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Abstract

We study extensions of the energy and helicity preserving scheme for the 3D Navier-
Stokes equations, developed in [23], to a more general class of problems. The scheme
is studied together with stabilizations of grad-div type in order to mitigate the effect
of the Bernoulli pressure error on the velocity error. We prove stability, convergence,
discuss conservation properties, and present numerical experiments that demonstrate
the advantages of the scheme.

1 Introduction

This paper extends the methodology of the enhanced-physics based scheme for the 3D
Navier-Stokes equations (NSE) proposed in [23] (defined in Section 2) from its original
derivation for space-periodic problems to a more general class of problems. This scheme is
referred to as enhanced-physics because it is the only scheme that conserves both discrete
energy and discrete helicity for the full 3D NSE. The key ingredient for the dual conser-
vation scheme is using the rotational form of the nonlinearity with a projected vorticity,
which allows the discrete nonlinearity to preserve both of the quantities. Since the (con-
tinuous) NSE nonlinearity conserves both energy and helicity, and jointly cascades them
from the large scales through the inertial range to small viscosity dominated scales [3, 5],
if the discrete nonlinearity does not also conserve energy and helicity it will introduce nu-
merical error into the cascade, and bring into question the physical relevance of computed
approximations.

It is a widely held belief in computational fluid dynamics (CFD) that the more physically
correct a numerical scheme is, the more accurate its predictions will be, especially over long
time intervals. In systems of conservation laws for fluids there is typically a second integral
invariant in addition to energy, and its accurate treatment in a numerical scheme generally
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produces more accurate simulations than do schemes that do not specifically conserve this
quantity. Beginning with Arakawa’s energy and enstrophy conserving scheme for the 2D
NSE [1] and related extensions [8], to energy and potential enstrophy schemes pioneered by
Arakawa and Lamb, and Navon, [2, 19, 20|, and most recently to an energy and helicity
conserving scheme for 3D axisymmetric flow by J.-G. Liu and W. Wang [16], enhanced
physics based schemes have provided more accurate simulations, especially over longer time
intervals.

The fundamental challenge in extending the scheme of [23] to non-periodic problems
is to avoid the large errors often present when the rotational form of the nonlinearity
and the Bernoulli pressure is used. In the usual a priori error analysis for the velocity
approximation for the NSE, a consequence that the discrete divergence free velocity is not
exactly divergence free, is a pressure error contribution

C .

> thgghllp anll (1.1)
where v = 1/Reynolds number denotes the kinematic viscosity [9, 15]. For problems whose
pressure gradients are small this term is often negligible. However, using the rotational form
of the NSE, and introducing the Bernoulli pressure p + %\u|2 can bring prominence to this
term, since the gradient of the Bernoulli pressure may be large due to boundary layers in
the velocity field.

Following recent work in [14, 17, 4], a natural way to mitigate the pressure’s error
influence on the velocity approximation is to introduce grad-div stabilization. As we show,
this reduces the effect of the Bernoulli pressure error. In the interest of physical fidelity,
we also introduce a modified grad-div stabilization having the same effect on the error, but
with less impact on the energy balance. Computational results show a slight improvement
when this alternate stabilization is used instead of usual grad-div stabilization.

This paper is arranged as follows. Section 2 presents mathematical preliminaries and
notation, and defines the scheme studied in the remainder of the article. Section 3 is a
study of stability and conservation laws for the scheme, and Section 4 presents a rigorous
convergence analysis. Section 5 shows a numerical example which clearly illustrates the
advantage of the scheme. Concluding remarks are given in Section 6.

2 Mathematical Preliminaries

We assume that Q denotes a polyhedral domain in R3. The L?(2) norm and inner product
are denoted by ||-|| and (-,-). Likewise, the LP(€) norms and the Sobolev WI? (©) norms
are denoted || - ||rr and || - ng, respectively. For the semi-norm in W]f (©) we use | - ]Wéc.
H* is used to represent the Sobolev space W§(Q), and || - || denotes the norm in H*. For
functions v(z,t) defined on the entire time interval [0, 7], we define (1 < m < c0)

1/m

T
oo = esssup ot )l and ol = ( /0 |rv<t,~>|r?dt)

)

For the analysis in this paper, we assume no slip (i.e. homogeneous Dirichlet) boundary
conditions for velocity and therefore use as our velocity and pressure spaces

X = (Hy ()%, Q= L§(®),

where @ is denoting the mean zero subspace of L?((2).



We use as the norm on X the H' seminorm which, because of the boundary condition,
is a norm, i.e. for v € X, ||v||x := ||Vv|. We denote the dual space of X by X*, with the
norm || - ||«. The space of divergence free functions is defined by

Vi={veX: (V-v,9)=0 VqgeQ}.

We denote conforming velocity, pressure finite element spaces based on a regular tetra-
hedralization, 75, of © (with maximum tetrahedron diameter h) by

XhCX, QhCQ.

We assume that X3, @y satisfy the usual inf-sup condition necessary for the stability of the
pressure, i.e.
V.o
inf sup (an, )

\n, V " Uh) (2.1)
W€Qn vrex, lanll lvnllx

Specifically, we assume that (X, Q) is made of (Py, Py_1), k > 2 velocity pressure ele-
ments. Thus we have, for a given regular tetrahedralization 7,

Xy = {Uh 2 Uple € Pi(e), YeeT,, vh € [Co(ﬁ)]?),vh’ag = O},

Qh = {Qh : Qh|e S Pk—l(e)a veETh7 qn € 00(6)7 qnh € L(Q)(Q)} .

The discretely divergence free subspace of X}, is

Vio=A{vn € Xp, : (V-up,qn) =0 Vg, € Qn}-

We also use a more general space for the discrete vorticity space. Even though the veloc-
ity satisfies homogeneous Dirichlet boundary conditions, it is believed to be inappropriate
to enforce homogeneous Dirichlet boundary conditions for the vorticity. A more physically
consistent boundary condition is instead a no-slip boundary condition along the boundary,
and hence we define the space

Wh = {’Uh TV € [CO(Q)]g,VeeTh(U}L)‘e S Pk(e),vh X n|aQ = 0} D) Xh.
We use t" := nAt, and for both continuous and discrete functions of time

e v((n+ 1)At) + v(nAt) ‘

2

2.1 Enhanced-physics based numerical schemes

We study three variations of the enhanced-physics based scheme of [23] extended to ho-
mogeneous Dirichlet boundary conditions for velocity. The first is a direct extension of
the scheme to homogeneous boundary conditions. The second scheme adds usual grad-div
stabilization (see [22]), that is, it adds the term v(V - (u™ + u})/2,V - v3) to a Crank-
Nicolson scheme. This term is derived from adding the (identically zero) term —yV(V - u)
at the continuous level. Discretely, this term penalizes for lack of mass conservation, and
is known to reduce the effect of the pressure error on the velocity error for large Reynolds
number problems [14, 17, 22]. In finite element computations of rotational form models the
(Bernoulli) pressure error tends to be the dominant error source because it is as complex
as the velocity but is approximated with lower degree polynomials, and its effect on the
velocity error is amplified by the Reynolds number. The potential downside from using



this stabilization is a change in the energy balance. However, in practice this tradeoff is
worthwhile.

In the interest of physical fidelity to the energy balance, in the third scheme we intro-
duce an alternative stabilization that provides the same effect on reducing the effect of the
pressure error on the velocity error, but with minimal impact on the physical energy balance
(Section 3). The added stabilization term arises by adding the (also identically zero) term
—V(V - u;) at the continuous level, leading to the term vﬁ(v (uZJrl —u}),V - wv) in
the FEM formulation. The computational results (Section 5) from using this stabilization
show an improvement in accuracy over the usual grad-div stabilization for our test problem.
However, we note that for steady problems this term will not have a stabilizing effect since
it will be trivially zero.

There has been recent work done to optimally choose the constant ~ that scales the
stabilization term. Herein, we simply choose v = 1 in the computations, which the analysis
suggests is an appropriate choice. However, one could also choose this parameter element-
wise, which would lead to better results [21]. We leave optimal parameter choice for these
schemes as an interesting topic of future study.

Algorithm 2.1 (Enhanced-physics based schemes for homogeneous Dirichlet boundary
conditions). Given a time step At > 0, finite end time T := MAt, and initial velocity
u?l € W, find w,g e W), and >‘2 € Qp, satisfying ¥(xn,mn) € (Wh, Qn)

(wh, xn) + (AL Voxa) = (V xup, xn), (2.2)
(V"wg,?"h) = 0.
Then for n=0,2, .. —1, find (uy, ntl n“,pZJrl )\ZH) € (Xp, Wh, Qn, Q) satisfying
Y (Vh, Xn» Gn>Th) € (thwhthth)
un+1 n 1
<hTth’”h) + STAB— (py™,V - vp)
nJr% n+% nJr% n+
+Hw, ? xu, ) +v(Vu, Vo) = (f(¢ vp) (2.4)
(V-upttgn) = 0 (2.5)
'fl+% n+1 +1
(wh aXh) + ()‘h av : Xh) = (v X Uy, aXh) (26)
L
(V-w, 2,r) = 0. (2.7)
where
0 Scheme 1
1
STAB = ~y(V - uz+2 , V- up) Scheme 2

(V- (up™ — ),V -vy)  Scheme 3

Remark 2.1. We have found it computationally advantageous to decouple the 4 equation
system (2.4)-(2.7) into a velocity-pressure system (2.4)-(2.5) and a projection system (2.6)-
(2.7), then solve (2.4)-(2.7) by iterating between the two sub-systems. This typically requires
more iterations and linear solves to converge than solving the fully-coupled system using a
Newton method. However the linear solves are much easier in the decoupled system. Note
also that for the decoupled system the work required is only slightly more than a usual implicit
Crank-Nicolson method (i.e. without vorticity projection) since the extra work is (relatively
inexpensive) projection solves. Moreover, for nonhomogeneous boundary conditions, this
decoupling leads to a simplified boundary condition for the vorticity: wyp = In(V X up) on
the boundary, where I is an appropriate interpolation operator.



3 Stability, conservation laws, and existence of solutions

In this section we prove fundamental mathematical and physical properties of the 3 schemes:
unconditional stability, solution existence and conservation laws. We begin with stability.

Lemma 3.1. Solutions to Algorithm 2.1 are nonlinearly stable. That is, they satisfy:
Scheme 1:

M—1
HuhMﬂz—l—VAtZ V Z ||f|| +H h” C(data) . (3.1)
n=0
Scheme 2:
M-1 nil]l? 12 Ap M=l , ,
Huh H +Atz 27HV~uh 2 +v Vuh 2 72 HfH*—FHu?ZH = C(data) .
n=0 n=0
(3.2)
Scheme 3:
M-1 2
Hu%’f—kaV-uhMHQ—FVAtZ VUZ+%
n=0

M-—1
SES AR+ [l + ||Vl = Cldata).  (33)

Schemes 1,2,3:

M-1 112 M-1 N2
ALY w2 <Aty [V 2| = C(data). (3.4)
n=0 n=0
Schemes 1,2,3:
M
At (IIpkl> + IM17) < C(data) (3.5)
n=1

C(data) is a constant dependent on T,v,~, f, “2 and €.

1
Proof. To prove the bounds on velocity for each of the schemes, choose v, = uZ+2 in (2.4).

The nonlinear and pressure terms are then zero. The triangle inequality, and summing over
time steps then completes the proofs of (3.1),(3.2),(3.3).

To prove (3.4) choose xj, = thr§ in (2.6) and 7, = AP in (2.7). After combining the
equations we obtain

2
+3 + +3 +3 +3
’wZQ (qun 27“’2 ) < HVXuZ2 ‘wZQ
2 2
1 L 1 1 1
< HVX ok +2‘wz+2 < HVuZJF? +2H Z+2

Rearranging, and summing over time steps we obtain (3.4).
To obtain the stated bound for A}, we begin with the inf-sup condition satisfied by
X3, (C Wy) and @), and use (2.6) to obtain

1 1
1 AV 1 V xu, 2, xn) — (w, 2,
||)\ H < — sup M < = sup ( h Xh) ( h Xh)
Bnex,  lIxnllx B xnex, el x

n— n—

1
<5 (0 x ) <3 (v )




1 1
Using the bounds for VUZ+2 (see (3.1)-(3.3)) and wZ+2 (see (3.4)) we obtain the bound for
Aj. The bound for the pressure is established in an analogous manner. O

Lemma 3.2. Solutions exist to each of the three schemes presented in Algorithm 2.1.

Proof. For each of the schemes, this is a straight-forward extension of the existence proof
given for the periodic case in [23]. The result is a consequence of the Leray-Schauder fixed
point theorem, and the stability bounds of Lemma 3.1. ]

We now study the conservation laws for energy and helicity in the schemes. It is shown
in [23] that, when restricted to the periodic case, the non-stabilized scheme of Algorithm 2.1
(Scheme 1) conserves energy and helicity. In the case of homogeneous boundary conditions
for velocity, this physically important feature for energy is still preserved. However, as one
might expect, the stabilization terms in Schemes 2 and 3 alter the energy balance. Lemma
3.3 shows these energy balances.

The energy balance of Scheme 1, the unstabilized scheme, is analogous to that for the
continuous NSE. However, for Scheme 2, Wg see the effect of the stabilization on the energy

1

balance in the term yAt Zf‘f;ol V. uZJri ’ on the left hand side of (3.7). For most choices
of elements, one may have that each term in this sum is small, but over a long time interval
this sum can grow to significantly (and non-physically) alter the balance. The energy
balance for Scheme 3 differs from Scheme 1’s energy balance in the addition of only two
small terms, instead of a sum. Hence this indicates that the modified grad-div stabilization,
for problems over a long time interval, offers a more physically relevant energy balance than
the usual grad-div stabilization (Scheme 2).

Lemma 3.3. The schemes of Algorithm 2.1 admit the following energy conservation laws.

Scheme 1:
Sl 7+ vAe Dy Vw2 | =AY (F(E2),u, ) + 5 [lup] - (3.6)
n=0 n=0
Scheme 2:
1 M 2 e n+l 2 N n+l 2 MY 1 n+l 1 0112
§Huh | +1/Atz Vu, * —I—’yAtz V-u, ? :AtZ(f(f”?),uh 2)+§H“hH .
n=0 n=0 n=0
(3.7)
Scheme 3:
1 A2 M2 M-1 1 2 M-1 el il
S I+ [V |7+ wat D7 [V 2| = At Y (F(EF2),uy %)
n=0 n=0

1 2 2
+ 5l + IV il (3:8)
1
Proof. The proofs of these results follow from choosing v, = uZ+2 in Algorithm 2.1 for each
of the schemes. The key point is that the nonlinear term vanishes with this choice of test
function, and thus does not contribute to the energy balance equations. O



We now consider the discrete helicity conservation in Algorithm 2.1. We begin with the
case of imposing Dirichlet boundary conditions on the projected vorticity, i.e. Wj, = Xj,.
Although this case is nonphysical, analysis of it is the first step in understanding more
complex boundary conditions.

In this case, the schemes’ discrete nonlinearity preserves helicity, however the stabiliza-
tion terms do not. We state the precise results in the next lemma. Denote the discrete
helicity at time level n by H}' := (u}},V x u}). Note that from (2.5),(2.6), H}' := (u}, wp).

Lemma 3.4. If W, := Xy, the schemes of Algorithm 2.1 admit the following helicity
conservation laws.

Scheme 1:
M-l il M—1 X il
Hy' 20t Y (Vuy, 2,V %) = 20At > (f(t""2), Vw, 2)+ Hf. (3.9)
n=0 n=0
Scheme 2:
M—1 1 1 M—1 1 1
HY +2vAt Z(VUZ 2 Vw, ?)+2vAt Z(VUZ 2 V-w, ?)
n=0 n=0
M~—1 ) 1
=2At Y (f(t"12),Vw, 2)+ Hp. (3.10)
n=0
Scheme 3:
M—1 1 1 M-1 1
HM + 2vAt Z(V“Z 2 Vw, %)+ 2y Z(V~(u2+1 —uf), V- w, ?)
n=0 n=0
M—1 ) 1
=2At Y (f(t"72),Vw, 2)+Hp. (3.11)
n=0

1
Proof. Choosing vy, = wZ+2 elimates the nonlinear term and the pressure term from (2.4)

for each of the 3 schemes, and reduces the time difference term to

1 1 1 1
E(UZ—H - UZ’U}ZH_Q) = E(UZ—H — UZ,V X uZ+2)
1
= oa7 (@™ V™) V) = (up, Vot = (), V<))
1 1
= ga; (HT —H) (3.12)

as, for v, w € H(Q), (v,V x w) = (w,V X v).
Using (3.12) Scheme 1 becomes,
1 +1 +1 1 41
o (HR T = HE) +v(Vuy 2, V") = (F(72),wy,?) (3.13)
Multiplying by 2At¢ and summing over time steps completes the proof of (3.9).
The proofs of (3.10) and (3.11) follow the same way, except they will contain their
respective stabilization terms. ]



Lemma 3.4 shows that if we impose Dirichlet boundary conditions on the vorticity, then
the nonlinearity is able to preserve helicity. Hence for Scheme 1, we see a helicity balance
analogous to that of the true physics. However, the stabilization terms do not preserve
helicity, and thus appear in the helicity balances for Schemes 2 and 3.

Interestingly, if the term ~(V - wZH, V- xn) is added to the left hand side of the vorticity
projection equation (2.6), one can show that Scheme 3 conserves both helicity and energy.
This results from the cancellationlof the stabilization term in Scheme 3’s momentum equa-
tion when vy, is chosen to be w2+§ and xjy, is chosen as uZ'H and uy respectively. However,
computations using this additional term with Scheme 3 were inferior to those of Scheme 3
defined above.

Similar conservation laws for helicity, even for Scheme 1, do not appear to hold for the
nonhomogeneous boundary condition for vorticity, i.e. X # Wj. Due to the definitions of
these spaces, extra terms arise in the balance that correspond to the difference between the
projection of the curl into discretely divergence-free subspaces of W), and Xj,. These extra
terms will be small except at strips along the boundary, but nonetheless global helicity con-
servation will fail to hold. However, more typical schemes, e.g. usual trapezoidal convective
form or rotational form [13], introduce nonphysical helicity over the entire domain and thus
the schemes of Algorithm 2.1 still provide a better treatment of helicity than such schemes.

4 Convergence

Three numerical schemes are described in Algorithm 2.1. We prove in detail convergence
of solutions of Scheme 3 to an NSE solution. Convergence results for Schemes 1 and 2 can
be established in an analogous manner.

We define the following additional norms:

— n — n—1/2
Hvlllook 0;’2525\4”“ Ik [v1/2llloc s 1;{%\4”“ I
M 1/m M 1/m
vl = <Z|U"H?At> ; Ho12lllme = (lev"_l/zl\?ﬁt> :
n=0 n=1
We also let Py, : L? — Vj, denote the projection of L? onto Vj,, i.e. Py, (w) = sp
where

(Sn,vn) = (w,vp), Yo € V.

For simplicity in stating the a priori theorem we summarize here the regularity assump-
tions for the solution u(z,t) to the NSE.

u € L2(0,T; H¥1(Q)) N L>(0,T; HY()),

u(-,t) € HY(Q), V xue L*0,T; H*(Q)),

ug € L2(0,T; H*1(Q)) N L>®(0, T; H*1(Q)),

uy € L2(0,T; H*1(Q)),

uge € L*(0,T; L*(Q))

(ux (V xu))y € L*0,T; L*(Q)) . (
Theorem 4.1. For u, p solutions of the NSE with p € L*(0,T; H*(Q)), u satisfying (4.1)-

(4.6), f € L*(0,T; X*(Q), and ug € Vj, (ul,w}) given by Scheme 3 of Algorithm 2.1 for
n=1,....M and At sufficiently small, we have that

~~ o~~~
N

S O s W NN =
T — o N —



M-1

Hu(T) — uhMH + HV (u(T) — uhM)H + (VAt Z
n=0

1/2
L2
V(u"+5—u2+2)‘) <

‘Zk + hk||\ut|||2,k+1

C(v,T,v 2 u) (th“(T)HIH—l + W¥(lJulll2pr1 + ¥[lIp]
+ |l lsoper + PFluellloon Nulllopsr + (A2 BF gl par + (A1) [fuseelly
+ (A [lusellyy + (A0 [[(wx (VX w))itllgg + B Hlulllooa IV X ulll2k41 > (4.7)

Proof of Theorem. Since (u, p) solves the NSE, we have Yv, € X, that

(ue("2), o) — (u(t™2) x (V x u(t™2)),0) — (p(t"2),V - v)
Fu(Vu(t™2), Vo) = (F(t"2),0,). (4.8)

Adding (“n+Alt_“n,vh) and Z/(Vu"Jr%,Vvh) to both sides of (4.8) we obtain

1
S (=) + ((v X u(t"T) x u(t™t3)), Uh) — (p(t"+2),V - vy) + (VU2 Vo)
n+l _ . n
= ("), 0n) + (“At“ - ut<t"+%>,vh) (Va2 = Tu(t™ ), Vo). (4.9)

Next, subtracting (2.4) from (4.9), label €™ := u™ — uj!, and adding the identically zero

un+l —un

term y(V - (“—x;), V - vp,) to the LHS gives

1 1
Kt(e"+1 —e" ) +v(Ve" 2, V) + Alt(v (" — e,V -up))
1 1

=— (V X u(t"+%) X u(t"+%),vh> + <wZ+2 X uZ+2,vh> + <p(t”+%) —pptv. vh>
utl —yn 1 1 1
+ <At - ut(t”+2),vh) +v <Vu”+§ — Vu(t"tz), Vvh> . (4.10)

We split the error into two pieces @), and n: " =u" —up = (u" —U") + (U™ —u}) :=
n" 4+ @}, where U™ € V}, yielding

1 n n n+i v n n 1 n n
Kt(q)hH —@p,vp) +v (VO 2, Vo) + Kt(v'(q)h+1 —®}),V-vy) = _Kt(n ™ op)
— (V"R Vo) = (V- (0 = ), V) = (VX u(™8)) x u(t™3), v,
ntl nti ntl n Un+1 —u” n+l
+(w, 2 xu, 2 vp) 4 (p(E"T2) — itV ) + <At — ug(t +2),Uh>

+u(Vu"tE — Vu(t"T2), Vo). (4.11)



1
Choosing v, = ‘I>Z+2 yields

2

+ox (9@ |* = v - @p)?)

"tz
Ve, 2At

o7 (15 = 12p12) +v

1 n 1 n n
=t el ) —u(utE vert) - L (gt v et

1 1 1 1
- (v x u(t"T2) x u(t"+%),<1>;‘+2> bl <l 8Ty (p(entE) — it vl )

n+l _ . n 1
+ <umu — o (£"7), B > (VU2 — V() Ve, ). (4.12)

We have the following bounds for the terms on the RHS (see [6]).

2
(Vi vetE) < X ’wb"*? +3qun”+% (4.13)
2 2
1 n+1 n ;"3 1 "7n+1_77n 1 n+l
il P | R - 2
At(n @) 2 At *y h
2
1 I 1 ntd|?
- - o o,
2/ (At/ ”tdt> +2H
1 1t 2
< (&L )
11 1| net|?
_ zm/ nell? dt +2Hc1>" ? (4.14)
t’ﬂ
Similarly,
n+1
Vvt =), VBT < ||V (e UVl dt V.o,
A\ V0T =), V2, < ||V - iy hamE +
(4.15)
un-i—l_un 1 ntl 1 un-l—l_un 41 2 1 ntl 2
(m_“t(tn+2)’®" ) S R I
At?’ tn+1 1 +l 2
- (256)0/ [ugee||* dt + 2‘@2 2 (4.16)
tn
v 2 2 1 2
S(Vumth — Vu( ), vt < 3quun+ﬁ_vU(tn+%)‘ +% o177l (4.17)
v(At)3 et v || asl]?
= Z @72 (4.18
el A R A TR D
1
For the pressure term, since <I>Z+2 € V, for any qn € Qp,
1 1
(p(t™2) = pp LV @ 2) = (p(t"TE) — u, V- @2, (4.19)

10




which implies

1 1
(p(t"2) = ppr V-2 72) < — inf

4.20
T 2v q,€Qy ( )

p(t"+3) —qhH + - HV <I>”+2

Utilizing (4.13)-(4.20) we now have

+1 v +1 n+
gt (125717 = 1001%) + o (19 017 19 - o) + 5wl
3 v n+1 2 f)/ V ’I’L+1 2 7 tn+ v d f n+1 2
< 2 L ||Vt L [ 48 — g
<o Ot LIV I+ 2 [ 10l e+ W;th p(E5) ~ g
g+l ¢+l 2 2
1 1
+C(1+v)At? (/ l|wese]| dt +/ | Vg |2 dt>+” i H@Z*z ’v @"*2
tn tn
n+3z nt3 gnts n+3 n+3 nt3 L1 . 2
+ (w, ? xu, 2,0, %)= [ (Vxu(t""2)) xu(t""2),®, +§E lme || dt .
(4.21)

For the nonlinear terms we have

1 1 1 1
(T E IR ((v X u(t™3)) x u(t”+§),q>z+2)+<(v x u"tT) x un+é,<1>z+2>

— <(V X u”+%) X u"+%,®2+é)
1 1 1
B << ) x u”+%7¢5+2> * (wh“ x (uy —u"*bwa“)
1
+ <(v X U 2) ) uhtE — (V x u(t™E)) x u(t"tE), @) 2
1 1
_ <(wn+2 vV x ’LL ) % un+;’(bz+2> . (’U);;H_Q % nn+2 (bn+2>
1
- ((v X u"2) x T — (V x u(t"2)) x u(t”+é),q>;‘+2> (4.22)

We bound the second to last and last terms in (4.22) by

1
(U)ZJr2 X 7]”+2 (I>n+2)

IN

L

qu)

n+2

+ 37w (4.23)

’wp

e

<
- 12

n+i 2
< Z|veyt | 3 Hu(t"+2) x (V X u(f™3)) — ™3 x (V x u"*3) )
U _t'_l 2 3 ¢n+1
< —|[ve, 2|+ V_I(At)3/ [(ux (V x u))y|®dt. (4.24)
12 48 n
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1
For the first term in (4.22), we first need a bound on ||V x uts — wZJrQ This is

obtained by restricting x5 to V3 in (2.6) and then subtracting (V x u”+%,xh) from both
sides of (2.6), which gives us

1

n+s nt+i
(Vxu™z —w, 2, x) = (Vx (@2 —u, ) xp)
1
= (v X 77n+§7Xh) (v X q) 7Xh)

By the definition of Py, ,

1

1
(Py, (V x u"3) —w, 2 xn) = (Vxu™2 —w, 2, xp)
1
— (Vx ("2 —uy %), xp)
1
— (VX" )+ (V x @) 2 )

1
Choose xp, = Py, (V x u”+%) - wZ+2 we obtain

112
’ Py, (V x umt3) — w2 || <2 (vaﬂ quf‘*? ) . (4.25)
1 1
Now using (4.25) and, from Poincare’s inequality, ‘ @Z+2 <C HV@ZJFQ we obtain
1
<(th(v x ) ) s, q>;j+2)
1|z
<C Hvu’”% ‘ Py, (V x u"5) — wt? ‘ o3| lwarts||”
1 1]{2 1 %
< C |[vurth (ann+é HW’TQ + H‘I>Z+2 Vo, )
v ntg -1 nt+i 2 n+i n+y -3 n+i 4 ntg ?
<2 ven™ ey |varts ||| Vo, ey |3 ||@p
(4.26)
Also, we have that
1
<(V x u"tz — Py, (V x u’”%)) X u”+§,®2+2)
<C Hv x ™ — Py (V x ut ‘vu“% Vet
2 2
<= ’wb"*? +C Hvun+% Hv X w3 — Py (V x u3) ‘ (4.27)

1 nal
Combining (4.27) and (4.26) we obtain the required bound for ((wzJr2 —V x u’”%) X u"tz, <I>h+2 )

1
Noting that 'V'CI>2+2H < 1/2(||v- @”HH + ||V - ®7|%), substituting the bounds
derived in (4.23), (4.24), (4.26), and (4.27) into (4.21) yields

12



v¢"+2

oxz (128 = i) + o2 (IV - @1 = 19 - 2p)®) + 3

)b

1
i, = o o

< 5 (V-2 19 - 27)1?)

2
< <” ;4 +CV*3Hvun+%

+ ||V ()

tn+1

2 11 )
—— dt
330 [ ol

tn+1 tn+1
IV - n||* dt + CAE (/ Vg2 dt)
tn

i [ e e+
tn tn
tn+1

+Cu1(At)3/ (u x (V x w)u|®dt +C Hvu%
tn

n+2

2 2
+Cvt wy, HVU”*'% ann—i-%

1
+ vt HVU”JF?

tn+1

2 2
HV x u"™z — Py (V x u™t2)
(4.28)

Next multiply by 2A¢, sum over time steps, and using the Gronwall inequality (from
[11]) yields

M-1
| + A1V - @b * + vt -
n=0

2
v¢>”+2

M-—1 V2 +,4
< Cexp <2At > v+ +Cov? Hvu”+2
n=0

AtSY = inf (") —
>< Z Whngth ) — anll?

2
M M M-—1 1 L2

+ ALY v VR ALY A V)P + A S v w2 ann+a
n=0 n=1 n=0

tn+ 1 tn+1

Z/ wma+m2_/ IV el

+ (A uall3 o + (A [Vuull3 g + (A" [[(wx (V x u))ul3
2) (4.29)

M—-1 2
+ At Z HVU”+5
n=0

M—1 2
+ At Z v HVU”JF?

oo

HV x u"™z — Py (V x u"t2)

Recall the approximation properties of U™ € Vy,, g, € Qp,, and Py, [13]

inf [ln(t")l, < O [lu(t)]pyy, s=0,1, and

urevy,
Jmf lp(t") —anll < CR® [lp(") I
lw™ = Py, ()| < CHM "y -

13



Estimate (4.29) then becomes

M-1
|2+ (V- @ +vae S

n=0

1P
il
Vo, *

2

M—-1
v +4 1
< Cexp | 2A¢ c —3Hv nt
< ewp( n§:07+ S— +Cv u

4 1 2k 2
) (%h TN

k . “1p2k
+ v ull3 er + Y PPN el 13 0 + v B2 el 201 el 13 10
+ ALy R a3 gy + PP wll3 s+ (AD a5 o + (A [ Vw3,

M—-1 2
+3 _
+ (At)4 ”(U X (V X ’U,))tt”;o + <VAt Z ’w: 2 > v 2h2k|||ut’”§o7k+1
n=0
+ B2 1 IV x u|||%,k+1) - (4.30)
nt+i 2
Finally, from the boundness estimate for v At ZnM:_Ol wy, *|| from (3.4), and an appli-

cation of the triangle inequality we obtain (4.7).
O

Remark 4.1. As expected, if (Xp,Qn) is chosen to be the inf-sup stable pair (Py, Py—1),
k > 2, then with the smoothness assumptions (4.1)-(4.6) and p € L*(0,T; H*(Q)) the H"
convergence for the velocity is

|lu —up|l|l21 < C(AL2 + hF) (4.31)

Remark 4.2. The significant computational improvement of Schemes 2 and 3 over Scheme

1 is somewhat masked in the statement of the a priori error bound for the velocity (for
Scheme 3) given in (4.7). For Scheme 1 the pressure contribution to the bound is C' /v ||p — qn||,
whereas for Schemes 2 and 3 the pressure contribution is given by C'||p — qp||, see (4.20).
The presence of v in the denominator for Scheme 1 suggests a superior numerical perfor-
mance of Schemes 2 and 3 if a large pressure error is present.

5 Numerical Experiments

This section presents two numerical experiments, the first to confirm convergence rates, and
the second, over a longer time interval, to compare the schemes’ accuracies against each
other and a commonly used scheme. For both experiments, we compute approximations
to the Ethier-Steinman exact NSE solution on [—1,1]3 [7], although we choose different
parameters and viscosities for the two tests. We find in the first numerical experiment
that the computed convergence rates from successive mesh and timestep refinements indeed
match the predicted rates from Section 4. For the second experiment, the advantage of
using the stabilized enhanced physics based scheme is demonstrated.

For chosen parameters a,d and viscosity v, the exact Ethier-Steinman NSE solution is

14



Figure 1: The velocity solution to the Ethier-Steinman problem with a = 1.25, d = 1 at
t = 0 on the (—1,1)3 domain. The complex flow structure is seen in the streamribbons in
the box and the velocity streamlines and speed contours on the sides.

given by
up = —a(e"sin(ay + dz) + e cos(ax + dy)) e vt
up = —a(esin(az + dz) + e cos(ay + dz)) e vt
ug = —a(e*sin(ar + dy) + e cos(az + dx)) e vt
2
p = —%(62az + W 4 29 4 2sin(ax + dy) cos(az + dx)e?¥H?)
+2sin(ay + dz) cos(az + dy)e?*+)
+2sin(az + d) cos(ay + dz)eTHY)) e~ 2vdt (5.4)

We give the pressure in its usual form, although our scheme approximates instead the
Bernoulli pressure P = p + % ]u|2 This problem was developed as a 3d analogue to the
Taylor vortex problem, for the purpose of benchmarking. Although unlikely to be physically
realized, it is a good test problem because it is not only an exact NSE solution, but also it
has non-trivial helicity which implies the existence of complex structure [18] in the velocity
field. The ¢ = 0 solution for a = 1.25 and d = 1 is illustrated in Figure 1. For both
experiments below, we use u = (u1(0),u2(0),u3(0))T as the initial condition and enforce
Dirichlet boundary conditions for velocity to be the interpolant of w(¢) on the boundary,
while a do-nothing boundary condition is used for the vorticity projection. All computations
with schemes 2 and 3 use stabilization parameter v = 1.

5.1 Numerical Test 1: Convergence rate verification

To verify convergence rates predicted in Section 4, we compute approximations to (5.1)-
(5.4) with parameters a = d = /4, viscosity v = 1, and end time 7' = 0.001. Since (P», P;)
elements are being used, we expect O(h% + At?) convergence of |||unsp — up||[5; for each
of the three schemes of Algorithm 2.1. Errors and experimental convergence rates in this
norm are shown in Table 1, which match those predicted by the theory.
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7 [ At [Nlu—usilly, | rate [ u—usll, | rate | [l — ussll,, | rate |
1 0.001 0.01560 - 0.01556 - 0.01579 -
0.5 0.0005 0.00390 2.00 0.00391 1.99 0.00395 2.00
0.25 0.00025 0.000979 1.99 0.000979 2.00 0.000984 2.01

0.125 | 0.000125 0.000245 2.00 0.000245 2.00 0.000246 2.00

Table 1: The |[lunsg — unllly; errors and experimental convergence rates for each of the
three scheme of Algorithm 2.1.

5.2 Numerical Test 2: Comparison of the schemes

For our second test, we compute approximations to (5.1)-(5.4) with a = 1.25, d = 1,
kinematic viscosity v = 0.002, end time T' = 0.5, using all 3 schemes from Algorithm 2.1.
We use 3,072 tetrahedral elements, which provides 41,472 velocity degrees of freedom, and
46,875 degrees of freedom for the projected vorticity since here there are degrees of freedom
on the boundary. It is important to note that due to the splitting of the projection equations
from the NSE system in the solver, as the projection equations are well-conditioned, the
time spent for assembling and solving the projection equations is negligible.

In addition to the 3 schemes of Algorithm 2.1, for comparison, we also compute ap-
proximations using the well-known convective form Crank-Nicolson (CCN) FEM for the
Navier-Stokes equations [13, 10, 12]. We run the simulations with timestep At = 0.005.
Results of the simulations are shown in Figures 2 and 3, where L?(Q) error and helicity error
are plotted against time. Is clear from the pictures that the enhanced physics based scheme
is more accurate than the CCN scheme, and its advantage becomes more pronounced over
longer time intervals. Also it is seen how the stabilizations of the enhanced-physics scheme
improve the accuracy of the approximations.

6 Conclusions and future directions

We have extended the methodology of the enhanced-physics based scheme of [23] to a more
general set of problems. This extension required the use of grad-div type stabilizations
since the scheme uses a Bernoulli pressure which can be a dominant source of error in
finite element computations. Additionally we proposed an alternate grad-div stabilization
to the usual grad-div stabilziation, but provides a more physical solution by not altering the
energy balance. We also provided numerical computations that illustrated the advantage
of the enhanced physics based scheme as well as the modified grad-div stabilization that we
introduced.

As discussed in the Introduction, with the rotational form of the NSE and introduction
of the Bernoulli pressure, the pressure term in the a priori error estimate for the velocity
approximation can have a significant impact. An alternative to a grad-div stabilization
method may be to choose the approximation spaces (Xp,@p) so that the pressure term
does not appear in the a priori error estimate for the velocity approximation. Recently
stable approximation spaces (Xp, Qp), Scott-Vogelius elements [28] (see [27, 26, 24, 25] for
Q C R?), have been introduced for which [V - X}] C Qp,, which guarantees that discretly
divergence free approximations for the velocity are also L? divergence free. These elements
require a special mesh, and are higher order (at least) P;(e)—(discontinuous) P (e) compared
to the commonly used Taylor-Hood elements P»(e) — Pi(e). Future work will include a
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Figure 2: The plot above shows Lo error of the velocity vs time for the four schemes of
Test 2. We see in the plot that the stabilizations add accuracy to the enhanced-physics
scheme, and that the alternate grad-div stabilization gives slightly better results than the
usual grad-div stabilization. It can also be seen that the enhanced-physics scheme is far
more accurate in this metric than the usual CCN scheme.

comparison of the stabilized methods investigated above with approximations using Scott-
Vogelius elements.
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