EXTENSION OF A SIMPLIFIED BALDWIN-LOMAX MODEL TO
NON-EQUILIBRIUM TURBULENCE: MODEL, ANALYSIS AND
ALGORITHMS
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Abstract. Complex turbulence not at statistical equilibrium is impossible to simulate using eddy viscosity
models due to a backscatter. This research presents the way to correct the Baldwin-Lomax model for non-
equilibrium effects and gives an analysis of the energy evolution in the corrected model. Furthermore, a finite
element approximation of the corrected eddy model with first-order and second-order time discretization are
also presented. A numerical test is given to support the theory.
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1. Introduction. The most common approach to the prediction of turbulent flow statis-
tics is to add to the Navier-Stokes equations an eddy viscosity term, calibrate the term’s co-
efficients, discretize the result and solve. A well-calibrated model and an effective numerical
method have proven to predict reliably turbulent flows at statistical equilibrium. The question
considered herein is how to extend such a model to non-equilibrium turbulence and how to
adapt algorithms to the extended model. The first work on the approach herein was for the
Smagorinsky model in [32]. Herein, we extend the Baldwin-Lomax model, shown below. In
the modeling process, several choices must be made. We take a different path through these in
developing the non-equilibrium extension than in [32]. Let us begin with the time dependent
incompressible Navier-Stokes (NS) equations:

w+u-Vua—vAu+Vp=f, and V-u=0in Q,

u = 0on 909, and /pdx:O7 (1.1)
Q

u(x,0) = up(x) in Q.

Here, Q C R%(d=2,3) is a bounded polyhedral domain; u : 2 x [0, 7] — R¢ is the fluid velocity;
p: Q% (0,7] — R is the fluid pressure. The body force f is known. Re is the Reynolds number
and v = é.

There are many approaches to simulating turbulent flows, see [11, 12, 13, 14, 15]. One of
the most commonly used is to model the ensemble-averaged Navier-Stokes equation by eddy
viscosity, discretize then solve. In this approach, instantaneous variables are decomposed into
the mean (ensemble averaging) and fluctuating components, then reintroduced into the govern-
ing equations to obtain the ensemble averaging equations. However, the system is not closed
and contains Reynolds stress term that represents the effects of fluctuation. This Reynolds
stress must be modeled in order to close the system.

Given the ensemble averaging of fluid velocity and pressure
1< 1<
(u) jz (x,t;w;), and (p) jz p(x,t;wj). (1.2)
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Decompose the pressure and velocity into mean and fluctuations:
u=(u)+u’, and p=(p) +p, (1.3)

where (u), (p) are the mean and u’, p’ are the fluctuating components. Substituting the ensemble
averaging variables into the NS equations (1.1) yields the ensemble averaging equations.

()¢ + (u) - V(u) — vA{u) — V- R(u,u) + V(p) = f, (1.4)
V- {u) =0, '
where the Reynolds stress R(u,u) := (u) ® (u) — (u®@u) = —(u’ @ u’), see, e.g., [14, 16, 23].

By the Boussinesq assumption and eddy viscosity hypothesis ([20, 21, 22, 25]), the Reynolds
stress R(u, u) is modeled by (v7({(u))V(u)). Note that the turbulence eddy viscosity v ((u)) >
0. This is the standard eddy viscosity (EV) model:

w,+w-Vw—vAw — V- (vp(w)Vw) + Vg =1,

(1.5)
V-w=0.

The solution (w,q) of (1.5) is an approximation of the mean ({(u), (p)).

There have been many techniques to predict the turbulent eddy viscosity vy (e.g., [12,
13, 14, 15, 17, 27, 28, 29]). However, EV models have difficulties in simulating backscatter
or complex turbulence not at statistical equilibrium, see, e.g., [24, 26, 30]. Since vy > 0, the
term —V - (vp(w)Vw) in (1.5) can only represent dissipative effects of the Reynolds stress. In
order to precisely characterize backscatter, Jiang and Layton [32] presented two approaches to
correcting EV models and obtained new models of turbulence not at statistical equilibrium,
analyzed the corrected Smagorinsky model and gave algorithms for its discretization.

Like many EV models, the Baldwin-Lomax model (see, e.g., [12, 14, 34]) begins simply
and then has evolved substantial complexity to model effects such as separation and wakes
not well described by the basic model. We consider herein only its simplest form for which
vr({u)) = 1(x)?|V x (u)|. Here, I(x) is a mixing length that depends on the distance to
the wall. The model extension, analysis and algorithms herein are adapted to more intricate,
algebraic vp({u)) with only notational complexity. The corrected model studied herein is as
follows.

w4+ B2V x (P(x)V x wy) + w - Vw 4+ V x (I3(x)|V x w|V x w) — vAw + Vg = f,

V-w=0. (16)

Here, 8 is a positive model calibration parameter. The eddy viscosity term is expressed in
rotational (curl - curl) form. The model’s mixing length I(x) has the property that 0 < i(x) — 0
as x — 0. The effect of the true Reynolds stress on the mean flow is, on time average,
dissipative, see [22, 32, 33]. We prove in Section 3 that the time averaged effect of the terms
that modeled the Reynolds stress is also dissipative.

T
lim_inf %/ /(ﬁ?ﬂ(x)v X Wi -V x w4 2(x)|V x w|®)dxdt
0 Q

T—o0
R B Y s 3
=lim inf — I*(x)|V x w|”dxdt > 0.
T—oo T 0 Q

Our numerical tests in Section 6 show that the term that models pointwise in time, statistical
backscatter, 32V x (I?(x)V x w;), does result in bursts, wherein

/(5212(x)v x wi -V x w4 12(x)|V x w|*)dx < 0.
Q
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In other words, the eddy viscosity accounts for the persistent effect of the Reynolds stress while
the new term accounts for statistical backscatter without artificial negative viscosities. We also
present and analyze a numerical method for accurate solution of the new model (1.6) in Section
4. The challenges that occur here are (i) to develop algorithms that are small extensions of
the standard methods for the usual Baldwin-Lomax model, and (ii) to perform the analysis for
coefficients I(x) — 0 at walls.

The rest of this paper is organized as follows. Section 2 introduces some notations and
preliminaries. In Section 3, we summarized the corrected EV model (1.6) and its properties.
In Section 4, a complete analysis are given to demonstrate the stability and convergence of the
standard finite element approximation of the model (1.6). Section 5 introduces first and second
order time stepping schemes for the model (1.6). A numerical example is given to testify the
model (1.6) in Section 6. Finally, Section 7 presents the conclusion.

2. Notations and Preliminaries. This section introduces some widely used notations,
inequalities and lemmas. The standard notations H¥(Q), HE(Q), W*P(Q) denote Sobolev
spaces, and LP(Q)) denotes LP spaces, see [1]. The H¥(Q)) norm and LP(2) (p # 2) norm
are denoted by || - ||z and || - ||z», respectively. The L?*(Q) norm is denoted by | - || and its
corresponding inner products by (-,-). Denote the dual space of H¥(Q) by H*(Q) and its
norm by || - [[—¢. Furthermore, [/ - [[4» is the "~ norm of vectors in R9, see [10]. Constants C
are different in different places throughout the paper, which do not depend on mesh size and
time step but may depend on some known data such as Q,v,f,---, and so on. We introduce
the following spaces and their norms:

T 1
LP(0,T; LU(Q)) := {v(x,1) : (/O V(- t)|2,dt)F < ool

L>(0,T; LY(Q)) := {v(x,t) : ozltlgT V(- t)]|Le < o0},

T
1
[vllzeo.7500) = (/ IvCOLadt)>, IvIiLeriLe = sup [[v(,t)]La.
0 0<t<T
Here, 1 < p < 00,1 < g < oo. The velocity space X and pressure space ) are defined as follows.
X = H}(Q) = {ve H(Q)?: v]|sa = 0},
Q= L) = g€ 2@ [ a=0).
Q
The divergence free space V2 of X = VVO1 -2 (Q) is given by
Vi={veX:(V-v,q)=0 VgeQ)}
and the divergence free subspace of VVO1 3(Q) is similarly denoted V3. Define
1
B(u,v):=u-Vv+ §(V -u)v, b(u,v,w):=(B(u,v),w), Vuv,weX.
Then, we have
1
b(u,v,w) = i[b(u,v,w) —b(u,w,v)], b(u,v,v) =0,

b(u,v,w)=(u-Vv,w), if ueV.
The weak formulation of (1.6), satisfied by sufficiently smooth solutions, is : Find (w,q) €
(X, Q) satisfying
(Wi, v) + (F(x)V x wi, V x v) + b(w, w,v) + (I*(x)|V x w|V x W,V x V)
+v(Vw,Vv) — (¢, V-v) = (f,v) Vv e X, (2.1)
(V-w,r)=0 Vr € Q.



Let IIj, be a set of triangulations of Q with Q@ = |J K (h = sup diam(K)). It is
Kell, Kell,
uniformly regular when h — 0. X, C X,Qp, C @ are finite element spaces that satisfy the

discrete inf-sup condition: ian sup % > C > 0. The subspace V}, of X}, is defined by
1€RQn veXy,

Vi i={vh € Xpn: (V-vi,qn) =0 Vg, € Qn}.

Next, we present some inequalities and lemmas which will be used in later sections.
Some Inequalities :
Al: If u,v,w € X, then we have

b(u,v,w) < Cl|Vul[[[ Vv ||V wl], (2.2)
b(w, v, w) < Cllul|z[[Vul| |V v][[|Vwl]. (2.3)

A2: Assume p,q > 1 and % + % =1, we have

Young's inequality : ab < aP + Epa Ya,b,e > 0, (2.4)
q

qeP/4
Holder's inequality : |(v,w)| < ||v|r||W|Le Vv € LP,w e L9, (2.5)
Poincaré inequality : ||v|| < C||Vv] VveX.

LEMMA 2.1. (The discrete Gronwall’s inequality) Suppose that n and N are nonneg-
ative integers, n < N. The real numbers a,, by, cp,dy, At are nonnegative and satisfy that

N N
an + ALY by ALY (cnan + dy).
n=0 n=0

Then,

N N N
an + At Z by, < exp(At Z I—C#)(At Z dn),
n=0 n=0 n n=0

provided that Atc, <1 for each n.
LEMMA 2.2. (Strgng monotonicity and local Lipschitz-continuity) There exist pos-
itive constants C and C such that for all W', u”,v € (W13(Q))%, we have

(P(x)|V x|V xu - *(x)|V x 0’|V xu”,V x (u—u"))

2 2.7
> C|l15 (2)V x (0" —u")|[7s, >0

and
(P(x)|V x 0|V xu' —?(x)|Vxu’|Vxu”,V xvV)

A2 ’ " 2 (2'8)
SOY[IIE )V x (0 = )| s[5 (X)V x v s,
where | : x € Q — R is a non-negative function with | € L>(Q), and v = max{||l3 (x)V x
W[ s, [|15 (x)V x u”|[ s}
REMARK 1. Inequalities (A1) and (A2) can be found in [1, 9, 23]. Lemma 2.1 can be found
in [31]. The proof of Lemma 2.2 is given in the Appendiz.
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3. Analysis of the corrected EV model. This section first recalls the important prop-
erties of standard EV models (1.5). Then it presents the derivation of the corrected scheme
(1.6) based on (1.5) and shows that the new model (1.6) maintains the time-averaged dissipative
effect of the Reynolds stress.

Taking the inner product of the first and second equation in ensemble averaging NS equa-
tions (1.4) with (u) and (p) respectively, we can obtain the kinetic energy equation for the
mean

5l @IV + [ Rww: s = [ £ (). (3.1
Q Q

In (3.1), the right hand side term [, f - (u)dz is the energy input. The term §-||(u)[/? is the
changing rate of the kinetic energy of the mean. The term v||V(u)||? is the energy dissipation
of the mean. The term [, R(u,u) : V(u)dz indicates the effect of fluctuations on the mean.
Moreover, if the term [, R(u,u) : V(u)dz > 0, the effect is dissipative but if [, R(u,u) :
V{u)dz < 0, fluctuations transfer energy back to the mean which is called backscatter.

There are two key properties of Reynolds stress (proven in [32]). Time averaged dissipativ-

ity:

T T
lim inf l/ /R(u7u):V<u>dxdt:1im inf l/ /1/(|Vu’|2>dacdt20 (3.2)
0 Q T—oo T 0 Q

T—oo T

Second, the variance evolution equation:

/ R(u,u) : V{u)dz = Ld <|u’|2>dx—|—/ v(|Vu'|?)dz. (3.3)
Q 2dt Jo Q0
The inequality (3.2) is consistent with the Boussinesq assumption that the effects of turbulent
fluctuations are dissipative on the mean in the time averaged case. The interpretation of
(3.3) is as follows. For flows at statistical equilibrium 4 [ (|Ju’|*)dz = 0, while the second
term [, v(|Vu'|?)dz is clearly dissipative. This term is modeled by an eddy viscosity acting
on (u) that dissipates energy pointwise in both space and time. Thus the (space averaged)
pointwise in time deviation from dissipativity must arise from the first term on the RHS of
(3.3). Therefore, the term 14 [ (|u’|?)dz should be modeled in the corrected EV scheme to
represent backscatter.

REMARK 2 (On the Boussinesq hypothesis). The proof of the Boussinesq hypothesis in [22]
18 by extracting information on fluctuations from the energy equality for realizations. It was done
for strong solutions, the natural setting for turbulence theory since it can be phrased in terms
of the Reynolds stresses. This report also gave, Section 2.1 p. 2356, the equation for evolution
of space averaged variance and turbulence intensities as well as an extended survey of the long
history on the problem. In [5] an extension was given for ensembles of both initial conditions
and body forces. In [32] it was shown that (using a result of Duchon and Robert [3]) a similar
proof holds for weak solutions and that the spacial localization of backscatter depends only on 4
quantities: the variance of u and Vu, the skewness of u and the velocity-pressure covariance.
The (highly nontrivial) connection between the formulation in terms of the Reynolds stresses
and the above proof for weak solutions was recently made by Berselli and Lewandowski [2], which
contains the most general formulation of the result. Dissipativity of fluctuations and convergence
to statistical equilibrium was extended to space and time discretizations in [33] and to MHD
turbulence (through the FElsdsser variables) in [7]. Once it was pointed out that dissipativity,
while violated at some instants in time, emerges for time averaged quantities, various forms of
the Boussinesq hypothesis’ proof are implicit in Reynolds transport theory. For example, space
and time averaging the trace of the transport equations of the Reynolds stresses, Jovanovic [6]
Section 5.1 p. 110, yields the dissipativity of fluctuations. For time, not statistical, averages
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dissipativity of fluctuations result appears already (well hidden) in equation (3.127) p. 75, in
Chacén- Rebollo and Lewandowski [29]. This connection was developed further by Lewandowski
[8] and in several new directions in [2].

The key point to describe the Reynolds stress term is how to model u’ via (u). By the
Kolmogorov-Prandtl relation for the turbulent viscosity,

vr((u) = alvF, (3.4)

where k' = $(|u'|?), ¢ is a proportionality constant and [ is the mixing length. Consider the
simplest case (the inner layer viscosity) of the Baldwin-Lomax model

vr((w) =12V x (u)], (3.5)

where [ is the mixing length, such as I(x) = 0.41 x distance{z, 9Q}. Combine (3.4) with (3.5)
to obtain the fluctuation model

action(u’) ~ BIV x (u), (3.6)

where 8 > 0 is a model calibration parameter. Then the Reynolds stresses term [, R(u,u) :
V{u)dx becomes

/QR(u,u):V<u)dx: %%/ﬂﬂ?ﬁwx <u>\2dx+/ﬂl2|v>< WV x (Wde,  (37)

Notice the time derivative term comes from the fluctuation model (3.6) and the eddy viscosity
term is based on (3.5). Then, (3.7) leads to the closure model

~V - R(u,u) =~ 32V x (I?V x (u);) + V x (I}|V x (W)|V x (u)). (3.8)

Combining (3.8) with (1.4) and calling the model’s approximation to (u) and (p), w and ¢
yields model (1.6).

wi 4+ B2V x (P(x)V x wy) + w - Vw + V x (I*(x)|V x w|V x w) — vAw + Vq = f,
V-w=0.

REMARK 3. Although existence theory for (1.6) is not the issue considered in this report,
it is useful to note the model’s mathematical structure. Compared with the NSE, this model
contains two additional terms. The first is 32V x (l2V X wt) which is similar to the commonly
used dispersive reqularization —Awy. The second is V x (l2|V x w|V x W). This second term
s strongly monotone and locally Lipschitz being similar to a p-Laplacian term. For 1 > 0
it is readily seen that Galerkin approximations in spaces of Stokes eigenfunctions belong to
L0, T; V2)NL3(0,T; V3) (and by a limit argument under mild conditions on [(x)) the solution
w satisfies the reqularity

w € L=(0,T; V) N L*0,T; V?) (3.9)

We therefore conjecture that (again under mild conditions on l(x)) existence and uniqueness of
strong solutions hold for the model.

For our purposes herein, we shall assume the model has a solution in the following sense.

DEFINITION 3.1. A distributional solution w of model (1.6) is a strong solution if w has
reqularity (3.9), w(x,t) — wo(z) in L*(Q) ast — 0 and if w satisfies the model’s weak form (
(2.1) above) for all v € L>=(0,T;V?) N L3(0,T; V?3).

Operationally, the above definition means one may set v = w in (2.1). Our numerical
tests in Section 6 include ones with different boundary conditions. For these the variational
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Next, we give a theoretical
analysis of model (1.6) and show in Theorem 3.2 that this new model still maintains the
property that the effects of turbulent fluctuations on the mean are dissipative in long time

averaging sense.

THEOREM 3.2. Assume £ € L>(0,00; H=(Q)). For the strong solution w of model (1.6),

we have

w, IV x w € L>(0,00; L*(Q)),

(3.10)

I 1T
lim inf [—/ l/||VW||2dt—|——/ /Z2|V><w|3dxdﬂ = lim inf —/ /f wdxdt,
T—oo T 0 T 0 Q T—oo T

lim 1nf —/ / [B2V x (I’V x wy) - w + 1?|V x w|*]dxdt > 0.

Proof. Taking the inner product of model (1.6) with w, we obtain

1d
Szl

14
< —|IfI2, 4+ = 2,
< 2VH 121+ 5 IVw]

w2 + BI(x)V x w|?) + v||Vw|? —|—/ P(x)|V x w*dx = / f wdx
Q Q

Rearrange the terms in inequality (3.13) to get
d 2, 2 2 2 2 3 Lyen2
2 W7+ GGV < wi7) + v Vw]|” + 2 X ()IV > wldx < —|F[|Z;.

For the term v||Vwl||?, we have

1% 1% v
v||Vwl* > Crn [w* + HVWH2 Crp lwl* + S IV > wi®
1%
> __ 2 l 2
> s lwlP + )V X wiP,

where we use the Poincaré inequality, and Lqs = Supyeq [1(x)[2.

Since 2 [, 1?(x)|V x w|3dx > 0, combining (3.15) and (3.14), we can obtain

d 1
(wl? + B2V x wl?) + so—w]* + GV < w* < ]2,

v
QC 2L maz

Let g(t) := [|[w|? + B2||l(x)V x w|?, we have

1
§(0)+aglt) < JIEI20 < I 2@ <

where o = max{57—, 352r—} > 0. By inequality (3.17), we can deduce (3.10).

integrate (3.13) on [0, 7] and divide it by T to get

1 1 [T
2T(Hw( )||2+52||ZVXW(T)||2)+—/ v||[Vw|?dt + — / /ZQ\VXW\3dth

= (WO + 5717 x w(o0 / [ £ waa

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

Then

(3.18)



Using (3.10), we have

T
Zy4 = 2 3
(’)(T)+ T/ V|| Vwl|?dt + — / /l |V x w|?dxdt

1
which implies (3.11).

Next, consider the Reynolds stress term. Note that (3.18) can be rewritten as

(3.19)

! [ (T)||2+62 /T d||lV>< |2 dt + 1/T | Vw]|2dt + 1/T/12|V>< 3 dxdt
— — — — — X
v oT W T/, VY Ty Jo v

2
= 2T 0)]1* + / /f wdxdt.

Then by (3.19) and (3.20), we have

52
2T

:O(l)—0(1)+1/T/f-wdxdt—1/TV||Vw|2dt (3.21)
T T "T )y Jo T J,
=0(1)—0(1)+1/T/ 2|V x w|dxdt

T T " T/ Jo :

which completes the proof of (3.12). O

(3.20)

d 2 1 2 3
—|[IV x w dt—i——/ /l V x wl|°dxdt
lt” || T J, | |

4. The finite element approximation. In this section, we present the finite element
approximation for the corrected EV model (1.6) and analyze its stability and convergence. One
deviation from the (now standard) numerical analysis of the NS equations is that the balance
between the two model terms is not be accounted for. Alternatively speaking, our model has
two new terms not in the NS equations. Their relative size, 3, is important in the analysis .

The finite element approximation of (2.1) is : Find (wp,qpn) € (X, Qn) satisfying

(Wht, Vi) + B2(P(X)V X Wht, V X Vi) + b(Wp, Wi, vi,) + (YW, Vv) — (qn, V - Vi)
+ (l2(x)|V X Wi |V X wp, V x vy) = (f,vp) Vv, € Xi, (4.1)
(V-wp,mp) =0  Vrp € Qp.

THEOREM 4.1. Method (4.1) is unconditionally energy stable. For all0 <t <T,

t t
||wh||2(t) + B2||l(x)V X wh|\2(t) + 2/0 /Q |13 (x)V x wh\?’dxds + 1//0 ||th||2ds

L (4.2)
< ;/0 I£]121ds + [[wa[[*(0) + [[1(x)V x wy[*(0).
Proof. Set v, = wy,r, = qp, in (4.1) to obtain
2 § 2 2 3 2
l l d
gl 5 00V sl [ PN x w4 vV "

1%
= (£, w1) < oI + 2 [9wl?
8



Multiplying (4.3) by 2 and integrating it from 0 to ¢ complete the proof.
]
The next theorem shows the convergence result of method (4.1).
THEOREM 4.2. Assume w is a strong solution of model (1.6). Suppose that Vw €
L40,T; L*(2)). Then
sup_||w —wy|*(t) + sup B2i(x)V x (w —wi)[*(t) + V[V (w — wi) |22 (0 1:12)
0<t<T 0<t<T
2
+ CIlI5 (x)V x (W = wi)|7s0.710)
<C[ _nf _ { sup [lw—wval*(t) + sup [I(x)V x (w —vp)|*(t)
VREXn,rh€QR 0<t<T 0<t<T
4.4
+ U(x)V x (w — Vh)t||2L2(0,T;L2) +[[V(w — vh)||2L4(0,T;L2) + [[(w — Vh)tH%2(0,T;L2) (44)
+ [V (w — Vh)||2L2(0,T;L2) + llg - Th||2L2(0,T;L2)
2 3 2
H1E )V x (W = Vi)l s sy + 117 (VX (W = Vi)l 7a(0,700)}

+lw = wi[[*(0) + BZ[[1(x)V x (W — w)[(0)].

REMARK 4. The convergence proof as a necessarily technical synthesis of two proof ideas.
The first is the normal error analysis of Galerkin FEMs for the NSE. The second is the error
analysis of Galerkin FEMs for operations that are strongly monotone and locally Lipschitz (such
as the p-Laplacian).

Proof. Let w : [0,T] — V}, be arbitrary. Splitting the error e = w — wy, via € = n — ¢y,
where n = w — W, ¢, = wj, — w. Subtracting (4.1) from (2.1), we obtain

(e, vi) + BEI2(x)V x e, V x vi,) + ble,w,vy,) + b(wp, e, vp)

+ V(ve7vvh) - (q - q}LaV : Vh)
+ (P(x)|V x W|V x w — I?(%)|V x W|V x W,V X vj,)

) ~ o (4.5)
+ (FX)V x WV x W = I“(x)|[V X wp|V X wp, V X vp)
=0 Vv, € X,
(V : e,rh) =0 Vrn € Qp.
Setting vj, = ¢p, in (4.5), we have
1d > d
S Lol + 2 6V x onl? + vV
+ (IP(%)|V x Wp|V x wp, — 2(x)|V x W|V x W,V x ¢p,)
(4.6)

= (e, dn) + (P(X)V x4, V X @) +v(V0, Vor) — (¢ — 1,V - ¢)
+ b(n7 w, ¢h) - b(¢h7 w, ¢h) + b(Wh, 7, ¢h)
+ (P(%)|V x WV x w — I3(x)|V x W|V x W,V x ¢p,),

where rj, € Q), is arbitrary. Next, we need to bound the terms in (4.6). Using (2.7) in Lemma
2.2, we can obtain

(P(X)|V x Wi |V x wp, — P(X)|V x W|V X W,V X ¢) > C[[I3(x)V x ¢ 3. (4.7)

All the terms on the right hand side of (4.6) are bounded as follows. For the term (7, ¢y),

v
(1, ¢n) < Cllnelll[Vonll < Climel® + EIIV¢hll2~ (4.8)
9



For the term (I2(x)V x 1,V X ¢p),

(PG % 1,V x ) < 1)V mel[[1)V x
<SG Xl + SHGV x o2 .
The term v(Vn, V) is bounded by
v(Vn, Vén) < OVl + 3 Ven% (4.10)
The term —(q — 7, V - ¢p,) is bounded by
~(a =1,V - 6n) < Cllg = rall* + 1V én % (411)
Using (2.2) and (2.3), we have the following estimate.
b(n, w, én) < CIIVAIlIIVwIlIVénll < CIIVWI? V0> + 121V énl” (1.12)
b(énsw. 6) < Cllonll ¥ [Vwl[[Vonl? < VW 6nl2 + 7511 Vén]® (4.13)
bW, 1, @) < Cllwal = [Vwa | = | V][V n|
< Ollwill VWi [ [Vn]]? + 1511V énll? (4.14)

1%
< CvwallIVal* + S 1Vénl’®,

where we use the stability bound supy<;<7 [[Wn|| < C in Theorem 4.1. Lastly, by (2.8) in
Lemma 2.2, we have

(P(x)|V x w|V x w — 2(x)|V x W|V x W,V x ¢p,)

o, 5 (4.15)
S O3 (x)V x 0|3 |l13 (x)V X dnll s,
where v = max{||l% (x)V x w]|s, |13 (x)V X W||5}. Since
113 (x)V x Wl|gs < (|13 (x)V x Wl ga + [|1 (x)V x ]| s, (4.16)

there exists
v = max{[|l3 (x)V x Wl|zs, |15 (x)V x W|Ls} < [[15(x)V x wl[s + [[15(x)V x ][gs. (4.17)
Combining (4.17) with (4.15), we obtain
(P(x)|V x w|V x w —12(x)|V x W|V x W,V x ¢p,)

< O1E (x)V x wl| 13|15 (x)V x 7l| 23]|15 (x)V x o

+ NN (x)V x nlf3s 13 ()Y X |1 (4.18)

2 3 2 3 2 C 2
< CIF(x)V x W 7s]115 (x)V x 1l 75 + CI3 (x)V x 7|7 + S I3 x)V x Onl7s-
10



Combining (4.7)-(4.14), (4.18) with (4.6) gives to

d 2 .
S (I8l + B2V x 6nl|) + vI[Ven* + CI3 (x)V x dnllfs
< CIVw*llénll* + 11(x)V x on >

(4.19)
)V xnell* + CIUVWI[Vall* + Cllnel* + CIVall* + Clig — ral|?
2 3 2 3 2
+ CIVwa IV + Cll1E (x)V x w2115 (x)V < ll s + ClLE (x)V % nll7s.
Integrate (4.19) from 0 to ¢ to obtain
¢
l6nll*() + B2IlI(x)V x dn*(2) +/ WIIVerl? + CllIE (x)V x én7s]ds
0
< [nlI*(0) + B2l (x)V % én*(0)
/ maX{C||VW||4 }(||<Z5h||2 + B Ux)V x on|*)ds (4.20)

+C / nu(x)vxm|\2+HVw||2||vm|2+||m||2+||vm\2+uq—m||2
+ IV WalllIVall? + 113 )V x w2113 (0¥ x 35 + 1113 )V x g][3s]ds
Since fOT |Vw||*dt < C, using Gronwall’s inequality, we have
lonl2() + BV x én>(2) + / WIVSRI? + QIR OV x il lds
< C{llénlI(0) + B2Ii(x)V x ¢u]|*(0)
+ / G %l + [T P + el + 1902 + g — 7
+ IV walllIValP + 13 )V x w2123 ()Y x nll 2, + 1113 )V x nl[3s]ds}

< C{llonlP(0) + BV x (0 /nz )V x me|2(s)ds

t wl|[*(s 5% t 4s 55 tzss 2(s)ds
+</O VWil (s)ds) (/O IVl (s)ds) +/O||77||()d +/0||V17||()d
+ / g — rull?(s)ds + ( / [Vwnl2(s)ds) / IVnll*(s)ds)

+( / 113 ()Y x Wil (s)ds) / 12OV x nllds (s)ds)¥ + / 11 )V x 3 (s)ds}.

(4.21)
With the stability bound (fOT [Vwh||2(s)ds)z < C, we can deduce
t ¢
lonl1*() + B2(lI(x)V x én*(t) + V/ IV nll*(s)ds +Q/ 1% )V x @35 (s)ds
< C{llonl?(0) + B2Ux)V x ¢n]*(0 / 1)V x || (5)ds
(4.22)

[ vareat+ [ e+ [ 1o+ [ ol

1

/ 13 OV x 13 (s)ds) + / 13 ()Y x 724 (s)ds}.

11



Then we have

sup [lonl*(t) + sup B2V x gul|*(t) + VIIVERI32(0 102 + CILF ()Y X @nllisco 119
0<t<T 0<t<T

< C{llonl*(0) + B21(x)V x énlI*(0) + 1)V X 11720122
+1ValZao.r.z2) + I0el 20 .22y + V0l Z 20 722

2 3 2
+lg = rullZaqo,zsze) + 113 )V X 0l 25 o 1psy + 113 )V X T 0,700 }-
(4.23)
Adding (4.23) to

2
sup_[[nl|*(t) + sup B2[[U(x)V x 7]|*(t) + v[|Vall720,;2) + ClIE )V X 0ll7500,7;12)
0<t<T 0<t<T

(4.24)
and then using the triangle inequality complete the proof.
0

5. Time discretization. In this section, we discuss the time discretization scheme for
the corrected EV model (1.6). Divide the time interval [0, 7] to m elements (¢",t"*1). Here,
At = %, t" = nAt for n = 0,1,2,--- ;m. We denote w" = w(t") and similarly for other
variables.

Algorithm 1 :(First order Backward-Euler scheme)

Given (w™, ¢"), find (w"T! ¢"*1) satisfying

n+l _ mn n+l _ on
(%,v) + B2(2(x)V x %, V % v) + b(w™ L, wi L v) 4 o (Vw L V)
+ (P)|V x w"THV x w'TL ¥V xv) — (¢"TH,V-v) = (f"Tlv)  WeX,
(V-w"r)=0 Vr e Q.
(5.1)
An & priori bound on w is proven in the next theorem. The system (5.1) reduces to
a finite dimensional nonlinear system with an 4 priori bound on any possible solution. Thus,
existence of w™*! then follows by a standard fixed point argument similar to the nonlinear

system arising in the space and time discretized NSE case. When discretized in time but not
in space, existence of w™*! can also be proven by monotonicity techniques.

n+1

THEOREM 5.1. Method (5.1) is unconditionally stable.

m—1 m—1
W™ + B2V x w2+ Y [[w T —w P+ Y BRIV x (W — w2
n=0 n=0
m—1 m—1
+ 2At Z / 13 (x)V x w" T [Pdx + vAt Z Vw2 (5.2)
n=0 79 n=0
At m—1
<= D IR 4 WO+ B2 Ux)V x WO

1%
n=0

12



Proof. Set v.=w""1 r=¢""!in (5.1) to obtain

1

oz WP = w7l = w[2)

2
PN
+/ 2(x)|V x w1 Bdx + v Vw2 (5.3)

Q

()Y x w2 — (i) V x W™ [* + [1(x)V x " — 1(x)V x w"|]?)

— (f"""l Wn+1)
1 v
< fn+1 2 = n+1 2.
< o F R+ 2w
Multiplying (5.3) by 2At and summing it from n =0 to n = m — 1 complete the proof.
O

THEOREM 5.2. Assume w is a strong solution of the model. Assume that the true solution
w satisfies the following regularity.

Vw € L>(0,T;L?), wy € L*(0,T;L?), 1(x)V x wy € L?(0,T; L?). (5.4)
Then,
m—1 m—1 )
le™]1* + B2I(x)V x e™ || + At > v||Ve" 2+ 2At Y O[3 (x)V x "3, < CAL.
n=0 n=0
(5.5)

Proof. At time t"*! the true solution (w,q) satisfies

w n+1 — wi(t? w n+1 — wi(t®
AN ) 4 g2 MDD @) pw ), wie . v)

+ (P(x)|V x w(t™ ™)V x w(t™™), V x v) + v(Vw ("), Vv) — (p(t"),V - v)
=(f"Tv) + (R v) + (P(x)Vx RV xv)  VWYweX,
(V-w(t"™),r)=0 Vreq,

(5.6)
where Rt = w — wy(t"T1). Denote e"™! = w(t"t1) — w"tl. Subtracting (5.6)
from (5.1), we have
e"tl —en 272 et —e” +1 +1 +1 gntl
(T,v)—i—ﬂ (I*(x)V x A7 VX v)+be" w(t" ), v)+b(w" e v)

+ (P(x)|V x w(t" ™|V x w(t") — 12(x)|[V x w"THV x w1V x v)
+ (Ve Vv) — (p(t") — ¢" TV - v)

= (R V) + F2(P(x)Vx R Vxv) VWveX,

(V-e" r)=0 vr e Q.

Setting v = e" ™! in (5.7), we can obtain

1
E(Hen-}lHQ — “en“2 + ||e"+1 _ enHQ) 4 Vllven+1||2
2

+ oAz )V "2 — [l(x)V x e[ + [I(x)V x e" ™ — I(x)V x e"|]?) (5.8)
+ (P(x)|V x w(t" ™)V x w(t"™) — 2(%)|V x w"THV x w1V x e" )
= (R e + B2(I(x)V x R"T1 ¥V x ety — ble ! w(t" 1), emth).
13



Next, we will bound the terms in (5.8). Using (2.7) in Lemma 2.2, we can obtain

(P(x)|V x wt"™|V x w(t"™) — 12(x)|[V x w"THV x w1V x ")

(5.9)
> Ofl15 (x)V x e[,
For the term (R"1 enT1),
(R™1,em 1) < C||R™|| Ve || < C|R™ 1|1 + ZHVe"“n?. (5.10)

For the term (1?(x)V x R"1,V x e"T1),

B2(I2(x)V x R"1,V x ") < B2||1(x)V x R"TH|||I(x)V x "}

5 (5.11)
Il

2
< ?HZ(X)V x R"H% 4 (x)V x "2,

Lastly, the term —b(e™*!, w(t"T1) e"1) is bounded by

—b(e" T wi(t™ ), @) < Cllem [ Vw (e[ Ve |

. . v (5.12)
< Clle™HFIvwE ]t + Ve %,

Combining (5.9)-(5.12) with (5.8), we have

1 v
(e 2 = [le™ |2 + [le™t! — " [|2) + 5[ Ve |2 + C[i3 (x)V x e" |3
2At 2
2

+ oAl
< C Vw2 +

[1(x)V x ™12 — [[I(x)V x e™|* + I(x)V x e" Tt —1(x)V x e"[|?) (5.13)

B2 B2
?Hl ?W

(X)V x "+ C R + - [l1(x)V x B2,

Multiplying (5.13) by 2At and summing it from n =0 to n = m — 1, we obtain

m—1 m—1 m—1
le™ |2+ 3 et — e[+ At > v Vet |2 + 24t Y CJl1F (x)V x " f3,
n=0 n=0 n=0
m—1
+ B2lI(x)V x ™| + At Y B2UI(x)V x e" T — I(x)V x e"?
e (5.14)
< %)% + B2[U(x)V x %] + CAt Y [Vw (") *|le" ||
n=0
m—1 m—1 m—1
+AEY BV x e+ CAL Y | RTHP + At Y BRli(x)V x R,

n=0 n=0 n=0

Since [[VW| po(o,1;z2) < C, using Lemma 2.1, when At < we can

max{C[|VWI| oo (0,7,22)>1}’
obtain

m—1 m—1

le™ (12 + B2[L(x)V x e™ | + At > v Ve 2+ 24t Y CJliF (x)V x e[
n=0 n=0

_— - (5.15)

<Ol + BIIx)V x €2 + At Y [ R™HP+ AL > B2I(x)V x R™H|?).
n=0 n=0

14



We also have

— At
"= (5.16)

m—1 tn+1
<oy / [wiel2ds = CAR [ warll 12 0.1:25),

n=0 7t"

m—1 m—1
tn-‘rl _ tn
ALY RHE = ar ST T WD ey 2
n=0

and

w(t"t) — w(t")

)2

m—1 m—1
At BV x B2 = At Y B2lI(x)V x (
n=0

n=0

m—1 gt (5.17)
<CAP Y / BI(x)V x W *ds
n=0 71"

= CAP S| I(x)V X Wil 22 (0,7:22)-

Finally, combining (5.16), (5.17), and (5.15) completes the proof.
O

Algorithm 2 :(First order linearly implicit, Backward-Euler scheme)
Given (w™,q"), find (w"T! ¢"*1) satisfying

wntl _ wn 90 n+l _ wn
(T?V) + B2 (IF(x)V % At

+ (Px)|V x W'V x w1V xv) = (¢"T,V.-v) = (f",v) Vv e X,
(V-w"lry=0 VreQ.

,V x V) +b(w", w' v) + (Vw1 Vv)

(5.18)
Algorithm 2 leads to a linear problem for a continuous and coercive operator for w"*?!.
Existence of w™*! follows from the Lax-Milgram lemma.
THEOREM 5.3. Method (5.18) is unconditionally stable.

m—1 m—1
W™ 2+ B2V x w2+ > W = w2+ D BV x (W =W
n=0 n=0
m—1 m—1
+2At Y / P(x)|V x w"[ - [V x w' Pdx + vAE Y [Vw T2 (5.19)
n=0 Q

n=0

At %
< —
14

—1
ST, + W02 + B2V x WO
n=0
REMARK 5. The proof of Theorem 5.3 is similar to that of Theorem 5.1. We omit it here.
Algorithm 3 :(Second order Crank-Nicolson scheme)
Given (w",q"), find (w"*?t, ¢"t1) satisfying

n n+1 n

n+1 _ _ 1 1 1
(¥’v) + B (1A (X)V x %’V X v) 4+ b(w" 3, w't i v) 4 (Vw3 Vv)

+ ()| V x w2V x w2 UV xv)— ("2, V-v) = ("3 v)  VYveX,

(V- W”H,T) =0 Vr € Q,
(5.20)

wh +wn+1

1
where we denote w”tz = 3

, and similarly for other variables.
15



Equations (5.20) in Algorithm 3 leads to a nonlinear system of equations for w™*!. These
equations can be rearranged into a nonlinear system for w”t1/2 with the same structure as
the nonlinear system occurring in Algorithm 1. By the same argument existence for w™+1/2
follows. From this, by subtracting w" /2, existence follows for w"**.

THEOREM 5.4. Method (5.20) is unconditionally stable.

m—1 m—1
W™ (12 + B2[lL(x)V x w™|* + 2A¢ / 15 (x)V x w2 Pdx + vAL Y [Vw TR 2
—_ Q —
=0 =0 (5.21)

At m—1 .
s — IR+ WO + B2V x WO,
n=0

Proof. Set v =w""2 in (5.20) to obtain

1 n n 2 n n
(2 ) + L (T W T = )9 w )
+/ 2(x)|V x W E Bdx 4 1| Vw2 (5.22)
Q

1 1 1 1 v 1
= (v h W) < 2 4 w2

Multiplying (5.22) by 2At and summing it from n = 0 to n = m — 1 complete the proof.
0

Algorithm 4 :(Second order Crank-Nicolson linearly extrapolation scheme)

Given w1 w" ¢, find (w"T1 ¢"T!) satisfying

Wn+1 _ Wn n+1 n

(i )+ RV x T Vv b(o(w) w ) 4 p(Tw L )

+ (PE)|V X p(W")|V x w2 Vxv)—(¢""2,V-v) = (f"t2,v) VveLX,

(V-w"t ) =0 Vr e Q,
(5.23)
where p(w") = 3w" — fw" L.
Algorithm 4 is linearly implicit. It leads to a system for w™*! that is continuous and
coercive. Existence of w™t! then follows, as for the linearly implicit BE method, by the Lax-
Milgram lemma.

THEOREM 5.5. Method (5.23) is unconditionally stable.

m—1
[W™|1* + B2V x w™||* + 248 ) /QZQ(X)\V X p(w™)[|V x w2 |dx
n=0

m—1
+UAL Y [Vwr |2 (5.24)

n=0

At m—1 1
< DOIEE 2+ w0 + B2 U(x)V x WO
n=0

REMARK 6. The proof of Theorem 5.5 is similar to that of Theorem 5.4. We just omit it
here.
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6. Numerical test. Since we study the simplest realization of an algebraic model, our
goal is simply to test if the model correction can exhibit backscatter in the form of a negative
total dissipation at some times. We select a 2d test without a global rotational flow (due
to the choice of the Baldwin-Lomax as the starting point). We use the first order scheme
Algorithm 2 and the second order scheme Algorithm 4. For both methods, we compute the
evolution of four components of dissipation in their approximation to the effect of the Reynolds
stress on the mean kinetic energy. The P2-P1 Taylor-Hood mixed finite elements are utilized
for discretization in space. FreeFem++ [35] is used for simulation.

Choose a rectangle domain 2 = [0, 4] x [0, 1] with a square obstacle 2 = [0.5,0.6]x[0.45, 0.55]
inside it. We compute the problem on a Delaunay-Vornoi generated triangular mesh with more
mesh points near the obstacle area and less in other area, shown in Figure 6.1. The degree of
freedom is 17625, the shortest triangle edge is 0.0102605, and the longest is 0.097187. The flow
passes through this domain from left to right. For boundary conditions on the inflow boundary,
we let u|z_direction = 4Y(1 — ¥), Uly—_direction = 0. On the right, out-flow, boundary, we
impose the ”do-nothing” outflow boundary condition, [19] p. 21 eqn. (2.37) and
[4] p. 475. The no-slip condition u = 0 is imposed on other boundaries. We take f = 0,
T =20, At = 0.01, and Re = 10,000. Let ¢ denote the distance of x to the nearest wall. The
mixing length is chosen ([12] Chapter 3 e.g. eqn. (3.99) p. 76) to be

l {O.41-y when 0 < § < 0.2- Re™ 7,
xX) =

0.41-0.2- Re~2 otherwise.
An alternatives is to pick {(x) = h, the local meshwidth, in the spirit of large eddy simulation.

aery
LN T 1

SRR ] S
F

Fic. 6.1. Mesh used in our computation

For Algorithm 2, [23], since Backward-Euler scheme has substantial numerical dissipation,
we select 5 = 10 and 100 to compute the following quantities, shown in Figure 6.2 (8 = 10),
and Figure 6.3 (5 = 100).

n

whtl —w
Backscatter term (BST) = 62/ ?(x)V x A
Q

2

-V x wtlax

Numerical dissipation (ND) = [1(x)V x w"T —1(x)V x w"|?,

- 2At
Fluctuation dissipation (FD) = / P(x)|V x w"||V x w"T|2dx,
Q

o 919 whtl — wn gl
Total Dissipation (TD) = | (8%°(x)V x N V xw
Q

+ Z2(X)|V x w||V x w"+1|2)dx.

For Algorithm 4,[23] [36], we compute the following quantities, shown in Figure 6.4 (8 =
17
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Fic. 6.2. BST,ND,FD,TD vs Time, 8 = 10, Algorithm 2

10).
witl —wn 1
Backscatter term (BST) = 62/ (x)V x A -V x w'tzdx,
Q
Fluctuation dissipation (FD) = / P(x)|V x o(w™)||V x w3 |2dx,
Q
whtl — wn 1
Total Dissipation (TD) = / (B22(x)V x A7 SV x whte
Q
+P(x)|V x o(wh)||V x w2 [?)dx,
where p(w") = 3w" — Lw"~! and wits = (w4 wn).

In both Figure 6.3 and Figure 6.4, TD is negative at some times, indicating that backscatter
occurs and energy is transferred from fluctuation to the mean at that moment. However in
Figure 6.2, there is no appearance of negative values in TD. The results show that the numerical
dissipation in Algorithm 2 (the backward Euler time discretization) is compared to the model
dissipation and, for 5 = 10, dominates the term modeling the flow of energy from fluctuations
back to the mean. Algorithm 4 does not contain any numerical dissipation. For Algorithm 4,
B =10, the effects of the added term does provide bursts of energy to the mean flow.

In order to test the convergence, we reduce both mesh size and time step, then recompute
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Fic. 6.3. BST,ND,FD,TD vs Time, 8 = 100, Algorithm 2

the backscatter term and dissipation terms. Since Algorithm 4 does not contain any numerical
dissipation, we use Algorithm 4 to do this test.

Firstly, we double the mesh points of all edges. The degree of freedom is 69657, the shortest
triangle edge is 0.00503187, and the longest is 0.0495673. We also halve the time step and take
At = 0.005. Figure 6.5 shows the result.

We furthermore double the mesh points of all edges. The degree of freedom is 276438, the
shortest triangle edge is 0.0024586, and the longest is 0.0270444. The time step At = 0.0025.
Figure 6.6 shows the result.

Both Figure 6.5 and Figure 6.6 indicate the occurrence of backscatter at the same moments
on successively refined meshes.

7. Conclusion. We have considered the simplest form of the Baldwin-Lomax eddy viscos-
ity model, making the simplest choices within the approach of [32] to adapt it to incorporate the
effects of energy flow from fluctuations back to means (a form of statistical backscatter). For
internal flow with no-slip boundary condition in both 2d and 3d, the effects of fluctuations on
means are dissipative on time average but can have bursts (with time average zero) for which
energy flow reverses. We have shown that the corrected Baldwin-Lomax model shares this
property. We have given a stability analysis of two numerical methods for numerical approx-
imation of the resulting model: one with substantial numerical dissipation and one without.
Using this two methods, numerical tests confirm backscatter does occur and that the results
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Fic. 6.4. BST,FD,TD vs Time, 8 = 10, Algorithm 4

obtained depend upon the numerical dissipation in the algorithms used and the single model
calibration parameter (3.

8. Appendix. REMARK 7. The proof of monotonicity and local Lipschitz continuity are
similar to the analogous ones for the Smagorinsky model. Since the present work involves the
rotational form, we include both for completeness. Our proofs are adapted from Lemma 8.5 in
[18].

Proof. (Proof of Lemma 2.2) First, we prove the strong monotonicity (2.7). Define an
operator F : (L3(€))? — (L3 (Q))? by

F(V xu) = %(x)|V x u|V x u, (8.1)

where u € (WH3(Q))4, 1 : x € Q +— R is a non-negative function and I € L>(£2). We further
define u = 7u’ + (1 — 7)u”, 7 € [0,1]. Then, we have

F(Vxu)-FVxu)= /01 %F(V x u)dr. (8.2)
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Combine (8.1) and (8.2) to get

10, At = 0.005,Algorithm 4

(P(x)|V x|V xu - *(x)|Vxu’|[Vxu”)(Vx(u—u"))

=(F(Vxu)-—

F(V xu")) (Vx(u—u"))

. otd ou),  Ou} Ou}  ouf (®3)
= —F; d -1)- - =)
;(/0 dr (Vxwdr)[( Oz; Oz Ox;  Oxy )]
Here, consider 3D case (d = 3). The notations s, j, k =1,2,3,0r,5,k =2,3,1,0or4,j,k = 3,1, 2.
We have
d d Ou, Ou; ou, ou ou!” Ou”
R — (120 L oug J 2 k iy _ E_ Y05
Y ) = (P60 IV <l (G = F8) 4+ 2OV (L - ) — (G - T
(8.4)
and
d > (O o, ol oul ..
- n 1 n _ Z7m\12\35
Voul= gy, = 5, ) T -Gy, ~ B, 1)
- (8.5)
1 ou, 8um ou, ou, oul!  ou)
|V X ul Z 8zm K@xm oz, )~ ox, Oz, )]
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where the notations I,m,n=1,2,3, or [,m,n=2,3,1, or I, m,n = 3,1,2.
By (8.4) and (8.5), we obtain

3

d 12(x) du Ou ou, ou ou! oul .. Oup Ouy
7F — n _ m n o my n o m s e
dr i(V xu) |V x ul l;(axm oz, )[(Gacm 0xn, ) (3a:m O0xy, )K@xj 5:ck)
ouj,  Ouj ou!  ouf
2 k770 _(ZZk 773
(8.6)
Combining (8.6) and (8.3), we have
(P(x)|V x|V xu —Px)|Vxu|Vxu) (V@ -u")=Q;+ Q. (8.7)
Here,
! 1%(x) 3 ou, Ouy, Ou, Ouj
a= [ o G N~ )
ow, ow,  Ow Ouw ow 0w ou Ouf (8.8)
.[(axm B oxy, )~ (0xm B o0xy, )][(895] B Txk B Ox; B Txk)] T
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Furthermore, we have

Oy, ouy  Ouj
/O 'VX“'Z %‘a?k Bz, “an N

l2 § ! 5} "
d au au 3u/ au ]]” a]]
> i n m 7]6 J k j 2

au/l

3
ou;, ou s
D> 212 /| (P Py 4 (1 (P Py

[(8uk _ 8711; _ Ouy %)]2
8$j 3!Ek ax]’ a’,Ck

ilz 1 8“ 7&%)*(8“%,8“%”“(%*% _ %,%)}2
4 8xm o0xy, ox,, Oz, dz; Oy dx; Oz,

|v
&
NE

1

=

/ / 1 12
ouj, 0w Ouy duj |

2 JN
(X)|(8$J 8xk (8.’EJ 8xk)‘ ’

vV
K\Q

i=1

(8.9)
where we use those inequalities va? 4+ b2 + ¢ > Cy(|a| + |b| + |¢|) and fol |ra + (1 — 7)b|dT >
%|a— bl, Va,b,ceR.

By (8.7), (8.8) and (8.9), we have

(Px)|V x U |V xu —Fx)|Vxu/|Vxu),Vx{u-u))= /(Q1 + Q2)dx
Q

3 / "
ou, Ou ou) oul
> 2 | A e _ 9% \3 (8.10)
2 [ S PG - g (gt g

= C[|I5 @)V x (0 = u")|2,

which completes the proof of strong monotonicity (2.7).
Next, we prove the local Lipschitz-continuity (2.8). Using triangle inequality, we have

(1 2( )|V x|V xu —#(x)|Vxu|Vxu Vxv)

P(x)|V x|V xu —Px)|Vxu|Vxu,Vxv)
(l2( NV x 0|V x 0’ — *(x)|V x 0’|V xu”,V x V) (8.11)
< 115 () |V x o[ s 13 (x)V x (0 — ") 13 (x)V % V]| 1s

F1E )|V x w'| — 13 (x)|V x w1 |13 (x)V x 0| s [[1F (x)V % V]| 5.

Since
3
3(x ll/ 3 = 3 (X u/122X
13 (x)|V x u'l[[L /Q(izlll()(v>< )il)2d
- i 8.12
g@/ﬂ(Z\M)(qu)\)d (512)

= Cylll3 (x)V x u'|| 12,
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where we use the inequality ||x||£2 < C~’d||x||£3, vV x € RY. We also have

113 (0)|V > w'| = 15 (x)|V 5 u”[]| s < |15 (x)|V % u' =V x u”[[| 2

~ (8.13)
< Call3(x)V x (' —u")| s
Finally, by (8.11), (8.12), and (8.13), we can obtain the local Lipschitz-continuity (2.8).
(P(x)|V x 0|V xu' —*(x)|Vxu’|Vxu”,Vxv)
< CalllF )V x Wl |1 ()Y x (0 = )2 1F () ¥ x vl s.10

+ |13 (x)V x u”|| 12|13 (x)V x (0 = u”)||z2]|15 (x)V X v|| 12
= O[5 (x)V x (0 —u")|| 8|15 (x)V x V]| s,

where v = max{||I3 (x)V x 0/ 13, |[I3 (x)V x 0”15}
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