove additionally that ||unse — ULeraymodel]| = O(6?) using
only |lu — || = O(8?).

These and other good theoretical properties have sparked a re-examination of the Leray
model (1.2) as a regularized model for simulations of turbulent flows with the modification
that the gaussian filter is replaced by a less expensive differential filter, u := (—§?A+1)"1u.
Properties of the resulting Leray-alpha model (1.2) are derived by Geurts and Holm [20, 19]
test in turbulent flow simulations and the theory of the model is developed in [10, 11, 22, 39].
The form of the model, its theory and the tests of Guerts and Holm [20, 19] reveal three
issues:

1. @ is a nonlocal function of v and so must not be treated implicitly,
2. the accuracy of the model (1.2) is strictly limited to O(4?), and

3. without additional terms added, simulations of the model can result in an accumula-
tion of energy around the cutoff length scale (i.e. wiggles).

In this report we consider a related, higher order accurate family, the Leray deconvolu-
tion models 2:

u + Dn(u) - Vu—vAu+Vp=fand V-u =0, inQx(0,7). (1.3)
where Dy is a deconvolution operator, [7], satisfying for smooth u,
Dyi=u+O0@**) N=0,1,2,...
The model (1.3) has the following attractive properties:
e for N = 0 they include the Leray/Leray-alpha model as the lowest order special case.
e their accuracy is high, O(62V*2) for arbitrary N =0,1,2,---.

e they improve upon the attractive theoretical properties of the Leray model, e.g.,
convergence (modulo a subsequence) as 6 — 0 to a weak solution of the NSE and
l|lunsE — ULeraypoM|| = O(6*N+2) for a smooth, strong solution uysg, [27].

e given u the computation of Dy% is computationally attractive.

e the higher order models (for N > 1) give dramatic improvement of accuracy and
physical fidelity over the N = 0 case (see section 4).

e increasing model accuracy can be done in two ways: (i) cutting § — /2 increases
accuracy for N = 0 by ~ 1/4 but requires remeshing with ~ 8x as many unknowns,
and (ii) increasing N — N + 1 increases accuracy from O(62V*+2) to O(6?N*+4) and
requires one more Poisson solve ((—d2A + 1)71¢) per time step.

Tt is also not frame invariant, Guermond, Prudhomme and Oden [18]
2This family of models is an idea of A. Dunca. Private communication.



e although our analysis of (1.3) is for differential filters, the model is independent of this
filter choice and the analysis is extensible to many other filters with only technical
modifications.

This report has two goals. First, we consider two related unconditionally stable algo-
rithms for (1.3), the CN (Crank-Nickolson) and CNLE (Crank-Nickolson with linear ex-
trapolation) methods, section 3. We give a numerical analysis of the CN method and tests
of both CN and CNLE methods and delineate some of its advantages and disadvantages
beyond the usual error analysis. The numerical analysis gives analytic insight into balancing
the meshwidth kA and the filtering radius §. Second, we test the family of models themselves
for accuracy and physical fidelity (section 4) and draw tentative conclusions about the Leray
deconvolution family.

The ideas we test are outgrowths of the seminal work of J. Leray [29, 30], the recent
work on the Leray alpha model [20, 19], the early work of G. Baker [6] on extrapolated
Crank-Nicolson methods and the development of the deconvolution approach to large eddy
simulation. The deconvolution approach to modelling turbulence is an ingenious idea of
Stolz and Adams with Kleiser [1, 4] which has interesting and extensive mathematical
justification for its accuracy and effectiveness, e.g., [2, 3, 5].

We will formally present the scheme in Section 2 after giving the notation and defini-
tions necessary for the scheme and for the analysis used throughout this article. Section 3
develops the theory for the scheme, showing stability, existence of solutions, and analysis
of convergence. Numerical experiments are presented in Section 4, followed by conclusions.

The models (1.2), (1.3) are properly regularizations of the NSE. Thus, we stress that the
correct question is to study convergence of discretizations (1.2), (1.3) to solutions of the NSE
as h and § — 0 (rather than to solution of (1.2), (1.3)). This is the question we study herein.

2 Notation and Preliminaries

This section summarizes the notation, definitions and preliminary lemmas needed. We start
by introducing the following notation. The L?(£2) norm and inner product will be denoted
by [|-]| and (-,-). Likewise, the LP(£2) norms and the Sobolev Wf(Q) norms are denoted by
| - |l» and || - ||sz7€, respectively. For the semi-norm in W¥(Q) we use | - \szf. H* is used to
represent the Sobolev space W¥, and || - ||z denotes the norm in H*. For functions v(z,t)
defined on the entire time interval (0,7"), we define (1 < m < 00)

1/m

T
lollos = ess sup ot e, and  [ollmg = ( J uv<t,->uz”dt>
o<t<T 0

We consider both, the periodic case and the case of internal flow with no slip boundary
conditions. (There is mainly only small notational differences between these two cases in
the analysis.)

In the periodic case, 2 = (0, L)d, d = 2,3 and the velocity pressure spaces are

X = Hi# ={ve HY(Q)N L) : vis L periodic }, Q= L), (2.1)
while in the case of internal flow (2 is a regular, bounded domain in R¢ and

X :=HQ), Q:=LiN). (2.2)



We denote the dual space of X as X*, with the norm || - [|. The space of divergence free
functions is denoted

Vi={veX,(V-v,9) =0 VgeQ}. (2.3)

The velocity-pressure finite element spaces X" ¢ X, Q" C @ are assumed to be con-
forming and satisfy the LBB" condition, e.g. [17] The discretely divergence free subspace
of X" is, as usual

Vh={ohe X" (Vo' ") =0 V" € Q"}. (2.4)
In addition, we make use of the following approximation properties,[9]:

inf flu—vl < CH*ullesr, we HMHQ),
’UGX}-L

inf lu—vli < Chullpsr, we HH(Q)Y,
veEXy,

inf [p—r| < CApllst1, p€ HTH(Q).
reEQn
(2.5)

Taylor-Hood elements (see e.g [9][17]) are one common example of such a choice for (X", Q"),
and are also the elements we use in our numerical experiments.

We employ the usual skew-symmetrization used in many finite element discretizations
for fluid flow problems. Using this trilinear form ensures stability of the method.

Definition 2.1 (Skew Symmetric operator b*). Define the skew-symmetric trilinear
formb* : X x X x X - R as

b* (u,v,w) := %(u -Vo,w) — %(u - Vw,v) (2.6)

We now list important estimates for the b* operator necessary in Section 3.

Lemma 2.2. For u,v,w € X, and also v € Lo () for the first estimate, the trilinear term
b*(u, v, w) can be bounded in the following ways

N 1
b (u,0,w) < 5 (Jull 1Vl o]l + llull 0]l V2]l (2.7)
b* (u,v,w) < Co(Q) ||V | Vo] |V (2.8)
b* (u, v, w) < Co(Q) [l 2 |Vu|| /2 |V | Vw]| . (2.9)

Proof. The result of the first bound follows immediately from the definition of b*. The proof
of the other two bounds can be found, for example, in [26]. O

Our analysis selects discrete differential filters. Continuous differential filters were intro-
duced into turbulence modeling by Germano [15][16] and used in NS-a and related models
[10][11][22]]20],[19]. They can arise, for example, as approximations to gaussian filters of
high qualitative and quantitative accuracy [14].



Definition 2.3 (Continuous differential filter). For periodic ¢ € L*(Q) and § > 0
fized, denote the filtering operation on ¢ by ¢, where ¢ is the unique periodic solution of

—82Ap+ ¢ = ¢. (2.10)

We denote by A := (—6?A 4 I), so A~'v = v. We define next the discrete differential
filter following, Manica and Kaya-Merdan [32].

Definition 2.4 (Discrete differential filter). Given v € L*(), for a given filtering
radius 6 > 0, " = A}Zlv is the unique solution in X" of

SA(VTh, Vx) + @, x) = (v,x) Vx e X" (2.11)

Definition 2.5. Define the L? projection 11" : L?(Q) — X" and discrete Laplacian operator
AP X — XM in the usual way by

(11" —v,x) =0, (A, x) = =(Vo,Vy)  Vxe X" (2.12)

With A" we can write - (=82AP 4TI 1M and A, = (—52AP +1TM).

Remark 2.6. In the nonperiodic case, an important option is to define the differential filter
by a discrete Stokes problem so as to preserve incompressibility approrimately. In this case,

given ¢ €V, @h € VP would be defined by
52(Vﬁh,V1}h) + (ﬁh,vh) = (¢,v") for allv" € V.

This is of course a more expensive filtering operation. Herein we study the less expensive
option (2.11). Discrete incompressibility is imposed on the approrimate velocity directly in
the model. Discrete incompressibility of " is addressed by explicit skew-symmetrization of
the trilinear form in the discrete momentum equation.

Remark 2.7 (Modification of the model). The model (1.3) is correct as written for
any filtering operation that preserves incompressibility exactly. For mo-slip boundary con-
ditions and the differential filter w = (—62A + 1)~ u, incompressibility is only preserved
approzimately (to O(6%)). In this case the nonlinear term of the continuous model should
be modified (to preserve skew-symmetry) by

1
ut+DN(ﬁ)-Vu—§(V-DN(ﬂ))u—I/Au—i—Vp:f, V-u=0, in Qx (0,7).

This modification is consistent with our use of the skew-symmetrized trilinear form in the
discrete equations in all cases.

We now define the van Cittert approximate deconvolution operators.

Definition 2.8. The continuous and discrete van Cittert deconvolution operators Dy and D’](,
are

N N
Dyv := Z(I — A Yy, Dl = Z(Hh - AN (2.13)
n=0 n=0



Our numerical experiments use N = 0, 1,2, 3 for which we have for v € X",

Dby = w, (2.14)

Dhw = 2v—73", (2.15)
—h

Dhy = 3v—30" +3" (2.16)
A — N

Dhv = 4v— 60" +47" —T" . (2.17)

Dy was shown to be an O(62V+2) approximate inverse to the filter operator A~! in Lemma
(2.1) of [12], recalled next.

Lemma 2.9. Dy is a bounded, self-adjoint positive operator. Dy is an O(6*N*2) asymp-
totic inverse to the filter A=Y, Specifically, for smooth ¢ and as & — 0,

¢ = Dy + (—1)NHDFNF2ZANFL y=(N+1)

We begin by recalling from [8], [32] some basic facts about discrete differential filters
and deconvolution operators.

Lemma 2.10. For v € X", we have the following bounds for the discretely filtered and
approximately deconvolved v

[ < 1ol (2.18)
|pie| < canel (2.19)
Hwh < ||Vl (2.20)

HVD]’W < C(N) ||V (2.21)

Proof. The proof of (2.18) follows from choosing xy = " in (2.11), and applying Young’s
inequality. (2.19) follows exactly as in [8].
To prove (2.20), we note that the filter definition can be rewritten using A" as

—84 (A" ) + (@, x) = (v, x) Vx € XM

Choosing y = A" and using the definition of A" gives

= (Vv, V1)

& Jarot ]+ oot

Now Young’s inequality proves (2.20). (2.21) follows immediately from (2.20) and the
definition of D. O

Lemma 2.11. For smooth ¢ the discrete approximate deconvolution operator satisfies

N
|6 — Did"| < CON2|G gane + CORF + R (D1 (AN n). (2:22)

n=1



Proof. We start the proof by splitting the error
—h — - - - —h
l¢ = DX &'l < l¢ — Dnoll + |Dné — Dio|l + [ DX — Dié || - (2.23)
Lemma 2.9 gives

16 — Dngll < C 8N H2) 6 gransa . (2.24)

Lemma 2.10 gives for the third term in (2.23) that || D% ¢ — Df{@hH <C|¢o - $hH Then,
by using standard finite element techniques (i.e. subtracting (2.11) from the continuous
scheme of (2.10) and using standard inequalities) we have

16— "Il < C(6h* + W) Blitr - (2.25)

It is left to bound the second term from (2.23). First, note that for N = 0, HD(@h -

D(’}ghﬂ = 0. Based on the Definition 2.8 of continuous and discrete deconvolution operators
and their expansion (see (2.14)- (2.17)), we note that Dy is a polynomial of degree N in
A~! (and D% in A, ' as well). Thus, the second term in (2.23) can be written as

N N
IDxé = Dol = Y an (A7)0 = (A,1)"0) | < D anll(A71)"6 = (4;1) 9l . (2:26)
n=0 n=0

For O(1) coefficients a,, and for N = 1, the results (2.25) and (2.18) give

_ —h
1 1 = h
(A= (A9 = llo—¢ |
= =h =h N
< llo=oll+lle —¢ |
< I6-31+15-3"
< C(6hF + B (1Qlkgr + [@lrs1) - (2.27)
Inductively,
- _ N
1(A™)NG — (A7NG] < CORF + (S 1A [k ). (2.28)
n=1
The proof is completed by combining the derived bounds for the terms in (2.23). O

Recall that a strong solution of the Navier Stokes equations satisfies u € L2(0,T; X) N
L>®(0,T; L2(Q)) N L4(0,T; X), p € L*(0,T; Q) with u; € L2(0,T; X") such that

(ut,v) + (u-Vu,v) — (p,V-v) + v(Vu,Vo) = (f,v), Wwe X, (2.29)
(¢, V-u) = 0,Vqeq. (2.30)

For simplicity and clarity of notation we let v(t,1/2) = v((ts +tn+1)/2) for the contin-
uous variable and v, 1/ = (U5 + vp41)/2 for both, continuous and discrete variables.



Algorithm 2.12. [Crank-Nicholson Finite Element Scheme for Leray-deconvolution] Let
At > 0, (wo,q0) € (X", QM), f € X* and M := Alt Forn =0,1,2,---,M — 1, find
(whiysdpi) € (XM, QM) satisfying

Lo h siph o h " h h h h

E(wnJrl )+ b (Dan+1/2 » Wpy1/2,Y ) — (qn+1/27v )

+ V(VwZH/Q, Vol) = (fn+1/2,vh) Vol e XM (2.31)

(V-wlhy,x") =09 € Q" (2.32)
Remark 1. Since (X", Q") satisfies the LBB" condition, (2.31)-(2.32) is equivalent to
1 . ——h
E(wZJrl ")+ b (Dan+1/2 W19y 0") V(Y 4y 9, VO")

= (fus1/2,0") V" e VI (2.33)

Note that for the CNLE implementation of Algorithm 4.1, it is the deconvolved term
that is extrapolated. In CNLE, this term is from (known) previous time levels and so the
deconvolution is treated explicitly. This is particularly effective for (1.2) and (1.3). We have
also tested quadratic extrapolation. The preliminary results are much better qualitatively
than linear extrapolation.

Lemma 2.13.
2 1 g [inh 2
tns1/2 = ultni1p2)||” < 1580 t [Jue||” dt, (2.34)
Up4+1 — Un 2 1 3 tnt1 2
T — ut(tn+1/2) S %(At) ) HUtttH dt, and (235)
9 (At)3 tn41 9
[V (tns1/2 = ultniry2)|” < 5 [Vue|” dt. (2.36)

The proof of Lemma 2.13 is based on the Taylor expansion with remainder. It is more
of technical nature and therefore omitted herein.
The error analysis uses a discrete Gronwall inequality, recalled from [25], for example.

Lemma 2.14 (Discrete Gronwall Lemma). Let At, H, and ay, by, ¢y, dy (for integers
n > 0) be nonnegative numbers such that

! l l
a+ ALY by SAEY dpan +AtY e+ H for 1> 0. (2.37)

n=0 n=0 n=0
Suppose that Atd, <1 Vn. Then,

l
al—f—Ath < exp (AtZIAtd > <Athn+H> for 1> 0. (2.38)

n=0 n=0
In the discrete case we use the analogous norms:

Molloo = max o, lloysalllooe 2=  max (02,

- 1/m Ny 1/m
ol = <ZIIU”II?N> ; Hviy2lllme = (ZIIU”””IZ‘M) :
n=0 n=1



3 Analysis of full Crank-Nickolson Scheme

In this section, we show that solutions of the scheme (2.33), equivalently (2.31)-(2.32) are
unconditionally stable, well defined and optimally convergent to solutions of the NSE. This
error analysis, already technical, can be extended to the CNLE time stepping method.

Lemma 3.1. Consider the approzimation scheme (4.1). A solution uﬁl, l=1,...M, exists
at each timestep. The scheme is also unconditionally stable. It satisfies the following d
priori bound:
M—1 M—1
2 2 2 At 9
h h h
Jute]| a0 3 [l < ot + 52 X Wnarll )
n=0 n=0

Proof. : The existence of a solution u} to (4.1) follows from the Leray-Schauder Principle
[40]. Specifically, let A : V" — V", be defined by y = A(z) satisfying

———h
(y,v) = =" (DR (2 + wh) /27, (2 + wp) /2,0) = Atw(V(z + wp) /2, Vo)
+(w"]:bb—17 U) + At(fn-i—l/% U) :
The operator A is compact and any solution of u = s A(u), for 0<s <1, satisfies the
bound ||u|| <+, where v is independent of s. Thus, a solution exists.
To obtain the & priori estimate set v = wZ+1/2 in (2.33)

2 2 1 2 UV 2
)+ v HVwZH/QH < 5 an+1/2H* + 3 HVwZH/QH for every n,

1 2
st (|| = [

ie.,
2
)

2 2 1
)+ v vaZ“/QH < » anH/Q‘ for every n.

Summing from n =0... M — 1 gives the desired result. O

1 h 2 h
ol St

Our main convergence estimates are given next.

Theorem 3.2. Let (u(t),p(t)) be a sufficiently smooth, strong solution of the NSE (1.1)
satisfying either no-slip or periodic with zero-mean boundary conditions. Suppose (wé”,qg)
are approzimations of (u(0),p(0)) to the accuracy of (2.5), respectively. Then there is a
constant C = C(u,p) such that

I = w0 F(Ath,6) + CRE Y| full o 1, (3.2)

IN

M—1 1/2
(VAt Z IV (u T2 = (wh +w2)/2)||2> < F(Ath,6) + CUY2 (A Vg0

n=0

+ CVY 20| u) ||o et - (3.3)



where

F(At,h,6) := Cv= V2 RFH12 (||

?l,kJrl + [[[Vul 421,0) + Cv' 20" |ul 2,k+1
+Cy 1 /2hk (|Hu!HZ,k+1 + v 2 (lwg | + V_I/QW\HZ*)) +Cv 2|

p1/2\ 2,541

N
+CV?1/252N+2HEHQ,2N+2 + Cyfl/Z((Shk + thrl)(Z I (Ail)nu 21 )
n=1

+C(At)? (HUmHz,o + v 2 pull20 + |l feell20
+V1 2| Vg0 + v 2 Vi

2V ullF + v Vsl IR ) - (3.4)

Corollary 3.3. Suppose that in addition to the assumptions made in Theorem 3.2, the
finite element spaces X" and Q" are composed of Taylor-Hood elements. Then the error in
the extrapolated trapezoidal finite element scheme for Leray-deconvolution is of the order

n=1

o 1/2
lu— w0 + (umz 19 172 — wzﬂ/mz) — O(h + A + 82¥42). (3.5)
Proof of Theorem 3.2. Note that for v, w, € X, withu € V,

b*(u,v,w) = blu,v,w) = (u-Vo,w) .
Then, at time ¢, /o, u given by (2.29)-(2.30) satisfies
Un, — Un * _
(HT, Uh) +b (D?Vun—&—l/Zha Un41/25 Uh) + V(Vun+1/27 Vvh) - (pn+1/27 V- Uh)
= (far1/2:0") + Intp(u”, ;") (3.6)

for all v € V", where Intp(uy,, pn;v"), representing the interpolating error, denotes

un-l—l n

n ,n —u
Intp(u™, p™;o™) = (At - ut(tn+1/2)7vh> + (Ve — Vultyiis), Vo)
O (Unr1 /25 Uns 1725 0") = U (u(tngr2), ultngr o), v™)
_b*(un-i-l/Z - D?Vun—i—l/Qha Un+1/2, Uh)
—(pn+1/2 - p(tn+1/2)> V- Uh) + (f(tn+1/2) - fn+1/27 Uh) . (3.7)
Subtracting (3.6) from (2.33) and letting e, = u, — w? we have
1

—h
A7 (ens1 — €n, ") + 0" (DR, Up41/25 o) — b*(Dé{,wZHm ,wz+1/2, o)+
v(Venii)2, Vvh) = (Pn+1/2, V- o) + Intp(u",p”;vh) Vol e VI (3.8)

Decompose the error as e, = (u, — Up) — (wh — U,) := n, — ¢! where ¢!' € V. Setting

o = ¢Z+1/2 in (3.8) and using (¢,V - ¢,,41/2) = 0 for all g € V" we obtain

ey ——h
(Shi1 — s Z+1/2) + VAtHvQﬁZH/QH + ALV (DRwh 1 ey, </>Z+1/2)
+ At b*(D}ﬁ/‘an/zha Un4+1/25 ¢Z+1/2) = (Mn+1 — Nn, ¢f{+1/2) + Aty(vnn—i-l/% V¢Z+1/2)
+ Dt(prti2 — ¢, V- ¢Z+1/2) + At Intp(u™, p™; o). (3.9)

10



ie.,

1
SUenaill = lonl) + vAHUV G joll = (insr = s G jo) + AV 2, Vb o)
—h
— At b*(D]hV’r/n—l—l/Qhaun-l—l/% ¢Z+1/2) + At b*(D]}b¢Z+1/2 y Un41/25 ¢Z+1/2)

ooy ——h
— Atb (D?sz_i_]_/Q s Mn+1/25 ¢Z+1/2) + At(ppg1y2 — ¢, V- ¢Z+1/2)
+ At Intp(u™, p™; o) . (3.10)

We now bound the terms in the RHS of (3.9) individually.
(Mn+1 — M,y ¢2+1/2) = 0 since U is the L? projection of u in V.
Cauchy-Schwarz and Young’s inequalities give

VAV ns1/2: V1) < v Vnsa ol [Vl ol

yAt ’V¢n+1/2H + CUA|| Vi1

IN

—

3.11)

At(prsrjs =&V Opyrje) < COHIppyryo —all IV} sl

< VAt Hv¢n+1/2H +CAtw! Hpn+1/2—XhH2- (3.12)

N

Lemmas 2.2, 2.10 and standard inequalities give

AL b (D?Vnn+1/2h7 Un41/25 ¢Z+1/2)

< A D2 1M IV Dt 1M [ Vg 2l IV 1o

< 20t ol 4 OO ol [V el Vgl (313)
At b*(DN¢n+1/2ha n+1/2’¢2+1/2)

< OBHDYG 5 IV IVDkE o 172 [Vt o 196 ol

< CAt||¢ +1/2||1/2 ||V¢n+1/2”3/2 ||Vun+1/2H

< HW r ol At ol IVl (3.14)
At b*(D?\,mh, Mn+1/25 ¢Z+1/2)

< C|D}{wh,, ), ||1/2 IVDiuh ||1/2 IV 1720l IV 84 ol

< %Hvan—f—l/QHQ +0Atlj—1||wn+l/2|| va2+1/2‘| |’V77n+1/2||2' (3.15)

11



Combining (3.12), (3.11), (3.13), (3.14), (3.15) and summing from n = 0 to M — 1

(assuming that [|¢f| = 0) reduces (3.10) to

M—1
IR * + vt > IVl ol
n=0
M-1 M-1
< At Z Cv=?| Vg1 ”¢Z+1/2H2 + At Z Cu|Vini1 2l
n=0 n=0
M—1
+At Z CV—1H77n+1/2|| ||V77n+1/2||||Vun+1/2||2
n=0
M—1
+08 Y Cv ol IVwp ol V04121
n=0
M-1 M—1
+At Z Cv pnt1je — al® + At Z C|Intp(un,pn¢ﬁ+1/2)\ . (3.16)
n=0 n=0
Now, we continue to bound the terms on the RHS of (3.16). We have that
M—1 M M
At Z CV|[Vingapel® < AtCl/Z [V|* < AtC’uZh%\u”]iH
n=0 n=0 n=0
< CoR |l s (3.17)
For the term
M-1
At Z CV—1||77n+1/2|| V012l ’|Vun+1/2||2
n=0
M—1
< v ALY Ut | IVl + V720
n=0
Fal VD1 |+ 0 |1V [Vt g2l
M-1 M-1
< Cutpt (At D funt1 i Vol + A g et [unlir |Vt ol
n=0 n=0
M—1
+ At Z [t 41 Hvun+1/2||2>
n=0
M l
< Oyt p2hl (Atz unliyr + O |]Vun||4>
n=0 n=0

= Ov R (ulll e + 11Vulllio) -

12

(3.18)



Using the a priori estimate for ||w?||, (3.1),

M—-1
oty v (ol 19wl ol 19001011
n=0

M-1
< Ccvint Z ||Vw7h£+1/2|| ||V77n+1/2||2
n=0
M-1
< Cv At Z (||V77n+1\|2 + \|V77n||2) ||V7~UZ+1/2||
n=0
M-1
< Cv h2E AL Z (\Un+1’%+1 + |Un‘%+1) Hvu2+1/2H
n=0
M M
< Cvth?k (Atz " f5yr + Atz ”vu2+1/2“2>
n=0 n=0
< o 02 (Ifulld g+ e+ 11110 ) - (3.19)
From (2.13),
M-1 M-1
At Y Ov it pneys = all* < CvT AL Y (o) = all* 4 a2 = Pltnsry2)IP
n=0 n=0
M-1 M-1 1 trnt1
1 32s+2 2 3 2
< Cv (h At nZO [P(tng1/2)lls41 + Ot nz—o @(At) /tn P dt)
< Cv (B2 Ipyal B i1+ (O8) pull3 o) (3.20)

We now bound the terms in Intp(uy, pp; gZ)Z 4 /2). Using Cauchy-Schwarz and Young’s
inequalities, Taylor’s theorem, and Lemma 2.11,

un—l—l — Uy,
<At — ut(tny1/2), ¢Z+1/2>

1 1wt — o,
< §||¢Z+1/2H2 + §HT —Ut(tn+1/2)”2
1 1 1 (At)3 [in+
< ghehall + g1k + 5o [ sl . (3.21)
(Pnt1/2 = P(tny1y2), V- ¢Z+1/2)
< 51V||V¢>Z+1/2H2 + CV_IHan/z —]O(Tfn+1/2)||2
(At 3 tn+1
< el Vehrl? + v S8 [ Il (3.22)
(f(tng1/2) = fatr/2s ¢Z+1/2)
1 1
< §H¢Z+1/2||2 + §||f(tn+1/2) = fus1p2ll”
1 1 At)? [ttt
< gheall + globi + S [ 1P, (3.23)

13



(Vpy1y2 — Vu(th/Q),VqﬁZH/Q)
< 52VHV¢Z+1/2H2 + CVHvunJrl/Q - Vu(tn+1/2)H2

IN

At 3 tn+1/2
v 196l + O S [ vul?ar, (3:24)
tn

b* (g 172, Un1 /25 Dy 1 j2) = U (Wtngry2), ultnsry2), Oy /)

b*(un+1/2 - U(tn+1/2)7 Un4+1/25 ¢Z+1/2) - b*(u(tn+1/2)v Up41/2 — u(tn+1/2)a ¢Z+1/2)

< C|IV(upg1s2 — ultngr2))ll ||V¢Z+1/2|| (Vi1 poll + [IVu(tyr12)ll)
-1 2 o\ (At)? [ 2 h 2
< CvH ([Vungroll® + [Vultygry2)l?) 8 ), [Vug|®dt + e3v ||V sl
1 (A3 ([t
< ot S8 ([ 20l + I9ultrrs o)1)
fnt1 " 4 h 2
I R R
tn
< Cv (AN [|Vupirjoll + [IVultnir2)l*)

tn+1
+Cv (Ar)? /t [ Vu||* dt + esv ]|Vl ol (3.25)

b*(un+1/2 — D%{Wh; un+1/27 ¢Z+1/2)

1
< 5 (luns1j2 = DRTTR" | IVt sl 190110l
4172 = Dtz | tm s olloo 1V 1o )
< Cllupgiye — D?vun+1/2h” ||V¢Z+1/2H
< €4V||V¢Z+1/2H + C’1/_1||Un+1/2 - D?Vun—f—l/QhHQ
< |V ol + Cv 8N ] F v e
N
+Cy (R + ) (Y T (AN 7y,). (3.26)
n=1

Combine (3.21)-(3.26) to obtain

M-1
ALY Intp(u®, p™s ¢y )l < ALC| QR 1P+ (61 + €2 + €3 + e)) Atv||[ Vel o
n=0
+CV_154N+4||H||%,2N+2

N
+OrH (ER 4+ P21 (AT 5 )

n=1
+C(AH* (lueeell30 + v Hpeell30 + | feell3 0
UVl + v IVuellzo
_ 4 — 4
+r I Vaulllio + v [V olllie) - (3:27)
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Let 61 = &g = e3 = &4 = 1/12 and with (3.17)-(3.20), (3.27), from (3.16) we obtain

M-1
Q511> + vt Y Ve, ol
n=0

M—1
- h k
< At Z Cv 3Hvunﬂ/2”4 +1) H¢n+1/2H2 + Cvh? H’U‘H%kﬂ
n=0

— k
+Or R (||l |4 esr + [Vl [14 o)
—1,2k — h - -
FOr? (r||u|r|zt,k+l+u Lk + v 1|||f|||§,*)) + Cv R Ipy oI5

N
+ O N B ey + Ov (2% 4+ A2 I (A" )

n=1
+C(AH! (Jlueell3o + v Hpel3o + 1 fell30
+u||Vugll3o + v Vuelio
+r HIVullldo + v Vuelllio) - (3.28)

Hence, with At sufficiently small, i.e. At < C(v=?|||Vull|%, g+1) 7!, from Gronwall’s Lemma
(see (2.14), we have

M-1
83e1% + vt > IVl ol
n=0

_ k k
< v Rl gegr + 11Vl l30) + CvR** [[ulll3 gy

+Cv™ B2 (ul 1+ v~ (P + v 1113, ) + Cv T R 2 by ol e

N
+ v SN @3 oy + Cv R H R I (AT) ™ 13 40)
n=1
+ C(A)" (Jusel30 + v M Ipeel0 + 1 feell30
||Vl + v I Vugellzo
+v  IValllio + v I Vusalllio) - (3.29)

Estimate (3.2) then follows from the triangle inequality and (3.29).
To obtain (3.3), we use (3.29) and

IV (ultns1yo) = (why +wh)/2) |1

[V (u(tng1/2) — Un+1/2)”2 + ||V77n+1/2||2 + ||V¢Z+1/2H2

(At)? [init 2 2% 2 Uy 12 h 2
s, [Vug|®dt + Ch™|unializy + Ch™unlipy + IVOni0l°-

IN

IN

48

4 Numerical Experiments

We now present numerical results for the linear extrapolated Algorithm given by
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Algorithm 4.1. [Extrapolated Crank-Nicholson Scheme for Leray-deconvolution] Let At >
0, (wo,q) € (X",Q"), f € X* and M := L and (w_1,9-1) = (wo,qo). Forn =
0,1,2,--- ,M — 1, find (wzﬂ,qgﬂ) € (X", QM) satisfying

1 [
E(U}ZJA - wﬁ,vh) +b (D]%E(wﬁvwzfl) )wz+1/27vh) - (QZ-H/Q) V- Uh)

+ I/(VwZH/Z,V’uh) = (fn+1/2,vh) Vol e Xh(4.1)

(V-whi, x") =0y € Q" (4.2)

where E(wl, wl_|) = %wz — %wﬁ_l. It is well-known that the choice of the first timestep

is critical for computations. For Algorithm 4.1, backward Euler suffices. Then, for n = 0,
our choice of (w_1,q_1) is just constant extrapolation. The linear extrapolation algorithm
for Navier-Stokes equations is investigated in [6] by Baker (and many other subsequently).
It is second order in time and requires only the solution of one linear system per time step.
The convergence analysis of the extrapolated CN method given by (4.1)-(4.2) follows closely
but it is technically longer that the full CN method that we performed in Section 3. The
code was written in MATLAB and run on desktop machines. The first computations used
Taylor-Hood elements on the periodic box Q = (0,1)3. The averaging radius § = O(h) in all
performed computations. Because of memory limitation, the 3d computations used meshes
only as fine as h = 1/32, i.e. 112,724 degrees of freedom. While this is not sufficient for many
applications, it is adequate for verifying convergence rates and comparing errors between
models. The 3d code utilized MATLAB’s conjugate gradient squared method (CGS) to
solve the resulting linear systems from both the filtering and the schemes themselves.

4.1 3d Convergence Rate Verification

Our first experiment verifies the predicted error rates proven in Section 3 at Re = 1 for the
extrapolated trapezoidal Leray-deconvolution schemes N = 0,1, 2, 3. For (P», P;) elements,
all four schemes are second order accurate in the H' norm. The N = 0 scheme is only
second order accurate in the L? norm, and the other three higher order (in N) schemes are
third order accurate in the L? norm. Thus one conclusion is that higher order (N > 1)
Leray-deconvolution models provide better practical accuracy, even after discretization, than
the N = 0 case of the Leray-alpha model.

Table 1 contains errors and error ratios for the schemes’ approximations to the true

solution
cos(2m(z + 1))

u=|sin(2r(z+1t)) |, p=sin2nr(x+1t). (4.3)
sin(2m(z + t))
This particular solution was chosen because it is a simple periodic function with at least a
somewhat complex structure: A quick calculation by hand shows that the helicity H = —27
for any ¢, and hence we know there is at least some tangledness and knottedness of vortex
lines revealed in Figure 1. For these calculations, we set § = h and At < h3/2 (approximately
h3/2, but a multiple of .005 so that all times line up). Results are given at ¢t = 0.5.

4.2 3d Error Comparisons at Re=5000

The goal of the second experiment is to test if the regularizing effect of the Leray-deconvolution
model is really advantageous in practical computing. Thus we consider Baker’s extrapolated
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Figure 1: A plot of the initial (t=0) velocity for (4.3)

Table 1: L2 and H! errors and rates at Re = 1 and t=0.5

b fu—ulpoll, ratio [lu—ujp [, ratio [lu—ujp,[l. ratio [lu—ujpf. ratio
1/8 0.0280 - 0.0245 - 0.0240 - 0.239 -
1/16 0.0061 2.19 0.0032 291 0.0032 291 0.0032 291
1/32 0.0015 2.01 0.0004 2.94 0.0004 291 0.0004 291

b flu—uipolly ratio [lu—upp[ly ratio [lu—ujp,[l ratio [ju—ujp, ratio
1/8 0.6904 - 0.6789 - 0.6772 - 0.6769 -
1/16 0.1809 1.93 0.1750 1.96 0.1749 1.95 0.1748 1.95
1/32 0.0459 1.98 0.0441 1.99 0.0441 1.99 0.0441 1.99

Crank-Nicolson method (called CNLE) for the NSE and the Leray-deconvolution regular-
ization (called LerayDC) of the NSE.

Figures 2 and 3 present graphs of the L? and H' errors for the methods vs. time for
Re = 5000 on our finest mesh A = 1/32 and timestep At = 0.005. From these graphs it is
clear that the extrapolated trapezoidal Leray-deconvolution schemes with N =1,2,3 are all
much more accurate than both CNLE and the discrete Leray-alpha model (N = 0 case) in
the L? and H' norms. Furthermore, the graphs indicate that over longer time intervals, the
three higher order Leray-deconvolution schemes can remain accurate, whereas the errors in
the unreqularized CNLE and the lower order regularized Leray-alpha model (LerayDC with

N =0) can grow catastrophically.
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Figure 2: L? Error vs. Time for CNLE and LerayDC with N=0,1,2,3
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4.3 Underresolved flows in 2d

Regularization and stabilization can often affect transitional flows negatively. The simplest
test of this is to see if the stabilization in the Algorithm 4.1 retards separation of vortices
behind a blunt body near the critical Reynolds number for detachment. To do so, we study
underresolved flow with recirculation, i.e., the flow across a step. (A discussion of this test
problem can be found in Gunzburger [17].) The most distinctive feature of this flow is a
recirculating vortex behind the step that detaches in the range 500 < Re < 700, see Figure
4 for illustration.

We will study this flow at v = 1/600 since about this value of v the flow is in the
transition from equilibrium to time dependent, via shedding of eddies behind the step. In
our simulations we used Leray Deconvolution Models, i.e. (1.2) with N = 0 (LerayDCO0),
N = 1 (LerayDC1) and N = 2 (LerayDC2). We will compare these models with one
often used for underresolved flow simulation - the Smagorinsky model [8][23][37]. The only
difference between the Navier-Stokes equations (NSE) and the Smagorinsky model (SMA)
is in the viscous term, which has the following form:

V- ((2v + 0.018%||D(u)||p)D(u)) .

Here, D(u) is the deformation tensor and || - ||z denotes the Frobenius norm. Although the
Smagorinsky model is widely used, it has some drawbacks. These are well documented in
the literature, e.g. see [38]: it introduces too much diffusion into the flow, e.g., see Figure
5.

The domain of the two-dimensional flow across a step is presented in Figure 6. We
present results for a parabolic inflow profile, which is given by u = (u1,us)? , with u; =
y(10 — y)/25, ug = 0. No-slip boundary condition is prescribed on the top and bottom
boundary as well as on the step. At the outflow we also imposed the parabolic profile or
”do nothing” boundary condition.
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Figure 3: H! Error vs. Time for CNLE and LerayDC with N=0,1,2,3

H1 Errors at Re=5000 and h=1/32
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0 0.05 0.1 0.15 02 0.25 03 0.35 0.4 0.45 05

Time

The computations were performed on various grids with the software FreeFem++, [36].
The grid level 3 is the finest with the number of degrees of freedom being 41538. Then
the grids level 2, 1 and 0 are coarser with the number of degrees of freedom 27228, 5845
and 1535, respectively. For instance, for the fully resolved NSE simulation, which is our
“truth” solution, we used a fine grid (level 3) whereas a much coarser grid (level 1 and level
0) has been used for LerayDCO0, LerayDC1, LerayDC2 and SMA. The point is to compare
the performance of the various options in underresolved simulations by comparison against
a “truth” /fully-resolved solution, Figure 4.

Therefore, the models were discretized in time with the full Crank Nicolson method 3
and in space with the Taylor Hood finite-element.

Comparing the Figures 5, 8, 9, 10 with 4 we conclude that the LerayDCO0, LerayDC1

3Linear extrapolation was found to induce too much noise that affected the shedding of eddies behind
the step. Preliminary tests with quadratic extrapolation were, however, encouraging.
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Figure 4: NSE at v = 1/600, level 3 grid

and LerayDC2 tests replicate the shedding of eddies and the Smagorinsky eddy remains
attached. Clearly, the Smagorinsky model is too stabilizing: eddies which should separate
and evolve remain attached and attain steady state.

However, regarding the main point of study, Leray Deconvolution Models improved the
simulation results for this transition problem. On the coarsest grid level 0, LerayDCO failed
to shed eddies behind the step but LerayDC1 and LerayDC2 (see Figure 11) still give a

successful shedding.

5 Miscroscale for Leray Deconvolution Models

When the higher order Leray-deconvolution models are used to approximate turbulent flows,
an estimate of computational resources required can be obtained by estimating (under the
assumptions of isotropy and homogeneity) the model’s microscale. This was first performed
by Muschinsky [33] for the Smagorinsky model and has been used for other models recently,
e.g. [28]. We conclude our study of Leray-deconcvolution models and their discretization
by summarizing this analysis.

The Reynolds number for Navier-Stokes equations represents the ratio of nonlinearity
over the viscous terms. Then, for the Leray Deconvolution Models (LDMs) we have

|DNﬁ . Vu]

Remodel = ’I/All|

The model’s Reynolds numbers with respect to the model’s largest and persistent scales
are thus
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Figure 5: SMA at v = 1/600, § = 1.5 and level 1 grid

u=0
-0
- do nothing
1 BC
1
=
u=0
Figure 6: Boundary conditions
Large scal " UL N , 1\
arge scales: Emodel—large = T 5o R —
i@y =\ 12
w n N 1 !
Small scales: Remodel—small = ——mall ’?Od@l -
V<1+(nmodel)2) HZZO ]'+ n26dl

Asin the Navier-Stokes equations, any energy cascade in the Leray-deconvolution models
is halted by viscosity grinding down eddies exponentially fast when

Remodel—sman = O(1), i.e., when
n

N
WsmallTlmodel 1
1—- — ~ 1.
g 2 7
V(l + (nmodel) ) n=0 1 + ngnodel
The characteristic velocity of the model’s smallest persistent eddies wgpqy is thus
ny —1
N

v 1 1
w u =~ 1———
e Timodel (1 + #) ZO 1+ #
77Tnodel n= nmodel

21



Figure 7: Grid at level 0

Figure 8: LerayDCO at v = 1/600, 6 = 1.5 and level 1 grid

The second important equation determining the model’s micro-scale comes from statis-
tical equilibrium, i.e., matching energy in to energy out. The rate of energy input to the
largest scales is the energy over the associated time scale

Emodel . U2 US
Ly  (Ly T °
() (7)) L
When the model reaches statistical equilibrium, the energy input to the largest scales

must match the energy dissipation at the model’s micro-scale which scales like €g4pq >

V(| VWsman]?) ~ V(%)Q. Thus we have

3
U_ ~ Wsmall \2
L TImodel

Inserting the above formula for the micro-eddies characteristic velocity wgmqy gives

n\ —2
Us 8 1 al 1
Ay - (5.1)
L nizodel (1 =+ #) ; 1+ 252

Timodel Mimodel
Next, the solution to this equation depends on which term in the numerator of the RHS
is dominant: 1 or (ﬁ)?
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Figure 9: LerayDC1 at v = 1/600, 6 = 1.5 and level 1 grid

Case 1 when § < Mpoder, 1€ 1+ 262 ~ 1. Then

model

Nmodel =2 Re 1L for N = 0,1,2,....

For the case (i) the model predicts the correct microscale, i.e. Kolmogorov microscale
since that case occurs when the averaging radius ¢ is so small that the model is very close
to the NSE. However, the latter case is the expected case.

k 2 2 . .
Case 2 when § > Npodel, 1.6 1+ 7725 ~ 77257. We rewrite equation (5.1).
model model
52 n —2
3 3 N
Ui ~ v 1 E ngnodel
L - 4 1 52 1 52
nm0d6l ( + 77?nodel) n=0 + ng@odel

Since § > Nmoder We have

52 n —2
3 3 N
Ui ~ v 1 n?nodel
L 52 E 52
l _
mode nfnodel n=0 n?nodel

Therefore,
~ D=2 r1/251/2 1/8 .
nmodel—Re 117776 (N+1) fOI’N—O,l,Q,....

The microscale of the Leray Deconvolution models is larger than the Kolmogorov mi-
croscale which is O(Re_?’/ 4). An interesting result which was observed experimentally too is
that the models’ microscale is affected by the order of the de-convolution operator, meaning
that the increase of N gives more truncation of small scales but preserving high accuracy
of the models’ solution over the large scales.
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Figure 10: LerayDC2 at v = 1/600, § = 1.5 and level 1 grid

6 Conclusions

The van Cittert deconvolution algorithm requires only a few Poisson solves. The condition
number of the linear system associated with each solve of (—§2A + 1) is O(62/h% + 1), i.e.
O(1) if 6 = O(h). Thus, the extra complexity of differential filtering and deconvolution is
negligable over solving the NSE.

On the other hand, the regularization the higher order Leray-deconvolution models give
has remarkable and positive effects on the results of the computations. Errors are observed
to be much better over much larger time intervals and the transition from one type of flow
to another is not retarded in our experiments as well.

The higher order Leray-deconvolution models had greater accuracy and physical fidelity
than the N = 0 case (Leray-alpha model).

The experiments we have given were limited by time and resources but their results
have consistently showed that: higher order is to be strongly preferred to lower order, i.e.
LerayDC for higher N to Leray-alpha (the N=0 case).

The form of the Leray-deconvolution model allows an efficient and unconditionally stable
timestepping scheme to be used. We have given a convergence analysis which was also
verified in 3d calculations. Naturally, we believe that further explorations would reveal
that higher order extrapolation (e.g. quadratic) would perform even better than the linear
extrapolation tested herein.
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