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Abstract

In turbulent flow the normal procedure has been seek means u of
the fluid velocity u rather than the velocity itself. In large eddy simu-
lation, we use an averaging operator which allows for the separation of
large and small length scales in the flow field. @ denotes the eddies of
size O(9) and larger. Applying local spatial averaging operator with
averaging radius § to the Navier-Stokes equations gives a new system
of equation governing the large scales. However, it has the well-known
problem of closure. One approach to the closure problem which arises
from averaging the nonlinear term is use of a scale-similarity hypoth-
esis. We consider one such scale similarity model. We prove existence
of weak solutions for the resulting system.
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1 Introduction

The turbulent flow of an incompressible fluid is modelled by solution (u, p)
of the incompressible Navier-Stokes equations:

u + V- (uu) — Re'Au+Vp=f,in Q, for 0 <t <T,

V-ou=0,in Q, for 0 <t <T,

u(z,0) = ug(x), in Q,u=0o0n 99, for 0 <t <T, and /pdx =0

Q

where Q C R4 (d =2 ord = 3), u:Qx[0,T] — R? is the fluid velocity,
p : Q@ — R is the fluid pressure f(x,t) is the (known) body force, ug(z)
the initial flow field and Re the Reynolds number. There are numerous
approaches to the simulation of turbulent flows in practical settings. One
of the most promising current approaches is large eddy simulation (LES) in

which approximations to local spatial averages of u are calculated. In large
eddy simulation (LES), the filtered quantities and fluctuations are defined as

u(w,t) = gs *u = /gg(a: —2u(2' t)dr v =u—7
R3

where
gs = 6 °g(x/9).

and g is the filter function of characteristic width 0. Applying the filtering
operator to the Navier-Stokes equations gives :

U+ V- (uu) — Re 'Au+Vp=f, V-u=0inQ x (0,T]. (1.1)
The governing equation (1.1) may be rewritten as
U+ V- (uu) — Re 'Au+Vp+VT=f, V-u=0inQx (0,7].
where T denotes the subgrid tensor,
T:=uu—uu (1.2)

which must be modelled. On general approach to closure in LES based on
the scale similarity hypothesis, introduced in 1980 by Bardina, Ferziger and



Reynolds [1]. The idea of scale similarity can be thought of as a sort of
extrapolation from the resolved scales to the unresolved scales. The original
Bardina model is given by

U—uu

I

=
S|
Sl
=]

This model has proven to be highly consistent [15], [3], but stability problems
have been reported in various test of the Bardina model. These have led to
various extensions of Bardina model such as Layton proposed in [12], the
Liu, Maneveau, Katz model [16], Horuitu’s filtered Bardina model [6] and
many 'mixed’” models. In this report we consider a model proposed in [12]
which is another realization of the idea of scale similarity seeking a clear
kinetic energy balance. The model is based on the following three modelling
steps. The nonlinear term is written as [14]

u=uu+uu +vu+ v

Stepl :The cross terms are modelled by scale similarity:

w +uu =u(u—1u)+ (u—u)u~aw—1u)+ (u—"1uu. (1.3)

Step2 :The resolved term T @ is modelled with a Boussinesq type assumption

uu ~ uu+ dissipative mechanism on O(§) scales,

where

V. (@%) ~ V- (@) — A>T (1.4)

The operator A(d)w takes the general form A(6)w = R*V - Tr(Rw), where
R is a restriction operator to the finest resolved scales. It is defined by the
use of its variational representation

—(A(0)w,v) = (vp(0)D(w — W), D(v — 1)),

where vg(0) is the fine scale fluctuation coefficient. This simplifies to
A®)w ~ V- (vp(§)D(w — W) — (w — W)) where D(w) := 2(Vw + Vuw').
Step3:The v// term are modelled by a Boussinesq hypothesis that

w ~ —vp(8,1)(Vu + V') (1.5)



where vr(0,7) is called turbulent viscosity coefficient. Using (1.3), (1.4)
and (1.5) in (1.1), the model written below, (w,q) denotes as usual the
approximations to (@, p),

w;+ V- (@w)+ V- (0w —w)+ (w—w)w) — V- (vp(d,w)(Vw + Vw'))
—Vqg—Re 'Aw—A(S)w=f, V-w=0inQx (0,7] (1.6)

where w, f : Qx[0,T] — R4, ¢ : Q — R. Boundary and zero mean conditions
must be imposed on (1.6). There are several possibilities for the turbulent
viscosity coefficient. The most common ones used in computational practice
are a bulk viscosity v = vp(d), the viscosity of [7], vr = (0.17)d |w — W|
and the Smagorinsky model, see [17, 9, 2, 11]

vr(8,w) = (cs6)* |Vw + Vu'|. (1.7)

We shall assume vy = 0 namely, there is no extra viscosity terms. With
(1.7) or vp = vp(0) our results can be easily extended. Before starting to
prove the existence of weak solution for the model, we will give a proof that
the model, is given by (1.6), is Galilean invariant. It has been shown that
the filtered form of Navier-Stokes equation are Galilean invariant [18]. Thus
it is enough to show

V- (T(w+W)) =V -T(w)

for any constant vector W. To this end we will give the following Lemma.

Lemma 1.1. Let consider the model of the subgrid tensor

T=ut—ut~wWw+w(w—w)+ (w—0)w - (c;0)* |Vw + Vu'| (Vw + Vu')
— (vp(&)D(w — W) — (w — W) — ww = T(w),

V. 'f‘(w +W)=V-. 'ﬁ‘(w) for any constant vector W.
Proof.

T(w+W) = (w+W)(w+ W)+ (w+ W) (w+W — (w+ W))
+(w+W —(w+W))(w+ W)
— (¢56)? |V(w+ W) + V(w+ W) | (V(w+ W) + V(w+ W)")
—(r(O)D(w+W —(w+W)) = (w+W —w+W)) — (w+ W)(w + W)
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Since W is a constant vector, W = W, W =W, Ww=Wuw, wW =uaW.
Thus,

T(w+ W) =ww+w(w — W) + (w— )W — (¢,6)* |[Vw + Vu'| (Vw + Vu')
— (vp(0)D(w — W) — (w — W) —ww + (W —w)W + W(w — w)
+W(w —w) + (w —w)W.

Hence we have
V-T(w+W) = V-T(w)+V-(W—w)W+V-(W (w—w))+V-(0—0)W)+V-(W (0—0)).

Since the averaging preserves incompressibility [18], thatis V-w = V-w = 0,
so we have

V- -T(w+W)=V-T(w).

This complete the proof. O

2 Existence of Solutions

In this section we consider the question of existence of weak solutions to the
following systems. Thus, we seek (w, q) satisfying

w; + V- (0w) + V- (w(w —w) + (w—w)w) — Vg — Re ' Aw

—A)w=f, V-w=0,in Q x (0,7 (2.1)

w(z,0) = g5 # w(a), in O (22)

w(z; + L,t) = w(z;,t) and [ Gpdr =0, | fde =0, [ gdz =0. (2.3)
A

We shall begin by giving the definition of weak solution. Let D() =
{p € C°() : Vb = 0in Q}, H(R) be the completion of D(Q) in L?(Q)
H'(Q) be the completion of D(Q) in W2(Q2) and ¢ € D(Q).

Definition 2.1. Let ug € H(Q), f € L*(Q7). A measurable function
w: Qp — R™ is a weak solution of the problem (2.1)- (2.2) in Qp if



a)w e Vp= L*0,T;H)N L>(0,T;H) ;
b)w verifies

/Ot[—Re‘l(Vw, V) + (ww, Vi) + (w(w — W) + (w —w)w, Vi)
— vp(6)(D(w — T), D — F))}ds = — / (Fot)ds + (w(t), ) — (w0, )

where for T € (0,00), Qpr = Q x [0,7T].

Before we prove of the existence of weak solutions of (2.1)- (2.3) we give
the following Lemma. It is proved [12]. Here we shall give this proof briefly.
This Lemma gives a useful result about the following (nonstandard) trilinear
form.

Lemma 2.1. Let b(u,v,w) denote the (nonstandard) trilinear form:
b(u,v,w) := /H@ :Vw + [a(v —0) + (v —u)v] : Vwdz.
Q

Suppose the averaging used in L*(Q) self-adjoint and commutes with differentiation,
w e L*Q) and Vw € L*(Q) are periodic with zero mean. Then

I:/V.[warw(w—w)Jr(w—@)@].wdagzo.

Proof. Integration by parts and using the properties of the averaging operator
yields

I= /[ww+m(w —w) + (w — w)w| : Vwdzx
Q
= /[ww :Vw+ww: VO —0w: VU + ww : Vo — 0w : V]dz.
Q
An easy index calculation shows that

/uv : Vwdx = /u.(Vw)vdx

Q Q



which is the more familiar trilinear form. Making this change gives

I= /[w(Vw)m +w.(Vw)w + w.(Vw)w — 2w.(Vw)w]dz.

Since V-w = 0, the third term vanishes. By the assumption on the averaging
process, V-w = 0, so the last term vanishes. We use the usual skew symmetry
property we obtain

/w(Vw)w +w.(Vw)w = 0.

Thus I=0. [l

Theorem 2.1. Let T > 0, and € be any domain in RY. Then for any given
ug € L2(Q) f € L*(Qr) there exist at least one weak solution to (2.1)- (2.3)
m QT.

Proof. We shall use the Faedo-Galerkin method following the presentation of
Galdi in the Navier-Stokes case [4]. Let D(Q) =: {¢p € C§° : V.ip = 0 inQ2},
H(Q) be the completion of D(Q2) in L?(Q) H'(Q) be the completion of D(2)
in WhH23(Q) {¢.} C D(Q) be the orthonormal basis of H(2). We shall look
for approximating solutions v* of the problem (2.1)- (2.3) which have the
form

k
Vi@, t) =) en(t)en(x), keN (2.4)
r=1
In (2.1) we set w = v*, multiply by 1, and integrate over { we obtain

%(U’a Uy) — (T, Vap,) + Re™H(VoF, Vb)) + vp(6)(D(0* — 7)), Db, — 4h,))
— (@ (" =7") + (" =), V) = (F, ).

Note that since V - u = 0, it follows Au = 2V - D(u). The symmetry of
deformation tensor yields

! (90 94) = (B, D).

Thus, we obtain the following equality.

%(vk, Uy) — (T, Vap,) + Re™ (VP Vi) + ”FZ(‘S) (V" =7%), V(1 —,))

— @ (" =) + (" =TT, Vi) = (f,4). (2.5)
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If we write (2.4), in (2.5) this represent a system of ordinary differential
equations of the form

d k k
S Chr(t) = Z crichi((9s * i) (gs * 1), Vibr) + Re™ Y~ ei(Viby, Vi)

1,j=1 =1

Ed

ki (V(j — g5 * ), V(¥r — g5 % Pr)

j=1
k
=) " cricksl(gs * i)Wy — g5 * ) + (b — gs * ;) (gs * i), V(gs * ¥y)]
=1
:(f7¢T):fr Tzla'”7k (26)
with the initial condition
crr(0) = cor = (v0,%r). (2.7)
Since f, € L?(0,T) for all » = 1,--- ,k, from the elementary theory of

ordinary differential equations we know the problem admits a unique solution
crr € WH2(0,T},) where T, < T
Multiplying (2.6) by ¢, and summing over r from 1 to k we get:

S et2 — @, ) + B ) - @t -7
(v* — )", VTr) + Re” 1HVUkH2 (f,v").

We integrate this equality, we obtain

t t
[o#][, + 2Re? vakszs—Q/(@kﬂk,Vvk)ds
0
o /HVU - H2d5—2/( Eoh —T) 4 (oF — TM)TF, Vi) ds
t
=2/ (F, v%)ds + ||vor||>
0

with vor, = vg(0). We consider third and last term in the left hand side of the
above equality. Let us write these two terms nonstandard trilinear form:

b(vF, oF k) = =2 / [0 Vo Tk + 5 Vorok — ot Vot Lo Vet — o VTt ot da.
Q
(2.8)



From Lemma 2.1 I = b(v*,v*,v*) = 0. In the last equality, we use I=0,
Schwarz inequality, Poincaré-Friedrichs inequality, and since ||vog| < ||vol|,
we obtain,

t t
foull+ Ret [ Ve ds o) [ [VGF o) ds
0 0

t
< ORe/O 7|2 ds + fjwoll2.

where C' is a constant. Then we easily deduce the following bound
t
||vk||§+Re—1/ }|vvk2H§ds < M for alltel0,T] (2.9)
0

with M independent of t and k. We shall now investigate the properties of
convergence of the sequence {v;} when k — co. To this end we begin to show
that, for any fixed » € N the sequence of functions

GZ(t) = (Uk(xv t>7 wr)

is uniformly bounded and uniformly continuous in ¢ € [0,7]. The uniform
boundness follows at once from (2.9). To show the uniform continuity,
integrating (2.5) with respect to t from s to t and using Schwarz inequality
we obtain

(GL(t) = Gi(s)] = (v (2, 8) — " (=, 5),9y))| S/ |b(v", 0", 4y)| dr

5 [t _ t
+VF2( )/ [V(@* =" vawwr)lldwRel/ ||| |V, | dr
+/ 71l dr. (2.10)

On the other hand an easy index calculation shows that

/uv : Vwdx = /u.(Vw)vdm

Q Q
which is more familiar trilinear form. Making this change in the following
formula
bbb ) = [0 Vi 4 (00— 0 4 (0 = 90) 9, )

Q



it gives

b(v*, % ) = / T8 N, 0 4+ 57 NVp, 0P + oF Vo ot — 207 .V, T

Q
By the usual skew symmetry property of this trilinear form, we obtain
b(v*, vk ) = / —TF VT*Y, — T ok, — oF VT, + 25 YTk,

Q

Using Cauchy-Schwarz inequality and Young inequality for convolutions we
get

/ ‘b(vk,vk,wr)} gslm?XHvk(x,t)H\/t—s(/ HVvk||2)%
+samax o0 VE= ([ V)

N

where s1 = mazeq |-(z)] and sy = dmaz,ecq Wr(a:)‘ Now we use this
inequality and triangle inequality in (2.10) we obtain

G5(0) — Gy(o) < maxllonlo V= {suC [ 19l 4 s [ 9008}

0 =SV R el VS

+ma o V([ 1)

where s3 = 2 ||V, ||. Because of (2.9), the right hand side of this inequal-
ity converges to zero uniformly as ¢ — s. G}(t) is equicontinuity. By the
Ascoli-Arzela theorem, from the sequence {G}(t)}ren We may then select a
subsequence which we continue to denote by {G}(t) }reny uniformly converg-
ing to a continuous function G"(t). The selected sequence {G}(t)}reny may
depend on r. However using Cantor diagonalization method, we end up by
with a sequence again denoted by {G}.(t) }ren converging to G” for all r € N
uniformly in ¢ € [0,7]. This information together with (2.9) and the weak
compactness of the space H, allows us to infer the existence of v(t) € H()
such that

klim (vg(t)—v(t), 1) = 0 uniformly int € [0,7] and for all r € N. (2.11)
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vi,(t) converges weakly in L? to v(¢), uniformly in ¢ € [0, T] that is

klim (vp(t) — v(t),u) = 0 uniformly in t € [0,7] for all u € L*(2). (2.12)
In view of (2.9) v € L>(0,7;H(?)) . Again from (2.9) by the weak of
compactness of the space L*(Qr)

t

klim (O (i —v),w)ds =0 for allw € L*(Qr) m=1,---,n (2.13)
(with 8, = 32-) v € L*(0,T; H'(2)) [4]. It is shown that (2.11) imply the
strong convergence of {v;} to v in L?(w x [0,T]) for all w C €2, that is

T

tim [ os(t) = v(t)|5,dt = 0 (2.14)
in [4] where Q is a cube in R™. Now with the help (2.12)- (2.14), we shall
now show that v is a weak solution to (2.1)- (2.2). Since we already proved
that v € Vp, it remains to show v satisfy (2.3). Integrating (2.5) from 0 to
t <T we find

t

—Re—l/t(w,wr)dH/ (@ (0" — ) + (vF — T)TF, Vi, )ds
0 0

+ [ @t vu) - 250 [ (9t -7, 90, - Tds

= — /Ot(f, wr)ds + (Uk(t), wr) - (’UO, wr) (215>

Now we consider second and third terms of the left hand side of the equation
(2.15) by the usual skew symmetry property we write

t
NCARTRTS I / / 0"V, — VD, — VO, + 20RV, Jde.
0
Q

From (2.12) and (2.13) we get
t

lim (v*(t) — v(t),4,) = 0, ,}EEO (VuF(s) — Vu(s), Vi, )ds = 0. (2.16)

k—oo 0
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Furthermore let Q be a cube containing the support of v,., then we have

/0 [(@*VT*,4h,) — OV, 3h,)]ds| < /0 (0" = v) V", 4y gds

+ /O(EV(Uk—U),wr)QdS (2.17)

We consider first term of the right hand side and using Cauchy-Schwarz
inequality we obtain

/0 (@ — 1)V

Setting s; : max,eq |- (2)| and using (2.9) and Young inequality for convo-
lution, we have

/Hv — 9] |97 mass e (2]

1

. t
/ (0" — U)Vﬁk,@/)r)Q‘ = CSIM;(/ "= U”;’Q)g
] 0

where C'is a constant. Thus using (2.14) we get:

lim
k—o0

/t(v’“ —0)VT*, ) ods
0

—0 (2.18)

We also have:

/t(vV(v —70), ¢ )gds| <
0

(T — ), v;map, ) gds

n

Z

m=

/ (V" — ), g5 % ((gs * vi)r)) gds

and since g5 * ((gs * v;)1,) € L*(Qr), (2.13) implies

lim
k—o0

/0 OV (0" —7),¢r)qds| = 0. (2.19)

Relation (2.18)- (2.19) yield:

lim = 0. (2.20)

k—oo

/0 TV, ) — ([TVT, n))ds

12



Now we consider the second term of b(v*,v* 1),). Again let Q be a cube
containing the support of 1,,then we have

/0 (@, T,) — (070, T,))ds| < / (T — 7)Y, T, )gds

+ (2.21)

| @90 0,500,

We use Cauchy-Schwarz, the first term of the right hand side of (2.21) we

obtain
¢ k2 1 k
< sal [ 17 =9l g ([ 19 a9

Using (2.9) and Young inequality, we get

l\)\»—a

/ @ D)V, T ods

m\»—A

t t
/ (T — D)Vok 4, )ods| < CSQM / Hv szst
0 0

Thus using (2.14), we obtain:

lim =0 (2.22)

/0 (@ — 0V, T,)gds

Now we consider the second term of the right hand side of the equation
(2.21) we write

n

JCA R XAREDS

m=1

/t<am(vk - U)76mET)Qd8
0

and since 7,1, € L?(Q7) (2.13) implies

lim
k—o0

/0 TV — ), B, )gds| = 0 (2.23)

Relation (2.22)- (2.23) yield:

lim =0 (2.24)

/0 (@V*,,) — (00, 5,))ds

13



Similarly we consider third term of b(v*, v*, 1),) we write

<| [ (k=9 5)qcs

/0 (0, VT*,1,) — (vVD,,)|ds| <

+|[over - 0 @2

Again using Cauchy-Schwarz, Young inequality, and (2.9) in the first term
of the right hand side of the equation (2.25) we get:

t t
/ (V" —0)VT*,9,)gds| < CszMé(/ Hvk — v||;st)%.
0 0 ’

Using (2.14) we get:

lim
k—o0

/O (V% —v)VT*, 9, )gds| = 0. (2.26)

Now we consider the second term of the right hand side of (2.25)

n

53

m=1

[ 9@ 580005 < 37| [0 .00, ot
0 0

We use the properties of convolutions, we obtain

/(UV(U —0,1,)ods| < v), gs * (Vmib,.)qds
0
since g5 * (vm1,) € L*(Qr), (2.13) implies
t
klim /(UV(U’C — 0,1, )ds| = 0. (2.27)
—00 0

Relation (2.26)- (2.27) yield:

lim
k—o00

/0 (YT, 7,) — (VT .)]ds| = 0 (2.28)

Now we consider last term of b(v*, v, 4,) again we can write

<|/ ( — 5V 3, ) gds

[ 10903, - 90.5,)1as| <

+ /O(EV(U’“—E),ET)st .

(2.29)
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Similarly, using Cauchy-Schwarz, Young inequality, (2.9) and (2.14) in the
first term of the right hand side of (2.29) we get:

lim
k—o0

[ (@ =095 )ads

=0, (2.30)

Besides this, we get the following inequality for the second term of the equa-
tion (2.29)

n

<y

m=1

/ot(vv(@’f =), ¥, )qds /Ot(a’”@k - @),vm%)Q‘ '

From the properties of convolution we write

n

<y

m=1

/ot(w(@k —7),%,)qds /ot(a’”(vk mv)h g <Umw7"))Q‘

and since gs * (Tmt,) € L?(Qr). From (2.13) we obtain

lim
k—o0

— 0. (2.31)

/O OV —7),7,)ods

Thus relation (2.30)- (2.31) yield:

lim /t[(mV@’“,@r)—(@V@,Er)]ds =0 (2.32)
k—o00 0

Finally, we consider fourth term the left hand side of (2.15). Again let Q be
a cube containing the support of ¢, then we have

/0 (Vo — ), V(W — 3,)) — (V@ —0), V(i — F,))lds

< / (V" — ), V(s — B))ods| + / (V@ ), V(s — B))ods|.

Since V (¢, —,) € L*(Qr) and using (2.13) we get

lim
k—o0

[t -0 v, —E»)Q\ 0 (2.3



Similarly since gs * V (1, — v,) € L*(Qr) and using (2.13) it gives

Jin | [ (9 =7, 90, = ,))ods| = 0. (2.34)
Using (2.33) and (2.34) we get
Jim / (V" =7 = V(v —71),V(tb, —,))ds| =0 (2.35)
*|Jo

Therefore taking the limit over £ — oo in (2.15) and using (2.16), (2.20),
(2.24), (2.28), (2.32), (2.35), we get

~Re! /0 (V0. Vi) 4 /0 ‘B0 — D) + (0 — D)5, V. )ds + /U (00, Vi )ds

e

7(5)/0 (V(U _ @)7 V(Q/}r — Er)) = —/O (?, wr)ds + (U(t), ¢r> - (U()az/}r)
(2.36)

However, from Lemma 2.3 in [4] we know that every function ¢ € D((2) can
be uniformly approximated in C*(2) by functions of the form

N
Yn(z) = Z’err(ﬂf) NeN,y €R
r=1

so writing (2.36) with ¢, in place of 1, and we may pass to the limit N — oo
in this new relation and use the fact that v € L2(0,T; H')N L*(0,T; H) to
show v is a weak solution of (2.1)- (2.2). O
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