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ARTICLE INFO ABSTRACT

Keywords: In this work, we present a mass, energy, enstrophy and vorticity conserving (MEEVC) mixed
Navier-Stokes equations finite element discretization for two-dimensional incompressible Navier-Stokes equations as an
de Rham complex alternative to the original MEEVC scheme proposed in A. Palha and M. Gerritsma (2017) [5].

Structure-preserving discretization

The present method can incorporate general boundary conditions. Conservation properties are
No-slip boundary condition p p 8 ry prop

proven. Supportive numerical experiments with both exact and inexact quadrature are provided.

1. Introduction

We consider the dimensionless rotational or Lamb form of two-dimensional incompressible (or, more strictly speaking, constant
density) Navier-Stokes equations in a space-time domain, see for example [1-3],

du+wxu+Re 'Vxo+VP=f in Qx(0,T), (1a)
w—-Vxu=0 in Qx(0,T], (1b)
V-u=0 in Qx(0,T), 1c)

where Q c R2, is a bounded, contractible domain with a Lipschitz boundary 09, o, := %, u is the velocity field, w is the vorticity

field, P :=p+ %u - u is the total pressure (with p being the static pressure), f is the external (body) force, and Re denotes the
Reynolds number. (1) is supplemented with an initial condition,

u® = u(x, 1), (2

and two pairs of boundary conditions,
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u-n=u, onI"; x(0,T]

P=P onFI;X(O,T]’
A~ (3)

=0 onl;x(0,T]

uxn=u on T x(0,T] '

where n is the unit outward norm vector. In each pair, the boundary sections are disjoint; the boundary conditions are not active at
the same boundary section, i.e., 'y NI p=Isnl)= @, and each pair is active over the whole boundary, I', UT p=Ipul= 0Q,
also see [4, Table 1]. Note that, when I" p= @, there is a singular mode in the total pressure of (1); the total pressure is determined
up to a constant.

Recall that we have assumed constant density. The divergence free condition of velocity, (1c), then implies mass conservation.
For two-dimensional incompressible flows, integral quantities of interest include

total kinetic energy (or simply energy) K := % / u-udQ,
Q

total enstrophy (or simply enstrophy) £ := % / - wdQ,
Q

total palinstrophy (or simply palinstrophy) P := % / (VXw)-(VXw) dQ.
Q

In the absence of external body force,! i.e., f =0, and if there is no net flux of energy and enstrophy over the domain boundary,
two-dimensional incompressible flows dissipate energy at a rate,

9, =-2Re7'€, Q)

and, additionally dissipate enstrophy at a rate,

0, =—2Re”!P. 5)

Furthermore, if the two-dimensional incompressible flow is in the inviscid limit (Re — o), namely, the flow is ideal, from (4) and
(5), it conserves energy and enstrophy over time [5]. And the relation (1b) implies

W::/wdQ:}l{uxndF, (6)
Q 0Q

where W is called the total vorticity. (6) shows that the total vorticity no matter whether the flow is ideal or not, is a conserved
quantity over time provided 9%9 u X n dI is not time dependent.

The first scheme that is mass, energy, enstrophy and vorticity conserving (MEEVC) was proposed in [5] where two evolution
equations for velocity and vorticity are employed. The two evolution equations are staggered in time such that information can be
transferred between each other through a midpoint temporal discretization scheme. As a result, both equations are linearized and
the unknowns are decoupled to separate time instant sequences, which significantly lowers the computational cost. A drawback of
this scheme is that the inclusion of no-slip boundary conditions requires indirect approaches and the suggested approach destroys
the vorticity conservation property [6].

Olshanskii and Rebholz have discussed the role of adjoint discrete vorticity for structure preservation in their work [7]. For
examples of mass and energy conserving scheme for incompressible flows, we refer to the work of Hanot [8], Schroeder et al. [9] and
Evans and Hughes [10]. An extensive literature study on structure-preserving methods is given in [5]. For a more recent summary
on structure-preserving methods for incompressible flows, we refer to, for example, [11]. And a comprehensive introduction to the
mixed finite element method is given in the book of Boffi, Brezzi and Fortin [12].

In this work, we present a mixed high-order finite element discretization of two-dimensional incompressible Navier-Stokes equa-
tions that is also MEEVC, can incorporate general boundary conditions but avoids the evolution equation for vorticity. The functional
setting will be given in Section 2. In Section 3, properties of the formulation are analyzed, which is followed by the introduction of
the temporal discretization in Section 4. Numerical tests are presented in Section 5. Finally, conclusions are drawn in Section 6.

1 Or when the external body force is conservative.
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2. The mixed weak formulation
2.1. A brief introduction to function spaces employed

The space of square integrable functions, is

LXQ) :={f |{f.fla<+o},

where (-,-)q, denotes the L?-inner product (or simply inner product) over the domain Q. In R?, we will also use Sobolev spaces
H(curl; Q) := {w |w € 12Q), Vxwe [LXQ)’ } ,
H(div:Q) 1= {u |u e [L2@)’, V- ue L} Q) } ,
H'(Q) := {¢ )qs e 12Q), Vo e [12Q)] }
Heou Q) :={oloe [12@)]", Vxoe 2@ }.

They form two de Rham complexes [13] in two dimensions written as

\% V-
R & H(curl; Q) —> H(div: Q) — L2(Q) — 0, %)
\% v
R & H'(Q) — H(rot; Q) —> LX(Q) — 0. @)

In R2, H(curl;Q) and H'(Q) are the same space at the continuous level. Two notations are used to indicate in which de Rham
complex, i.e. (7) or (8), they play a role. Also see (1) and (2) of [14]. The trace operator, denoted by 7, restricts a function to a
boundary section, I" C dQ. The trace operator acting on w € H(curl;Q), p € H L(Q), u e H(div;Q) and o € H(rot; Q) is, respectively,

To=olr, To¢=dlp,
Tu=u-nlp, To=oXn|r.

The trace spaces are

TH(cur; Q1) :={Tw | w € H(curl; Q)},
TH(iv; Q') :={Tu| ue H(div;Q)},
H'P@QD):={T¢| pe H @},
TH(ot; Q) :={To| 6 € H(rot;Q)}.

For a complete introduction on Sobolev spaces, we refer to [15].
We use notations C(Q), D(Q), G(Q), R(2) and S(Q2) to express finite dimensional conforming function spaces which are subsets
of Sobolev spaces, i.e.,

C(Q)C H(curl; Q), D(Q)C H(div;Q), S(Q)C LZ(Q),
G(Q) Cc HY(Q), R(Q) c H(ot;Q),
and form discrete de Rham complexes in two-dimensional space,
v V.
RS CQ) — DQ) — SQ) — 0, ©
v %
RS GQ) — RQ)—> S(Q) = 0.

Note that, although H(curl;Q) and H'!(Q) indicate the same space at the continuous level, their discrete counterparts, C(Q) and
D(Q), are distinct. And they possess sufficient regularity such that

o xuy € [LAQ), ¥ (wpuy) € CQ) X DQ). (10)
Trace spaces of finite dimensional spaces C(Q,I") and D(Q,T") on boundary section I" are denoted by

TCQ) :={Tw,| w,eCEQ},

TDQT) :={Tu, | u,eDQ)}.
And we will also use following subspaces,

C@.) :={w,| v, €CQ), Tw,=0€TCE,T)},

Dy(Q.T) :={u, | u, € DQ), Tu,=0€T7DQT)}.
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2.2. The formulation

We introduce a trilinear form

a(ph,sh,eh) Z=/(ph><19h) ~eth,
Q

for (ph, 9, eh) € C(Q) X D(Q) x D(L2). Because p;, X 9, is pointwise perpendicular to 9,, we know that

a(pp.95.94) =0. (1)

A spatially discrete weak mixed formulation of (1) is written as follows: Given f € [LZ(Q)] 2 and natural boundary conditions, Pe
H'/2(Q.T3) and @) € T H(rot; Q,T)), seek (u;,, ;. P,) € D(Q) X C(Q) X S(Q), such that, V (v, &,. q;) € Do(Q.T') X Co(Q.T5) X
S(Q),

(Qup,vp)g+a (wh,uh,vh) +Re! (VX0p,0p)q = (Pp.V-Up)o=(fVp)g — <ﬁ,th>rh , (12a)
P

(up, V X &g — (@ &) = (B 75h>rH ) (12b)

(V- up,q,)0=0, (12¢)

subject to essential boundary conditions, Tu;, =i, € 7 D(Q,T"}) and T w;, = ® € T C(Q,T;), and initial conditions (u), w(;l) € D(Q)x
C(Q).

One can show that solutions to the continuous version of (12) weakly solves the incompressible Navier-Stokes equations (1). A
similar setup can be found in the work of Gawlik and Gay-Balmaz, see the fluid part of (48)-(53) in [16], where a mass, energy, cross-
helicity and V - B =0 (divergence-free magnetic field) preserving formulation for incompressible magnetohydrodynamics (MHD)
problems is introduced. And Hanot has used a three-dimensional counterpart of the present spatial discretization in [8].

3. Dissipation and conservation properties

In this section, we study dissipation and conservation properties of the formulation (12). The equivalence between (12) and the
formulation used in the original MEEVC scheme, see (19) of [5], will also be shown. Thus, we will prove that the formulation (12) is
also MEEVC. To this end, analyses conducted here are under conditions that (i) the domain is periodic (0Q = @) and (ii) there is no
external force as in [5].

3.1. Mass conservation

Pointwise mass conservation is obviously satisfied; u; is selected to be in D(Q) C H(div;Q) and the relation (12c) strongly
enforces V - u;, = 0 everywhere in Q. This is a consequence of the fact that V- maps D(2) into S(Q), see (9).

3.2. Energy dissipation and conservation

For the energy balance, if we replace v, in (12a) by u;, € D(Q), we will obtain

(0,uh,uh)g +a (C{)h,uh,uh) + Re_] <V X a)h,uh)g - <Ph’ V- uh>g =0. (13)
The second and fourth terms vanish because of (11) and the pointwise mass conservation, i.e., V - uj, =0, respectively. This leads to
(Oup,up)g + Re™ ! (V x @y, up) o =0.
And from (12b), we know
(up, VXwp)g ={0p op)q
because w,, € C(Q2). Combining these two relations gives a (semi-)discrete energy balance,
0,KC; = (Oup, up)g = —Re™ {wp, wp)q = —2Re 71 &y, (14)

where K, = 1 (up,up)g and &, = 1 (@, @) are the discrete (total kinetic) energy and (total) enstrophy, respectively. It is con-

sistent with (4), the energy balance of the strong form. Thus, (14) clearly implies discrete energy conservation in the inviscid limit
(Re — o).
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3.3. Enstrophy dissipation and conservation

If we take the time derivative of (12b), we obtain
(Qup, VX&) g =(0wp,¢n) g, Y, €CEQ). (15)
And, from (12a), we know that, V £, € C(Q), (12a) must hold for V x &, € D(L2), namely,
(Oup, VX Ep)g +a(wpup, VX&) +Re™HV X @), VX&) g — (P V- VX E)g =0, 16)
where the term (P,,V - V X &), vanishes because V - V x (-) = 0. If we further insert (15) into (16), we obtain
(0,04,8)0 + a (a)h,uh, V X éh) +Re™ ' (V x @, VXENg =0, V& eC(Q). a7
We can replace &, in (17) by w;, € C(€2) and get

(0,01, @p)0 + a (@p,uy, VX @y) +Re™ (VX 0, VX)) =0. (18)

As u, € D(Q) and V - u;, =0 is satisfied pointwise, we can find a stream function y; € C(2) on a contractible domain such that
u, =V X ;. Recall the following vector calculus identity,

wthXy/h=V<whwh)—wh><V><wh.

Thus, we know

a(a)h,uh,wah) =/V (cohu/h) . (wah)dQ—a(q/h,wah,V Xa)h)
Q

:—/whu/h (V-wah)dQ—a(wh,VXa)h,an)h),
Q

where we have performed integration by parts with respect to the gradient operator for the first term of the second equality and use
the periodic boundary condition. Obviously, these terms vanish because of property V-V X (-) =0 and (11). Therefore, we know that

a(wpy,up, VX w,) =0, (19)

and (18) leads to the following (semi-)discrete enstrophy balance,
(0,05, ) = —Re ™V X @), V X w0p,) = —2Re ™' P, (20)

where P, := 1 (VX wy, VXwo,)g is the discrete (total) palinstrophy. (20) correctly reflects the enstrophy balance of the strong form,

see (5). And, in the inviscid limit (Re — o0), (20) leads to enstrophy conservation.
3.4. Vorticity conservation

For conservation of (total) vorticity, if we select &, =1 in (16), it is straightforward to find that

oWy, =(0,0p,1)g =0,

which implies that vorticity is conserved over time. Moreover, by selecting &, =1 in (12b), we know that in periodic domains

which is consistent with (6) of the strong form.
3.5. Equivalence to the original MEEVC formulation

In addition to the regularity (10), suppose the finite dimensional spaces ensure
oy XUy, € H(rot; Q) C [L2Q)]°, ¥ (wp,u;) € C(Q) x DQ). @1
Then if we apply integration by parts to the second term of (17), we obtain
(0,04, &) + (V X (0 X1up) &) +ReTH(V X @, VX ) = 0. (22)

Recall that the identity, providing V - u;, =0,

Vx(a)hxuh)=%(uh-V)wh+%V~(whuh), (23)



Y. Zhang, A. Palha, M. Gerritsma et al. Journal of Computational Physics 510 (2024) 113080

is valid in two-dimensions. Using this identity, the following substitution can be employed in the weak form of the vorticity evolution
equation (22),

(V5 (04 xw3) 1) = 5 (- ) 0nen)g + 5 (V- (@01) 1)

! 1 24
=73 (@, V - (Entay) ) + ) (V- (@pup) . n) g »
where the following integration by parts was used,
((uy V) op.n) == (@n V- (Gattn) ) -
Thus, V&, € C(Q), (22) can be written as
1 1 _
(0,01, Endg — 3 (@4, V- (Eptap) ) + 5 (V- (wpup) .&n) o +Re™ (VX @), VX &) =0, (25)

which is the weak evolution equation for vorticity (as a replacement of (12b)) in the original MEEVC scheme, see (19) of [5]. If we
select &, to be w,, in (25), the second and third terms cancel, we again get the same enstrophy balance, i.e., (20).

In the original MEEVC work, the reason behind using the identity (23) is to replace the weak nonlinear advection term by (24). By
doing so, it is possible to construct another trilinear form for the nonlinear advection term in the weak vorticity evolution equation
which is skew-symmetric with respect to entries w;, and &, i.e.,

by, up,&p) = —b(Ey,uy, wp),

see second and third terms in (25). This then implies that

b(wh,uh,a)h) = 0,

which, for the original MEEVC work, is a key requirement to obtain enstrophy conservation even when the numerical quadrature is
inexact. However, this prevents the direct incorporation of boundary conditions for the tangential component of velocity because the
port, i.e., the boundary integral term in (12b) which is used to impose them weakly, is missing. In this present work, we surprisingly
find that, to setup a MEEVC scheme, we can bypass the construction of the skew-symmetric advection term as in the original MEEVC
scheme and, thus, it is not necessary to introduce a second evolution equation for vorticity. This simplifies the formulation and also
enables the direct application of no-slip boundary conditions.

4. Temporal discretization

For the temporal discretization, the classic implicit midpoint method [17] is used. The fully discrete version of (12) is writ-

ten as: Given f € [LZ(Q)]2 and natural boundary conditions, Pe HI/Z(Q,Flg) and iI” € TH(rot;Q,I“”), for k € {1,2,3,---}, seek
P
<uk ok, P, 2 ) € D(Q) X C(Q) X S(Q), such that, ¥ (vy,, &, g5) € De(Q,T'}) X Co(Q,T5) X S(Q),

n
k _ k=1 k—1 k k=1 ,k k—1 k
u, —u w, t+w, u~ +u 0, +w k=1
h__“h h h “h h - h h
<T,vh> +a( 2 s ) ,vh>+Re 1<fo,vh> —<Ph 2,V~vh>Q (26a)
Q Q
k_l > <Ak_l >
= 2 —(P
<f Vh Q stUh Fﬁ’
<ul;:’ v Xsh)g - <wl;;"sh >Q = <’”\ﬁ575h>ru , (26b)
(V- an)q =0, (260)

where At =1, —t,_; >0, u’}‘l =u,(x,1,) (see (2)), subject to essential boundary conditions, Tu’;l =@, €TD,T)) and Tw’;l =he
T C(Q.T5), and initial conditions (u),!) € D(Q) x C(Q).

At the fully discrete level, if we repeat the analysis in Section 3 now for the fully discrete formulation (26), we can find that
pointwise conservation of mass is satisfied at each time instant, see (26¢), i.e.,

k —
Veou, =0
everywhere in Q. And we can also obtain dissipation rates,
Kk — k=1 ub —uk kel ok k=1 gl k-1
h h h h h h -1 2 2 -1 2
= R =—Re w, °,® =-2Re " &, ~, 27
At At 2 o < h h >Q h (27
gk _ gkl @ — k1 @kl 4 k-1 k-1 k-1
h h h h h h -1 2 2 -1 2
= s =—Re V x ,V X =-2Re™' P ) 28
At At 2 . < @ “h >Q h (28)
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and

k k—1 k k—1
Wh —Wh [ o~ 3
= .1 =0,
At At
Q

k=L k=14 ok
where w, * := Zh > “h This shows that at the fully discrete level the proposed scheme is also MEEVC in the inviscid limit, Re — co.

5. Numerical tests

Five tests are conducted in this work. The accuracy of the method is investigated with an analytical solution in Section 5.1.
Conservation and dissipation properties are tested in Section 5.2. The original MEEVC scheme experiences difficulties of handling
no-slip boundary conditions [6] while imposing different boundary conditions including the no-slip ones is straightforward for the
method studied in this work. This is demonstrated in Section 5.1, Section 5.3 and Section 5.4. Numerical evidences of (19) are given
by the test in Section 5.5.

We use the mimetic polynomial spaces, which satisfy the discrete de Rham complex (9), the regularity (10) and the regularity
(21), as the finite dimensional spaces under the framework of the mimetic spectral element method, see, for example, [18] or
[19, Chapter 2]. The degree of the polynomial spaces is denoted by N. The Newton-Raphson method is employed for solving the
nonlinear systems. Note that any set of finite elements that forms the discrete de Rham complex (9) and satisfies the regularity (10)
works. For example, in a triangulated conforming grid, Lagrange elements of degree N, Raviart-Thomas elements of degree N and
discontinuous Lagrange elements of degree (N — 1) are a classic option. They are also the function spaces used in the original MEEVC
scheme, see (13)-(18) of [5].

Both orthogonal and curvilinear meshes will be used in this work. Suppose a reference domain is Q= (r,s) €[0,112. A uniform
orthogonal mesh of K X K square elements is generated in the reference domain. This mesh is then distorted with a mapping,
D : (r,s) = (x,y), expressed as

xX=a (r + lc sin(2zr) sin(27rs))
% ) (29)
y=a (s + 2 csin(2zr) sm(2n's)>

where a >0 and 0 < ¢ <0.3. It gives a mesh in Q = (x,y) € [0, «]?, and the factor ¢ is a deformation factor. When ¢ = 0 the mesh
is orthogonal and uniform, and when ¢ > 0 the mesh is curvilinear. See Fig. 1 for illustrations of this mesh. And see [20] for an
introduction on mesh deformation.

Implementations of the present work are done in Python.

5.1. Accuracy test: Taylor—Green vortex

We test the accuracy of the method using a classic analytical solution of two-dimensional incompressible Navier-Stokes equations
in the absence of external force, the Taylor-Green vortex, written as

; _on?
u(x, y, 1) = — sin(zx) cos(zy)e 2% 1/Re,

. 2
v(x, y,1) = cos(zx) sin(zy)e 27 /Re

p(x,y,1) = i (cos(27x) + cos(27zy)) e—4ﬂ2t/Rc’

w(x, y, 1) = =27 sin(zx) sin(zy)e 27 1/Re.
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Fig. 3. H(div)-error of u,, H(curl)-error of @, and L2-error of P, at t =1 of the Taylor-Green vortex test with no-slip boundary conditions under ph-refinements for
N €{1,2,3}, c€{0,0.25}, K € {10,12,14,---,24}, At = % and Re = 100.

The domain is set to Q = (x, y) € [0, 2]%. We use the meshes described by (29) of ¢ € {0,0.25} and solve the Taylor-Green vortex from
t =1, =0to ¢ =1 under ph-refinements for N € {1,2,3} and K € {10,12,14, ---,24} with Re =100 and At = % Two sets of tests are
conducted. The first set is with periodic boundary conditions and the second one is with following no-slip boundary conditions,

I's 1=Tlere UTporioms I'j =09,

where I'i.¢, and I'y,, are the left and bottom faces of the square domain. Results are presented in Fig. 2 and Fig. 3. Optimal
convergence rates are observed in both sets of results.

5.2. Conservation and dissipation tests: Shear layer roll-up

The shear layer roll-up is a two-dimensional ideal flow whose components of the initial condition, u® = [u® 1], are given by

—n/2
tanh <%> , y<r&
W= L =e sin(x),

37/2 - ’
tanh(%), y>r

T
15
in (29) for ¢ € {0,0.25} and K =48 are used. The polynomial degree is set to N =2 and the time interval is At = 5]—0 The flow is
computed from ¢ = f = 0 to t = 8. To limit the error caused by the Newton-Raphson method, the tolerance of outer iterations is set to
10712, The vorticity field ), at t € {0,4,8} for ¢ = 0 is shown in Fig. 4. In Fig. 5, results showing the conservation laws are satisfied
to machine precision on both orthogonal and curvilinear meshes are presented. And throughout this section we use ||V - u,|| 2, i.e.
the L2-norm of V - uy, to identify mass conservation. Since the basis functions have normal continuity, if ||V uy, || 12=0(to machine
precision), pointwise mass conservation is satisfied everywhere.

We repeat the above test now for a viscous flow of Re = 500. The results are presented in Fig. 6. It is seen that, to machine
precision, (i) mass and vorticity conservation and (ii) energy and enstrophy balances, (27) and (28), are satisfied for both orthogonal
and curvilinear meshes.

where § = £ and e = 0.05, see [5,21]. The domain is Q = (x, y) € [0,27]*> with periodic boundary conditions. Meshes as described

[e2]
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Fig. 4. Vorticity field w,, of the ideal shear layer roll-up test at € {0,4, 8} with contour lines for w, € {+1,+2,+3,--,46}. The color scheme is from blue (-6 < w,,)
to red (@, — 6). The simulation is conducted for N =2, ¢ =0, K =48, At = % . (For interpretation of the colors in the figure(s), the reader is referred to the web
version of this article.)

I T —10
_ . 10710+ -
1070 F — IVl — |k -
r — il — |&k-&l
[ 0121 |
1071
—14 1
| 0 TN
i ‘H
10715 I 10—16 | |
0 2 4 6 8 0 2 6 8
t t

Fig. 5. Discrete mass, energy, enstrophy and vorticity conservation over time of the ideal shear layer roll-up test for N =2, ¢ =0 (left), ¢ = 0.25 (right), K =48 and
At=—
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Fig. 6. Discrete mass conservation, energy and enstrophy balances, and vorticity conservation over time of the viscous shear layer roll-up test for N =2, ¢ =0 (left),
¢ =0.25 (right), K =48, At = % and Re = 500.

5.3. General boundary condition test 1: Normal dipole collision

The normal dipole collision is a viscous flow in the domain Q = (x, y) € [—1, 1]?> with no-slip boundary conditions on all four walls
[22]. The unscaled initial velocity field, u® = [uo UO]T, is given by

= =3 foul (=) 007 4 5 o] (=) 2/,

= —% || (x _xz) e~ r2/ro) 4 % || (x _xl) e—(’l/ro)z’
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Fig. 8. Vorticity field w,, at t € {0, %, vy 1} of the normal dipole collision test in a mesh of 5148 elements for N =2, At = % and Re = 625.

1
3

where |, | =320, (x,y;) =(0,0.1) and (x,,y,) = (0,-0.1), r; and r, are distances to (x;, y;) and (x,, y,), respectively, and r, =0.1.
This velocity field leads to a vorticity field expressed as

2

r; 2

o’ = E We 1_<r—l> im0,
ie{1,2} 0

where w, | =320, w,, = =320, which is a combination of two monopoles centered at (x;,y;) and (x,,y,), respectively. The initial
velocity is then scaled such that the initial kinetic energy is £° = 2. The scaling factor is f ~ 0.936026. The corresponding initial
enstrophy and palinstrophy are £° ~ 800 and P° ~ 441855, respectively. The flow is absent of external body force. For the present
test, we use a non-uniform orthogonal mesh of 5148 elements, see the left mesh in Fig. 7, Re = 625, polynomial degree N =2 and
At = %0. This setup is similar to that in [6] except that [6] uses an unstructured mesh and much smaller time steps, At = ﬁ.

The dipole is initialized at t = #, = 0. It will move under a self-induced velocity in x*-direction with an induced wake moving in

the opposite direction. The simulation is performed until # = 1. The vorticity field w;, att € {O, %, %, =1 } is presented in Fig. 8.

10
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Fig. 9. Vorticity field w, in region (x,y) € [0.4,1] X [-0.6,0] at ¢t = 1 with contour lines for w, € {-90,-70,-50,---,70} and on the boundary section (x,y) €
—1x[-0.6,0] at 7 € {0.4,0.6, 1} compared to reference results taken from [22, Fig. 5] for Re = 625. The present simulation has 145% degrees of freedom for vorticity.
The reference simulation uses a pseudospectral method and has 256 degrees of freedom for vorticity.
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Fig. 10. Discrete energy, enstrophy, palinstrophy over time compared to reference results taken from [6, Fig. 8] and reference results at r € {0.25,0.5,0.75} taken
from [22], and mass and vorticity conservation over time.

The original MEEVC scheme uses indirect approaches to impose no-slip boundary conditions, and the suggested approach, called
the kinematic Neumann approach, destroys vorticity conservation, see [6, Fig. 9]. In contrast, the present method can handle no-slip
boundary conditions (and other general boundary conditions) naturally, see the formulation (12) or (26). In Fig. 9, local distributions
of vorticity field in region (x, y) € [0.4,1] X [-0.6,0] at = 1 and on boundary section (x, y) € —1 x [-0.6, 0] at different time instants
(with comparisons to results in [22]) are shown. The discrete energy, enstrophy and palinstrophy over time are presented and
compared to results taken from [6,22] in Fig. 10 where mass and vorticity conservation is also shown. These results show an improved
match with the reference than those in [6, Fig. 10] and also indicate that no-slip boundary conditions are correctly incorporated by
the present method without destroying vorticity conservation.

5.4. General boundary condition test 2: Lid-driven cavity

In this section, we test the proposed method with the lid-driven cavity flow which is a classic benchmark of no-slip boundary
conditions and singularities. The computational domain is a unit square, Q = (x,y) € [0,1]?, and has four infinite no-slip walls.
The flow is at rest initially. And from ¢ = ¢, = 0, the top wall (y = 1), namely, the lid, moves left with a constant speed —1, i.e.
Uiy = [—1 O]T, and drives the viscous flow. Singularities appear at two top corners where vorticity and pressure approach infinity.
The external body force is set to zero.

We do this test for Re = 1000. A mesh of 1296 elements that are locally refined near the walls is used, see the right mesh in Fig. 7.
Other parameters are the polynomial degree N =3 and the time interval Af = ﬁ. The simulation terminates when the flow reaches
the steady state whose criterion is

k k—1 -7
- <107

Results with comparisons to reference results from [23] are shown in Fig. 11 where we can see that the present method produces
results matching the reference results well.

11
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Fig. 11. Vorticity field w, (left, contour lines for w, € {-3,-2,-1,-0.5,0,0.5,1,2,3,4,5}), solutions v;,, @, and p, along the horizontal centerline (middle) and

solutions u,, w, and p, along the vertical centerline (right) at the steady state of the lid-driven cavity flow for Re = 1000 with comparisons to reference results from
[23, Table 9, Table 10]. u, and v,, are two components of velocity, i.e. u, = [u, v,]". The reference results use polynomials of extremely high degrees, 160 and 158,
for the approximation of velocity and pressure, respectively.

Table 1
a(wy.u,,Vxw,) for c €{0,0.25}, K =12, N €{2,3,4} and N, € {1,2,3,4,5,6}.

Ny © 0 0.25
N 2 3 4 2 3 4

1 105¢—12 472 —12  -7.59e—11 —191e+02 —-693¢+00  1.25¢+0l
2 ~1.60e—12  225e—12  104e—12 -519¢—12  743e+00  3.22¢—0l
3 28le—13  —10le—12  3.65e—14  65le—12  155¢—03  —7.90¢—02
4 165e—12  796e—13  10le—13 —7.46e—14 -9.95e—14  —148¢—04
5 -522¢—12  186e-12 —72le—14  170e—12  568¢—13 —142¢—13
6 346e—14  559%-15  17le—13  119e—13 —252—13  223¢—13

5.5. Convective term for enstrophy conservation

This subsection provides numerical evidences for (19) as it is a key for the enstrophy balance of the present method. Given two
random smooth scalar fields,

w =2xsin(2zx + e) sinQRzy + f)

and

v =2xsin(2zx + g)sinzy + h),

where e, f,g,h € (0,1) are random real numbers, in the periodic unit square, Q = (x, y) € [0, 11%. Meshes as described in (29) for
c € {0,025} and K =12 are used. @ and y are projected to finite dimensional polynomial spaces as @, and vy, see [18] or
[19] for details of these projections. The finite dimensional velocity is u;, = V X y;, and thus V - u, = 0. Then the trilinear form
a (coh u,, Vx wh) is computed with Gauss quadrature, see [24], of different degrees, Ng.

The results are presented in Table 1. We can see that, for the orthogonal mesh (¢ = 0), the trilinear form is zero (to machine
precision) even when the quadrature is very inexact, for example, N =4 and Ny =1 (numerical quadrature of degree N, is exact
for polynomials of degree lower than or equal to 2N, — 1). While for the curvilinear mesh (¢ = 0.25), as the metric of the mapping,
see (29), cannot be captured by polynomials, the quadrature is always inexact and the trilinear form is still zero for quadrature
degree that is significantly high. These results support the statement that, for V - u,, =0, the trilinear form a (cuh, u,, Vx a)h) can be
zero even with inexact numerical quadrature.

6. Conclusions

In this work, we present a mass, energy, enstrophy and vorticity conserving (MEEVC) mixed finite element discretization for
the rotational form of the incompressible Navier-Stokes equations on both orthogonal and curvilinear meshes. Comparing to the
original MEEVC method, the present method uses a formulation of a single evolution equation and, more importantly, can naturally
adapt no-slip boundary conditions without violating vorticity conservation. However, it does not linearize the discrete systems as the
original MEEVC scheme does; a more expensive nonlinear method has to be employed to solve the systems.

12
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Appendix A

In this appendix, we analyze mass and vorticity conservation, and balance of energy and enstrophy for the presented formulation
under general boundary conditions, (12), as a complement to Section 3. Without the loss of generality, we use #, =0 and I'; = 9Q
(ie.Tz=0asTzul=0Qand 5N =0).

Mass conservation Pointwise mass conservation, see Section 3.1, is always satisfied regardless of the boundary conditions.

Energy balance For the energy balance, if we replace v;, in (12a) by uj, € Dy(Q,I"} ), we will obtain

(O, up) + a (wp, up,up) +Re™ (V X0, — (P V - up)g = (o uy)g — <13»Tuh>r ,

P
which leads to

(Oup,up)g + Re™ ! (V x opup)g = {fup)g — <f5 Tuh>rj

p

for the same reasons as in Section 3.2. And from (12b), since C(Q) = C(2,I';) when I'j; = @, we know

(up, VXwp)g ={(wp, 0p)q+ (ﬁ”,Tcoh>r”,

for w;, € C(Q). Combining these two relations gives a (semi-)discrete energy balance,

0K, =—2Re"\E,  +(fuuy)q - <13, Tuh> —Re™ (@), T, ). - (A1)
—— —— ' I
—_—

(i) dissipation (ii) work body force (iv) work shear force

(iii) work normal force
This equation states that the time rate of change of kinetic energy is equal to the summation of (i) the amount of energy dissipation
within the domain Q per unit time and the amount of work done on the fluid per unit time. And the work is separated into (ii) the
work done by the body force within the domain, (iii) the work done by the prescribed pressure along I'5, and (iv) the work done by
the shear stress along I'|, respectively.
In the special case where periodic boundary conditions are employed and the body force is set to zero, the energy balance, (14),
is retrieved.

Enstrophy balance If we take the time derivative of (12b), we obtain

(Oup, V X &) g = (0,01, &) + (0,10 Tfh>r”’ VE, € Co(Q,Ty).

However, since &, € Cy(Q,T';) does not guarantee that V x &, € Dy(Q,T"}), a replacement similar to the one used for (16) is no
longer valid. Furthermore, inconsistency will arise again when we perform a replacement similar to the one used to derive (18). As
a consequence, an enstrophy balance like the energy balance, i.e. (A.1), cannot be found by the authors for the current formulation.
Although the results have supported it on handling general boundary conditions, this lack is an obvious limit of this work.

13
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Vorticity conservation For vorticity conservation, we can derive, when iI” =0, from (12b) that

Wh =0
by selecting

Sh=1

This is inline with the results shown in the right diagram of Fig. 10.
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