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Abstract

We consider a fully discrete stabilized finite element method for the Navier-Stokes
equations which is unconditionally stable and has second order temporal accuracy of
O(k? + hk+ spatial error). The method involves a simple artificial viscosity stabilization
of the linear system for the approximation of the new time level connected to anti-
diffusion of its effects at the old time level. The method requires only the solution of
one linear system (arising from an Oseen problem) per time step. The cell Reynolds
number of this discrete linear Oseen problem is O(1) and is thus amenable to standard
iterative methods and preconditioners.
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1 Introduction

The accurate and reliable solution of fluid flow problems is important for many applications.
In these one core problem is the Navier-Stokes equations, given by: find u: Q x [0,7] —
RY(d =2,3), p:Q x (0,T] — R satisfying

w4u-Va—vAu+Vp=f forx € Q. 0<t<T

V-u=0,x € Q, for0<t<T,

u=0, on 9, for 0 <t < T, (1.1)
u(x,0) = up(x), for x € €,
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with the usual normalization condition that [, p(x,t) dx = 0 for 0 < ¢ < T when (1.1) is
discretized by accepted, accurate and stable methods, such as the finite element method in
space and Crank-Nicolson in time, the approximation can still fail for many reasons. One
common mode of failure is non-convergence of the iterative nonlinear and linear solvers
used to compute the velocity and pressure at the new time levels. We consider herein a
simple, second order accurate, and unconditionally stable method which addresses these
failure modes. The method requires the solution of one linear system per time step.

This linear system is a discretized Oseen problem plus an O(h) artificial viscosity opera-
tor - so the standard iterative solvers and well-tested preconditioners can be used successfully
(the preconditioners are described, e.g., in chapter 8 of [ESWO05]). Suppressing the spatial
discretization, the method can be written as (with time step kK = At and tuning parameter
a=0(1))

V- upy1 =0and

w + Uy v(uv@%ﬂln) A Ty A,
_l’_
+V(W) = £(tpy1)0) — ahAu,,. (1.2)
Here U, y1/5 = %un — %un_l is the linear extrapolation of the velocity to ¢,/ from

previous time levels. Thus, (1.2) is an extension of Baker’s [B76] extrapolated Crank-
Nicolson method. Artificial viscosity stabilization is introduced into the linear system for
u,+1 by adding —ahAu,1; to the LHS and correcting for it by —ahAu, (the previous
time level) on the RHS. This is a known idea! in practical CFD, and likely has been used
in practical computations with many different timestepping methods. To our knowledge
however, it has only been proven unconditionally stable in combination with first order,
backward Euler time discretizations, e.g. E and Liu [ELO1], Anitescu, Layton and Pahlevani
[ALPO04], Pahlevani [P06] for related stabilizations and also He[He02] for a two-level method
based on Baker’s extrapolated Crank-Nicolson method.

The increase in accuracy from first order Backward Euler with stabilization to second
order in (1.2) (extrapolated CN with stabilization) is important. There is also a quite simple
proof that (1.2) is unconditionally stable. We give the stability proof in Proposition 3.1
and then explore the effect the stabilization (and correction) in (1.2) have on the rates of
convergence for various flow quantities.

No discretization is perfect. However, simple and stable ones leading to easily solvable
linear systems can be very useful. We therefore conclude with numerical tests which verify
accuracy and decrease in complexity in the linear equation solver.

Defining the method precisely requires a small amount of notation. The spatial part of
(1.1) is naturally formulated in

X = HYQ), Q= L3(®).

The finite element approximation begins by selecting conforming finite element spaces X"
X, Q" C @ satisfying the usual discrete inf-sup condition (defined in Section 2). Denote the

!The author WL first saw it used as a numerical regularization in 1980 and it seems to have been known
well before that. It is related to the simple Kelvin-Voight model of viscoelasticity, Oskolkov [080], Kalantarev
and Titi [KT07].



usual L? norm and inner product by ||| and (-,-), and the space of discretely divergence
free functions V" by:

V= {vhe X": (", V- v =0, V" e Q"}.
Define the explicitly skew-symmetrized trilinear form

1 1
b*(u,v,w) := Q(u -Vv,w) — i(u -Vw,v), (1.3)

and the extrapolation to ¢, 1 := % by
2

Eul u ] := §Uh ——u._ (1.4)

where u;l(x) is a known approximation to u(z,t;).
The method studied is a 2-step method, so the initial condition and first step must be
specified, but are not essential. We choose the Stokes Projection, defined in Section 2.

Algorithm 1.1 (Stabilized, extrapolated trapezoid rule). Let u} be the Stokes Projection
of up(x) into VR. At the first time level (ul,ph) € (X", Q") are sought, satisfying

(MY gy (MU

N ul +ul 1
+b (u(f)z%vvh) —(5(17?+P8),V'Vh)
= (f(t%),vh) + ah(Vul, Vvh), v v e X, (1.5)

(V-ul,¢") =0, V¢ eQh

), Vv) 4+ ah(Vul, Vv

Given a time step k > 0 and an O(1) constant o, the method computes ul, b, -, ph ph ...
where t; = jk and ug”(x) = u(m,tj),p?(:c) = p(x,t;). Forn > 1, given (ul,pl) € (X", Q")
find (w) .y, k) € (XM, Q") satisfying

h h
un%—kun)’ Vv + ah(Val,, Vvh)

u', | +ul 1
V) — (G ),V V)
), vl + ah(Vu?, vvh), v vhe Xt (1.6)

(v : uZ—i-l’qh) = 07 v qh € Qh'

h __ 1k
(FEELZIE ) (Y (

+b* (Bluy, u_y],

n—1

= (£(t

1
n+3

We will refer to Algorithm 1.1 as CNLEStab (Crank-Nicolson with Linear Extrapolation
Stabilized). If a = 0, i.e. if no stabilization is used, Algorithm 1.1 reduces to one studied
by G. Baker in 1976 [B76] and others, that we will refer to as CNLE.

We shall show that Algorithm 1.1 (CNLEStab) is unconditionally stable and second
order accurate, O(k? + hk + spatial error). The extra stabilization terms added are O(hk)
because

h __14h
ah(V(ul,, —uh), Vvh) = ahk(V(%), Uvh) = hk(=Awy) = O(hk).

As stated above, each time step of the method requires the solution of only one linear Oseen
problem at cell Reynolds number O(1).



Remark 1.1. At the first time level, a nonlinear treatment of the trilinear term can be used
instead of extrapolation: find (ul,ph) € (X" Q"), satisfying

(MU ) (U

u? +ul ul +ul 1
12 O7 12 07Vh) —(i(plf-l-pg),V‘Vh)
), v + ah(Vul, vvh), v vl e X, (1.7)

(V-ul,¢") =0, V" e Q.

), Vv) 4+ ah(Vul, Vv')

We shall show that this modification affects neither the stability of the method nor the
convergence rate of the velocity error approrimation, but increases the convergence rate of
pressure approrimation.

The stabilization in the method alters the numerical method’s kinetic energy rather
than in its energy dissipation. Proposition 5.1 and Section 5 show that

1
Kinetic Energy in CNLEStab = ﬁ[HumF + akh||Vul|]?],

Energy Dissipation in CNLEStab = %HVuZHQ

We shall show in Sections 5 and 6 that this has several interesting consequences.

Section 2 collects some mathematical preliminaries for the analysis that follows. Sections
3 and 4 present a convergence analysis of the method (1.2). The modification of the method’s
kinetic energy influences the norm in which convergence is proven. A basic convergence
analysis is fundamental to a numerical method’s usefulness but there are many important
questions it does not answer. We try to address some of these in Section 5 and onward.
In Section 5 we consider physical fidelity of a simulation produced by the method (1.2).
One aspect of physical fidelity is conservation of important integral invariants of the Fuler
equations (v = 0) and near conservation when v is small. The conservation of the method’s
kinetic energy when v = 0 is clear from the stability proof in Section 3. The second
important integral invariant of the Euler equations in 3d is helicity, [MT92],[DGO01],[CCE03]
and in 2d, enstrophy. Approximate conservation of these is explored in Section 5. Section
6 gives some insight into the predictions of (1.1) of flow statistics in turbulent flows. In
Section 7 we present the results of the computational tests. These confirm the rates of
convergence, predicted in Section 3.

2 Mathematical Preliminaries
Recall that (1.1) is naturally formulated in
X = H Q) Q:=L3(Q).

The dual space of X is denoted by X* (and its norm, by || - ||=1), and V = {v € X :
(¢,V-v) =0, Vg€ Q} is the set of weakly divergence free functions in X. Norms in the
Sobolev spaces H*(Q)¢ (or W4 (2)?) are denoted by || - ||, and seminorms by | - [x.

Later analysis will require upper bounds on the nonlinear term, given in the following
lemma.



Lemma 2.1. Let Q C R30or R%. For allu,v,w € X
6% (u, v, w)| < CQ)[|Vul[[Vv][[[Vwl],

and
0" (a, v, w)| < C(Q)v/|[ul|[[Vall[[Vv][[Vw].
If, in addition, v,Vv € L>®(),
" (u, v, w)| < C(Q)(||VlLe ) + [[VV[Lo@)[ulll[ VW]
and
0" (a, v, w)| < C([[ull[|VV| L) + [[Vull[[v] Lo @) Wl

Proof. See Girault and Raviart [GR86] for a proof of the first inequality. The second inequal-
ity follows from Holder’s inequality, the Sobolev embedding theorem and an interpolation
inequality, e.g., [LT98]. The third bound follows from the definition of the skew-symmetric
form and Holder’s inequality

. 1 1
0" (w, v, w)| < SlIVVlle o [allw] + SVl e o) Tall [ VWi,

and Poincare’s inequality, since w € X. The proof of the last inequality can be found, e.g.,
in [LT98]. O

Throughout the paper, we shall assume that the velocity-pressure finite element spaces
X" ¢ X and Q" C @ are conforming, have approximation properties typical of finite
element spaces commonly in use, and satisfy the discrete inf-sup, or LBB", condition

h V- h
inf sup w > 6" >0, (2.1)
€@ ynexn [[VV[[lg"]]

where 3" is bounded away from zero uniformly in h. Examples of such spaces can be found
in [GR79], [GR86], [G89]. In addition, we assume that an inverse inequality holds, i.e.
there exists a constant C' independent of h and k, such that

|Vv]| < Ch7Yv|, ¥Yve XM (2.2)

We assume that (X", Q") satisfy the following approximation properties typical of piece-
wise polynomials of degree (m,m — 1), [BS94]:

inf lu—v| < Ch™ M uly,, ue H™HQ), (2.3)
veX
inf [Va-v)| < CW"uli, we HTQ), (2.4)
ve
inf [p—gql < CL"[plm, p€ H™(). (2.5)
qeQn

We will also use the following inequality, which holds under (2.1) and for all u € V:
inf [|[V(u-— <C(Q) inf |[V(u-v)]. 2.6
nf [Vu—v)| <C@) inf [Viu-v)| (26)

The proof of (2.6) can be found, e.g., in [GR79] (p.60, inequality (1.2)).
Throughout the paper we use the following Stokes Projection.



Definition 2.1 (Stokes Projection). The Stokes projection operator Ps: (X, Q) — (X", Q"),
PS(u7p) = (ﬁ7ﬁ)7 satisﬁes

v(V(u—1a),Vv") = (p—p,V-v") =0,
(V-(u—m1),¢") =0, (2.7)
for any vh € XP, ¢" € Q".
In (V" Q") this formulation reads: given (u,p) € (X, Q), find @ € V" satisfying
v(V(u—1),Vv") — (p—¢", vV -v") =0, (2.8)

for any v? € V* ¢" € Q". Under the discrete inf-sup condition (2.1), the Stokes projection
is well defined.

Proposition 2.1 (Stability of the Stokes Projection). Let u, u satisfy (2.8). The following
bound holds

v[Val?* < 2[y||Vul® + dv! nf |p— 7", (2.9)
qheQh

where d is the dimension, d = 2, 3.
Proof. Take v =t € V" in (2.8). This gives
v||Va|? = v(Vu, Va) — (p — ¢", V - ). (2.10)

Using the Cauchy-Schwarz and Young inequalities, we obtain

v|val? < v vul?+ 2| val? (2.11)
-1 _oh2 . Yoo a2
™! int =2+ 96

Next, use the obvious inequality |V - @||? < d||Va|?. Combining the like terms in (2.11)
concludes the proof. O

In the error analysis we shall use the error estimate of the Stokes Projection (2.8).

Proposition 2.2 (Error estimate for the Stokes Projection). Suppose the discrete inf-sup
condition (2.1) holds. Then the error in the Stokes Projection satisfies

Vu-a)*<cC f IVu—=v"|2+v ! inf — "1, 2.12
v[V(u—a)l]® < [Vv gxhll (u—-v")["+v ththllp q"||7] (2.12)

i
h
where C' is a constant independent of h and v.

Proof. Decompose the projection errore =u—uintoe=u—I(u) — (0 —I(u)) =n — ¢,
where n = u — I(u), ¢ = @ — I(u), and I(u) approximates u in V. Take v! = ¢ € V" in
(2.8). This gives

IVel® = v(Vn.Ve) — (p— 4",V - ). (2.13)
The Cauchy-Schwarz and Young inequalities lead to
v|Vel® < 2v||Vn|> + Cv inf |p—q"|> (2.14)
qheQh

Since I(u) is an approximation of u in V| we can take infimum over V*. The proof is
concluded by applying (2.6) and the triangle inequality. O



Remark 2.1. Using the Aubin-Nitsche lift, one can obtain (see, e.g., [BDK82])
—u||<Ch| inf ||[V(u-—v" inf ||p—¢"|| ), 2.15
u—all < Ch (int, IV(=v")1+ jnt ool (215)

where C' = C(v, Q).

The following variation on the discrete Gronwall Lemma is given in [HR90] as a remark
to Lemma 5.1. In this estimate, the first sum on the right hand side is only up to the
next-to-last time step, which allows for an estimate with no smallness condition on k.

Lemma 2.2 (Discrete Gronwall). Let k, B, ay, by, cpn,dy, for integers n > 0 be nonnegative
numbers such that for N > 1, if

N N-1 N
ay +kD by <k dnan+kY cn+ B,
n=0 n=0 n=0

then for all k > 0,

N N—-1 N
ay + kY by <exp(k Y dy) (k:ch +B> .
n=0 n=0 n=0

The following results are readily obtained by Taylor series expansion.

Lemma 2.3. Let k = t,11 — t, for all i and denote t,11/9 = w Let (-, t) be a
function such that v, € C°(0,T; L*(Q)). Then there exists 6 € (0,1) such that

H w(v tn+1) - ¢(7 tn)
k

If 1y € C°(0,T; L?(R2)), then there exist 01,05 € (0,1) such that
w('vtn+1) + w('vtn)

| < Cllve(- trvo)ll-

— (o tppry2) | < CR [ tnya,) |

2
and 5 ]
Hiw(7tn) - iw(‘atn—l) - w(‘vthrl/Q)H < Ckz”wtt('ﬂthraz)H'

If Y € C(0,T; L2(RY)), then there exists 03 € (0,1) such that

ROt Z V) o)l € ORI

3 Stability and Convergence of the Stabilized Method

We start with the proof of unconditional stability, which is the mathematical key to the
good properties of the method, and motivates the more technical error analysis that follows.
The unconditional stability of Algorithm 1.1 is proven in the following proposition.



Proposition 3.1. [Stability of extrapolated trapezoidal method] Let f € L?(0,T; H~1()).
The stabilized, extrapolated trapezoid scheme (1.5)-(1.6) (and the scheme (1.6)-(1.7)) is
unconditionally stable. For any h,k >0 and o > 0,n >0

" uh —|—uh
Il 2+ @l [V 2k 0V (L

1=0

Ik

n
< [ug|? + akhl[Vug|[* + v~ kY IE(E, )1
=0

Proof. Taking v = % € V" in (1.5) (and in (1.7)) gives

ul —ul uh—l-uh uh—l-uh ul —ul uh—l-uh
(2, =) +v|V(ZE5O)I? + ahk(V——-2, VL —0)
k 2 k 2
uh—l-uh
= (£(t3), =5 —2). (3.1)

Apply the Cauchy-Schwarz and Young inequalities. This gives

1* = [Jug | [V |* — [[Vug|?
2k
u}f—l—ug

2

[uz[|* = [lu

2k

uf +uf!
2

vL|£(t

+v||V( ? + ahk

< 2+ V()2 (32)

1
2

| =

Thus, on the first time level we obtain the stability bound

h h
u; +u —
HU?H2+VkHV(%)H2+athVu'fHQ < ug|® + ahk||Vug | + v K| £(L)]2). (3.3)
h h
Now consider (1.6) for n > 1; let v = u"%—ku" € V. This gives
h ho ik h h h h h h h
u —u, u +u u +u u —u u +u
( n+1 ’I’L7 n+1 n) + VHV( n+1 n)||2+ahk(V( n+1 n),V( n+1 n))
k 2 2 k 2
h h
ul  +u
= (f(ty,1), —55—"). (3.4)
Applying Cauchy-Schwarz and Young inequalities leads to
a2 — lahl2 S vul L2 — (|[Vah |2
I I oo+l a g IV — [V
L 1 2 1 up g
< S ()2 + P (35)
Simplifying (3.5) gives
hoo2 h 2 wh Fup hoo2 b2
(lhap 2 17 = llan 1) + vA [ V(==25—)I + ahk([[Vag 17 = Va7
<vTRIE( )20 (3.6)



Summing (3.6) over the time levels gives

b2 - uly Fup o2
|2+ 5 D vV (=) + o] Vg |
=1
< [ + ahkl| Vi + kv I )17 (3.7)
=1

Finally, using the bound on (||u}|? + ahk||Vu’|?) from (3.3), we obtain that for all n > 1

B2 . ul +ul B2
[ |17+ 5D v V()1 + ahk|Val |

, 2
=0
n
h h _
< l[ugl? + ahk]| Vgl +k v I )12 (3.8)
i=0
This result, combined with Proposition 2.1, proves the Proposition. O

Hence the method is unconditionally stable. The question remains: how fast does u”

converge to u? To evaluate the rates of convergence as h — 0, we must make a specific
choice of X", Q".

Theorem 3.1 (Velocity Convergence Rates). Let the finite-element spaces (X", Q") in-
clude continuous piecewise polynomials of degree m and m — 1 respectively (m > 2), and
satisfy the discrete inf-sup condition (2.1) and approximation properties (2.3)-(2.5). Let
OHuHLOO(QT;Hm*l(Q))khmi% S 1/2, and
w e L0, T; H™H (@) 1 L(0, T; L(9)) N (0, T; H'(Q)),
Vu e L*(0,T; L™ (),
u; € L2(07 T7 Hm+l<Q)) N LOO(()? T; L2<Q))7 vutt € L2(07 Ta Hl(Q))a
pu € L*(0,T; L2(€2)).

Then there is a C = C(v,u,p,T) < oo such that ¥Yn € {0,1,...,N — 1} the error in
Algorithm 1.1 satisfies

n uli; —uh ul(t; —uh %
Hu(tn_i'_l) - u2+1” + <kZl/HV(( (t +1) ’L+12) + ( (t ) ) ))HQ)
=0

+azh2k? |V (u(tn) — uly )|l < Clv,u,p) (K™ + ahk + k2) .
The rest of this section will be devoted to proving this theorem.

Proof. Consider the variational formulation corresponding to the Navier-Stokes equations
(1.1), for any time ¢, in X",

(g, v") + b* (0, u, v") + v(Vu, Vvh) — (p, V- v") = (f,v"), wv" e X" (3.9)



Then subtract (1.6) from (3.9), taken at t = tn+%, to get

h h h h
u —u u +u
(et 1) — % v +u(Vu(t,, 1) - V("

- ah(v( n+1 ’}rlz)?vvh) +b*(u(tn+%)7u(tn+

=

— p(B, ), “Z“;“Z,vh) (plty )~ P E2E) gy g 3.10)
Let the velocity error be decomposed as
e, :=u(ty) — U-Z = (u(ty) —Uy) — (UZ -U,) =n, - d)fw (3.11)
where U, is the Stokes Projection of u, into V" (therefore ¢! € V" but n,, ¢ V"). For
& =e, ¢" or m, define £n+% = %

Add and subtract
(u(tn+1) — u(tn) : Vh) + V(v(u(thrl) - u(tn) )’ Vvh)

k 2
Fah(V(u(tnsr) — u(ty)), vvh) — (Pt F2) o oy

2
6 (lty3) + Blutta), ultn )] + Bl wl ), 20 )

0 (3.10) to obtain the error equation (recall also that (¢", V- v?) = 0,v¢" € Q")

(wavh) + v(Veni2, V") + ah(V(ent1 —e,), Vv")

p(tn + p(tn *
_ Plne) T00n) o gy Bl ] e V")

2
+b* (Elen, en—1), uft "“); ultn) VY + T(u,pivh), (3.12)
where
vy = (280D v o) 280 gy v
(Y (u(t) — u(t)), Vo) - (AR ) g
7t ), M)y oy
b (Efuta) u(te-)] — ). “(t"“); ultn) oy, (3.13)

Using the error decomposition (3.11) and setting v = ¢Z+1/2 in (3.12) gives

(H¢>n+1ll2 — 1 0I?) + IV ey ol* + 7(”V¢n+1‘|2 IV eRI*)
M
= (#, ¢n+1/2) + V(Vnnﬂ/za V(15n+1/2)

Fok(V(Met =y gy EIe) 220D g ogn )

k 2
* * n +u
+b (E[u'ilwuz—l]ann—&-l/%d)ZJrl/Z) + b (E[nnann—l] ( +1)2 ( )7¢n+1/2>
* u(ty +u(ty,
s (Elgh. @l ], ML) gy Tl ) (3.14)

10



since b* (E[uf;, uZ—l]v ¢Z+1/2, ¢Z+1/2) =0.
Also it follows from the choice of the projection U,, that

p(tn—i-l) + p(tn)

V(Vﬂn+1/2, V¢Z+1/2) - ( 2

~¢"V- ¢Z+1/2) =0.

Applying the Cauchy-Schwarz and Young’s inequalities to the linear terms on the right
hand side of (3.14) gives

S 9l = 1882 + 2Vl 1 ol + S IV Bl I? ~ IV 641P)
< Oy T2 g oy o (T 2
+H 0 (Blug, 0], 112, ¢Z+1/2> |
(B[], u(tns1) +u(tn)

7¢Z+1/2) |
+ u(ty)

2
ln
(Bl ¢l ] M ) g Tl 39)

For clarity, we analyze each of the remaining nonlinear terms on the RHS of (3.15) indi-
vidually. Here we use frequently Lemma 2.1 and the inverse estimate (2.2), together with
Young’s inequality.

We start with the first nonlinear term in (3.15). Adding and subtracting the quantity

b*(Eu(ty), u(tn-1)], Mnt1/2> ¢Z+1/2), and using Lemma 2.1, followed by Young’s inequality,
we get,

b*(E[u27uzfl]7nn+1/27¢z+1/2)
1% _
< ellohiel® + Cr T IVE(E) ultn )] [V, o]
+ CvYVEM 1 )IP V711 2l
+ ClE[@h, ot 112 IVESLE, &l V2V n,5120 VL ol (3.16)

The first two terms involving the operator E[-, -] can be bounded by using its definition
(1.4) and regularity assumptions on u,

3 1
IVE(ta), ultn-1)lll =€ and  [[VE[,, m ]l < 51Vl + SIVD0al (3.17)
For the third and fourth terms, we also need the inverse estimate (2.2), resulting in

1E[#n. 1]l IV E[), o]l Cllphll + b 1) (IVenull + IV 1 1),

Ch(llnll + ln-al)?,

IA A

so that

B[, ]I IVES, o121Vt 2l 1V i o
< CR PV poll (180 + i) (1011 + [l ), (3.18)

11



Putting (3.17) and (3.18) back into (3.16), we have

b*(E[uZ, uﬁfl] nn+1/27 ¢Z+1/2)
< H¢ na1jall® + CvTHIV,
+CV_1(HV%H2 VIl (V72,1121
OR[N 1ol (1001 |2 + 1001 + [ dh |- (3.19)

For the second trilinear term, use Lemma 2.1 and the assumption that ||Vu(t)] is
bounded for any ¢ € [0,T]. Then we apply Young’s inequality and (3.17), resulting in

tn tn
Mltw) + ) g

IA

0" (B[N, M1l CIVEM )l V1o
_1(||v77n||2 + 1V, )

HV¢ el (3.20)

IN

The third trilinear term is bounded with the help of the third inequality in Lemma 2.1
and the regularity assumptions on u. As a result,

u(tni1) +u(tn)

b*(E[fISZ,QSZ—lL 9 ’¢n+1/2)

IN

ClEler, ¢ ]IV 5l

< Cv (k]I + llon 1 1?)
14
+T6||V¢Z+1/2|’2a (3.21)

A

where the last step follows from Young’s inequality.
Now, with (3.19), (3.20) and (3.21), the error equation (3.15) can be rewritten as

1
o7 (@0 l” = llonll®) + HV¢> ni1joll” + fﬂw wrl” = 1V eLl*)

—11 M 77n - Tn Tn -
< O =2y oy tank| V(L 2 4 00 [T
O[T, 2 + 93,12V o]

OV ([T, 2+ 93,1 2) + Co (51 + )

+Ch V001 o |15l + D01 + Dl a IP) + 1 T(w,ps @y o), (3:22)
and what is left is to bound | T'(u, p; Z+1/2) |. Each of its four linear terms can be bounded

by the Cauchy-Schwarz and Young’s inequalities, together with the estimates in Lemma
2.3. We take care of one at a time below.

u(t, —u(t,
I( ( H)k () —W(tpy1/2), n+1/2)| = 80HV¢ +1/2||2+CV Y lwe (tnga, ) |17, (3.23)

"t 1)), VOl ) S T ol
O Ta(tnsan) I (3.24)
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ahk|(V(u(tn+1)_ ultn )) Vi, 1))

’ IV 1 joll” + Cv a2k Vg (0, )*(3.25)

’*80

|(p(tn+1) + p(tn)

5 ||Vl naryel® A+ OV [ (tao, )| (3.26)

P(tny1y2): V- ¢Z+1/2)| < A 20
for some 61, 60,605,604 € (0,1).

For the two nonlinear terms in |7 (u, p; ¢n+1/2) |, use Lemma 2.1, Lemma 2.3 and
Young’s inequality, together with ||Vu(t)|| < C, for any ¢ € [0,7]. This gives

b*(E[u(tn)7 u(tn—l)] - u(tn+1/2)7 u(t"+1)2+ u(tn) ) ¢)n+1/2)
- ‘b*(u(tnﬂ/z) u n+1)2+ ultn) _ U(tni1y2), Phisa)
< @IV Cu(ta) — Sultas) — ulty2) [Ny g )

@)V “*”; ultn) = s Il I

< v Vuultnsan) I + o[Vl (3.27)

for some 65 € (0,1).
Combining (3.23)-(3.27), we have

HV¢ ne1jll” + Cv T ([use (tnso) 12 + llpee(tove,)|°)
CW’~€4IIVHtt(n+05)||2 v WK | Vu(tnr) %, (3.28)

| T(w,p; @y j0)| <

so that error equation (3.22) gives

1 v ah
s U18nl” = llgnl®) + S IVen 1 oll® + 5 (1l — [Venl?)

< Cy_lnww + Cu_lathV(W)w

+CVH IV 7 + 1V, 1 [P V720121
OV IV 12 + V0,1 %) + Cv™ (gl + lldr 1 11%)
OR[N 410l (10— 12 + 001 + 1 dh i [1P)

+Cv B ([ uee (o) |1 + pee(tnso,) 1)
+Cuk4HVutt(tn+95)H2 + Cl/_la2h2k2HVut(tn+93) H2 (3.29)

+ CV_1||V77n+1/2H2

Multiply both sides of (3.29) by 2k and use (2.12),(2.15) together with the approximation
properties (2.3)-(2.5) of the spaces (X, Q"). Then sum over the time levels from 1 to n,

13



choosing Ug = ug, which gives qbg =0, and

Iprsill® + £ D vIVRL joll® + ahkl| Ve, |12
=1

< ”¢?H2 + ahk|fv¢}f||2 + CV?1h2m+2HutH%Q(Q,T;HmH(QD

+CV*1ah2mHkHutH%?(O,T;Hmﬂ(ﬂ)) + CV?1h2mHUH%Q(O,T;H"‘H(Q))

FOv R [al| T2 o 1 prme a)

+CV_1h2mHu||%2(o,T;Hm+1(Q)) + Cu_lk4(||uttt||%2(0,T;L2(Q)) + HpttH%Q(O,T;L?(Q)))
OV [V uullF2 (o 72 () + OV @ R2E [ Vael T2 1,120

O S (I P + 1)

=1

FOR™ S [t o) ba (198l + 1811 + @l ) (3:30)
i=1

Since u € L>(0,T; H™1(€)), the last two sums in (3.30) can be combined as

CHU-HLOO(O,T;Hm+1(Q))hmig/zk”(ﬁZJrlH2 +C(hm 3% + Vﬁl)kz ]|
=1

Using the regularity of u and p, and the assumption that CHu\|Loo(07T;Hm+1(Q))hm*:s/zk‘ <
1/2, the error equation finally takes the form

1 n
§H¢Z+1||2 + kY vVl ul® + ok Ve |
=1
< || + ahk|| V| + Crv (2 + A2 + ahk + h*™)R*™
+Cv 2Rk + C (v )k

+CEY (v ) g2, (3.31)
i=1

To complete the proof bounds are needed for (b}f in the above estimates. These bounds
depend upon the way the first time step is taken, and there are two possibilities (1.5) and
(1.7); we shall analyze both. Both lead to an optimal velocity error estimate. The more
expensive method (1.7) also leads to an optimal pressure error estimate (in Theorem 4.3
below). The error equation for ¢} is the same as for ¢! except for the nonlinear terms, and
is treated in the same way, except for the nonlinear term. Therefore, we go directly to the
treatment of the nonlinear term in both cases (1.5) and (1.7).

We start with formulation (1.5). Adding and subtracting b*(u} — u(t), %, v
to the nonlinear terms in (3.10), we have

ugf + uff

b™(u(ty/2), u(t1/2)7vh) — b*(ug, 5 V= b*(u(ty/z), u(t1/2)7vh)
+ b*(ul, el/g,vh) — b*(ep, u'(to);—u(tl),vh)
+ b (ulto), ‘W,vh). (3.32)

14



Taking v = ¢}1‘/2, the second and third terms in (3.37) can be treated exactly as in (3.16),
(3.20) and (3.21). The first and last are bounded as follows. Using Lemma 2.3 and the fact
that there exists ¢y € (0, k) such that u(t;/2) —u(to) = kuy(ts), we obtain

(tl) + u(t[))

b (u(to), ) — b (ultyyo). ulty), 8L )]
= [b*(u(to), u (t1/2) + Ck*uyl(ty), 1/2) = b*(u(tyy2),ultij2), ¢’11/2)|
< 1 (ulto) — ult o), ults o), B ,)] + CREB ulto) un(ta), & )]

< Kb (w(to), ultyya), @1 o) + CE? |6 (u(to), u(to), 5|
< K|b*(wi(te), ultyya), 91 o)l + ev[[VB) o> + Cv R, (3.33)

In order to bound the first term in (3.33), we use integration by parts and Holder’s inequality
to obtain

b (wi(t), ultyy2), Bl e) = (wilte) - Vultyja), @) + %(V'Ut(t9)7u(t1/z) “@lly). (3.34)

Thus,

kIb" (wi(to), ultyjn), @ po)l < Ch(|[uelto) [ Vultyy2)ll <o
+H[Vus(to) [ty /2)l| 2 @) |91
< Ok3+f||¢1/2\|2' (3.35)

Now use the bounds (3.33) and (3.35) in the error analysis at the first time level (note that
}1”/2 = 1}, since ¢ = 0) to get

11117 + vk VL + ahkl|VeL|> < Clv™'kh>™ + v~ kh*™ + v~ kh> ™2
+V a2h2k3 + V_lah2m+1k'2 + l/_lkh4m
+v D 4 kS kY. (3.36)

If formulation (1.7) is used, then, instead of (3.37), we obtain, by adding and subtracting
b*<u}f;ug - u(tl)«gu(to) (t / ) u(t0)+u(t1)

v") to the nonlinear terms in first time level

analog of (3.10), the following

ug + u}f ug + u’f vh)
2 7 2 7

u(t1) + u(to) ’ Vh)

2
u(to) + u(ty)
2
u(to) +u(t1)
2

b (u(ty2), u(ty2), v*) — b*(

= b (u(tiy2), ultyy) —

h h
« Ug+u *
+b ( . 9 1791/27vh) —b (e07

nlfo) +ulhs) —; mih) _ u(ti/2),

V")

+b*( v (3.37)
Taking v/ = ¢?/2, the second and third terms in (3.37) can be treated exactly as in (3.16),
(3.20) and (3.21). The first and last are similar, since, after application of Lemma 2.1 and
regularity assumptions on u, both can be bounded as

u(to) + u(ty)

CIV (u(tyy 0

)H||V¢1/2|| < 6V\|V¢’1‘/2H2 + C’y_lk;‘l’

15



with the help of Lemma 2.3 and Young’s inequality. This leads to the upper bound

|p112 + vE|| V|2 + ahk||[Vol? < C tkh®™ + v kR®™ 4 v~ kb2 +2 4 = 1a2h2k3
v tah®™ 2 4y et ™ 4 T RS 4 wkS). (3.38)

This bound is sharper than (3.36), but it will not contribute to a higher order estimate. We
thus insert the bound for ||@%||> + ahk|| V|2, obtained in (3.36), into (3.31), which gives

it o
lhall® + ka HVL

=0

)I? + 2ahk|| V) ||

<Cw+v ) (P + PR+ k) + v (kD) ef]?). (3.39)
=0

Hence, it follows from the discrete Gronwall Lemma, that there exists C = C(v,Q,T,u,p)
such that for any n >0

i+ o
| rsall” +/<:Z IV L>H2 + ahk|| V41
1=0
< C (R + o®h*K? + kY) . (3.40)
Finally, the statement of the theorem follows from the triangle inequality. O

4 Error estimates for time derivatives and pressure

In order to prove pressure stability and convergence, we need to derive a bound on the time
difference of the velocity error HWH

Theorem 4.1. Let the finite-element spaces (Xh, Qh) include continuous piecewise polyno-
mials of degree m and m — 1 respectively (m > 2) and satisfy the discrete inf-sup condition.
Let the assumptions of Theorem 3.1 be satisfied and

Vuy € L*(0,T; L>(Q)), Auy € L*(0,T; L*(2)),

uyy € L°(0, T L2(Q)),
Vpu € L*(0,T; L*(Q)).

Then, if the finite element approzimation u? is defined by (1.5)-(1.6), there exists a constant
C =C(v,u,p,T) < oo such that

e, +en_1

€n —€n—1,,2 - 2
I AT

€11 —€; ez 1
S S| =S TR
=0 =0

< C(h*™ 4 o2k + h3k° + k). (4.1)

I/k2HV<
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If the finite element approzimation ul is defined via (1.7)-(1.6), then there exists a C =
C(v,u,p,T) < oo such that

ept+en1

€np —€en—1
vk [V (Z——=)|1> + v[IV( 5

A P

n—1 n—1
€i+1 — € €i+1 — €
+ kZH7+k H2+ahk-kZHV(7+k )k
=0 i=0

< C(h?™ 4 o®h2k? + h3K8 + kY. (4.2)

h  _ th
Proof. Consider the error decomposition (3.11). Take v/ = w € V" in (3.12),(3.13)

to obtain
b1 — b o IV all® = VR
R + k]| v (2L O 2
h h h
Np+1 — Mn ¢n+l_¢n MNn+1 — ¢n+l ¢n
(et e Pt = P (et e (FreeL = P
t t h_ th
_(W_qh7v.”+1k d)n)
+b (E[u(tn)ﬁu(tn—l)]7en+1/27 +1/€ )

. D1 —
—b (E[nmnnfl]ven—i-l/% +1k‘ )

h
+b*(E[¢n7 ¢n—1] ’ en+1/27 w)

u(tns1) +ult >¢>n+1 #!
2 k

¢n+1 ¢n

+b*(Elen, en—1], )

—{—T(u p; n+1 ¢n

— % ) (4.3)

where, using Taylor expansion,

T P20y (Bl 2wl ) S

h
+ahk(v(nn+1_nn) V( n—l—lk ¢ ))

3
q""“k D5} 4+ O (w(tso).
u(ty41) + u(tn) ¢Z+1 - ¢n)
2 2
h
+CR b ((ty1/2), unt(tnse), d)nHk Pn =)

h _ h h __ h
+ahk(v(un+l un) v(¢n+1k ¢TL))

k
¢n+1 ¢n
k

¢n+1 ¢)h

+CE* v (Vuy(tnte), V( k

—=)

+CK*b* (up(tnro),

+CE* (pre(tnve), V - (5 —)), (4.4)

for some 6 € (0,1) and V¢" € Q™.
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Also it follows from the definition of Stokes Projection that

o P =0 pltnr) (b

- _ qh7 V. ¢n+1 ¢h

T’n—i—l
v(V( 5 ?

Y

ny=0. (4.5)

We bound the four nonlinear terms on the right-hand side of (4.3), using Lemma 2.1
and Cauchy-Schwarz and Young’s inequalities. For the first term integrating by parts and
applying Hoélder’s inequality gives

0" (Blu(tn), ultn-1)]:entr 2 “k ")l
bnii — b
= |(E[u(tn)au(tn—1)]'ven+1/2v +1/€ )
1 h+1_ h
+§(v -Ela(tn), utn-1)] eny1/2 - %)‘
d)h |- h
= [(Eu(ta), ulta1)] - Veniyj, =)
h - h
< C||Ven+1/2|\\|%”
¢n €n +en
< o = ||2+CHV(%)H2 (4.6)

Using the first bound from Lemma 2.1 and the inverse inequality (2.2), we obtain the bounds
on the second and third nonlinear terms

b (B0, 01, €012 “k D < ChVEm 1)l Venoll] “k ]l
D1 — P 1o
< el
_ 3 1 €1+ ey
+ Ch 2V (G — 5 DIV () [f4.7)

and, using also the intermediate result (3.40) of Theorem 3.1,

b"(Eld,, &1, Cn+1/2; n+1k¢h)
< CHS1 Bl o ISy P = 05
< of T "“ PR Onem 4 o k4>\|v<*e"“; (48
Finally, consider the fourth nonlinear term. Use the obvious identity %en — %en,l =
w% + (en, — e,—1) and the regularity of u. It follows from the last inequality of Lemma
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2.1 that

u(tn+1) + u(tn) ¢Z+1 - ¢Z)|
2 ’ k
e, +ep_1 u(lyi1) +u(ty) ¢n+1 ¢h)|
2 2 ’ k
h
+b" (M — M, ("“)2 utn ),d)"“k ¢”)\

o Oh = dh L utyg) +ulty) dhi — P
b (B 5 )|

¢Z+1 - ¢7}7L, 2 €pt1t€en, 9
Puer ~bu ey Curt Eon,

h _ _h
¢n k¢n—1)H2.

|b*(Elen, en—1],

< [o¥(

< o

+ C||V(

+C(R*™ 4+ o®h%E? + k') + CK?||V( (4.9)

ho ok
Insert these bounds in (4.3). The bound on |T'(u, p; W)\ is obtained as in the proof
of Theorem 3.1. Choosing € = i gives

1 Phi1 — Do Ve +1||2—||V<Z5h||2 D1 — Pn

2
L=y - U (Pt = P
_ 4h
< CHv(en+12+ en)HZ—i-CkQHV((p" k(bn—l)HZ+C(h2m+a2h2k2+k4)
FOR3 (M + 2322 + 1) |9 (ST 2 (4.10)
At the first time level, take v _ $iat ¢° ; taking Ug = u0 in the initial error decomposition
gives qbg = 0. For the constant extrapolatlon (1.5) we obtain
Lot =g, IV —IVesl® | Hv(qb? — 92
2 k 2k k
2m 27212 | 14 * P! — b5
< O™ + a”h“k” + k%) + kb*(uy(tg), uy /o, T) (4.11)
If we use (1.7) instead of (1.5) at the first time level, we have
1H¢}1’—¢’8”2 . Ve - IIV%H2 Hv(fb}f—qﬁff)nz
2 k 2k k
<C th 2h2l€2 k4 ka* ¢ ¢§L B ¢8 4.12
< C( +a + k%) + (e ( G)vul/QaT)' (4.12)

Sum (4.10) over the time levels n > 1 and add to (4.11) (or to (4.12) in the case of linear
extrapolation). Multiply by 2k to obtain

¢7,+1 E hoo2 - ¢7,+1 b
kZH + vVl lP k- kY |V(

=0

)2

-1 o, — Pl
< CK kY ||V(%)||2 + C(h®™ + o?n%k? + k* + h3k®)
=0

h ok
+k2+ab*(ut(t9)v u(t1/2)7 M

), (4.13)
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where o = 0 for the constant extrapolation (1.5) and o = 1 for the linear extrapolation
(1.7).
For any n > 1, add the inequalities (4.13) at the time levels n+1 and n. Use the identity

Ly oo Pt — O Phi1 + D
IV l® + [VohII* = §k2\lv(%)ll2 + 2HV(%)H? (4.14)
At any time level n > 1 we obtain
1 D1 — P Phi1 + Dy
k(e 2u||v<%>u2
b bl1 — F
+k2 PPy an kY (PO
=0

IN

. 1 Pl — B!
Cvt. kzz§uk‘2||V(%)H?
=0

+C(h*™ + o®h%k* 4+ k* + h3E®)

d)O)

R (glta) ulty o), P (4.15)

k
Next, decompose the last term in the right-hand side of (4.15), using Lemma 2.1 and Young’s
inequality. This yields

) ¢)1

10 (), ), 220 < L 2B o (116)

k

Hence it follows from the discrete Gronwall Lemma that

h h
¢n+1 - ¢n

n + 7
L u?wZu“ i

vE?(|V(

+ahk - k Z V( Z“ — ol M2 < Ch*™ + o®h2k? + k% + 3727 4 h=3k8). (4.17)
=0

The proof of the theorem is now concluded by the triangle inequality. O
For the stability of pressure we will need the following d priori bounds

Lemma 4.1. Let the assumptions of Theorem 4.1 hold. Then there exists a constant C =
C(v,u,p,T) such that for any n

i e; e; t;
an “ ||<k2u o H+kZH alten) 0t <

h _h
2|7 (e

; e <o

)2+ k2uv<““"“) -

€pt+1 —€n
P < 2w (S =5 -

k

Proof. Use the decomposition uzh = u(t;) — ;. The triangle inequality completes the proof.
O

20



Theorem 4.2 (Pressure Stability). Let (ul,ph) satisfy (1.5)-(1.6) (or (1.7)-(1.6)). Let
f€L?0,T; H () and let the assumptions of Theorem 4.1 be satisfied. Then,

n—1 _h h
Pi + P
kz H%H < C(ugaf7ﬁh)a
=0

where (" is the constant from the discrete LBB" condition (2.1).

Proof. Consider (1.6). Using the Cauchy-Schwarz inequality, the first bound from Lemma

h h h _nh
2.1, the discrete LBB" condition (2.1) and the identity %UZH — %uﬁ = u"“;u" —I-k:u"Jr}C dn
we obtain

h h h h h h
p +p u —u u +u
BU P < [ o+ v V()|
2 k 2
h h h h
u —u u +u
b 7 (L |y (B 2
R R
u',;—u
+C’f2HV(%)H2 + £ Et1/2)l-1-
Sum over all time levels; the bounds of Lemma 4.1 complete the proof. O

We conclude this section by deriving the pressure error estimate.

Theorem 4.3 (Pressure Convergence). Let (u?, pl) satisfy (1.6) for n > 2. Let (u},ph)
satisfy the constant extrapolation (1.5) or the linear extrapolation (1.7). Then, under the
assumptions of Theorem 4.1,

n—1
B p(tisy2) = ol < Cvyu,p, TY(B™ + ahk + W3k + K2/2102), (4.18)
=0

where 0 = 0 for the constant extrapolation and o =1 for the linear extrapolation.

Proof. Consider (3.10), which holds true for any v € X". Decompose the pressure approx-
imation error into

Pltar1) = Phiy = (Pltus1) = 1(p)) — (W1 — 1(D) = Tlns1 — P, (4.19)

where gZ;ZH € Q", I(p) is a projection of p(t,41) into Q".
Use the error decomposition (4.19) in (3.10) and apply the discrete LBB" condition to
obtain for any n > 1

ﬂhHWn < SR04 oSS
OV (I 24 029 2 + ok 9 ()|
V(LI apk (S|
| WH 4 CUk? + CR? + Cahk, (4.20)
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Hence from the triangle inequality we get

g @) “ i) £ @) )y o ey gy St teny)
O V(SRS 2+ or v (=2 2
M|V (=t v (LS|
+athV(@)n + CVk? + CK? + Cahk
a2l £ o)

On the first time level consider the constant extrapolation (1.5). Using the discrete
LBB" condition and (3.36), we obtain the following bound (which can be improved in the
case of linear extrapolation):

(p(t1) — pt) + (p(to) — pf) |

5 | < C(k* + ™ + ahk). (4.22)

Bk

Add the inequalities (4.21) for all n > 1, multiply by k£ and add to (4.22). The proof is
concluded by applying the result of Theorem 4.1 O

5 Physical Fidelity: Conservation of Integral Invariants

We begin by proving that CNLEStab exactly conserves a modified kinetic energy.

Proposition 5.1. Let the boundary conditions be periodic; assume also f = v =0 . Define

1

Kinetic energy in (1.6)= KE(t,) := 33

[llaf|* + akhl|Vug ]
The method exactly conserves kinetic energy. Specifically, for all t, > 0

KE(t,) = KE(0).

h h
Proof. Set v = w and v =f =0in (1.5)-(1.6). O

Exact conservation of helicity likely does not hold for CNLEStab. We thus consider
approximate helicity conservation experimentally by considering and inviscid (v = 0) fluid
with no forcing term (f = 0). A comparison of the CNLE and CNLEStab under these
conditions, in Figure 1, shows that, for a fixed mesh size, CNLEStab nearly conserves
helicity, while CNLE does not. Both conserve kinetic energies during these experiments.
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CNLESTAB vs CNLE at h=1/32 for inviscid flow
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Figure 1: Conservation of helicity, CNLE (o = 0) versus CNLEStab (a = 1)

A comparison of the CNLEStab performance for different mesh sizes is shown in Figure
2, confirming that as the mesh is refined, conservation of helicity improves.

Helicity Conservation of CNLESTAB for inviscid flow at different mesh widths
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Figure 2: Conservation of helicity for different mesh sizes in CNLESTAB (with o = 1): as

h gets smaller, helicity is conserved longer.
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6 Physical Fidelity: Predictions of the Turbulent Energy
Cascade

We consider the energy cascade predicted by (1.1) in the case of homogeneous, isotropic
turbulence. Motivated by the consistency error argument, we consider the modified equa-
tion of the method (1.1). Since ah(Vu(tp+1), Vv) — ah(Vu(t,),Vv) = —ahk(Au, v), we
postulate a fluid with equations of motion given by: w : Qx [0,7] — R%, ¢: Qx(0,7] — R
satisfying:

W —ahkAw)i+w-Vw —vAw+Vg=1f, forx € Q,0<t<T
V-w=0,x € Q forO0<t<T,

periodic boundary conditions on 0%, for 0 <t < T, (6.1)
w(x,0) = ug(x), for x € Q,

and the usual normalization condition in the periodic case that [, ¢(x,t) dx = 0 on ¢ =
w,q,f,ug for 0 < t < T. Thus we explore more subtle effects of the stabilization in
Algorithm 1.1 through its modified equation (6.1).

We multiply (6.1) by w and integrate over the domain and time to obtain its precise
energy balance given by

1 T
SUIW @ + ahk] [ Vw(B)][*} + /O vl[Vw(t)||* =
1
S UIW(O)I + ahk[[Vw(0)[|*} + (£(£), w(t)).
We can clearly identify three physical quantities of kinetic energy, energy dissipation

rate and power input. Let L denote the global length scale, e.g., L = vol (Q)l/ 3. then these
are given by

1
Modified equations kinetic energy: E,,ode(W)(t) := ﬁ{HW(t)H2 + ahk||Vw(t)]|?}, (6.2)
Modified equations dissipation rate: €poqe1(W)(t) := %|\Vw(t)||2, (6.3)
1
Modified equations power input: P,oqe1(W)(t) := ﬁ(f(t), w(t)). (6.4)

The kinetic energy has an extra term which reflects extraction of energy from resolved
scales. The energy dissipation rate in the model (6.3) is the same as for NSE equations.

Equation (6.1) shares the common features of the Navier-Stokes equations which make
existence of an energy cascade likely, e.g. [F95], [P00]. First, (6.1) has the same nonlinearity
as the Navier-Stokes equations, which pumps energy from larger to smaller scales. Next,
the solution of (6.1) satisfies an energy equality in which its kinetic energy and energy
dissipation are readily discernible, and for ¥ = 0 the kinetic energy is conserved through a
large range of scales/wave-numbers. Since both conditions are satisfied we are to proceed
to develop a quantitative theory of energy cascade of (6.1).

6.1 Kraichnan’s Dynamic Analysis Applied to CNLEStab

The energy cascade will now be investigated more closely using the dynamical argument
of Kraichnan, [K71]. Let II,,04¢(%) be defined as the total rate of energy transfer from all
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wave numbers < £ to all wave numbers > £ (not to confuse the wave number s with the
time step k). Following Kraichnan [K71] we assume that II,,,4¢ (k) is proportional to the
total energy (KE04e()) in wave numbers of the order x and to some effective rate of
shear o (k) which acts to distort flow structures of scale 1/x. That is:

Hmodel(”) = O—(H) R Emodel('kﬂ) (6'5)

Furthermore, we expect

O-(’%)Q = Aﬁp2Emodel(p)dp (66)

The major contribution to (6.6) is from p ~ k, in accord with Kolmogorov’s localness
assumption, [Kol41]. This is because all wave numbers < x should contribute to the effective
mean-square shear acting on wave numbers of order k, while the effects of all wave numbers
> K can plausibly be expected to average out over the scales of order 1/x and over times
the order of the characteristic distortion time o(x)~!.

Let E(k) := limsupy_,o, = fOT E(k,t) is the distribution of the time averaged kinetic
energy by wave number. Here, we have E(k,t) = %Zlk‘z,{%m(k,ﬂp where L - the
reference length, k, x - the wave number vector and the wave number respectively, and
u(k,t) - the Fourier modes of the Navier-Stokes velocity.

We shall say that there is an energy cascade if in some “inertial” range, IL,04e1(k) iS
independent of the wave number, i.e., Il ,04e1(K) = €moder- Using the equations (6.5) and
(6.6) we get

2/3  —5/3
Emodel(’/”') =€ odel™ /

We have the relation

E modet () =~ (1 + ahkr?)E(k). (6.7)
Using (6.7) we obtain:
Model’s cutoff lengthscale ahk,
B = el for 8 €
E(k) =~ S%Sdel(ahk)_ln_11/3 , for k> W .

Therefore, (6.1) possesses an energy cascade with an enhanced kinetic energy. The extra
term in (6.1) triggers an accelerated energy decay of O(k~'/3) beyond the cutoff length
scale. Above the cutoff length scale (6.1) predicts the correct energy cascade of O(k~%/3).

7 Computational Tests

We first test convergence rates for a problem with a known exact solution. The example is
one for which the true solution is known,

cos(2m(z + 1))
u=|sin(2n(z+1)) |, (7.1)
sin(27(z + t))
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and then the right-hand side f and initial condition ug are computed such that (7.1) satisfies
(1.1). We selected this test problem because it is simple but already possesses complex
rotational structures.

For a« = 1, v = 1 and final time T" = 0.5, the calculated convergence rates in Table 1
confirm what is predicted by Theorem 3.1 for (P», P;) discretization in space.

h [|Jlu—ut |l | ratio | rate
1/8 0.6910 - -
1/16 0.1772 3.8995 | 1.9633
1/32 0.0447 3.9642 | 1.9870

Table 1: Experimental convergence rates.

Next we give a simple test of the positive effects of the stabilization on the methods
complexity. The linear solver used in the simulations was (unpreconditioned) Conjugate
Gradient Squared (CGS). On a h = 1/16 mesh in R3, with v = :L; and the same true
solution (7.1), the number of CGS iterates needed for the first 8 solves of Crank-Nicolson
with Linear Extrapolation (CNLE), i.e. @ = 0, and CNLE with stabilization (CNLEStab,
a > 0) are compared in Table 2.

time level | CNLE | CNLEStab
1 349 193
2 350 199
3 347 200
4 372 212
5 348 206
6 347 206
7 351 205
8 365 192

Table 2: Number of CGS iterations for CNLE versus CNLEStab.

The linear system to be solved at each time step is also better conditioned when o > 0.

8 Conclusions

A simple second order time stepping algorithm for the Navier-Stokes equations was ana-
lyzed. It is a modification (by introduction of artificial viscosity stabilization and correction
for the associated loss of accuracy) of the commonly used Crank-Nicolson scheme that re-
quires the solution of only one linear system per time step. We not only proved that it
is unconditionally stable and investigated how the rates of convergence for velocity and
pressure behave, but we also went beyond error analysis. We showed that this scheme con-
serves kinetic energy exactly, and provided experimental numerical evidence that it nearly
conserves helicity, an important integral invariant in three dimensional rotational flows.
Dynamic analysis applied to their algorithm reveals the existence of an energy cascade with
the correct statistics up to a cutoff length scale and with an accelerated energy decay above
the cutoff length scale. Lastly, we presented more computational tests. The first confirms
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the velocity convergence rates obtained in the analysis in Section 3, and the second shows
that even with a simple, unpreconditioned iterative method the linear system to be solved
at each time step is better conditioned than the corresponding system without stabilization.
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