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A wavelet based numerical simulation of Navier-Stokes equations under uncertainty

Souleymane Kadri Harouna™ and Etienne Mémin'

In this work we explore the numerical simulation of Navier-Stokes equations representation incorporating an uncertainty
component on the fluid flow velocity. The uncertainty considered is formalized through a random field uncorrelated in
time but correlated in space. This model enables the constitution of large scale dynamical models of the flows in which
emerges an anisotropic subgrid tensor reminiscent to the Reynolds stress tensor. This subgrid model is directly related to
the uncertainty variance tensor. This property allows us to propose simple models of this stress tensor that are computed
directly on the resolved component. These models are here assessed on a standard Green-Taylor vortex at Reynolds 1600
and on a Crow instability at Reynolds 3200. We also describe in this paper an efficient divergence free wavelet scheme
for the numerical simulation of this model. The stability condition of the divergence-free wavelet based numerical scheme
we used in this study is also discussed.

1. Introduction

The large scale analysis of complex fluid flows in domains ranging from climate sciences to engineering sciences
requires to constitute dynamics models incorporating properly contributions that are difficult to specify precisely
at the envisaged resolution scale. This includes for instance physical phenomena generating a forcing at small
scale or the action of boundary layers, but also partially known inlet or boundary conditions, and eventually
numerical errors arising from truncation policy and scale coarsening procedures. An accurate deterministic
modeling of the effects of these processes is obviously hardly achievable in complex situations and we advocate
instead the use of a stochastic modeling. Within this prospect, we aim at describing these missing contributions
as random variables that will be referred to as flow uncertainties in the following. The modeling of such
uncertainties but also of their evolution along time is of the utmost importance in ensemble methods used in
geophysics, either for data assimilation or forecasting issues. In both cases, a modeling of the flow dynamics
errors enables to rank the quality of some flow configurations. This authorizes ideally to set up efficient filtering
strategies in which high errors are corrected by more meaningful data.

These errors or uncertainties are meant to represent principally small-scale physical processes ignored at
the resolution scale. They include small-scales eddies, topographic forcing or boundary layers turbulence for
instance and are responsible both of an energy dissipation but also of local backscatters of energy. The intro-
duction of random variables constitutes an appealing mechanism to model inverse energy cascade mechanism
[23, 28, 35], in so far as they enable a phenomenological modeling of the uncertainties involved. Recently those
models have regained a great interest for the modeling of geophysical flows [27, 36] in climate sciences (see also
the thematic issue [32]). In fluid mechanics, Large eddies simulations (LES) and Reynolds average simulations
(RANS) face also the very same question: how to model the action on the resolved component of the small
scales of the flow. Numerous turbulence modeling used in the aforementioned methodologies rely on eddies
viscosity concept to model the energy dissipation due to unresolved scales. Eddy viscosity concept dates back
to the work of Boussinesq [3] and Prandl mixing length [33]. It relies on the hypothesis that the energy transfer
from the resolved scales to the subgrid scales can be described in a similar way as the molecular viscosity
mechanism. It is therefore not at all related to any uncertainty or error quantities. In models dealing explicitly
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with a probabilistic modeling of the small scales there is thus some incoherency in representing the dissipative
mechanism attached to random component through an eddy viscosity assumption. In this work we will not
make use on such hypothesis. Instead, we will rely on an expression of the subgrid stress tensor that explicitly
depends on the uncertainty variance.

This subgrid model is properly derived from a general stochastic model of the fluid motion in which the fluid
parcels displacement is decomposed in two components: a smooth differentiable function and an uncertainty
function uncorrelated in time but correlated in space [30]. The whole displacement field is defined as an Eulerian
description of the form:

U(x,t) = w(x,t)dt + o(z,t)dB,. (1.1)

In this expression, w = (wy, wy, ws), corresponds to the smooth resolved velocity component of the flow referred
to as the drift or resolved component. It is assumed to be a deterministic differentiable function. The second
component is a random component encoding the uncertainties we have on the flow. This uncertainty component,
which is not differentiable in time, involves a diffusion tensor that has to be properly specified. Compared to
the smooth drift, this component lives at a much smaller time scale. It is nevertheless defined at all the spatial
scales. This approach is also close, in spirit, to the separation in term of a “coherent” component plus noise
operated through adaptive wavelet basis [9, 10]. However, contrary to this approach relying on a Galerkin
projection with an adaptive scale thresholding, our decomposition makes appear a diffusion tensor assembling
the action of the unresolved uncertainty component on the resolved component.

The random field U (z, t), is assumed to follow a stochastic linear momentum conservation principle that is
mainly derived from a stochastic version of the Reynolds transport theorem. This modified transport theorem
is presented in the following section.

The paper is organized as follow. After a brief presentation of the stochastic Navier-Stokes system devised
in [30], we describe a particular numerical scheme based on divergence free wavelets [15, 16].This particular
type of wavelets together with the semi-implicit Euler scheme used to set up the discrete scheme are briefly
presented in section 3. The stability of this numerical scheme is studied in section 4. The associated spatial
discretization is detailed in section 5 and numerical results on the Green-Taylor vortex and on the reconnection
of two vortex tubes are provided in section 6.

2. Navier-Stokes equation under uncertainty

As the system of Navier-Stokes equations we consider incorporates random uncertainties to describe unknown
forcing or scale coarsening approximations, they constitute in essence a stochastic evolution system. Numerous
methodological choices can be envisaged to constitute such a system. It is possible for instance to consider
additional random forcing to a system of equations whose structure ensues from a deterministic formalization.
This is the choice that has been the most often done since the work of Benssoussan [2]. Another choice, in the
wake of Kraichnan’s work [17], consists to close the large-scale representation in the Fourier space by relying on
a Langevin stochastic representation [19, 21, 22]. Obviously the frontiers between these two methodologies are
sometimes fuzzy, and numerous works rely on both of these strategies in order to setup the shape that should
take the random variables evolution law [21, 35].

In this work, we shall rely on a different strategy that consists in directly defining the uncertainty as a
location uncertainty on the resolution grid. A fluid particle location will be here defined only up to a Gaussian
random field. The Navier-Stokes equations are then deduced from acceleration and second Newton’s principle.
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In a similar way as for the deterministic case, the main methodological tool used here is a stochastic version of
the Reynolds transport theorem.

2.1. Stochastic Reynolds transport theorem

The Reynolds transport theorem provides the expression of the rate of change of a scalar function ¢ within a
material volume V(t) transported by the flow. Its extension to stochastic flows is given as [30]:

1
d q(x,t)de = {dg;: + [V - (qw) + §||V co*q—
V(t) V(t)

1 82 ~
Z Qm(aijQ)IVﬁ:O]dt +V. (qo'dBt)}dm~ (2'1)
7 J

iJ
In this expression the first term is a time increment at fixed coordinates, @, of the scalar quantity ¢. Let us
note that this function is random and is not differentiable in time. The randomness of function ¢ is an essential
point in the derivation of this theorem as it requires to use a generalized form of Ito calculus — the Ito-Wentzell
formula — adapted to the differentiation of the composition of two stochastic processes [20]. The last random
term is built from a tempered representation of a Brownian map noted in a formal way through a convolution
product dB, = dB, * @, and, o, a linear deterministic symmetric operator with null value outside the domain
interior referred to as the diffusion tensor in the following. The random oscillating component is denoted:

o(x,t)dB, = /at(:c,y)dlg’t(y)dy.

It is important to outline that an incompressibility condition on this component requires necessarily a divergence
free diffusion tensor. The third term is related to the compression strength of the uncertainty field. The fourth
term must be computed considering the diffusion tensor is divergence free. The tensor a(x) involved in this
term is a matrix function associated to the diagonal elements of the covariance tensor. It corresponds hence to
the uncertainty variance and is defined as:

aij(ﬂ),t) = ngk(mvt)g;clj(mat)a (2.2)
k

where 0¥ (2, y,t) = o(x, e,t)*xp, (y) denotes a filtered version of the diffusion tensor along its second component.
This rate of change formula is obtained from Ito-Wentzell differentiation of a function tending to the material
volume characteristic function. The differentiation of the product of this characteristic function with the scalar
function of interest, followed by a formal integration by part gives us the sought expression [30]. This relation
allows us stating a mass conservation principle that accounts for the considered uncertainty on the fluid flow.
Applying the previous transport theorem to the fluid density p(x,t) and canceling this expression for arbitrary
volumes, we get the following mass conservation constraint:

1 0?

1 -
dpy +V - ()t = 5 (@30)19-0=0 — 5|V - @ p)dt = V - (podBy). (2.3)

— 8.1‘1'8.13]'
2}

For an incompressible fluid with constant density, canceling separately the slow deterministic terms and the
rapid oscillating stochastic terms, and imposing to the whole deformation field (1.1) to be volume preserving,
this system simplifies in a set of incompressibility relations:

V. -(6dBy) =0, V-w=0, V-(V-a)=0, (2.4)
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composed of two standard volume preserving constraints accompanied with a less intuitive additional volume
preserving constraint on the divergence of the uncertainty variance tensor. For divergence free homogeneous
isotropic random fields such as the Kraichnan random field [18] this last constraint is naturally satisfied as
those fields are associated to a constant diagonal variance tensor. In this case the system reduces hence to the
standard divergence free constraint.

For isochoric flow with varying density we get a mass conservation constraint of the form:
dps + V pdt — » > 0 (pai;)dt = VpodB (2.5)
w - = (0771 = g . .
Pt P B — Dxiz; pPaij P t

In the case of the Kraichnan model the density variation involves a Laplacian diffusion and the density condi-
tional expectation with respect to a given initial condition evolution comes to an intuitive advection diffusion
equation. Let us note that the same kind of deterministic advection equation with an anisotropic diffusion is
also obtained if the noise lies in the tangent plane of isodensity surfaces. This type of diffusion for the transport
of a given scalar is often considered in geophysics to encode large scale mixing of stratified fluids. They are
called isopycnal or isoneutral diffusion in this context [14].

2.2. Linear momentum conservation

The mass conservation constraint and the stochastic version of the Reynolds theorem allows us expressing the
balance between the momentum and the forces:

d/p(w(:c, t)dt + o (x,t)dBy)dx = [F(x,t)d.
V() V()
In this momentum equation, the differentiation in left hand term must be interpreted in a distribution sense
(since the random term is non-differentiable). As for the forces in the right hand term, they are composed of
standard deterministic forces such as the gravity force and forces acting on both the random and deterministic
velocity components. For instance, the surface forces may be defined, as a direct extension of the deterministic,
as:

» :/ —V (pdt + dpy) + p(AU + %V(V-U)).
%

In this expression p is the dynamic viscosity, p(x,t) denotes the deterministic contribution of the pressure
and dp; is a zero mean stochastic pressure fluctuation attached to the random component of the velocity. The
Navier-Stokes equations under uncertainty are obtained incorporating the mass preservation principle (2.3) and
requiring that on both sides the same mathematical structures stand [30]. For a constant density and for a
general divergence free (incompressible) uncertainty component, they read:

32

1
(8tw+"UVTW—§ m(aijw))png—Vp+qu, (2.6a)
- iLj
j

Vdp, = —wV 7 podB, + nA(cdB,), (2.6b)
V- (6dB,) =0, V-w=0, V-(V-a)=0. (2.6¢)
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This system involves a first equation describing the evolution of the deterministic resolved component. It corre-
sponds to the dynamics of the slow differentiable velocity component. Compared to the original Navier-Stokes
formulation and similarly to the classical Reynolds decomposition, it includes an additional stress term that
depends here on the resolved velocity component and on the uncertainty variance. The subsequent equations of
this system denote a stochastic balance on the diffusion tensor and a mass conservation constraint respectively.
In the case of a divergence free isotropic model with constant density, we get a Navier-Stokes formulation
with a constant eddy viscosity diffusivity coefficient :
ow - 1
(EanV w—’yiAw)p:pngerqu, V. .w=0, (2.7)
where the diffusion is augmented by the noise variance. Note that in the previous non homogeneous model
the diffusion term attached to the uncertainties cannot be directly related to the Boussinesq eddy viscosity
formulation. However, it can be checked that for divergence free random field this term is globally dissipative
as its energy is

The subgrid stress tensor constitutes an anisotropic diffusion whose preferential directions of diffusion are given
by the uncertainty variance. Setting the uncertainty diffusion tensor, o, or its variance tensor allows defining
directly the subgrid diffusion term that has to be incorporated in the resolved drift component. For instance,
considering uncertainties along iso-density surfaces provides immediately a clear justification of the isopycnal
diffusion employed in oceanic circulation models [30]. The use also of constant eddy viscosity is also justified
as the direct consequence of an isotropic homogeneous uncertainty component. Such an approach opens new
perspectives for flow modeling that goes from a priori uncertainty specification to data based strategies. This
framework, which does not rely neither on Reynolds averaging nor on spatial filtering concept, might be of
great interest when uncertainties are prevalent as it is the case in geophysical flows or climate modeling. As
another practical consequence, if one consider velocity fields supplied by particle image velocimetry methods,
which are related to the true flow kinematics only up to a Gaussian uncertainty, then those measurements does
not follow exactly the actual flow dynamics. Their physical interpretation should then be carried out with some
care.

In the following we will experiment simple choices related in spirit to the scale similarity principles used
to define subgrid stress tensor [1]. Before presenting the variance tensors we used, we present the numerical
scheme we devised for the numerical simulation of the drift component.

3. A divergence-free wavelet numerical scheme for the drift component

The objective in this section is to provide a wavelet-based numerical discretization of the drift component
equations of stochastic system (2.6). Precisely, we consider an incompressible homogeneous fluid satisfying:

o yAw +wVTw -1, %ﬂj(aijw) +Vp=f, (x.t) € Qx]0,T],
V-w=0, zc, (3.1)
w(x,0) = wy, x € Q,
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where Q C R? is a regular open bounded subset satisfying periodic boundary conditions and v = yu/p denotes
the kinematic viscosity. Since the matrix a(x,t) represents the covariance of the total flow, it is assumed to be
set for all time with the following coercivity property:

> ai&it; = vIElP, VEERY,
g
with v > 0 a positive constant. In this case, for a regular solution w, integration by part and Poincaré’s
inequality give:
1 d 14 1
ydt /Q wl* + 3 /Q [Vwl”+3 /Q IVw2 < Ol F1122 - (3.2)

Again, using Poincaré and for a > 0 we have:

d o d o [ a
i (2 olgeye) = e (allwlaye + Il ) < e (Gl +aC [ 1VuP).  (3)

Then, appropriately setting the value of «, we get the estimate:

t
[w[720ya < e lwoll72 () +/o e £l r-1(ads. (3.4)

Without forcing term (f = 0), from (3.2) and (3.4), we deduce that the regular solution w is uniformly bounded
and its energy decays exponentially in time:

Jwll22 0y < Clwo) and [w|2qye < e'Clup). (3.5)

For numerical stability constraints, it is important for any numerical discretization associated to (3.1) to satisfy
condition similar to (3.4) or (3.5). The objective of the forthcoming sections is to provide a wavelet-based
numerical scheme of this type for the spatial discretization. The temporal discretization will rely on a finite
difference method. Moreover, we will show that a semi-implicit Euler scheme with explicit treatment of the non
linear term wV 7w and the diffusion term 1 D %
In the following we start first describing the spatial discretization and then we present the temporal evolution

(a;;w) is stable under a particular CFL type condition.

scheme.

3.1. Spatial discretization

For the spatial discretization of (3.1), a Galerkin method is used. Since the resolved velocity w is incompressible,
to incorporate this constraint directly, a divergence-free wavelet basis is considered [8, 15]. Then, at a fixed
spatial resolution j > 0, the approximate solution w; is defined by:

wi(x,t) = Y die)¥ (@), V- =0, jeN, (3.6)

l31<3.k

where {‘1/;112 }j keza is the divergence-free wavelet basis associated to the velocity functional space. For details
on the construction of a such wavelet basis, we refer the reader to [8, 15] and references therein.
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Let V; be the multiresolution analysis spaces associated to the divergence-free wavelets basis {\Ilghz Vi keza-
For any j, the space V; is a finite dimensional space, thus all the norm on V; are equivalent. In particular, we
have:

]Effoo |[w— w2 =0, [[wjll2)pe S llwllz2@)e

together with the Bernstein and Jackson inequalities:

w;lgs0ye S 278 |w; || 2 (e and wlfelﬁl lw — w;lp20ye S 2775w e aya- (3.7)

In this context, the mesh size is given as 6z = 277, where j > 0 denotes the spatial resolution. We note
that (3.6) provides a time and space scale separation and since the wavelet basis {\Ifg.if;}mezd is explicitly
defined, the unknown consists of the set of coefficients dj ,(¢). To compute the coefficients dj; x(t) we must
invert the mass and stiffness matrices of the wavelet basis {\Dgfz}j7kezd. For the 2D case, details on this step
are provided in Section 3.4, the generalization to higher dimension is analogous.

3.2. Temporal discretization

For the time discretization of (3.1), we employ a similar methods as the one proposed in [8]. Without loss of
generality, we will assume in the following that there is no external forcing: f = 0. The projection of (2.6a)
onto the divergence-free function space leads to:

0
et}

where P denotes the Leray projector: the orthogonal projector from L?(2)? onto the divergence-free function
space Hain (Q) = {u € L2(Q)? : V-u = 0}. The projector P is in general explicitly defined in Fourier domain.
In the present work, the computation of this projector is done though the projection onto the divergence-free
wavelet basis {\Ild“’} see [8, 15].

It can be observed that equation (3.8) corresponds to a heat equation with a source term given by

Pl-wV*w + > i &v e (a;jw)]. Classical numerical schemes used for the heat kernel discretization can hence

be borrowed. Stlckmg to an implicit Euler scheme with a fixed time step 0t and setting w"(x) ~ w;(ndt, x)
with n € N, leads to:

(I —vitA)w™ ™ = w™ — §tP" V7 w" — = -(ai;w™)]. (3.9)

The pressure p can be classically recovered through the Helmholtz-Hodge decomposition of the nonlinear
and the anisotropic diffusion terms:

1 Z axz - (01w) = Pw¥'w -3 Z axz - (aw)] = V.

The convergence and the computational efficiency of the discrete scheme (3.9) highly depends on the time step
value. In the following section we establish a necessary stability condition for the method convergence. This
condition will allow us to fix a maximal value for the time step in practice.
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3.3. Stability of the semi-implicit Euler scheme

In this section, we show that the semi-implicit Euler scheme (3.9) is stable in a sense that will be specified.
Assuming the matrix a(x,t) is given and bounded on Q x [0, T:

llaijll L= @x0,r)) < C;
we prove the following proposition:
Proposition 3.1.

Whenever the kinematic viscosity v, the anisotropic diffusion coefficients a;j, the time step 6t and the mesh
size 6x = 277 satisfy:

ot
— < C, 3.10
oxd — ( )
then there exists AM(v, ) > 0, positive constant independent of 0t and dx, such that the solution w™ given by
(3.9) is stable in the following sense:

1
V> §||aij||L°O(Q><[O,T]) and

n—1
lw™ [ Z2gya < (14 68, Q)" w720 + Co Y (14 6EA(, 2))F7, (3.11)
k=0
where Cy is a constant depending on v, w® and Qi

The relation defined by (3.11) is the discrete analogous of (3.4) and uniform bound for ||w"||%2(md similar
to (3.5) can be deduced. To prove this stability property of the iterates we need the following intermediate
lemma.

Lemma 3.1.
If the parameters v, a;;, 6t and x = 277 satisfy the condition of (3.10), the solution w™ given by (3.9) remains
bounded in the following sense:

Hw”||%2(md <O’ a;), n=0,---,N (3.12)
N
D lwk = w7 e < Clw’, ay), (3.13)
k=1
N
St V(|72 qraxa < C(w, azy). (3.14)
k=1

where C(w°, a;;) > 0 is a constant depending on the initial data.
Lemma 3.1 is analogous to lemma 5.3 of [38]. Very similar arguments can be used for its proof, this proof

is provided in Appendix A. Let us now prove Proposition 3.1.

Proof.
Taking 2w"*! as a test function in (3.9), for each term we obtain:

2/(1 — UStA)w" T "t — 2/ w" - w" ! =
Q Q

n+1

[w™ 22 0ya — w12y + 20t0[| V™ |72 graxa + [0 — w22 (g)a,



and

82
/Q]P)[axzax](a”’wn)] . ’lUn—"_1 S Hal‘jHLOO(QX[(LT])||vwn+1||L2(Q)dxd an”LZ(Q)dxd.

due to the incompressibility constraint:
V-(V-a)=0.

For the non linear term, since

1
/(w"-V)w”-w”:—5/(V'wn)‘wn|2:07
Q Q

one obtains:
2/ (w" - V)w" - (0" —w") < 2|w"|| L= )a | V" || 12 (0)allw™ T — w0 || 12 (0)a-
0

As we are in a finite dimensional space, in addition to (3.7), we have:
lw™[| oo ()a < de/zH’wnHm(Q)d, (3.15)
then, we get:
2| w™ | o [ Va™ || 2 (e | w™ = w™[| 2 (aye < 22742 |w™ || L2 (ya | Vo™ || pa(@yaxallw™ ™ — w0 L2(q)a-
Thus

HwnJrl

H%Q(Q)d - ||wn||2L2(Q)d + 25ty||vwn+1”2L2(Q)d><d + [l — w"||%2(9)d
id
< 20t27 ||'wn||L2(Q)dHV“’nHL‘Z(Q)dXd||wnJr1 —w"|[2q) + 575”%‘1‘HLoc(Qx[0,T])||an+1||L2(Q)dXd||an||L2(Q)dxd,
and Young’s inequality leads to:

1
w1220y — w1320y + S IIVW™ 22 qaxa + 5 [0 — w™ |72 )
() () () 2 ()

ot ||2L°<>(Qx[0,T
4v

< 2082299 |w" |22 g | V0" |22 gyaxa + D 7w 2. gy (3.16)

Now we fixed §t small enough such that:

L, lesli=@xom,

2 4v '
Since ||w"||2L2(Q)d < C(w', a;j), by Lemma 3.1 and from (3.16) we deduce that:

20127%C (w°, a;5) < (3.17)

5t ;17 o
v+ JllT (QX[O,T}))

[w™ 122 0pa — w72y + 0tV V™ |72 graxa < 5 (v Vw72 (qyaxa- (3.18)

2 4v
Using Poincaré’s inequality, we get:
" n oty " ot ||aij||2Loo Qx[0,T n
™ e e = 0" Wiy + Gl Mie@e < 5 0+ == EED V0 L gpans: (319)

We set A(v,Q) = C(I;Z)Z' Then, the sequence A,, defined by:

A, = (1 + (St)\(V, Q))n||wn||%2(ﬂ)dxd7 (320)
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satisfies:
st = An = (L 6A@ Q) (0™ Ba(qye = 07 32 0y + FAw D0+ 30 )

ot Qij || 700
LA | J”L (Qx[0,T])

< (14 8tA(w, Q)" L

V"2 o
Summation over n leads to:

2
ot Qij||T,00
ki(yﬁ_ a7, (Qx[0,7])

yo ) Vwk |3 gyaxa-

n—1
Ay = Ag <) (14 6tA(1, Q)
k=0

Again, from Lemma 3.1 we have:

8tl|Vw" |72 (qyaxa < Cw,a5), Yn=0,1,---,

thus:
n—1
A — Ag < Co Y (14 5tA(r, Q))F, (3.21)
k=0
with Cp = (v + WW)C(U}O, a;j). Replacing A,, by its expression (3.20) ends the proof. O

To complete this section, we analyze now the behavior of the discretization error as Jt goes to zero and
j > 0 goes to infinity:

e" =w(x,t,) —w",

where t, = ndt denotes the corresponding discrete time and w(t,x) is an exact smooth solution of (2.6a).

Replacing w™ by its expression w” = w(x,t,) — €™ in (3.9) reads:

en—i—l —en
g AT AP Z o, amj (aije")] = €~ Pl(w(@, ) - V)e" + (e VYw(@, ta)];

(3.22)
where € denotes the consistency error related to the injection of the exact solution into the numerical scheme
(3.9):

w(x,tn1) — w(x,ty)
ot

—VAW(Z, tnsr) +Pl(w(z, tn) - V)w Z 895183:] (aijw(e,t,))] = €1, (3.23)

From (3.23), we infer that: €® € H~1(Q2) and it is divergence free: V - €” = 0. Then, with similar arguments
to those used for the proof of Proposition 3.1, one can show that:

e s = €7 32y + OV ™ 3 qpana < 206227 (11”3 pa + 10(ta) |32 0y ) 17€7 |3 gy

Ot ai; 17 o ax fo. 1)
4v

IVe" |72 (qaxa + 2662772l L2 (ayallw (ta) | p2(0)a V™ L2 (ayaxa

+25t|\e"+1||H71(Q)He"+1||Lz(Q)d. (324)
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Otherwise, using (3.9), we get:
—VAwW(®, tyi1) = —Ow(te ni1) — Pllw(, thi1) - VIw(z, thy1) — Z ax Er (ajjw(z,tnyr))],  (3.25)
i0T;j

thus,

’LU(.’I}, t,n+1) - ’LU(.’B, tn)
ot

et = _atw(ma t71+1) + + P[(w(m7tn) ’ V)w(a:,tn) - (w(xvtn-i-l) : v)w(xvtn-i-l)}

— TBIY 5 s tw( ) — (0@ )

Since we assume that w is regular enough, we have:
1 tnt1 tnt1
et = E/ (t — tn)Opw(x, t)dt — P [/ Oh[(w(z,t) - V)w(t)]dt}
tn tn

1 IP tn+1 62 a d
T2 Ut M( tlaijw(z, H)])dt |, (3.26)

ij
and this gives:

5152 €™ -1 () < 8100w (D170 7,11 () + 36N e[(w(t) - Vw720 1,11 (02))

n

36t, 0?2
*H (8t[aijw(t)])||2L2(07T;H—1(Q))’

and by definition we have:

e 2 e < 2 (Il 3200 + 0t Baya ) » 19 Begyz < 2 (1707 2a(qpaea + [Vt 132(qpiea
(3.27)
From (3.24) and recalling that the right-hand terms of inequalities (3.27) are bounded by constants depending
only on the initial data, there exists hence a suitable constant depending only on the initial data such that:

ot
€3 e 3 + 2 Ve 3 < (5t + 80O, 0y, 2). (3.28)
Summation of (3.28) over n shows that:

max [le”|2(gys ——— 0. (3.29)

6t—0,62—0

and hence the semi-implicit temporal numerical scheme (3.9) converges.

3.4. Practical computational details of the divergence free numerical scheme

For sake of simplicity, we present in this section practical details on the implementation of our divergence-free
wavelet numerical scheme in the particular case of two dimensional space: = [0,1]2. The extension to the
3D space is direct and poses no difficulty [8]. We start by the construction of divergence-free wavelet basis. To
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construct divergence-free wavelet in (L?(£2))?, one needs first to set up two multi-resolution analyses of L?(0, 1)

generated by the spaces le and VjO linked by differentiation:

d 1 0
Vi =V

In this case, it can be shown [24] that the associated wavelet generators ¢! and 1 satisfy: (1)’ = 49", Then,
the divergence-free wavelet generator is constructed as:

T — curl[y! @ '] = 4 < (3.30)

wl ® wO
_wO ® wl .
This divergence-free wavelet is contained in the standard multi-resolution analysis of (L?(2))? provided by
spaces V; = (V]1 ® Vjo) X (VjO ® le), it provides hence fast divergence-free wavelet transform, see [8, 16] for
details. This fast transform allows us to compute the divergence-free wavelet coefficients of w" = (wf,w¥)

from those of its decomposition on the wavelet basis associated to V; and conversely:

1,’!L n 2)
Z dj;kwjllakl ®w?27k2 and Wy = Z dj, j],kl ®"/)]27k2 (331)

l31<d.k l31<3.k

Moreover, in (3.9) to compute the coefficients of w™*! from those of w™, one needs to invert the matrix
corresponding to operator (1 — §tvA). To avoid computing this inverse at each time step, we use the method
described in [5], which relies on the heat kernel operator factorization. This method pertains to the framework
of alternated direction implicit methods. More precisely, for a given o € R, in two dimension we have:

0? 0?

(1-ad) = (1-ay5)(1 - ag ) +O0fa 2, (3.32)

Using this technique in (3.9), we have only to invert the matrix of a one dimensional operator (1 — 5t1/38722),
and this is done only once before starting the time integration.

Then, taking the wavelets wh P ?2) k, and 1/)?1},91 ®1/)]127 k, as test functions in (3.9), we get the following
linear systems of wavelet matrices of coefficients:

Ajld; w1 AY, = MY IMO + SEM £ MO (3.33)
and
A [d7 1 AS = MO[dT MY + SEMO[fF MY, (3.34)

where A%, and M respectively correspond to stiffness matrix of operator (1 — (5t1/8‘3—;) and mass matrix on
the one-dimensional wavelet bases of {Vj}i:m. The elements of these matrices are computed analytically by
solving en eigenvalue problem [16]. The source term | f]l,: ] and | fJ ] correspond to the wavelet coefficients of
the orthogonal projection onto the divergence-free function space of the non linear term and the anisotropic

diffusion term:
"= —Plw" - Viw —fZ axlax] (asw")], (3.35)

where the spatial derivatives are computed using finite difference method at the grid points.
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The whole resolution method can be summarized as follows. Starting from w®(z) = w(z,0), compute its
wavelet coefficients [d;z] and [d?g] on V; = (V! @VP) x (VP @ V}) and for 0 <n < N, repeat

Step 1: Using finite difference method, compute the term

~n 1 0?
fr=—(u" - Vw" - Z ... @iw")

Step 2: Compute the divergence-free wavelet coefficients [d;h;é"] =P(f") by:
Flny 7 It 2.n div,n div,n
Ml[f;,k]Ao - (AO)T[fJ?,k]Ml = Ml[dj,k ]Rl +R! [dj,k ]Ml
where R' is the stiffness matrix of wavelet basis {1} ; }, its terms correspond to ((¥/,)’, (¢}, 1,)’) and the terms

of A% correspond to (1&?7,6, ( f,,k/)'}

Step 3: Compute [fjlg] and [ff,?] from [d‘jlzn] using the change of basis between {(1; ;,)} and {9 ;. }.

Step 4: Find [d;g“} and [dizﬂ] solution of

Agldy T AS = MM + 5t M FEMO
ARl AG = MO MY + SEMO fi M

As the matrices A};t and Agt are inverted once for all before starting the algorithm, step 4 corresponds thus only
to a matrix multiplication. Let J be the maximal space resolution considered, then the theoretical complexity
of Step 4 is O(237). Step 2 is solved with a preconditioned conjugate gradient method, then its theoretical
complexity is O(237) and step 3 is a change of basis, whose complexity is linear. We deduce that the theoretical
complexity of the method is about O(237). In practice, this theoretical complexity can be improved using
adaptive methods and coherent structure extraction methods, see [6, 9, 10, 39].

4. Numerical results

This section presents the results of several numerical simulations that have been carried out to validate the
model. One of the main advantages of the uncertainty formalism we propose lies in the great flexibility of the
anisotropic diffusion coefficients specification. The variance uncertainty tensor, a, can be fixed from a priori
knowledge either on the uncertainty’s variance or on the uncertainty diffusion tensor. These knowledge may
be directly inferred from the approximations considered to constitute the model. Aspect ratio simplifications
and/or not perfectly known boundary conditions could probably be used to introduce preferred direction of the
variance uncertainty tensor. The uncertainty variance could as well be learned from small-scale measurements
or specified from empirical local statistics of the resolved component. Let us point out nevertheless, that
whatever the choice carried out, the explicit discretization of anisotropic diffusion term in the temporal discrete
scheme (3.9) induces a viscosity dependent CFL type condition that must be carefully taken into account. In
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Figure 1. Evolution of the dimensionless energy £(t) (left) and its dissipation rate e(t) = —2€ (right) as a function of the

—dt
dimensionless time.

this study we implement a very simple strategy that consists in defining a(ndt, x) as local empirical covariances
of the resolved velocity fields w(x)™:

aij(x,t) = Ot < (wi(y) — pi(z, 1)) (w;(y) — pi(x, 1) >yew,t),

where p;(x,t) is the empirical mean on a spatial or temporal window W(x,t) and C > 0, fixed as C = m
to normalize the window’s volume. The empirical averaging is computed either spatially over a small (3 x 3 x 3)
window centered around point (x,¢) or temporally at point @, over the time interval [(n — 2)dt,ndt]. In the
following, they are referred to as the spatial and temporal uncertainty covariances respectively.

To evaluate the numerical accuracy and effectiveness of these models, two numerical benchmark simulations
have been conducted. The first one concerns the Taylor-Green vortex [4] simulation at moderated Reynolds
number Re = 1600. This flow becomes rapidly turbulent with creation of small-scale structures, followed by a
decay phase similar to a decaying homogeneous turbulence. It is probably one of the simplest flow to study the
production of small-scale eddies due to vorticity increase and vortex stretching mechanism. Due to non-linear
interaction, this flow freely develops an homogeneous turbulence from an initial analytical solution of conter-
rotating vortices at a single length scale and regularly disposed on the 3D grid. For this flow, we compared the
two uncertainty covariance models to a Smagorinsky-Lilly model with constant value Cs = (0.1 — 0.2) referred
to as SMG solution. Figure 1 shows time evolution of both total kinetic energy and the energy dissipation-rate
associated to the different solutions. These curves can be compared to a reference solution computed through
a direct numerical simulation (DNS) of the incompressible Navier-Stokes equations on a 2563 grid points. This
corresponds to j = 8 wavelet space resolution in our simulation setup. The reference DNS solution on 1283 grid
corresponds to wavelet multiresolution projection onto those grids of the reference solution. They are hence
computed from a spatial cut-off. As can be noted on Figure 2, it does not correspond to a spectral filtering,
the energy of this projection intrinsically depends on the wavelet generator. Wavelets offer from that point of
view an optimal choice with respect to a scale space energy representation due to their fine space-frequency
localization property. However, they provide at lower resolution grid a spectrum which departs significantly, at
medium scales, from the reference spectrum. This departure shows clearly the inhability of a direct projection
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Figure 2. Different solutions total energy spectrums (left) and zoom in at the tail (right), for the dimensionless time t ~ 9.

on the low-resolution subspace spanned by the divergence-free wavelet basis we used to represent large eddies
representations. At the opposite, a low resolution divergence-free wavelet basis implementation accompanied by
the proposed uncertainty diffusion tensor enables to get a much more satisfying solution. Regarding their energy
spectra both correlation forms provides close results. Compared to the results obtained with the Smagorinsky-
Lilly eddy viscosity subgrid tensor, we observe on figure 1 that the solution provided both by the temporal and
spatial correlation tensor have both higher kinetic energy except at the end of the turbulence decay where the
Smagorinsky-Lily model performs better and reach the energy level provided by the corresponding wavelets
truncation. The evolution of the dissipation rate along time shows a better behavior of the spatial correlation
subgrid model. It provides much better results than the Smagorinsky subgrid tensor. The temporal correlation
performs only slightly better than the Smagorinsky model. Note that the dissipation peak is slightly anticipated
in time for the temporal correlation, whereas for the spatial correlation and the Smagorinsky model it is well
aligned with the DNS results. On the same curve, it can be observed that the Smagorinsky model and the
temporal correlation show a greater difficulty to produce small-scale velocity gradients. The spatial correlation
appears thus to be a better subgrid model for this flow.

On Figure 3, we show the plot of Q iso-surfaces, colored by the gradient magnitude, for the dimensionless
time ¢ = 9 (that corresponds almost to the time at which the dissipation peak occurs), where:

1 awl 8wj
Q=32
27]

8$J‘ 8l‘i '

The sub spatial domain of Figure 3 corresponds to (0,7)3. It can be readily observed that the solution
computed using the spatial covariance exhibits smaller vortex structures in comparison both to the temporal
covariance uncertainty model and the Smagorinsky model. Let us note that for both models the solutions
resemble very much to the corresponding projected DNS. Compared to results of the literature [4, 11], these
first results are very encouraging.

The second experience concerns vortex tubes collision simulation. The initial condition is a sinusoidal
perturbation of two counter-rotating vortex tubes of circular section, parallel and located by either sides of
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(a) DNS solution (b) Smagorinsky

(c¢) Temporal correlation (d) Spatial correlation

Figure 3. Iso-surfaces Q = 1 for the dimensionless time t ~ 9: (a) 2563 grid points DNS solution, (b) Smagorinsky solution onto
1283 grid points, (c) solution computed with temporal covariance on 1283 grid points and (d) solution computed with spatial
covariance on 1283 grid points.

the plane y = m. The Reynolds number has been set to Re = 3500. Unlike to the Green-Taylor vortex, this
flow is non-isotropic and it represents a classical situation where vorticity blow-up is suspected [29]. It is also
known that the Smagorinsky subgrid model does not work well on this flow because of its strong diffusion
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dimensionless time.

in the reconnection region [7]. This phenomenon is confirmed by Figure 4 where the different solutions total
energy and energy dissipation rate time evolution are plotted. The time evolution of the kinetical energy
shows that the Smagorinsky is associated to solutions of significantly lower energy. Until the dissipation peak
the kinetic energy of both the spatial and temporal correlations are closed to the optimal truncated wavelets
low-resolution representation. After the dissipation peak the produced solution are lower to the low-resolution
wavelets projection. For the three subgrid models (i.e Smagorinsky, spatial and temporal correlation models)
the time at which the dissipation occurs is slightly delayed.

Figure 5 and Figure 6 show plots of iso-surfaces of (Q magnitude for the dimensionless time ¢ = 10 and
t = 15 respectively. As can be seen from these figures, the solutions computed using both uncertainty models
have more energy and present smaller structures compared to those computed with Smagorinsky subgrid model.

5. Conclusion

In this paper we have described a decomposition of the Navier-Stokes equation in terms of a resolved de-
terministic component and a random uncertainty component figuring the unresolved flow component. This
decomposition leads to a new large scale representation paradigm. For its numerical simulation, we proposed
an efficient numerical discrete scheme that relies on divergence-free wavelet. Efficient wavelets transforms al-
lowed us to implement efficiently this scheme with Matlab on conventional computers. In addition, we presented
some results on the consistency and the stability of this wavelet numerical schemes.

Such large-scale representation has been assessed for a Taylor-Green vortex flow and a flow generated by
a vortex pair instability. The results obtained for a local empirical uncertainty model computed on a local
spatial window of the resolved component leads to very encouraging results when compared to state-of-the-art
large-scale simulations of these flows. Within the continuation of this study, we will investigate the derivation
of similar model for geophysical flow equations and its use in the case of physical boundary conditions. This
situation is more realist and it is known that many sub-grid models do not perform well in the presence of a
wall. We wish also to investigate the use of variational data assimilation technique to determine the uncertainty
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Figure 5. Iso-surfaces of Q magnitude for the dimensionless time ¢ ~ 10: (a) 2563 grid points DNS solution, (b) Smagorinsky
solution onto 1283 grid points, (c) solution computed with temporal covariance on 1283 grid points and (d) solution computed
with spatial covariance on 1283 grid points.

sub-grid tensor from image data observation operator. This study will be the subject of a new forthcoming
paper.

Appendix A. Proof of Lemma 1
To prove Lemma 3.1 it is sufficient to verify that if (3.17) holds, then by induction we must have:

ot laillze

. 1¢ _ i~
leo 32 + 5D ot —wh Y 4+ (v = 2L 7 Vb < Clw, ay), (A1)
k=1 k=1
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(b) Smagorinsky

(¢) Temporal correlation (d) Spatial correlation

Figure 6. Iso-surfaces of Q magnitude for the dimensionless time ¢ = 15: (a) 2563 grid points DNS solution, (b) Smagorinsky
solution onto 1283 grid points, (c) solution computed with temporal covariance on 1283 grid points and (d) solution computed
with spatial covariance on 1283 grid points.

where

2
| e
O, ay) = [ 3 + 200727 oo 3 [ Va3, + L2212 g0y, (A.2)

Indeed, (3.16) gives this relation for n = 1. Suppose (A.1) true for order n — 1, then we have:

n—1 n—1
208220 " lw” |2 [V |7: < 2682270C(w®, aij) Y V" |7, (A.3)
k=1 k=1
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and from (3.17) we get:

n—1 n
S S T A P L A D S (A.4)
k=1 k=1

Otherwise, adding inequalities (3.16) for k = 1,--- ,n; reads:

RS k k— ||a--||2oo = k
Jw 32 + 5 D ok = wh s 4+ 0ty — 2LEZ) S Ve
k=1 k=1

n—1
< C(w’, ay) + 2667290y " (|72 | Vew®|[72. (A.5)
k=1

Putting (A.4) in (A.5), we get the statements of (A.1) at order n and this proves Lemma 3.1.
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