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Abstract. In the present work we show some results on the effect of the Smagorinsky model on the stability of the associated
perturbation equation. We show that in the presence of a spectral gap, such that the flow can be decomposed in a large
scale with moderate gradient and a small amplitude fine scale with arbitratry gradient, the Smagorinsky model admits
stability estimates for perturbations, with exponential growth depending only on the large scale gradient. We then show
in the context of stabilized finite element methods that the same result carries over to the approximation and that in this
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1. Introduction

The modelling and accurate approximation of turbulent flows at high Reynolds numbers remain an
outstanding challenge. One of the earliest attempts at the design of a turbulence model is the one
attributed to Smagorinsky [36,37], where a nonlinear viscous term, with viscosity depending on the
symmetric gradient of the velocities, replaces the Reynolds stresses, thereby providing closure to the
filtered Navier-Stokes’ equations. The model is believed to be inspired by early work on shock capturing
methods for conservation laws due to Von Neumann and Richtmyer [39].

An appealing feature is that it has been shown that the Navier-Stokes’ equations regularized system
admits a unique solution [31], with enhanced regularity [5,6]. It has also been shown using scaling argu-
ments that away from boundary layers the dissipation rate matches the Kolmogorov decay rate [32] for
uniformly turbulent flows. On the other hand the Smagorinsky model is considered to be too dissipative,
in particular in the laminar zone. The parameter of the model has to be tuned differently to obtain the
best results depending the flow problem [22] and on the numerical method used [34], pointing to a subtle
interplay between the flow and the numerical method for the performance of the Smagorinsky model in
LES. Nevertheless, thanks to its simplicity and its physical consistency, the Smagorinsky model remains
an important tool for the modelling of turbulent high Reynolds flows.

The objective of the present work is to show some results on the effect of the Smagorinsky model
on the stability of the fluid dynamics and on numerical approximation. We show that in the presence
of a spectral gap, such that the flow can be decomposed in a large scale with moderate gradient and a
small amplitude fine scale with arbitrary gradient, the Smagorinsky model admits stability estimates with
exponential growth depending only on the large scale gradient. We then show in the context of stabilized
finite element methods that the same result carries over to the approximation and that in this context, for
suitably chosen finite element spaces the Smagorinsky model acts as a stabilizer yielding close to optimal
error estimates for smooth flows in the high Reynolds number regime. This gives some evidence that the
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Smagorinsky model is efficient in situations where the flow has a clearly defined spectral gap. This is not
in general the case for turbulent flows, but is believed to occur at high Reynolds number, near rough
surfaces or the atmospheric boundary layer [21], or more generally in atmospheric and geophysical flows
[20,35,40]. Interestingly, this is the context in which the Smagorinsky model was originally proposed [36].

The notion of Large Eddy Simulation (LES) is not very well defined. Depending on the context it is
considered either as a modelling issue or a numerical technique. In the first case the partial differential
equation is perturbed by adding terms that model the so-called Reynolds stress term expressing the effect
of unresolved scales, where the smallest length scale is a model parameter. The regularized model should
be well-posed and can then be discretized. The challenge here is on the modelling side: how can one
design a model that allows for a more stable representation of quantities of interest? Observe that to
distinguish this method from the situation where the turbulence model is used for numerical stability,
the model parameters should be fixed before discretization and not coupled to the mesh-size. In case
such a coupling is introduced it would need to be justified, in particular in the asymptotic limit. A
typical requirement is that the physically relevant solution, or a so-called “suitable” solution is obtained
in the limit [24]. For so called numerical LES, or implicit LES, on the other hand [9], the Navier-Stokes’
equations are considered, but a numerically stable discretization method is used ensuring that sufficient
dissipation is added for the numerical scheme to remain stable, but not so much that smooth structures of
the flow are destroyed. The underpinning idea is that any quantity of interest that has sufficient stability
properties will then be computable, if the numerical method resolves a sufficient range of scales so that
the effect of unresolved scales is negligible [10,27]. To be able to claim that an analysis of a LES method is
successful it is necessary to address the question of stability, but there appears to be no stability estimates
with moderate exponential growth for any quantity of interest for the Navier-Stokes equations in the high
Reynolds number regime. The best rigorous result of quantitative bound of perturbation growth in the
inviscid regime appears to be [1], where a two-dimensional flow is analyzed and the stability constant
grows with a double exponential in time.

Finite element analysis typically relies on the velocities having bounded gradients [26,30], with a slight
improvement possible in the two-dimensional case using parabolic regularization of the viscous scales [10].
Typically the stability constant is on the form exp(KT), with K proportional to the maximum gradient
of the velocity in the flow and T the end time.

Main results and outline There appears to be very little known about the stability properties of the
Smagorinsky model, or for that matter its qualities as a stabilizing term for numerical methods for high
Reynolds flow in the laminar regime. In this paper we will consider the Smagorinsky model first as a
turbulence model and then, in a finite element method, as a stabilizing term. In the former case we prove
a stability result (Theorem 4.1) showing that the perturbation growth is independent of high frequency,
low amplitude oscillations in the solution and that as the perturbation error becomes larger, its growth
is moderated by the nonlinear feedback of the turbulence model.

On the other hand the use of the Smagorinsky model as a stabilizer in the framework of divergence
free affine finite elements, allows us to prove the classical L? error estimates of order O(h?) (where h
denotes the mesh-size), that are the best known estimates for stabilized finite element methods using
affine approximation for the Navier-Stokes’ equations in the high Reynolds laminar regime [12,26,29,30].
Indeed, if u denotes the solution to the Navier-Stokes equations and ;, denotes the finite element solution
stabilized using the Smagorinsky model with characteristic lengthscale O(h) and the flow is laminar in
the pre asymptotic regime where the mesh-size is larger than the viscosity, then there holds (Theorem
6.7)

. 3
||(u — 'U,h>(T)||L2(Q) < G(u)h2, T>0
where C(u) is a constant that depends on Sobolev norms of the exact solution to the Navier-Stokes’

equations and time. In particular there are no inverse powers of the viscosity in C(u). The exponential
growth of the constant inherits the scale separation properties of the continuous equations.
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For the discussion below we will for simplicity consider the p-Laplacian model that acts on the whole
gradient instead of the symmetric gradient as in the Smagorinsky case. This regularization was introduced
in [33, Chap. 2, sec. 5], where also existence and uniqueness of solutions were studied. The below arguments
can however easily be extended to the more common versions of the Smagorinsky model using the rate
of deformation tensor. The only essential difference is the need to apply Korn’s inequality in L?, see for
instance [16, Chapter 7] to get control of the gradient of the solution in L? through the control of its
symmetric part.

Finally we show the performance of the Smagorinsky finite element method qualitatively on some
academic test cases, illustrating that the method returns a solution also in underresloved computations
where the standard Galerkin breaks down, but also that this solution is sensitive to the choice of the
parameter in the Smagorinsky model. A large parameter gives an overly diffusive approximation on coarse
meshes.

The main conclusion of this work is that the Smagorinsky model acts both on the level of stability of
perturbations and as a numerical stabilizer. This shows that the nonlinear viscosity can be interpreted
both as a turbulence model for LES and as an implicit LES model based on stable numerical approxi-
mation, provided the numerical method is chosen carefully to balance and complement the dissipation
properties. It also follows from the analysis that the Smagorinsky model will be too dissipative if a
polynomial approximation order larger than 1 is used.

2. Smagorinsky Model Problem

Let Q C RY, d = 2,3, denote an open domain with smooth (or convex polyhedral) boundary 9. Consider
the time interval I = [0, 7] and denote the space time domain £ x I by Q. We consider the Navier-Stokes-
Smagorinsky equations on the form

n Q' (2.1)

The artificial viscosity matrix is diagonal with (2(w))i;; = v(6)|Vulp, i =1,...,d, where |-[r denotes the
Frobenius norm, i.e. |Vu|p = (Z?:l |Vu;|?)/2, and v : RT = RT a monotonically increasing function
with #(0) = 0 and § a characteristic lengthscale. Below we will consider the choice v(§) := 62 which
corresponds to the well-known Smagorinsky model [37], using the gradient instead of the deformation
tensor. Taking § = 0 on the other hand results in the standard Navier-Stokes’ equations. The Smagorinsky
model is not dependent on a particular filter and the length scale § can be allowed to vary in space and
time. As a consequence Van Driest wall damping [38] or Germano dynamic models can be included in the
arguments below. For simplicity we here consider constant § and either homogeneous Dirichlet boundary
conditions or periodic boundary conditions for (2.1). We introduce the vectorial Bochner space

V= [L3(I; W3(Q)) N L>=(1; L2 (Q))]4.

We will assume that the solution to the Navier-Stokes’ equations, u, has the additional regularity u € V.
Since (2.1) results in an O(6%) perturbation of the Navier-Stokes’ equations, it is reasonable to assume
that the convergence from the Smagorinsky-Navier-Stokes’ system to the Navier-Stokes’ system is at best
O(6?) for a smooth enough solution (to the Navier-Stokes’ system). If the solution is not smooth enough
the effect of the perturbation will be larger. For instance, as shown below, if w € V' the perturbation due
to the model is O(9). However, the error due to the inconsistency is not the whole story, indeed the error
can typically be written (see Theorem 4.1 below)

[(w = @)(T)[| 20 < €(u) exp(a(T))d”, (2.2)

where w is the solution to the Navier-Stokes’ equations, 4 is the solution to the Navier-Stokes’-Smagorinsky
equations (2.1), C(u) is a constant only dependent on Sobolev norms of u and «(T') is a function, de-
pending on the exact solution, quantifying the stability of the nonlinear problem and (3 is the power of
the nonconsistency, typically in the interval (0,2).
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The consequence of this for practical computation is that for the situation where § coincides with the
cell-width of the computational mesh, improving the approximation order beyond that of affine finite
elements (formally giving an O(h?) L2-error bound) will not result in an improved approximation for
laminar flows: the consistency error O(§?) of the Smagorinsky model will dominate.

For laminar flows where the flow field has small spatial variation also the coefficient «(T"), which
typically scales as |u|/vz or J; IVu(-, )| (), is moderate and one can conclude that the perturbation
error is essentially determined by the size of ¢ in the right hand side. Decreasing ¢ will lead to a decrease
in the error and the natural (and trivial) choice is 6 = 0 for which the error is zero, since the two solutions
coincide: there is no need for a model in laminar flows.

In the less regular case, u € V', which seems to be the minimum requirement for a bound of the type
(2.2) to make sense, the situation is different. Now « can not be assumed small, so the right hand side
depends both on the coefficient § and the exponential growth. Except for very short times the exponential
growth will make the bound meaningless.

We will show in the present paper that we can refine our definition of the coefficient o by letting it
implicitly depend on J, so that an increase in §, although it increases the consistency error, can lead to
a decrease in the exponential growth through the nonlinear feedback of the Smagorinsky operator. This
leads to a potential moderation of the error growth through an increase in §, which can explain why this
behavior has been observed in computations [22]. Observe that this result depends on the structure of
the actual solution wu, so it is not a general statement and only of qualitative nature. The analysis is also
done in the L?-norm which is too strong to be a reasonable target for turbulent flows. Unfortunately the
analysis of other target quantities appears to be very difficult due to the complexity of the linearized
adjoint to the Smagorinsky perturbation equation.

Nevertheless one can argue that if this stabilizing effect is visible already for the L?-norm it is likely
to be more accentuated for the approximation of averaged quantities where the effect of fluctuations is
expected to be less important due to cancellation.

2.1. Notation and Technical Results

To reduce the number of non-essential constants we will use the notation a < b for a < Cb where C' is an
O(1) constant independent of the viscosity u, the parameter 6 or the mesh parameter h.

We will use standard notations for most Sobolev spaces and norms. The space of divergence free
functions in V' and [L%(Q)]¢ will be denoted

Voi={veV:V-v=0}
and
Ly:={ve[l*(Q))*:V-v=0}

To consider different boundary conditions we add a superscript 0 on spaces of functions with zero trace
on the domain boundary, for example V;'. To simplify we define the L2-inner product for some subset
XCR% s=1,...,d+1, by

(u,v) x ::/ w dz, Vu,v € L*(X),
X

1
with associated norm || - || x = (+,-)%. With some abuse of notation we will not distinguish between the
inner product of scalar, vector or tensor valued functions in subscripts of norms and scalar products. The
vector valued case is defined by

(’LL,’U)X = / w-v dJ?, V'u,,v € [LQ(X)]dv
X
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with u - v := Zi:l u;v; and the tensor valued case is defined by

5

€0x = [ €:¢dn veCelPn
where € : ¢ := Z'ij:l &i;Cij. The tensor valued L norm will be defined by

€0, s = [ 161 o pe (23], € € [P
The norm on C°(Q) will be denoted,

[v]loc := sup [v()].
E29)
[1,00] with p~! +¢~! =1 there holds

We also recall Holders inequality and Young’s inequality that will be used repeatedly below. For p,q €
(u,v)x < ulleexyllvllpacx)y, u€ LP(X), ve LX), (2.4)
ab<pta/e)P +q (eb)!, a,beR, €>0.

The following Poincaré-Friedrichs inequality holds for all 1 < p < oo.

Lemma 2.1. Let 1 < p < 0o then for all v € W1P(Q) with v|aq = 0,

[vllwir) < cllVollLy(q)-

We will use the notation T for a quasi-uniform tesselation of €2, consisting of simplices T" with diameter
hr. We also introduce the global mesh parameter h = maxpcy hy. We will denote the broken L2-scalar
product and norm over the elements of T by

()7 = 3 (wo)r,  [olly == (v,0)2.
TeT

The set of internal faces of the triangulation T will be denoted F and we define the norm of a function
defined on the skeleton by

(u,’l})g‘ = Z(ua U)BT\@Q) ||U||? = (Uﬂ’)g-

TeT

The following monotonicity and contintuity results of the p-Laplacian will be useful for the analysis

2.1.1. Properties of the p-Laplacian. For future reference we recall the following two properties:
Lemma 2.2 (Monotonicity). Let p > 2 then for all €, ¢ € R¥9,

€ — ¢I% < 2P 1 (|€)%%E — [CI52C, € — C)paxa

(2.6)
Proof. For the monotonicity in the vectorial case, see Glowinski and Marocco [23, Lemma 5.1] and [18,
Lemma 3.30]. In the context of the Smagorinsky type model considered here see [28, Lemma 8.88]. [
Lemma 2.3 (Continuity). For all £, n € R*? there holds

1€l7€ = [€lr¢lr < ([€]F + [C]F)I€ = Cle-
Proof. The result is elementary. Adding and subtracting ¢ we have

(2.7)
I1€1r€ — I€lrCIF = [1€]P(§ — €) — (I€F — [€]F)CIF < [€] € — Clr +[ICF — [€]F[IC]F-
The claim then follows by applying the reverse triangle inequality ||¢|r — |€|r| < | — &|F so that

1€l 7€ — [€lr¢lr < ([€]F + [CF)IC — &lr-
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It follows from (2.6) that for u,v € [W13(Q)]? there holds
IV (u— v)||3ig(Q) < 4(|Vu|pVu — |Vv|pVv,V(u —v))gq. (2.8)
Lemma 2.3 also implies the continuity

|(|IVu|pVu — |Vu|pVv, Vw)g| (IVulp + |Vv|p)|Vu — Vol g, |[Vw|r)a

<(
< 2(|Vu|p|Vu — Vol + |Vu — Vo 3, [Vw|r)q. (2.9)

3. Perturbation Equation and Scale Separation

We are interested in estimating the growth of perturbations in (2.1) quantified as the difference of the
solution @, with § > 0 and the Navier-Stokes’ equation w, with 6 = 0. To this end we will study the
perturbation equation obtained by taking the difference of the equation with 6 > 0 and with 6 = 0 on
weak form.

Let n = u — 4, then n € V) and using (2.1) we see that

(O, v)a + (- Vn,v)g + (n-Vu,v)q + (vVn, Vo)g
+ (P(uw)Vu — v(a)Va, Vo)g = (0(u)Vu, Vo)g (3.1)

for all v such that V-v = 0.
A classical energy estimate can be obtained from this equation by testing with n. Clearly

(@-Vn,ma+ - Vu,n)a = (n-Vu,n)qo

which (as we shall see below) leads to exponential growth with coefficient [, [|[Vu(t)|| () using Gron-
wall’s estimate. The objective of the present contribution is to show that the large scale velocity that
drives the exponential growth can be taken over a much larger set than {u,@}. Indeed we will introduce
a scale separation property defining a set of fine and coarse scales. The coarse scales are dependent on
the Smagorinsky solution implicitly through the difference between the Navier-Stokes’ solution and the
Smagorinsky solution. Under the scale separation assumption, the exponential growth of perturbations
will only depend on the coarse scales. Any exact solution may be decomposed in a large scale component
 and a fine scale fluctuation u’ so that

u=1u-+u,
w € [LY(I;Wh(Q))), (3.2)
w € {[L3Q)| Jo((n+0(m): — [w|rf)¢ >0, Vo € L3(Q), ¢ > 0}.

Here 77, is a characteristic time scale of the large scales of the flow defined by
= ((T) + T~ Y71, with o(T) :=T"! / IV (t)| Lo (q) dt. (3.3)
I

For w € [LY(I; Wh*°(Q))]¢ the relation always holds for the trivial case u’ = 0, leading to the classical
exponential growth with coefficient proportional to the full gradient of the fluid velocity. We say that the
flow is scale separated if the decomposition (3.2) exists with 77, ~ T'.

Remark 3.1. Observe that the decomposition depends on (1) pointwise and that this quantity can be
very large for rough flows, since Vu, which is not regularized, may be large locally without violating
the a priori regularity assumption. This is a favorable property: as the flow gets more rough the bound
defining admissible small scales is relaxed and the characteristic time of the resolved scales can increase,
leading to a reduction in the exponential growth of perturbations.

The rationale for the decomposition is that the constant in the estimates below will have exponential
growth depending only on 7'/71,. This shows that small amplitude, high frequency perturbations of scale
separated flows will not grow exponentially, even if ||Vl (q) is large. The following Lemma is a key
tool to quantify this observation.



JMFM Error Estimates for the Smagorinsky Turbulence Model Page 7 of 29 5

Lemma 3.2. Let 4 € V' be the solution of (2.1) with 6 > 0 and let w € V' be the solution with 6 = 0.
Assume that u satisfies the scale separation property (3.2). Then, denoting n = w — u, there holds, for
all e > 0,

€ 1 € 1 - _ 1
(- V)u,mq < Slu2Valg + SvOIValisg) + 17 7, + [Valr) 2 nl.

Proof. Using the divergence theorem and the scale separation property we see that
(n-V)u,mq = @+, (n-V)n)g = ((n- V), n)q + (v, (n- V)n)e.
Using the bound of (3.2) we see that, since by assumption (- V)n € [L?(Q)]4,

_1 . 1
(', (n-V)n)ol < (7, *|nl, (u+ 2(n))>[Val)al.
By the definition of 7(n)

IVl = ([ @7l drat) " = 155Vl o)

An application of the Cauchy—Schwarz inequality followed by the inequality (2.5), with p = ¢ = 2 then
shows that

I *nllel(n+2(m)= Vnllq

IN

(2 2 [l (e + 2(m)) 2 V)|

IN

1 _1 €, 1 € 1
Z”TL *nllg + §||M2V77||2Q + §||V(5)3V77||i3(Q)'
Collecting the above inequalities we have
(- V)u,n)q < [((n-V)u,n)q|+ (Inl, [v'|[Vnl)e
_ -1 N 1 1
< mIVal,mq +llm, *nlle(lz(m)2 Vallg + ln2 Vallq)
_ Lo —% 10 | €1 2 € 1 3
< (nlVul,n)q + E”TL nllo + §HM2V77HQ + §||V(5)3v"7”L3(Q)'
The result follows by noting that

_ _ —1 _ _ 1
(mIVal,n)q + e ', 2l = ll(er, ! + [Valr) 2 nl3.

4. Perturbation Growth on the Continuous Level for Scale Separated Flows

We will first prove, using a perturbation argument on the continuous equations, that the perturbation
induced by the Smagorinsky term allows for an O(v(6)2) error estimate in the L2-norm between the
Navier-Stokes’ solution and the Navier-Stokes-Smagorinsky solution. In case the solution is smooth this
bound can be improved to O(v(9)).

Theorem 4.1. Let uw € V' be the solution to (2.1) with § =0 and let G be the solution of (2.1) with § > 0.
Then there holds, with 1 :=u —

1 1 1 T 8
sup [0 + e Tl + §10)3 9l < % Sr(0) [Tl
where 71, is defined by (3.3). If in addition V - (0(u)V)u € [L3(Q)]? then there holds

1 1 1 T
Sup (@) + w2 Vnll3 + 6||V(5)3V77H?[),3(Q) < e ru(8)2|V - (|Vul V)3,
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Proof. Taking v = m in (3.1) we see that, using the skew symmetry of the convective term and the
monotonicity of the p-Laplacian, equation (2.8), we get

Sl + (- V) ma + ek Ul + JI0) V0Ol < ()T, Vn)o. (41)

We can bound the right hand side using Holders inequality (2.4) and Young’s inequality (2.5), with
p=3/2and q =3,

()T, V) < [0(w)Vatl g 97l

L (1) 73 1\ .
<wv(d)s (4) H|Vu|FVuHL2(Q ( ) v(0)3|IVnll L3
2 (1\ % , 1/1 s
<3(3) ONTul + g (3) OIvalLsG
4 1 1
< gV(5)||VU||?I:3(Q) + EHV((s)SVUHiB(Q)' (4.2)

The second term in the right hand side is now absorbed by the fourth term in the left hand side of (4.1).
After integration in time we obtain

1 1 1 _4
5||77(T)H?z + ez Vnllg + EIIV(5) n(1)l1s o) < 5v(0 NVulisg) — (- V)u,n)g

Applying Lemma 3.2 we proceed to bound the second term in the right hand side which is the last term
that does not have sign.

1 1 1 1
§||77(T)H?z + Iz Vnlg + *||V(5)3V"7(t)||3i3 @)

<

w\»-lk

€ 1
v(O)IVuls gy + (et + \VulF)‘anQJr*IIV( )5Vnl3so) + 5 lnz i
Taking e = 1/6 and multiplying through with 2 we obtain the bound

1 1 8 — 1
ln(T)[1& + 1= Vnllg + gHV(t;) N7 < 3vOIVullisg) + 206" + [Valr) 2 mlls.

Rewriting this as
1 1 1
(D)8 + w2 Vnllg + 6||V(<5)3V"7||?£3(Q)

_ _ 8
2/1(6%1 + IVa@®)llL=@)ln®)g dt + Zv(6)[[Vulisg),

we conclude by applying Gronwall’s inequality, leading to

1 1 T 8
(D)6 + w2 Vil dt + < lv(6 ViVl < et s O)IVulisq

where we used that 2 [,(67, ' + ||[Va|) dt < 14T /7. This proves the first inequality. To prove the
second observe that proceeding by integration by parts we have instead of (4.2),

(0(w)Vu, Vo < (V- v(u)Vau,n)a < 70(8)* ||V - [Vul Vallg + 7 [n]l3. (4.3)
The conclusion once again follows using Gronwall’s Lemma. O
Remark 4.2. Writing out the bound on u/ of (3.2) pointwise, with v(§) = 62 and p = 0, leads to

[u'|*rp < 6%V (u —4)|p.

From this it follows that increasing ¢ must have one (or a combination) of the following consequences:

(1) the error in V(u — @) decreases, the scale separation stays the same;
(2) the characteristic time 77, increases and as a consequence the exponential growth decreases;
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(3) the small scale |u/| increases; which implicitly allows for a decrease in @ through the definition of
the scale separation and a possible increase in 7p,.

All these three possibilities point to the fact that either the error is reduced by the increase of the param-
eter, or the exponential coefficient in the estimate will decrease leading to a decrease in the exponential
growth. This effect can offset the effect of the increased consistency error introduced by increasing §.
Another salient conclusion is that if § is coupled to the mesh size, there may be flow configurations where
the computational error grows under mesh refinement. Although the consistency error decreases and nu-
merical resolution increases, the set of non-essential fine scale decreases leading to increased exponential
growth of perturbations. This hints at a resolution barrier for Smagorinsky LES beyond which a full DNS
is required to enhance accuracy further.

The result of Theorem 4.1 shows that the exponential growth of perturbations can be moderated by
the Smagorinsky term and hence the turbulence model indeed has a stabilizing effect, which was the first
objective of the present work.

5. The Smagorinsky Model as a Numerical Stabilizer

In this section we will consider the situation where the Smagorinsky term is not a physical model, but a
stabilizing term in a numerical method. We will consider a piecewise affine finite element method that fits
in a discrete de Rham complex, see for instance [14,25,41]. This means that the space has a divergence
free subspace with optimal approximation properties. Note that we here mean that the approximation
pointwise has divergence zero. It turns out that the discrete de Rham complex and piecewise affine ap-
proximation are exactly the properties that make the Smagorinsky model a stabilizing term, with well
balanced stability versus accuracy. The affine approximation order makes the consistency error of the
nonlinear viscosity similar to the accuracy of the approximation and the additional stability obtained
through the exact satisfaction of the divergence free condition reduces the need of stabilization so that
the second order Smagorinsky term is sufficiently large to control fluctuations inside elements. To counter
instabilities due to the lack of C'-continuity of the approximation space a penalty term is added on a
certain component of the jump of the streamline derivative. Observe that this latter stabilizing term
echos the early approach to stabilization of divergence free elements proposed in [13]. In this work how-
ever no improved convergence rate was obtained as a consequence of the stabilization. To the best of
our knowledge, the analysis below gives the first Reynolds number robust L2-error estimate with O(h%)
convergence for a piecewise affine H'-conforming finite element method, satisfying the incompressibility
constraint exactly. The analysis draws on recent results using Galerkin-Least Squares stabilization of the
vorticity equation [2]. The analysis presented there however does not carry over to the piece affine case
considered herein. For the corresponding result using H g;,,-conforming methods we refer to [4].

5.1. Approximation Space and Technical Results

For the purposes of the present paper it is sufficient to know that the space allows for a divergence free
subspace with optimal approximation properties in H' and L?. The below analysis also uses that the space
is affine to achieve the error estimate. As discussed above, for higher order spaces the weak consistency of
the Smagorisky model is insufficient, even if the flow is laminar. We let V}, denote the velocity subspace of
piecewise affine vector functions in [H*(£2)]¢ constructed such that it satisfies a discrete inf-sup condition
for the divergence free constraint using some pressure space @y, such that V -V}, € Qp. Observe that by
working in the divergence free space the pressure can be eliminated in the analysis, which we will make
use of to reduce the technical detail below and we will therefore not discuss @, further but refer to [14,25].
Below we will assume that  C R3 is a convex, simply connected, polyhedron. The two-dimensional case
is also covered by the analysis, but to reduce notation we omit it from the discussion.
The following classical inverse and trace inequalities are used frequently in the analysis:
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e Inverse inequalities,
|U|H1(T) 5 h;1||v||L2(T) Yv € Pl(T) (51)

Here 1 (T') denotes the set of polynomials of degree less than or equal to 1 on the simplex T'. For
p>q>1,1=0,1, there holds

d_d
||’UHW1,p(Q) < Chr ™4 ||’U||Wz,q(Q) Yv € Vh. (52)
For a proof of (5.1) see [17, Section 1.4.3] and for (5.2) see [19, Corollary 1.141].
e Trace inequalities (see [17, Section 1.4.3]),
_1 1
lellzzory < € (hz lollzeery + hillollm r)) Vo € HY(T). (5.3)
5.1.1. Approximation Error Estimates. To simplify the analysis we introduce the divergence free space
with a homogeneous Dirichlet condition on the normal component,
Vo i ={veV:V.-v=0,v-n=0ondN}.
we also define the divergence free subspace of V},
Vor := Vi N Von.

We introduce the L2-orthogonal projections 7 : [L%(Q)]? — Vj and II : Ly — V. By the quasi
uniformity of the mesh the following bounds hold using standard finite element approximation arguments

w —mul| o) + AV (u — 7w)| o) < Chlulwee@), p>1, Yue [WHP(Q) (5.4)
and
lu — Mu|q + 2||V(u — Iu)|q + hos |u —Tuljso < Chlulgzg) Yu € Vou N[HA(Q)]L  (5.5)
We also recall the LP-stability of 7, for p > 1 there holds [15],
[mvllLe@) < [[vllr) and  [[VaollLe@) < [[Vol|Le)- (5.6)

We will use the notationi[H] for the jump of a quantity across an element boundary. In particular, for
every internal face F' := T7 N T, between the neighbouring elements 77 and Ts, we define

[Vl |r :== Vvlarnr - 1 + Volarnr - 1o, [v x n]|p :=vlor,nr X N1+ V]ornr X N2,  (5.7)

to be the jump over the face, where n; is the outward pointing normal of the element T;. The jump of the
gradient tensor [Vv] is defined by applying the left inequality of (5.7) to each column vector. Observe
that it is an immediate consequence of (5.3) and (5.5) that for all v € [H?(2)]4,

[A [VIIV] |5 < h? V[ rr2(0)- (5.8)
To see this, note that using the regularity of v and a trace inequality (5.3) on each face F shared by
simplices T7 and T5, we have
1 1
[VIIo] [ = [ [VTv —v)][|p < C(h72 [V(ITv — v)|l1yun, + h2 ([v]a2 ) + [0lm2m))-

The following Lemma is an immediate consequence of (5.6).

Lemma 5.1. Let w = u + vy, with u € [WP(Q)]4, s = 0,1, and v, € V},. Then there holds for p > 2,
d(2—p)
2p |

lwllwer@) < llu—7ullwsrq) +Ch |wl| s ()

Proof. By the triangle inequality followed by an inverse inequality, (5.2) and the stability of the L2-
projection (5.6), we have

|‘w||W5*p(Q) = ||w - ﬂ-w”WSvP(Q) + Hﬂ'w”ws,p(g)

d(2—p)
< flu —mullwsr) + Ch 2 |w|[gs(a)-
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We will now prove some estimates in weaker norms that will be helpful in the analysis. We recall the
following surjectivity property of the curl operator on simply connected polyhedral domains 2. For all
v € Vo, there exists @ € Vo(Q) N [H (Q)]? such that V x ¢ = v in Q, ¢ xng =0 0on 9, [,, ¢ -nq =0,
and satisfying the stability |[Ve|la < |V X ¢|la [3, Theorem 3.17]. Using the above properties we now

introduce the regularized approximation error E € Lo(2) N [H'(2)]¢ defined by

VxE=v—-Tv in £, (5.9)
V-E=0 inQ, (5.10)
nogx E=0 on 012, (5.11)
E ng ds=0. (5.12)

[2}9)

Lemma 5.2. Let E be defined by (5.9)~(5.12) then
IEq + 12 Ells + h|VE|lq < Allv — Tvllo < A3|vlm2(q). (5.13)

Proof. By our assumptions on 2 there holds ||[VE| o < ||V x E||q and there exists ¥ € Lo () N[H(Q)]4
and ¥ -n =0 on I such that V x ¥ = E, with ||[V¥|q < ||V X ¥]|q [3, Theorem 3.12].
Using the E and ¥ we may bound the error in the following way

IE|} = (B,V x ®)o

=(v—-—Tv, ¥ - IIV), + (E, ¥ x ng)sa

S hlIVE¥ofv - TTv|jo

S M Elleflv - Tv|q.
We conclude that

1Elle < Rllv — Tvl|o. (5.14)

On each face we use the trace inequality (5.3)

|Ellr <02 Blz +h* [ VE|r.
It follows that

1B < h7HIENS + 7l Elfh o) < hllv — o[, (5.15)
Multiplying (5.15) by h and using approximation in the right hand sides of (5.14) and (5.15) leads to the
desired inequality. O

5.1.2. Vector Identity. For the analysis below the following elementary vector identity [4] will be useful.
For two 3 x 3 matrices A and B with rows A; and B; (i = 1,2, 3) we define the vector quantity ¢ := Ax B
with the Components c1 = A2 . B3 — A3 . Bg, Cy = —(Al . Bg — Ag . Bl) C3 = A1 . Bg — A2 . Bl. A simple
calculation then gives the following identity.

Lemma 5.3. For sufficiently smooth vectors 3 and v there holds
curl (B - Vv) = B V(curlv) + ((VB)! x Vo).

5.2. A Linear Model Problem
Since the approach to stabilization in the present work is non-standard we first consider the linear model

problem for inviscid flow introduced in [4]. The Smagorinsky bulk term is not strictly necessary for the
analysis in the linear case. Nevertheless we keep this term, since in this simplified context the stabilizing
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mechanisms become clear. The model problem takes the form, find a velocity u and a pressure p satisfying

V-(u®B)+ou+Vp=f inQ, (5.16a)
V-u=0 1inQ, (5.16Db)
u-ng=0 ondN. (5.16¢)

We think of u and 3 as column vectors and we set u ®@ 3 = uB. We assume that 3 € [C*(Q)]¢ N Vi,
and o € R. To ensure uniqueness we assume o sufficiently big compared to ||V 3| «, for details see [4].
The numerical method we will analyze here reads: Find u;, € V;, such that

—(uh,ﬂ . V’Uh>Q + (ouh,vh)g + Ws(uh,'uh) = (f,'vh)Q Yo, € Vou (5.173)

where v > 0 is a dimensionless parameter. We define the stabilizing operator as a combination of a face
penalty operator and an artificial viscosity term in the bulk. In the fully nonlinear case the bulk viscosity
will be replaced by the Smagorinsky model,

s(uh,vh) = (52|V,6|FVuh, V’l}h)g + (h2|ﬁ‘71 [(ﬁ . V)uh X ’I’L]] s [[(ﬁ . V)’Uh X n]])g

We define the stabilization semi-norm by |v|s = s(v,v)% and note that the following approximation
estimate holds.

Lemma 5.4. Let v € [H?(Q)]? and B € [C*(Q)]¢ then
1 1
v — |, < (3]|VB% + 72 [|8]12) v 20y
IfIVBllos S h HBllos and & = O(h) then
v~ TIo|, < OllBII%h? o] 2 (0)-
Proof. First note that for the linearized Smagorinsky term there holds by (5.5)
1 1 1
16IVBIEV (v —TIv)[|o < 0|[VB|%[V (v — IIv)|lo < 6|V Sh|v]H2(q)-

For the term on the faces on the other hand we have

1181730 1(8 - V)TTw x n] |l < ||| [VITo] |-

The first claim now follows using (5.8). The second claim is immediate from the first claim and the
assumptions. (I

Clearly by taking vj, = uy, in (5.17), integrating by parts and using the properties of 3 and a Cauchy—
Schwarz inequality we have the a priori estimate

loZupllo < o 2| f]lo- (5.18)

Thanks to equation (5.18) the problem (5.17) has a unique solution. Moreover, the method (5.17) is
weakly consistent; in fact, for (u, p) € [L?(Q)]% x L3(£2) solving (5.16) we have, using that (p, V-vy)q =0
for all v, € Vg,

—(u,B-Vuop)a + (cu,vp)a = (f,vn)a Yo € Vop. (5.19a)

Following the ideas of [4] we now prove an a priori error estimate in the L?-norm for the finite element
solution to (5.17).

Proposition 5.5. Let u € Lo N [H?(2)]? be the solution to (5.16), and wy, € Vo, the solution to (5.17).
Also assume that v = O(1) and § = O(h). Then there holds

1 3
ozllu — upllo + [u — unls S h2|ug2(q)

where the hidden constant depends on ||B|oo, [|VB|leo and o.
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Proof. Let n = u — uy, and observe that since by definition V-8 =0 and 8-n =0 on 0f2

loznl3 +[nl2 = (.8 Vn)a + (on,m)a + vs(n,m).
We can then use (5.17) and (5.19) and the divergence theorem to obtain
o nllé + 5[0l = (8 Vi, u — Tu)o + (o, u — Tu)g
+vs(u,n) —ys(u,u — Iu) + ys(n, u — Iu). (5.20)
For the second term on the right hand side we have
(om,u — Tu)g = ||o % (u — TTu)||3, (5.21)
and for the last three terms
s(u,m) — s(u,u — IMu) + s(n, u — Iu)
= —(6°V - |[VB|Vu,n — u — Tu)g + (6%|VB|Vu - ng,n — u — Hu)sq + s(n, u — Mu).
It follows using the Cauchy—Schwarz inequality and the arithmetic-geometric inequality that
(V- [VBIVu,n — u~ Tlu)a < 2048V - [VAIVuld + 17 olnld + jov " lu — Tuf?,
(5.22)
and

1
(. w— ) < [nf? + u — Tluf?. (5.23)

For the boundary term we use the Cauchy—Schwarz inequality followed by a global and a local trace
inequality and approximation to obtain

(62|VBIVu - no,n —u — Mu)sq < Ch2||VB|a ||Vl g1 yh? (In]loo + |lu — Maullsq)
_ _ _ o _
< Co ||V BllsollullFz(q) + 07w — Tu||g + oh*y ™|V (u — TTu) || + 177 Hmlg.-

For the second inequality we used that by (5.3), |u — Iullpo < h~2 ||u — Iullq + A2 ||Vu — Iul|q and
using also (5.1) it is straightforward to prove that

W2 (Infloa + llu — Mullag) < Ch* |In — Tin|lag +C||Tn]|q + lu — ullq + Al — Iull
—_————
=llu—TIu|loq

< Cllu — Tullg + Ch||V(u — Hu)|lq + C|nla.

It only remains to bound the convective term. To this end we use the regularized error defined by (5.9)—
(5.11) and write

1
:(VX(,@~V’I7),E)U'+§Z/ (IB-Vup] xn) - E xn ds. (5.24)
T Jor
Using now that the finite element functions are affine per element and Lemma 5.3 we have
(Vx(B-Vn),E)y=(8-V(Vxu),E)g+ (VB)'xVn, E)q. (5.25)
For the first term of the right hand side we see that
(B-V(V xu),E)o < [[(8-V(V xu)|olElq. (5.26)

The second term of the right hand side of (5.25) is bounded in the following way, using the Cauchy—
Schwarz inequality, Young’s inequality and Lemma 5.2

1 1 _ 1 e
(VB)' x Vn, E)o < [IVB|IZ[I61VB|EVnllalld " Ellq < 17|n|§ + VBl O Bl (5.27)
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Finally for the last term of the right hand side of (5.24) we see that, since E X nglsq = 0,

> /a (8- Vun x ) Bxnds < inl. | BIAK By

1 _ _ 1
SWZ\TI@JrW H1Blloch~?|[h2 B3 (5.28)

Applying the bounds of the equations (5.21)—(5.28) to the right hand side of (5.20) and including v+~ ~*
in the hidden constant leads to

Slotnl + Sl < o (u— Tl + fu — Thuf?
+Co 1P (IVBZ Il q) + oh?(|V (uw — Tu) [,
+118-V(V x wlal Elle + VB 67 Elg + v IBlloch R E[F.  (5.29)
We finish the proof by applying (5.5), Lemmas 5.4 and 5.2 in the right hand side of (5.29). |
Remark 5.6. In the case of the linear model problem the addition of the linearized Smagorinsky term

is not strictly necessary to obtain the order h3 in the estimate of Proposition 5.5. Indeed the bound of
equation (5.27) can be modified as follows to obtain the convergence with § = 0.

(VB)' x Vn, E)a < VBl |h Vol El|o- (5.30)
Adding and subtracting 77, using the triangle inequality and the inverse inequality (5.1) gives
1hVnlle < [PV (n = 7n)le + 7]l
Then by approximation and stability of the L2-projection,
1hVnlla < Ch®|ulg2(q) + [Inllo-
Using this in (5.30) followed by an arithmetic-geometric inequality leads to

1 _ _
(VB)' x Vn, E)a < 2o|nllg + CHY[VB otz ) + VBl (C + 0 [VBIl) [ Ellg

The first term in the right hand side can now be absorbed by the zero order term in the left hand side and
the remaining terms are of order O(h*), by Lemma 5.2, which shows that they are sufficiently small by
a margin of O(h). In the nonlinear case below, 3 will be replaced by the discrete solution and it appears
no longer to be possible to balance the estimate to optimal order without the nonlinear stabilization. So
independent of the improved stability through scale separation, the nonlinear stabilization is of interest
for the finite element discretization of the Navier-Stokes’ equations.

6. Stabilized Finite Element Method for the Incompressible Navier-Stokes’ Equations

The finite element space semi-discretization for the approximation of (2.1) reads: find w; € Vpy, with
p,(0) = ITu(0) such that

(O, vn)o + ((@n - V)an, vn)a + (((an) + p)Van, Vor)a
+ be(ty, vp) + s, vy) = (£,v,)0 Yoy, € Vo (6.1)

Here the term bc is a consistency term added due to the fact that only the normal component of the
velocity is set to zero in Vpy, defined by

be(tp, vp) == —(uVapng, tvy)ao — (WVopng, tin)sq,

where t = I —ng ®ngq is the projection onto the tangential plane of the boundary of €. The stabilization
term s is defined by

S(’llm’uh) = So(’llh, 'Uh) + 81(ﬁh,1jh)
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with
so(@n, vn) = Yo(h®([an| + U) " [(an - V)an x 0], [(@n - V)on x n])s
and
s1(tp, vp) = v (max(ph ™, U)tay,, tvy,)s.

The parameters v;, ¢ = 0, 1 are dimensionless, positive, real numbers and U = O(1) is some characteristic
velocity of the flow. For simplicity we will not track the dependence on U or the ~; of the constants in
the estimates below.

The following Lemma is useful for the analysis in the presence of bc. We give the proof of this results
in appendix.

Lemma 6.1. For all v, € Vi, there holds
_1y 1 1 _
be(on,o1) < Ot Von g + 5 max(uh™", U)o B
For all v € H*(Q) + Vyy, there holds

1y 1 _ 1 _
be(v,0n) < Cy 2 Vollg + Cop W pllolle o) + 71 max(uh™", U)|[twnl|5g-

The formulation (6.1) corresponds to a dynamical system. It admits a unique solution as shown in the
following propositions.

Proposition 6.2. For v, large enough, a solution Gy, to the system (6.1) satisfies the following stability
estimate for all T > 0,

1
3 . 2 N
sup s () + 13 Vn o + 163 Vi 0 + ( [ stanan) dt) S [ Il @+ [@rO)o, (62)
te I I
where the hidden constant is independent of T .

Proof. Testing (6.1) with v, = 4y, yields,

(Ortp, tpn)a + ((Un, - V)Up, up)a +((D(an) + p)Vay, Vap)o + be(tn, ap) + s(tp, an) = (£, an)q-

=0

(6.3)

Noting that the second term is zero by skew-symmetry we have after integration on (0,r) for some r € I
and using Lemma 6.1

~ 1 ~ ~ " ~ ~
e ()11, + 1112 V't [f 0,0y + 01V A1y (0,1 +/0 s(tn, wp) di

< / () dt + [ (0) 2. (6.4)

Taking now the supremum over r € I in the first term of the left hand side we see that
sup |4 (r)[|§ < sup II’&h(T)IIQ(/ £l dt + [las(0)]le)
rel rel I
and therefore
sup [an(r) o < [ [Ele e+ (0o
rel I
Finally we see that

1 R . T . R T . 1 R
||u§Vuh||?zx(o7r) + 62||Vuh||?)x(0,r) +/ s(dp, @p) dt < / (f,p)o dt + §||Uh(0)||?z
0 0
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2
. 1. .
<supllan (e [ £l de+ Slan)la ) < ( [ ila ar+ Jan0)la
re I I
which finishes the proof. (I
Proposition 6.3. The system (6.1) admits a unique solution Gy, € Vo, on the interval (0,T], T > 0.

Proof. Let N = dim Vgp,, U : R — RY F: RY — RY and let {¢;} denotes a basis of V. The system
(6.1) is equivalent to a dynamical system

Mo,U(t)+ F(U) =0,
with U(0) = Uy € RY
(Mo U(t)); = (Ortn, pi)a, t=1,...,N
and
(F(U)); = ((ap, - V)ap, @i)a + (uVan, Vei)a + s(tn, @) — (£,0i)0, i =1,...,N.
The matrix M corresponds to the mass matrix of the velocity finite element basis, defined blockwise by
Mij := (¢j, pi)a:
By inspection the function F(U) is locally Lipschitz. Indeed, for all U,Y € RY there holds
F(U) — F(Y)[ar < LU, YU — Ylgx. (6.5)

To verify this we only need to consider the nonlinear terms. Let u; and y; denote the functions in Vpy,
associated to the vectors of unknowns U and V and let w;, = up — yp. Then we have

(FU))i — (F(Y))i = ((wn - V)un, @i)a + (0(un)Vur, Vi) + s(un, @;)
—((yn - V)yn, pi)o — (0(Yn)Vyn, Vi)a — s(Yn, i)- (6.6)

The convective term and the face oriented contribution to the stabilization both are [C1(R™)]" and the
Lipschitz continuity follows from the mean value theorem. For the Smagorinsky term on the other hand
it is immediate by the inequality (2.9). It follows that for every h > 0 there exists a 7" > 0 such that
(6.1) admits a unique solution on (0,7T]. To extend this to arbitrary time intervals we need a bound on
lwn || Lo (). We apply an inverse inequality ||up (-, T)| 1) < Ch™%||up (-, T)|o. Recalling Lemma 6.2
it follows that for fixed h the solution is globally bounded. This proves the claim. O

Remark 6.4. A consequence of the error analysis below is that the L*-bound on the discrete solution
actually holds independently of h provided the exact solution is smooth. For details see Corollary 6.8

6.1. Error Analysis with Exponential Growth Moderated Through Scale Separation

We will now prove an error estimate for the approximation of the regularized equation. We are interested
in underresolved flow so in what follows we assume that p < Uh. Observe that the arguments are valid
also for = 0, but in this case the no-slip condition must be relaxed on the continuous level. Moreover
the same analysis may be used to prove an optimal estimate of O(h) in the H'-norm if u > Uh. To
moderate the exponential growth we use a scale separation argument similar to that of Sect. 4.

6.1.1. Scale Separation for the Finite Dimensional Approximation. When a finite dimensional space is
used for the Smagorinsky-Navier-Stokes’ model we can introduce a scale separation argument similar to
(3.2), but here the nonlinear feedback in the second equation of (3.2) takes place through the computa-
tional error. As the computational error grows, the exponential growth of the error is moderated. More
precisely define @ and w’ by (3.2) with n defined by 1 := u — @;,. We also note that then the result of
Lemma 3.2 holds with 1 redefined to be the approximation error. Below we will refer to these results
assuming that 7 is redefined as above.
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6.1.2. Error Estimates. First we prove a Lemma that is needed to estimate the consistency error of the
stabilization term to the right order.

Lemma 6.5. For v, € Vo, and f € L3(I) there holds, for allv € V and for all 0 < e < 1,
190l 0)F a

1.4, 1
< IV = wlsie + 20 [1F0F @+ [ ollwss@lOF @

Proof. Let w := v — v, and w, := v — wv. First we add and subtract wv to obtain
lon ()|l (@) < lon(t) — 7o|[ Lo (@) + [|70][ Lo~ ()

Then using Sobolev injection [19, Corollary B.43] followed by an inverse inequality (5.2) and Lemma 2.1
we see that for all 3 < p,

3-p
[vn(t) = 7vlLoe () < Cph 7 ([[Vw(t)[|Ls (o) + [wx () [wrs))-
Using also the stability of the L2-projection on quasi-uniform meshes we have
3-p
[on ()| (@) < Cph 7 ([[Vw(t)|[Ls () + [wx () [[wrs@) + Cllvll=(0)-
It follows using (2.5) with p = 3 and ¢ = 3/2 that

/I lon (8) | oy | £ (DI dlt < / (Coh ™7 ([ V0() | 2y + e (B)llwraay) + Clloll =) £ O dt

< 0% Ve(t) [f(q) + Ce 107 5" / F(O) dt

/ (Coh 7 Jawn (B w36+ Clloll e ()| F (B .

The claim now follows by taking p = 9/2, so that 3(?;7;”) = —1/2, and observing that €2 < ¢ and
1 2

h™3 ||w.,r(t)||W1,3(Q) < Chs "I)|W2,3(Q) and ||'U||Loo(Q) < HUHW?“‘(Q)- O
One application of the previous lemma is the following consistency bound for the stabilizing term

Lemma 6.6. The stabilizing term satisfies the bound

/IS(H’LL, H’LL) dt < 6(52HV(U — ﬂh)||i3(@) + C’max(uh_l, U)h3||u||%2(I,H2(Q)) + Ch3|\u\\%s(1;wz,3(9)).

Proof. By the definition of the stabilization term we have the bound
s(Mu, Mw) < yo|an | o o) 1h [VITu] [|5 + 71 max(uh™", U)|[tTTul[3q,.
Then by Lemma 6.5, s admits the bound

/s(Hu,Hu) dt < 02|V (u — )3 ) + OO 1h~ / B [VITu] |5 dt
I

+c/ el | [VTTw] 3 df + 7 max(uh ™, /||mu||aQ . (6.7)
Using (5.8), and |u|g2(0) < [[u|lw2.3q) we have

Colh / | [VITu] |} df + C / sy 10 [V 13

3,9
< Ch™2h> |u|?i2(1;H2(Q)) + Ch3||u||?i3(1;w273(sz))

The no-slip condition satisfied by u, the trace inequality (5.3) and the approximation (5.5) may be applied
to control the second term,

ymax(uh™!, U)|[tTlu|5q < Cmax(ph ™, U)(h™ |u — Tu||§g + 2] V(v — Hu)||§)
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< Cmax(uh™", U)R?|ul|72 1, 12 0 -
The claim follows by collecting the above bounds. 0
Theorem 6.7. Let w € V' and that u in addition has sufficient regularity so that C(u) < oo if we define,
C(w)? := h(7rlIV X ul L2 (1,10 () + DulT e (1,2 ()
Hlullswes iy + [l Lawes ) + AV - [Vl Valf3,. (6.8)
Assume that the parameter 6 = O(h) and p < Uh, and that the hypothesis of Theorem 6.2 hold. Then
there holds

sup || (u = ) ()]l + l[u — @]l S C(w)e"™/™n, ce Ry
tel

where

o — | = 25V (u — ) Dl + 72 BV (u — @) [[22, + 7 ( ] st ) dt) .

The coefficient T, in the exponential is defined by (3.3) where @ this time is the large scale component of
the solution defined by (3.2), with n = w — Gy,. The hidden constant has at most polynomial growth in T.

Proof. The proof follows the ideas of the result for the linear model problem Proposition 5.5, but the
nonlinearity of the equation and the stabilization adds a layer of technicality. We proceed in 4 steps.

Step 1. Perturbation equation Let n = w — up, g = v — Hu and 1, = uw — ww. Similarly as in the
perturbation argument for the Smagorinsky model we have, since V - @5, = 0 and ay, - n|sq = 0,

1d 1 L
5@”’7”?2 + (- V)u,ma + p| Vg + Z(SQHVT/Hi?'(Q) + s(dn, @n)

< (@m,m)a + ((n- V)u,n)a + ((@n - V)n,n)a + (1Vn, Vi)o
+ (P(w)Vu — v(ay) Vi, V) + s(ty, @p).
Using the definition of the finite element method (6.1) we have the consistency relation
@m,ma + (- V)uw,n)a + (@ - V)n,na + (uVn, Vo + (0(w)Vu — 0(tn)Vin, V) + (s, @)
= (@m, ) + ((n - V)u,mm)o + ((@n - V)n,mu)a + (19, Vin)a — be(n, In)
+ (2(u)Vu, VIIn)q + (0(u)Vu — 0(Gn) Vg, Voo )a + s(an, IHu).
Integrating in time over the interval I and applying the monotonicity (2.8) yields

1 1 1 1 PN
S IDIE + (- Vywm)q + 62 Vnlg + 6% VO 7so) + 5 /I s(tu, ) dt

Ju,
< (Om,m)q + (m - V)u,mm)q + ((@n - V)n,mm)q + (1Vn, V) g
—+ (ﬁ(u)Vu — ﬁ(ﬁh)Vﬂh, V’I’]H)Q — (ﬁ(u)Vu, VH’I’])Q

+ IO+ [ (el Tt + s(an, Trw) a. (69)
I

Step 2. Continuity and approximation properties of the right hand side of the perturbation equation We
now bound the terms in the right hand side. There are two different main difficulties involving nonlin-
earities. The material derivative and the viscous term on the one hand and the nonlinear stabilization on
the other.

2.1. Material derivative and viscous term. The following term will be bounded in this paragraph.

(Om,mm)q + ((n - V)u,mn)q + ((@n - V)n,mn)q + (1Vn, Vnn)q.

First for the time derivative observe that using the orthogonality of the approximation error ny,

(@im,mn)q = (O, mn)q < Ch* |ulF e 1.52(0)
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and for the linear viscous term

1, 1 1 1, 1
(nVn, Vi) < §||M2V7I||zg + 2|2 V|3 < TGHWV??H%z + Cuh®|ul?z .2 () -

For the convective part we write
(- V)u,m)q + ((@n - V)n,mu)q =1 + I1. (6.10)
For the first term I we use similar arguments as those for Lemma 3.2 to get the bound
1 _ o1 1 1
I< §||(TL Y+ | Valp)2nl + 3352||Vn||i3(Q) + Clluz V|72 (g) + CO*Vanlisq)-
In particular note that
_1 . 1
(I, (n - V)m)q < 7 *nllell(k+2(n))? Vanlle
1, -1 1 1
< Sl 2 nlle + 350%119mllzs ) + Clln® VinllZa ) + Co%IVanlzs q). (6.11)
By Lemma 5.1 we may write the last term in the right hand side
_3
3 Vinllzaq) S 8 IIVaxlzs @) + 8*h ™2 [ Vamlizsg)-

Since §2h~3 = h? and [u|m2(0) < |ulw23(q) we have using approximation that,

1., _ 1 1 7
I< §H(TL "+ |Valp)in|3 + 3*252\|V77||?i3(c3) + ph?[ulZz r g2 ) + B ulls rwesa))-

For the second term of the right hand side of (6.10) we first use that there exists E according to (5.9)—
(5.11) to write using partial integration

II:((ﬁh~V)’r],VXE)Q:/I([[(’llh~V)T]><TL]],E><n)5t dt

11,

+ / (i - V)(V x 1), B)g di + / (Van)! x Va), E)y dt.

II,

I,

For the first term I, we use Cauchy—Schwarz inequality followed by the arithmetic-geometric inequality
1 1
3 3
11, < (/ so(n, din) dt) (701 /(Ilﬁhl\m@ LU B dt>
I I

1 L _ . _
< g/SO(uh’uh) dt + 2y /(||uh||L°°(Q) +U)||pE||F dt.
I I

Applying now Lemma 6.5 to the right hand side we have for 0 < € < 1,

1 . A
II, < g/SO(Uh,Uh) dt + Ced® |l 7s(rwraa)
I

Coviy [ e ]
+ o 2/I||h LB} dt+C/I(||u||W2,s(Q)+U)||h LB dt

1
< */So(ﬂhvﬂh) de
8 Jr
c ., _
+ OG52||’7||%$(I;W1«3(Q)) + = (W22 41 (UP + ”u”%3(I;W273(Q)))~
€ N——

—h3
Here we used the bounds

_ 1 _ —
§th 2/I||h E|% dt S AR w3z oy S Bl s o)
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and

/I(HUHW“(Q) + UL E(F dt S (lullswes ) + TVPU)R |l a2 )

S TU? + ||u||i3(I;W2’3(Q)))'

For the second term I, we use the fact that 4, is piecewise affine, add and subtract u and then integrate
by parts

Iy = ((u-V)(V x ), E)g — ((n- V)(V x u), B)g

S/I||U||L°°(Q)|U|H2(Q)HEIIQ dt-‘r/IHnHQ”V X ul| g () [|VE|q dt

1 _
< 1L 1||77H2Q + Ch3(|u|%3(1;H2(n)) + hr ||V x UH%2(1;L°°(Q))|u‘%°°(I;H2(S2)))'
Where we used that
/1 ull 2 () lul a2 | Elle dt S wllZs g2 | Bl i) S B ullsgme o)
and

/1 IV x wll =@ VE|e dt S 772l 21V X wll L2z, po0 () h2 |0 oo (1520

< 3721”77”%3 + CR 7|V X wll72 g poe (o [l oo (1,12 (02)) -
For 11, we add and subtract w and 7n,
II. = (Vap)' x Vn, E)g = —((Vn)' x Vn, E)g + (Vu)' x Vn, E)qg
— (V) x V. B)g + (V) x V(n - 7n), B)g + (V) x Van, B)g.  (6.12)

Observing that n—nn = u—nw it follows, using Hélder’s inequality, Sobolev injection and approximation,
that

(V)" x V(n —mn), E)a < [|Vul o) IV(u = 7u)| o) | ]l
S ||VUH%4(Q)||E||Q S \|U||%V213(Q)h3\u|H2(Q) < h3||“||%v2y3(9)-
Once again adding and subtracting 71 we have
(Vn)' x Vi, E)g < C||V(u — wu) |24 (o) | Elle + ClIVan|[Ls o)l Ella)-
Using an inverse inequality (5.2) and the stability of the projection = we see that
1
IVanl3aq) < Ch™5(|Vn7sq)-

Consequently

1 1 1 .
VANl 7@ lEla < Ch8[Vnl7s o) | Ella < §5QHV77||%3(Q) +Ch 26| B[}, .
—— —

*

The term marked (%) needs to scale as O(h?). Since || E||2, = O(h?) we see that we need h= 264 < h=6,
which is satisfied for 6 = O(h). We arrive at the following bound for I,

1
1. < 37262||v1’]||i3(Q) + Ch?)”Vu”?ig(I;sz(Q))
where we used the bound
1 _
h=25 Y B|%, S BP0 ulbe ) S BV ulles g
Collecting the above bounds for the terms I and I7 and using that u < Uh, we see that
(Om,mm)q + ((n - V)u,nm)q + ((4n - V)n,mm)q + (1Vn, VIIn)g
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1

1 1 1 1
—1 2 5 2 2 3
<3 [7 il ae+ St valy + oIVl + 5

8

2.2. Smagorinsky nonlinear viscosity. We proceed to bound terms due to the Smaginsky nonlinear vis-
cosity, i.e. the fifth and sixth terms on the right hand side of (6.9):

(9(w) Vit — (@) Vitn, Vo) — (#(u)Vu, VTIn)q.

/Iso(ah,ah) dt + C(u)?h3. (6.13)

Considering first the first of these two term we obtain using (2.9) followed by the generalised Holder
inequality [|abel[11(@) < [lallLe(o)l[bllL2(0) ]l L3 @),

(0(w)Vu — 0(ap) Vg, Vin)q < 82|Vl |Vl + [Vnl?, Vo)
< 052 7% % % d 3 % 3 -3 3
= ( o IVl f6o) IVl 72 o) At + (€5 + ) Vnllzsq) + €1 ||V77H||L3(Q))
for all €y, €; € RT. Then observe that using Sobolev injection,
3 3 3 3 3 3 3 3 .
||VUHZG(Q)||V77H”22(Q) < C”u”;;/w(g)”vnﬂ”gz < Ch> ||u||a/2,3(g)‘u|§12(9) < Ch> ”’U'H‘IS/V2~3(Q)
and by applying Lemma 5.1,
_1 1
IVl L) < llu = mullwis @) + Ch™2 |Innllie < Ch(lulwzs ) + ™2 ulm2).

Collecting these bounds and choosing €y and €; small so that

C 3 %<
(60+61)*176

we have the bound
N o N 1 7 .
(5/(w) V= 2@ Vin, Vi) < 107Vl + Oh [l s e (6.14)

Now we consider the fifth term in the right hand side of (6.9), that quantifies the consistency error. We
note that by partial integration and Cauchy—Schwarz inequality followed by Young’s inequality, (2.5) and
the stability of the L?-projection IT, we have

—(P(uw)Vu, VIIn)q = (#(u)Vu,V(n —IIn))a + (V- v(uw)Vu,n)q + (v(u)Vu - ng, ti)sn

1
< O Vauliyesq) + 372 Hnllg + Crodt |V - [Vulp Vullf
1

+ Chg(’}/l max(uh_l, U))_1||V’LLH%V23(Q) + Esl('&h, ﬁh),

where for the first term of the right hand side we used, that by the Cauchy—Schwarz inequality and (5.5)
there holds

((w)Vau, V(n —In))o < 81| Vuliag)|ulnz@) < 6°hlIVuliysq)-

For the boundary term we applied Holders inequality with p = 3/2 and ¢ = 3 inequality followed by a
global trace inequality and the inverse inequality (5.2) on 02,

(v(w) V- iy ) o < 0% (ya max(uh ™", U)) ™ [Vl 3 oy 71 macx(uh =", U)3% [t | 5 o
1 P
< Ch* (yy max(uh™", U)) 2 |[ulfy20q) + Esl(uh’uh)'
This completes the bound of the Smagorinsky terms. Collecting the different contributions we get

(O(w)Vu — o(ay) Vg, Vi) g — (0(u)Vu, VIIN)q

1 _ 1 1 L
< ETL 1”7’]”?) + E(SQHVUH%(Q) + E/[Sl(uh,uh) dt + C(u)2h3 (615)
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2.3. Terms related to boundary conditions and stabilization. These are the last three terms of the right
hand side of (6.9).

1 N
O+ [ (~betn, Tt + s, 1) .
The first term, related to approximation of initial data is bounded using approximation
I ()] < h*[[w(0) 12 0)-

For the bc form related to boundary conditions we apply the second inequality of Lemma 6.1 to obtain

1y 1
/IbC(n,Hn) dt < Oy Hu2 Vil + Cuh®[ulf e 152 0
1 P
+ 1 / (s1(@p, wp) + s1(u, Iu)) dt.
I
For the stabilization term finally we proceed using the Cauchy—Schwarz inequality followed by the arith-
metic geometric inequality

/s(ﬁh,Hu)) dt < é/s(ﬁhﬂlh) dt + 2/S(HU7HU) dt.

I I I
Applying Lemma 6.6 we conclude that

1m0} 13 + [ (<be(n.TIm) -+ s(a Trw)

1 1 1 L 1 L
< E(SQHVUH%;(Q) +O’}/1 1||,uéV77||é + g/IS(Uh,Uh) dt + Z/]Sl(’u;h,uh) dt + G(U)th.
(6.16)

Step 3. Application of scale separation argument. Collecting the above bounds (6.13), (6.15) and (6.16)
and applying them to (6.9) we get, for v; sufficiently large

1 I T R s 1 o

§||7I(T)HQ + gH/“VWHQ + Eé V()72 + 16/, s(tp, p) dt

<7 M Imlig dt = ((n- V), m)o + C(u)*h’. (6.17)

A naive application of Gronwall’s lemma at this stage results in exponential growth with a coefficient
proportional to the maximum of the velocity gradient. Instead recall the inequality proven in Lemma
3.2,

€ 1 € 1 - _ 1
(n-V)wm)q < Sl Valg + 5v©0)IVllisg) + I 7" + [Valr) 2l
Applying this inequality, with e = 1/16 in the right hand side of (6.17) we obtain

1 1 1 N _ _

In(T)[1E + gMHVWHg) + E52||V77||i3(g) + g/ls(uhvuh) dt < 2/}(1771 L [Valp) [nllE, dt + C(u)?h?
(6.18)

where

C(w)® SUulTz(r 20y + U + h(TLllV X ull 21000 () + D)Wl (1,520
+||U||?i3(1;w213(9)) + HuHi‘l(I;W?ﬁ(Q)) + [V - [VulpVaulff.
Assuming U bounded by ||| z3(7;w23(q)), we can absorb the first two terms in the right hand side in the
||u||ig(I;W2,3(Q)) term.

Step 4. Application of Gronwall’s Lemma. Applying Gronwall’s inequality on integral form [8] to (6.18)
we see that for all t € T

In()] < 5w’
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and as a consequence, using (6.18),
1 1 1 . _ _ r
§N||V?7||é + E(SQHVTIH?[’,%Q) + g/IS(uh,uh) dt < 2/1(17% P (V@] poe ()™ ™) dE C(u)?h?
< CTT£1636(T/TL)€(u)2h3

leading to the bound,

X 1 N
sup (e = @) ()]G + 37 ol V(u = i)l

+ T 76|V (w —an)ll7s o) + T ' / (i, ay) dt < e300/ (u)2h3. (6.19)
I
This concludes the proof. ([

Corollary 6.8. Under the same assumption as for Theorem 6.7, the solution to (6.1) satisfies the following
bound

| Lo (@) S C(w)(1 + !¥T/TE)),
Proof. Observe that under the regularity assumptions of Theorem 6.7 u € L*°(Q). It then follows that
lin ]|z (@) < Nl — wul| e (q) + Clll L gy < Ch™ % [l — wullps (r:z2(0) + Cllu] L (q)-
The claim follows using that [|u|[z~(q) < [|w||Le(r;m2(q)) and
[@n — 7wl oo (r:02(0)) < 1Un — w| Lo (r02(0)) + |u — 7wl oo (1,02 ()
< C(w)e!™(T/r)h? + W[l Lo (112 -

7. Numerical Examples

In the numerical examples below we use the minimal compatible element of [14] with piecewise affine
velocity and piecewise constant pressure on macro elements (see [11] for implementation details and
application to linear incompressible problems), together with the backwards differentiation formula BDF2
for time stepping. On each time step we use a linearized formula, using the solution from the previous
time step, and solve only once. We use only Smagorinsky stabilization and impose boundary conditions
strongly, i.e., we set 79 =1 = 0 in (6.1). The Smagorinsky term is set by v := v |T'||Vu|r where |T] is
the element area and « controls the amount of dissipation in the model.

7.1. Shear Layers

We shall first consider an example using the Euler equations, i.e., p = 0 in (2.1), the double shear layer
problem [7]. The computational domain is Q) = (0,27) x (0,27) and initial conditions

. _ [tanh ((y —7/2)/p), y<m
uy(x,0) =dsin (), ux(xz,0)= {tanh (Br/2—1)/p), y>n (7.1)
which gives two horizontal shear layers perturbed by a small vertical velocity. We take p = 7/15 and
0 = 0.05 and apply periodic boundary conditions. The problem is solved on a Union Jack (macro element)
mesh of 100 x 100 (boundary) nodes using a timestep size k = 1/100.
In Figs. 1, 2 and 3 we show the effect of dissipation on vorticity by increasing ~ from zero to 10~ 1.
The unstabilized solution shows oscillations in the solution which worsen with time, whereas the choice
v = 107! compares well with [7].
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F1G. 3. Vorticity contours for the double shear layer at time t = 6 and t = 12, v = 10~1

F1G. 4. Mesh used for vortex shedding computation

JMFM
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FiG. 5. Relative streamlines at time ¢t = 10, v = 0,y = 10~ !, v = 1 from top

7.2. Vortex Shedding

The second example shows the effect of dissipation on von Karman vortex shedding around a cylider.
We used p = 3 x 10~ (which is close to the limit for stable solutions with v = 0 on this mesh). The
outer domain is (—1/2,2) x (=1/,1/2), and the cylinder has center at the origin and radius r = 1/10.
The boundary conditions are u = 0 at y = +1/2 and at the cylinder, homogeneous Neumann conditions
at x = 2, and u = (3/2 — 6y%,0) at x = —1/2. The initial conditions correspond to the stationary Stokes
solution, and the timestep size k = 1/100. The computational (macro) mesh is shown in Fig. 4, and the
solution at time ¢t = 10 is shown in Fig. 5 for increasing v. We note that too much dissipation severely
affects the shape of the vortex street, whereas smaller amounts of dissipation only serve to stabilize the
solution.

In Fig. 6 we show that the method without stabilization can be unstable for high Reynolds numbers.
We used p = 1079 and show the instability evolving for ¢ = 0.15, t = 0.2 and ¢ = 0.3 with v = 0. In
Fig. 7 we show the corresponding stabilized solution with v = 10~!. The velocities are shown in the nodes
of the macro mesh. Finally, in Fig. 8 we show the relative streamlines at time ¢ = 10 for the stabilized
model.

8. Conclusion

We have considered a p-Laplacian Smagorinsky model for high Reynolds flow problems. We showed using
a scale separation argument that the Smagorinsky model has stability properties that only depend on the
large scales of the flow, provided a spectral gap exists for the particular flow configuration. The set of non-
essential fine scales grows as the perturbation due to the Smagorinsky model increases, hence moderating
the exponential growth. In a second part we considered the Smagorinsky model as a stabilizing term in a
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F1G. 6. Velocities after 15, 20, and 30 timesteps, from top, u = 1076 v =0

FIG. 7. Velocities after 15, 20, and 30 timesteps from top, p = 10~%, v =101

JMFM
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F1G. 8. Relative streamlines at time ¢t = 10, u = 10=6, v = 10~ L.

low order finite element method and we showed that the resulting stabilized method has close to optimal
properties for smooth solutions in the laminar high Reynolds number regime. The stabilized finite element
method also inherits the reduced exponential growth through scale separation from the continuous case.

To the best of our knowledge these results are the first that give quantitative evidence that the
Smagorinsky model enhances both the accuracy and the stability for computations of high Reynolds
number flows.
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Appendix
Proof of Lemma 6.1

The first inequality is a classical bound for Nitsche’s method. It follows using the Cauchy—Schwarz
inequality, followed by (2.5) with p = g = 2, the trace inequality (5.3) on each element face subset of 9
together with (5.1)

_ 1 1 _ .
be(wn, vn) < 297 hl|u Vou 3o + g max(uh ™", U)|ba 3
< Oy Yt Vonl3 + 1 h=1U) ||t 2
< Oy |[p2 Vol + g max(ph™, U)|[ts50.-
The second inequality follows from this result by adding and subtracting the projection wv,

be(v,vp) = be(mwv,vp) + be(v — v, vp) =1+ 11.

Using the same previous inequality followed by the H'-stability of 7 we have

1 1 1 _
I <Cry 1Hu2Vv||?2 + g’h max(uh ! U)Ht”hH(%Q'
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Similar arguments as before also show that

_ 1 1 _
1T < Oy (|2 V(v = 7o) |3 + B2 pllv| 32 ) + g max(ph ™", U)|[tvn |30

We conclude by using approximation in the first term of the right hand of this inequality side and then
sum the bounds for I and I1.
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