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Abstract

We present an unconditionally energy-stable scheme for approximating the incompressible Navier—Stokes equations on
domains with outflow/open boundaries. The scheme combines the generalized Positive Auxiliary Variable (gPAV) approach
and a rotational velocity-correction type strategy, and the adoption of the auxiliary variable simplifies the numerical treatment
for the open boundary conditions. The discrete energy stability of the proposed scheme has been proven, irrespective of the
time step sizes. Within each time step the scheme entails the computation of two velocity fields and two pressure fields, by
solving an individual de-coupled Helmholtz (including Poisson) type equation with a constant pre-computable coefficient matrix
for each of these field variables. The auxiliary variable, being a scalar number, is given by a well-defined explicit formula
within a time step, which ensures the positivity of its computed values. Extensive numerical experiments with several flows
involving outflow/open boundaries in regimes where the backflow instability becomes severe have been presented to test the
performance of the proposed method and to demonstrate its stability at large time step sizes.
© 2020 Elsevier B.V. Allrights reserved.
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1. Introduction

This work concerns the numerical approximation and computation of incompressible flows on domains with
outflow or open boundaries. The presence of the outflow/open boundary significantly escalates the challenge for
incompressible flow simulations. A well-known issue is the so-called backflow instability [1,2], which refers to
the numerical instability associated with strong vortices or backflows at the outflow/open boundary and can cause
the simulation to instantly blow up at moderate or high Reynolds numbers. The boundary condition imposed on
the outflow/open boundary plays a critical role in the stability of such simulations. In the past few years a class of
effective methods, so-called energy-stable open boundary conditions [1—4], have been developed and can effectively
overcome the backflow instability; see also related works in [5—13], among others.

In the current work we focus on the numerical approximation of the incompressible Navier—Stokes equations
together with the energy-stable open boundary conditions (ESOBC), and propose an unconditionally energy-stable
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scheme for such problems. Two important issues are encountered immediately, which call for some comments here.
First, the inclusion of ESOBC, which is nonlinear in nature [1], makes the numerical approximation of the system
and the proof of discrete energy stability considerably more challenging. Second, the computational cost per time
step of energy-stable schemes is an issue we are conscious of. The goal here is to develop discretely energy-stable
schemes with a relatively low computational cost, so that they can be computationally competitive and efficient
even on a per-time-step basis.

There is a large volume of literature on the numerical schemes for incompressible Navier—Stokes equations
(absence of open/outflow boundaries); see the reviews [14,15]. These schemes can be broadly classified into two
categories: semi-implicit splitting type schemes and unconditionally energy-stable schemes. The semi-implicit or
fractional-step schemes (see e.g. [16-25], among others) typically treat the nonlinear term explicitly and de-couple
the computations for the flow variables (pressure/velocity) by a splitting strategy. These schemes have a low
computational cost per time step, because the coefficient matrices involved therein are all constant and can be
pre-computed. The main drawback of these schemes lies in their conditional stability, and the computation is stable
only when the time step size is sufficiently small. Thanks to their low cost, such schemes have been widely used
in the simulations of turbulence and flow physics studies of single- and multi-phase problems; see e.g. [26-33].
In the presence of outflow/open boundaries, the numerical methods employed in [1-4,34,35] also belong to the
semi-implicit type schemes. The unconditionally energy-stable schemes (see e.g. [36—44], among others) typically
treat the nonlinear term in a fully implicit or linearized fashion, and can alleviate or eliminate the constraint on
the time step size encountered with semi-implicit schemes. The main drawback of energy-stable schemes lies in
that they typically require the solution of a system of nonlinear algebraic equations or a system of linear algebraic
equations with a variable and time-dependent coefficient matrix within a time step [41]. Their computational cost
per time step is quite high due to the Newton type nonlinear iterations and/or the need for frequent re-computations
of the coefficient matrices (every time step).

Mindful of the strengths and weaknesses of traditional energy-stable algorithms as discussed above, in this paper
we propose a new unconditionally energy-stable scheme for the incompressible Navier—Stokes equations together
with the convective-like energy-stable open boundary conditions from [1]. This scheme in some sense combines the
strengths of semi-implicit schemes and the traditional energy-stable schemes. A prominent feature lies in that, while
being unconditionally energy-stable, within a time step it requires only the solution of de-coupled linear algebraic
systems with constant coefficient matrices that can be pre-computed. As a result, the scheme is computationally very
competitive and efficient. The unconditional discrete energy stability has been proven in the presence of outflow/open
boundaries, regardless of the time step sizes.

These attractive properties of the proposed scheme are achieved by the use of an auxiliary variable associated
with the total energy of the Navier—Stokes system. Such an auxiliary variable was introduced in a very recent
work [45] for the incompressible Navier—Stokes equations (see also [46—48] for related problems). The adoption
of the auxiliary variable enables us to deal with the ESOBC in a relatively simple way. It should be noted that
the auxiliary variable and the Navier—Stokes equations are treated in the current work in a way very different from
in [45]. In this work the incompressible Navier—Stokes equations, the dynamic equation for the auxiliary variable,
and the energy-stable open boundary conditions have been reformulated based on the generalized Positive Auxiliary
Variable (gPAV) approach. The gPAV approach is originally developed in [49] for general dissipative systems, and
provides a systematic procedure for treating dissipative partial differential equations.

We treat the gPAV-reformulated system of equations numerically in a judicious way to arrive at a discrete scheme
for simulating incompressible flows with outflow/open boundaries. The scheme incorporates features of the rota-
tional velocity-correction type strategy that is reminiscent of semi-implicit type algorithms (see e.g. [3,15,34,50,51]).
The unconditional energy stability of this scheme is proven. We show that within each time step the scheme entails
the computation of two velocity fields and two pressure fields, by solving an individual de-coupled linear equation
involving a constant coefficient matrix that can be pre-computed for each of these field variables. On the other hand,
the auxiliary variable (a scalar number) is computed by a well-defined explicit formula. No nonlinear algebraic solver
is involved in the current scheme, and furthermore the existence and positivity of the computed auxiliary variable
are guaranteed (or preserved). Note that this is in sharp contrast with the method of [45], in which Newton-type
nonlinear solvers are required for computing the auxiliary variable and neither the existence nor the positivity of
the computed auxiliary variable is guaranteed.
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The contribution of this paper lies in the unconditionally energy-stable scheme developed herein for simulating
incompressible flows with outflow/open boundaries. The discrete formulation of the current algorithm, barring the
auxiliary variable, resembles the conventional rotational velocity-correction scheme to a certain degree. In such a
sense, the current algorithm can be considered as a modified velocity-correction type scheme, which turns out to be
unconditionally energy-stable. By contrast, the conventional velocity-correction scheme is only conditionally stable.
To the best of the authors’ knowledge, this seems to be the first time when a rotational “velocity-correction” scheme
has been proven to be unconditionally stable.

The proposed scheme is implemented using the high-order spectral element method [52-55] in the current
paper. It should be noted that the use of spectral elements is not essential to the current scheme, and other spatial
discretization methods can equally be used in the implementation. A number of flow problems in two and three
dimensions involving outflow/open boundaries, and in regimes where the backflow instability becomes a severe
issue for conventional methods, have been used to demonstrate the performance of the method and its stability at
large time step sizes.

The rest of this paper is structured as follows. In Section 2 we introduce an auxiliary variable defined based on
the sum of the total system energy and the energy integral on the outflow/open boundary and introduce its dynamic
equation. We then reformulate the governing equations together with the energy-stable open boundary condition into
an equivalent system utilizing the gPAV approach. The algorithmic formulation of the scheme is then presented, and
we prove its discrete energy stability property. The implementation of the scheme is also discussed in some detail. In
Section 3 we use manufactured analytic solutions to demonstrate the convergence rates of the proposed scheme, and
use several flow problems involving outflow/open boundaries to test the performance and demonstrate the stability
of the presented method. Section 4 then concludes the discussions by some closing remarks. In Appendix we prove
an inequality that appears in the main text.

2. Discretely energy-stable scheme for incompressible flows with open boundaries

2.1. Incompressible Navier—Stokes equations and energy-stable open boundary condition

Consider a domain {2 in two or three dimensions, whose boundary is denoted by 92, and an incompressible
flow contained in this domain. The dynamics is described by the incompressible Navier—Stokes equations, in
non-dimensional form, given by

ou
ot
V.u=0, (1b)

+N@u)+Vp —vViu=f, (1a)

where u(x, ¢) and p(x, t) are the velocity and pressure, respectively, N(u) = u- Vu, f(x, 7) is an external body force,
and x and ¢ denote the spatial coordinate and time. v is the non-dimensional viscosity (reciprocal of the Reynolds
number Re),

1 Vv f
V= — = ——, 2)
Re  UoL
where vy is the kinematic viscosity of the fluid, and Uy and L are the characteristic velocity and length scales.
We assume that two types of boundaries (non-overlapping) may exist in the system: Dirichlet boundary 9 (2; and
open boundary d(2,, namely, d{2 = d(2; U d(2,. On the Dirichlet boundary the velocity distribution is known,

u=w(x,t), ondfly, 3)

where w is the boundary velocity.

On the open boundary 9 (2, neither the velocity nor the pressure is known. However, we assume that in general
an external boundary force, in the form of a pressure head, denoted by py, may be imposed on 9(2,. For domains
with multiple openings (outlets/inlets), it is assumed that the imposed external pressure heads on these openings
may be different. To fix the boundary condition for d(2,, we consider the energy balance equation for the system
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consisting of (1a)—(1b),

9 1 1
—/ —|u|2dQ=—v/ ||Vu||2d!2+/ f-ud()—i—/ [—pn-u+vn-Vu-u—-(n-u)|u|2]dA
at Jo 2 Q Q a0 2

1
=—v/ ||Vu||2d!2+/ f-ud()—i—/ (—pn+vn~Vu——(n-w)w> -wd A )
Q Q 30, 2

1
+/ |:—(p — poX,t))n+vn-Vu — E(n . u)ui| -udA — / po(X, H)n-udA,
082, 820

where n is the outward-pointing unit vector normal to 342, ||Vu|? = Zg‘;”:l oju;oju; (d;, denoting the spatial
dimension), and py(x, t) is the imposed external pressure force on 9d(2,, which in general can be a distribution.
Following [1], we consider the following convective-like boundary condition for the open boundary 92, in this

work,

0
vDoa—l; —(p— pox,)n +vn-Vu—Hm,u) =f,(x,7), on 32, (®)]

where the constant Dy > 0 represents the inverse of a convection-velocity scale on 32, (see [1]), f, is a prescribed
source term for the purpose of numerical testing only and will be set to f, = 0 in actual simulations. H(n, u) is
given by [1],

Hn, w) = | ~ufn + > e e s ™ 6
(n,u) = §|u|n+ E(n~u)u o(n, w), o(n,u)—i an U_Q8 (6)

where 6 represents a smoothed step function, taking essentially the unit value when n - u < 0 and vanishing
otherwise. The small constant § > 0 controls the sharpness of the step, and as § — 0 the function becomes sharper
and ©p approaches the step function. The boundary condition (5) (with f, = 0 and § sufficiently small) is an
energy-stable boundary condition for 3(2,, in the sense that in the absence of the external forces (f = 0, py = 0)
and with zero boundary velocity (w = 0) on 9(2; this boundary condition ensures that a modified energy of the
system will not increase over time. This is because in this case the energy balance equation (4) is reduced to

0 1 1 1
— (/ —|u?d2 + vDO[ —|u|2dA) = —v/ [ Vu|?d 2 —/ —|u/*n-uldA, asd — 0. (7)
at \Ja 2 30, 2 o 302, 2
Remark 2.1. The boundary condition (5) can be transformed into (assuming f, = 0):
ou 1 du 1
—t =7 - —(p po)n — —H(n u) = 0. )]

ot Dy on vDy

The first two terms of this equation are reminiscent of the usual convective (or radiation) boundary condition
[14,56,57]. As a matter of fact, if no backflow occurs on 9(2, and if we impose p = py on 9f2,, then the term
H(n, u) vanishes (assuming 6 — 0) and Eq. (8) will be reduced to the form of the usual convective boundary
condition. This analogy between (8) and the convective boundary condition suggests that DLO plays the role of a
convection velocity scale on 9f2,. In practice one can first estimate a convection velocity scale U. > 0 on the
outflow/open boundary, and then set Dy = U— in the boundary condition (5). We refer to [1] for a more detailed
discussion on the analogy between this energy-stable open boundary condition and the conventional convective

boundary condition.

Remark 2.2. The following more general form for H(n, u) is provided in [1],
1 1
H(n, u) = [(9 + Olz)z(ll ‘wn+(1-60+ al)i(n : u)u} Ep(n, u), ©))
where 0, o) and o are constants satisfying the conditions 0 < 0 < 1, @y > 0 and &, > 0. This form also ensures
that the condition given by (5) is an energy-stable boundary condition for 92, (with § sufficiently small).
The system of equation(s) (1a)—(1b) is supplemented by the following initial condition for the velocity,
u(X, 0) = uin(x)v (10)

where u;, denotes the initial velocity distribution that satisfies (1b) and is compatible with the boundary condition
(3) on 042.
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2.2. Reformulated equivalent system

To facilitate the development of numerical algorithms we will first reformulate the system consisting of

Egs. (1a)—(1b), the boundary conditions (3) and (5), and the initial condition (10) into an equivalent system.

Define a biased modified energy,

1 1
E(t) = E[u] = / —|u?d + vDo/ —|ul’dA + Cy,
2?2 a2, 2

an

where C is a chosen energy constant that ensures E(¢) > O for all + > 0. Define an auxiliary variable R(¢) based

on E(t),
R(t) = VE@),
E(t) = R*(1).

Then R(t) satisfies the following dynamic equation,
dR 9 ad
2R—=fu —ud.(2~|—vD0/ u-2aa.
dt 0 ad 382, at

Note that both E(¢) and R(¢) are scalar numbers, not field functions.
We define another function,

_ ) x iftx <1
g(X)_{ 1, if x > 1.
Note that % =1,and so g sz = 1.
With the variables defined above, we reformulate Eq. (1a) into the following equivalent form,
W (B N+ vp— vV =t
— u —vWVu=Hf.
or T8\ E P

We re-write the boundary condition (5) into

du R?
VDog —(p—pon+vn-Vu—g z Hn,u)=f,, onadf2,.

12)

13)

(14)

5)

(16)

Following the gPAV idea [49], we incorporate the following zero terms into the right hand side (RHS) of Eq. (13),

R? R? R?
- - v?2
(E 1)/;2( Vp+v )ud9+[ (E) E]/N(u) ud?
RZ
—I—(/ f~ud(2—/f~ud(2>+(——l) (pn—vn-Vu) -udA
2 Q E a0
R? R?
——g(—)] H(n,u)~udA+</ pon-udA—/ p0n~udA>
E E 382 382, 82,
R? 1
+ f, -udA — f, wdA )+ (1 —— —pn+vn-Vu— —(n-w)w |- -wdA
92 32 E ) Jog, 2
R? R? R? R?
+[ —g(—)] f ude—{—[——g( >]/ (=pon+vn- V) - wdA
E E N
R2
[ —g >] (— p0n~u2+f;,-uz)dA+<1——>( ff-uzdﬁ‘)
E 90, E Q
( [ o)
302

_|_

| —

f~u1d!2‘+
2

f, - llldA‘ +

f f;,~u2dA‘+ / p()l‘l-llldA‘—F
82 9820

1
|:—p1n+ vn - Vu; — E(n . w)w} ~wdA‘ +

392,
2

*
(5]
-5

E 382y

[ (—pon+vn - Vuy) -wdAD .
382y

a7
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In the above expression |(-)| denotes the absolute value of the variable (-). wuj, uy, p;, and p, denote four field
functions that are to be determined. They are related to u and p by the relations,

R? R?
u=u1+g<E>uz, p=p1+g<f>pz- (18)

It should be emphasized that the expression (17) is zero identically on the continuum level, no matter what the
functions uy, u, p; and p, are. These functions are specifically given later in Section 2.4 (by Egs. (37)-(38) and
(44a)—(45b)); see also Egs. (39) and (46) in Section 2.4.

Then Eq. (13) is transformed into

dR du Ju
2R— = u-—d2 +vDy u- —dA
dt 0 dt 382, at

2
+ L [—v/ | Vul?d 2 — f (1(n -u)u> — H(n, u) - u) dA}
E Q 202, \2

2
—/ |:—Vp+vV2u—g<R—> N(u)+f:| -ud 2
Q E

2
—/ |:(p —pon—vn-Vu+g <%> H(n, u)—i—fb] -udA
20

R2 R2 1
+/ —\pi+—p2)n+vn-V{iug+—wm|—-m-ww| wdA (19)
39y E E 2

R? R?
+/ f- <u1+—u2) df) + (£, — pon) - <ll1+—ll2> dA
17} E 8002, E

R2
+<l——></fll1d9‘+ /fllzdﬂ'-i-/ fb-llldA‘—i-/ fb~l12dA‘)
E 0 (P4 382, 982,
RZ
+<1——></ pon-uldA‘+/ pon~u2dA‘+/ (—p2n+vn~Vu2)~wdA‘>
E 902 902, 92

R? 1
+{1—-—— / —pmm+vn-Vu, — —(n-w)w |- wdA
E 992y 2

where we have collected similar terms and used integration by parts, the divergence theorem, Eq. (1b) and the
relation (18).

The reformulated equivalent system consists of Egs. (15), (1b) and (19), the boundary conditions (3) and (16),
the initial condition (10) for u and the following initial condition for R(¢),

1
R(0) = V/E(0), where E(0) :/ §|um|2d9 + vDO/
Q 32,

In this system the dynamic variables are u(x, t), p(x, t) and R(¢). E(t) is given by Eq. (11). Note that R(¢) is obtained
by solving this coupled system of equations, not by using Eq. (12). So in such a sense R?(¢) is an approximation
of E(t), rather than E(¢) itself.

’

1
§|ui,, I’dA + C,. (20)

2.3. Numerical scheme and discrete energy stability

We next present an unconditionally energy-stable scheme for numerically solving the reformulated system of
equations. While seemingly a bit involved, this scheme allows for an efficient solution algorithm and efficient
implementation.

Let n > 0 denote the time step index, and (-)" denote the variable (-) at time step n. Define

u’ =u;,, R°=R(0). (21)
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Then given (u”, R") and these variables at previous time steps, we compute (u"*!, p"+!, R"+1) by the following

scheme:
For p"*!:
3! — ow? + Lyn—1
28 y 2" + g(EN@" + Vp"! 4 vV x V x ot = L
(Rn+3/2)2

§= E[an+3/2]
1 1
E[l—ln+3/2] =/ - |ﬁ"+3/2|2d_(2+ VDOf - |l—ln+3/2| dA + Cy;
0 2 a2 2

0

V-t =0;
n-at'=n-w't', ondy;
vDog ' t! zAut + u" ! . (p”+1 n-H) + g(&)vn - Vu* i+l -n — g(&)H(n, u* n+l) n
—g@vV . -u" =" .n, on a0,
For u"*!:

§u11+l _ ﬁﬁn-&-l
2 2 _ vvzul‘lJrl = 1vV x V x u*,n+1;

At

un+1 — Wn+1 on 8.Qd;
3+l n 1..n—1
su" —2u" + su
VD() 2 At 2 _ (pl‘l+1 _ pg+1) n-+vn- VunJrl _ g(S)H(n, u*,n+l) — iz+1’
on d42,.
For R"!:
1 1 —1
an+1+Rn—an71 R"+ _ZRH+ERH
2 2 At
3 ntl -1 34l |
:/ e 222 +2u d(Z—i—vDO/ gt W T2 cLl dA
302, At

+€: [_v/ || Vun+l || an — / (%(n . ﬁn+l) |l—ln+1 |2 _ H(n, l—ln+1) X un+1> dA]

_ /;) [_vpﬂ-‘rl + vv2un+l +fn+l _ g(g)N(u*,n+l)] 3 n+1d.Q

— \/(;Q [(anrl _ p(I)H-l) n—vn- VunJrl + g(g)H(n’ u*,l‘t+1) + fz-ﬁ-l] n+1dA

+/ |:_( n+1 +§pn+1)n+ wn - ( n+1 +éun+1) _ E(n wn+l)wn+l:| n+ldA
2q

+/an+1 A (urll+l +Eur21+l)dg+/éﬂ n+1n) ( n+1 +%.un+1) dA

+(1—g)(’/ t"+'.u';+1d9‘+ /f”“~u§“d()‘+
2 2 3820
4 / fn+1 -llg_HdA‘—l— /(;Q p(r)z-Hn urlt-b-l AQ p6£+l ;-H

|: n+1n+ wn - VurllJrl (n .Wn-‘rl)wn-&-ljl . n-HdA‘

).

(fVl-H
fZ+1 . uill+1dA‘

+

+

n+ln+vn Vun+l] wn+l

L.
[

a0y

(22a)

(22b)

(22¢)

(22d)
(22e)

(22)

(23a)
(23b)

(23¢)

(24)
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s+l

The symbols in the above equations are defined as follows. u"™" is an auxiliary field variable approximating

u"*!'. u*"*! is a second-order explicit approximation of u"*!, defined by

wt" = 2u" —u (25)

"+ and @"3/? are second-order approximations of u"*! and u***/? to be specified later in Egs. (47) and (48).

R"3/2 and R"™*'/? are defined by

Rn+3/2 — éRIH*l _ an’ Rl‘l+1/2 — ERn _ anfl. (26)
2 2 2 2

The following relation will be useful subsequently when dealing with Eq. (24),

3 1 3 1
<_Rn+1 + R" — _Rn1> (_Rn+1 —_2R" 4 _Rn1>
2 2 2 2 27

_ (Rn+3/2 T Rn+1/2) (Rn+3/2 _ Rn+1/2) _ |Rn+3/2|2 _ |Rn+1/2|2.

n+1 n+1 n+l1
Py Py s

Eqgs. (37)—(38) and (44a)—(45b).
It is crucial to note that in this scheme all terms are approximated at time step (n + 1), except for the term

R1+3/2)2

which is approximated at time step (n +3/2) as given in Eq. (22b). Note that § = T is a second-order
R2()

Fw = 1, because R"3/2 and E[w"+3/?] are second-order approximations of R(¢) and E(¢) at step

2
(n+3/2) and ';T(t’)) is the unit value. Therefore this treatment does not affect the temporal second-order accuracy

of the scheme. This treatment was originally used in [49] for general dissipative systems. It allows the auxiliary

and ugH are field variables related to p"*! and u"*! that will be specifically defined later in

R()
E(r) >

approximation of

variable R™*! to be computed explicitly by a well-defined formula, and guarantees that the computed values for
R"*! are always positive.

The scheme represented by Eqs. (22a)—(24) is unconditionally energy stable because of the following stability
property.

Theorem 2.1. [In the absence of the external forces and source terms (f = 0, pg = 0, f, = 0) and with homogeneous
condition on the Dirichlet boundary (w = 0), and as § — 0 in the open boundary condition (5), the scheme given
by Egs. (22a)—(24) satisfies the relation

(Rn+3/2)2 _ (Rn+]/2)2 — _sAt [V/ ||vl—ln+1 ||2d.9 + UD()/ % }ﬁn-'rl |2 |n . ﬁl’H-l | dA} < 0, (28)
? 9420

where R™3/2 and R™ /2 are defined in (26).

Proof. Take the L? inner product between u"*! and Eq. (22a). Take the L? inner product between u"*!
and Eq. (23a). Take the inner product between u"*!' and Eq. (23c) and integrate over df2,. Summing up these

equations together with Eq. (24) leads to

(Rn+3/2)2 _ (Rn+1/2)2 = —£At [V/ ” V‘_l"H”de
2
29
1 —n+1 2 —n+1 —n+1 —n+1 ( )
+ E]u |”(n-0"™") —Hm, a"™") - a dA | — £SyAr + S, At,
382,



L. Lin, X. Liu and S. Dong / Computer Methods in Applied Mechanics and Engineering 365 (2020) 112969 9

where
So = |A1| + (|B1] — B1) + |A2| + (|B2| — B2) + |A3| + (|B3s| — B3) + |A4| + (|B4| — Ba),

S1 = (A1l + A + |Bi| + (JAz| + Az) + | Bo| + (JA3| + A3) + | B3| + (| A4l + Ag) + | Bal,

A :/ f”“~u’f+ld(2, B, :/ s -u’ZH'ldQ,
Q Q

1
Ay = / |:—p1’+ln +vn-vult!' — —(n- w”+1)w"+1:| WA,
892y 2

(30)
B, = / [—pg+1n+vn~Vug“] -w'ldA,
302
A3:/ f;l)+1'u'il+1dA, B3=/ fZH-u;HdA,
982 942
A4=—/ pot'n-uwit'dA, By = _f pet'n-uy T dA.
382, 382
In light of (6), one notes that
1 1
@ @ [@ ! P — Hm, @t - ot - 3 @+ - @, as 8 — 0. 31)

Iff=0 po=01f =0and w = 0, then Sy = 0 and S; = 0. Therefore Eq. (29) leads to (28). Note that
E[@"*!'] > 0 and & > 0 in light of (22b) and (22c). We conclude that the inequality in (28) holds. O

Remark 2.3. Eq. (28) represents the stability relation as § — 0 in the open boundary condition (5). Indeed one
can also prove the following stability relation,

(R - (20 < v [ [y ag <o @2
2

for all 0 < § < §p with some §y = 6(u) > 0. This relation follows immediately from Eq. (29) and the following
result: There exists a o = §(u) > 0 such that for all 0 < § < &,

1
f |:—(n -u)u> — H(n, u) - u} dA >0, (33)
902, L2
where H(n, u) is defined in (6). A proof of the inequality (33) is provided in Appendix.

Remark 2.4. Barring the terms involving the unknown g(£), Egs. (22a)—(23c) resemble a rotational velocity
correction-type scheme for the incompressible Navier—Stokes equations (see e.g. [1,3,15,41]). Such a velocity
correction scheme alone is known to be only conditionally stable. The current numerical scheme builds upon the
velocity correction strategy. Because of the auxiliary variable R(¢) introduced here and the coupling terms, the
overall scheme becomes unconditionally energy-stable thanks to Theorem 2.1.

Remark 2.5. Note that the numerical scheme from [45] also employs an auxiliary variable. Several major differences
distinguish the scheme herein from the one in [45]:

e In the scheme of [45], the pressure p"*' and the velocity u"*' are fully coupled, and the energy stability
therein is proven in this fully coupled setting. In the implementation in [45], a further approximation is made
to decouple the computations for the pressure and the velocity. The discrete energy stability of [45], however,
breaks down mathematically with that approximation. In contrast, in the current scheme the pressure and the
velocity are de-coupled, except for the g(&) term, which can be dealt with in a straightforward way (see later
discussions). The discrete energy stability presented here holds in the de-coupled setting.

e The dynamic equations for the auxiliary variables, and their numerical discretizations, in the current work
and in [45] are completely different. In [45] a nonlinear algebraic equation needs to be solved based on the
Newton’s method when computing the auxiliary variable. In contrast, the auxiliary variable in the current work
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is computed by a well-defined explicit formula, and no nonlinear algebraic solver is involved. Furthermore,
the computed values for the auxiliary variable here are guaranteed to be positive, and this positivity property
is unavailable in the method of [45]. These points will become clear in subsequent discussions.

e The scheme developed herein is energy stable for flow problems involving open/outflow boundaries and
Dirichlet boundaries. The scheme developed in [45] works only with Dirichlet boundaries.

2.4. Solution algorithm and implementation with high-order spectral elements

Let us next consider how to implement the scheme represented by Egs. (22a)—(24), which are seemingly all
coupled with one another. It is critical to realize the fact that the variables R(z), E[u], £ and g(&) in these equations
are scalar-valued numbers, not field functions. By exploiting this fact, we can implement the scheme and compute
different variables in a decoupled and efficient fashion.

Let
N (34)
2 2
We re-write Eq. (22a) as,
Yo gt LVt =t 4 u SENW™) = vV x @™, (35)
A At
where @*"*! = V xu*"*! is the vorticity. We would like to derive the weak forms of this and subsequent equations

so that certain types of boundary conditions can be incorporated within. Let ¢(x) denote an arbitrary test function,
which is continuous in space. Its discrete function space will be specified later. Taking the L? inner product between
Vg and Eq. (35) yields,

] N
/ Vp't . Ved 2 + — "+1qu = / [t”“ + o - g(E)N(u*’"“)} -Vqd$?
vDy 0 At
1
—v nx 0" VgdA — RAl n-wtlgdA — / |: £t on— ppt! (36)
/;_Q At 32y 32 UD,)(h 0

— g(&vn- V" n 4g@Hm, u") 04 gEWV w4 % ’ “} qdA, Vg,

where we have used integration by parts, the divergence theorem, Eqs. (22d)—(22f), and the identity f o VX W™t
Vgd = [,,nx """t . VqdA.

In order to solve Eq. (36) for p"*!, we define two field variables Pt
equations, respectively,

| ~
f Vpn-H quQ—{— n+1qu / (f"+l+%) quQ—l)/ l’lX(,()*’n+l quA
32 0 a2

1 +1

and p;™" as solutions to the following

UDO
Yo n+1 u 1 n+l +1
- = : dA — —. — + 7 dA, Vg 37
Af/mdn v /ano[ﬂf n+VDo( Po )}q 1 &7
1
/ vpytvgd2+ — | pitlqdA = —/ N@*"*!) . Vgd
vDy J30, Q
1
- [-vn- Vot n+ Hm, u*"t  n+ 0V w1 gdA,  Vq. (38)
vDy Jyo,

Then, noting that g(£) is a scalar-valued number, the solution to (36) is given by

pt = pit 4 g®)pyt, (39)

where & still needs to be determined.
Summation of Egs. (22a) and (23a) leads to
u

Y0 nt1 EAT TR o [ u n+1 1 041
- v/ — | — vV _ - N(u* ) 40
) tll u b |: + \r )4 i| vg(f) (u ) (40)
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Let ¢(x) denote an arbitrary test function (continuous in space) that vanishes on 9{2, i.e. ¢|y0 , = 0. Taking the
L? inner product between ¢ and Eq. (40), we get

1
/ V(ﬂ VunJrldQ + n+1¢d9 — _/ [frl+1 + l _ Vpl‘l+1 _ g(éj)N(u*’nH):| @dQ
0 VJo At

i 41
+ /m n- Vu"+'<pdA, Yo with @[30, =0,
where the divergence theorem has been used. In light of (23c), we have
n-vu'tl = —)/"A—Dtou’”1 + %ﬁ + % [+ (p"™ — pgthn + g@®Hm, u*" )],  on 8102, (42)
Eq. (41) can then be transformed into
/Qw vutlan + 2 P / "Hod 2 + OA?O /mo u"lpd A
= 1 /Q [f”*‘ U v g(S)N(u*’”*')} pd (2 43)

At
a+ —

[t"“ + (" = pi™Hn + g(5)H(n, u* "“)]} edA, Yo with ¢ly, = 0.

wf 2
882, At

In order to solve Eq. (43) together with (23b) for u"t!, we define two field variables u)
to the following equations:

1 and w3t as solutions

For u”+l.
/ Vo vurtan + 2 [ wtipan + 220 [ wrtigaa
A At Sy,
= 1/ poty O vp"+‘ pd 2 +/ Doa (f"+1 + (P = ppthm) | pd A (44a)
v Jo At 92 At ’
V(p with (pla_Qd = 0,
ut =wt on 80, (44b)
For uj™:
/ Vo - VungQ + AR u’;'l(pd() + voDo u;HgodA
0 v At 0 At 32
1 1
= /Q [VPsH + N pd 2 + - /a ) [P2'n + Hmn, u")] pdA, (452)
Vo with @[3, = 0;
w;t' =0, onan,. (45b)

Then, by exploiting the fact that g(&) is a scalar-valued number, the solution to Egs. (43) and (23b) can be written
as

un+1 n+1 +g(%.)un+1’ (46)

in which & will be determined below.
With ul'”'l (i = 1,2) given by Eqs. (44a)—(45b), we define

l—ln+l — urltJrl + u;Jrl’ (47)
1

l—ln+3/2 — El—er—l — ", (48)
2 2

Note that these are second-order approximations of u"*! and u"**/2, respectively.
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Now we are ready to determine &. Note that the combination of Egs. (22a), (23a) and (24) leads to Eq. (29).
Using Eq. (22b), we can compute & from (29) as follows,

(Rn+l/2)2 + 8, At

_ , 49
5 E[u"+3/2] + (Ao + By + So) At “9)
where Sy and S; are given in (30), and
Ag=v / [V’ e,
“ (50)

2

It can be noted that Ag > 0, Sy > 0 and S; > 0. In light of the relation (33), we conclude that By > 0 as § in
the open boundary condition (5) is chosen to be sufficiently small. It then follows that & > 0 if § is chosen to be
sufficiently small, regardless of the value At and the external forces and source terms.

With £ known, p"*! and u"*! can be computed by Eqs. (39) and (46), respectively. R"*! is computed as follows,

Rn+3/2 — /EE[ﬁrH—?’/z],

Rn+1 — an+3/2 4 an’
3 3

where Eqgs. (22b) and (26) have been used. It can be noted that these computed values satisfy the property R"*! > 0
and R"*3/2 > 0. Algorithm | summarizes the final solution procedure within a time step.

1
B() — / <_(n_l—ln+1)|ﬁn+l|2 _H(n, ﬁn+l)'ﬁn+l) dA.
982,

(S

input : u and R of time steps n and (n — 1)
output: u"t!, p"*! and R"*!

begin
Solve Eq. (37) for p}™;
Solve Eq. (38) for pi*';

Solve Egs. (44a)—(44b) for u’l”";
Solve Egs. (45a)—(45b) for ugﬂ;

Compute 6" and @"+3/2 by Eqs. (47) and (48);
Compute Ay and By by Eq. (50);

Compute Sy and S; by Eq. (30);

Compute £ by Eq. (49);

Compute p"*!' by Eq. (39);
Compute u"*! by Eq. (46);
Compute R"*! by Eq. (51).

end

Algorithm 1: Solution algorithm within a time step.

Remark 2.6.  Algorithm 1 has several notable properties: (i) It is unconditionally energy stable. (ii) The
computations for different field variables (p?'“, ng, u’1’+' and u;H) are de-coupled, and the resultant linear
algebraic systems involve only constant coefficient matrices that can be pre-computed. (iii) The auxiliary variable

is computed by a well-defined explicit formula, and its computed values are guaranteed to be positive.

Egs. (37)—(38) and (44a)—(45b) need to be solved for the field functions p’*', pi™, u/™ and uj™. Let us next
briefly discuss their spatial discretizations using C°-type high-order spectral elements [53]. We discretize the domain
{2 using a mesh consisting of N,; conforming elements. Let {2, denote the discretized domain, {2 (e =1,..., N¢)
denote the elements, and {2, denote the discretized domain boundary. The corresponding discretized Dirichlet and
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open boundaries are denoted by 92, and d2,, (342, = 32, Ud2,,). Let K (a positive integer) denote a measure
of the highest polynomial degree in field expansions within an element, which will be called the element order.
Define function spaces,
X = { v E Hl(_();,) : v is a polynomial of degree characterized by K on {2/, 1 <e < Ny } :
Xo={veX :v=00ndfy,}.

Let (-), denote the discretized version of the variable (-) in what follows. The fully discretized versions of
Egs. (37)—(38) are: Find p’;'' € X and p4,™" € X such that

1 a
f Vi Vgd 2+ — pignd A =/ (t*,;*‘ + —h> Vagpd 2
2 VDO 982 2 At
- v/ n, x 0" " VgndA — —/ n, wZ“q;,dA (52)
30, 0824p

ﬁh 1 n+1 +1
2 n, 4+ — + 5 n, dA, Vq, eX;
/; 0h|: \7 h vDo ( Pon bh 1) qn qn

1
/ Vp”'H Vagpd§) + — p’zlz_lqhdA = —f N(uj’ ntly. Vgpdf?
Q vDy J30,, fol
1

- — [—vnh . Vu}i’”+1 -n;, + Hiny, u ”H) n, + vV -uy ”H] qrndA, Vg, € X. (53)
vDy J30,,

The fully discretized versions of Eqgs. (44a)—(45b) are as follows. Let d;;,, denote the spatial dimension with d;,, = 2
or 3 below.
Find u’f;[l € [X]%m such that:

Yo Do
V V n ldQ n+l1 d.Q YH—] dA
'/-;Z/l (ph ul + VA -Qh ulh h + At 8-Qoh (ph
1 Dy . n "
=- / (t"“ +—= - W“) ond 2 + / [—°uh +— (G + ol - po,f‘mh)} ond A, (54a)
Vv 2 Al 320 At
Yo, € Xo;
ujif =wit on 90 (54b)
Find u;;[l € [X]¥%m such that:
/Q Vo - Vil + 2 A i wiH o,d 2 + ”"A 0 » wiH oud A
h h oh
1 1
= —;/ [ L N(u) "“)] ond 2 + ;f [pé‘,flnh +H(ny, ujf ”“)] ondA, (552)
2 92,
Yo, € Xo;
W' =0, on 3. (55b)

In the numerical tests provided in Section 3, for two-dimensional simulations our solver has been implemented
using C? spectral elements for spatial discretizations, by solving Eqgs. (52)—~(55b). For three-dimensional problems
therein, we assume that the flow domain is homogeneous (periodic) along the z-direction and can be arbitrary in the
x and y directions. We employ a Fourier spectral discretization along the z-direction, combined with a C° spectral
element discretization in the xy-plane, for the three-dimensional simulations. The hybrid Fourier-spectral/spectral-
element discretization has appeared in a number of previous works, and we refer to e.g. [27,58—61] for more detailed
discussions of this aspect.

3. Representative numerical examples

In this section we test the performance of the algorithm presented above using several flow problems in two
and three dimensions involving outflow/open boundaries. These flows are challenging to simulate at moderate and
high Reynolds numbers because of the open boundaries and the presence of strong vortices or backflows on such
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Fig. 1. Convergence rates (two dimensions): (a) Flow configuration and the mesh. (b) Numerical errors versus the element order (fixed
tr =0.1 and Ar =0.001). (c) Numerical errors versus At (fixed 7y = 0.2 and element order 16).

boundaries. The effects of the simulation parameters will be investigated, and in particular the stability of the method
at large time step sizes will be demonstrated.

3.1. Convergence rates

We first demonstrate the spatial and temporal convergence rates of the algorithm from Section 2 using
manufactured analytical solutions to the incompressible Navier—Stokes equations. The numerical tests in two and
three dimensions are presented separately below.

3.1.1. Two dimensions

Consider the computational domain ABCD in two dimensions as depicted in Fig. 1(a), 0 < x < 2 and
—1 < y < 1, which is discretized by two equal-sized quadrilateral elements ABFE and EFCD. Consider the
following analytic solution to Eqs. (1a)—(1b),

u = 2cos(ry)sin(rx)sint,
v = —2sin(rry) cos(rx) sint, (56)
p = 2sin(wy)sin(mwx)cost,
where (u, v) are the x and y components of the velocity u. In Eq. (1a) the non-dimensional viscosity is set to
v = 0.01, and the external force f is chosen in such a way that this equation is satisfied by the expressions in

(56). Dirichlet boundary condition (3) is imposed on the boundaries AB, BC and AE, where the boundary velocity
w(x, t) is chosen according to the analytic expressions from (56). The open boundary condition (5), with H(n, u)
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given by (6), is imposed on the boundaries CD and DE, in which the parameters are set to Dy = 1, § = 0.05
and Uy = 1, and the external boundary pressure force is set to pp = 1 on CD and py = 10 on DE. The source
term f;, in (5) is chosen such that the analytic expressions from (56) satisfy Eq. (5) on these boundaries. The initial
velocity u;, is chosen based on the analytic expressions from (56) by setting r = 0.

The method from Section 2 is employed to integrate the incompressible Navier—Stokes equations in time from
t =0tot =ty (ty to be specified below), in which we have employed a constant value Cy = 1 in Eq. (11).
We then compare the numerical solution at t = ¢, against the analytic solution of (56), and compute the error in
various norms. The element order and the time step size At are varied systematically to test the spatial and temporal
convergence behavior of the method.

Fig. 1(b) illustrates the behavior of the method for spatial convergence tests. Here we employ a fixed 7y = 0.1
and Ar = 0.001, and vary the element order between 2 and 20 in the tests. This figure shows the errors of the
numerical solution at # = ¢y in L™ and L? norms as a function of the element order. The result clearly exhibits
an exponential convergence rate for element orders below 12, and an error saturation for element orders above 12,
which is due to the dominance of the temporal truncation error at large element orders.

Fig. 1(c) illustrates the temporal convergence behavior of the presented method. Here we have employed a fixed
element order 16 and ¢, = 0.2, and varied the time step size systematically between Ar = 0.1 and Ar = 7.8125¢—4
in the tests. This figure shows the L> and L? errors of the numerical solution at = 7, as a function of At for
different flow variables. It is evident that the method exhibits a second-order convergence rate in time.

3.1.2. Three dimensions
Consider the three-dimensional domain, 2 = { (x,y,2) | 025 < x <125, -1 <y <1, 0<z<2}, as
shown in Fig. 2, and the following analytic solution to the incompressible Navier—Stokes equations (1a)—(1b):
u = 2cos(2mx)cos(mry)cos(wz)sint,

v = 2sin(2m x) sin(ry) cos(rr z) sint,

. . . 57
w = 2sin(2wx) cos(wy) sin(mwz) sin ¢,
p = 2sin(2x) sin(rry) sin(;r z) cos ¢,
where uw = (u, v, w). The external body force f(x,7) in (la) is chosen such that the expressions in (57)

satisfy Eq. (1a). Periodic conditions are assumed for all variables in the z-direction. The open boundary condition (5)
is imposed on the top surface £ FG H and the top half of the right surface J K G F', in which the source term f},(x, t)
is chosen such that the analytic expressions in (57) satisfy Eq. (5) on these surfaces. The Dirichlet condition (3) is
imposed on the rest of the surfaces, in which the boundary velocity is chosen according to the analytic expressions
in (57). The initial condition for the velocity is chosen according to the analytic expressions (57) by setting ¢ = 0.

As mentioned in Section 2, we discretize the three-dimensional domain by a hybrid spectral-element/Fourier-
spectral method. We employ 8 Fourier planes (grid points) in the z-direction, and in each xy-plane we employ 4
quadrilateral spectral elements as depicted in Fig. 2(a). We integrate the Navier—Stokes equations in time using the
scheme of Section 2 from ¢ = 0 to ¢t = t; (¢ to be specified below). Fixed values for the following parameters are
used in the numerical tests: v = 0.01, Co = 1.0, po =0, Uy = 1, Dy = 0.1, and § = 0.05. Different error norms of
the numerical solution against the analytic solution (57) at t = ¢, have been computed and monitored. The element
order and the time step size At are varied respectively in the spatial and temporal convergence tests.

Fig. 2(b) illustrates the spatial convergence results. Here we employ a fixed t; = 0.1 and Ar = 0.001, and vary
the element order systematically between 2 and 16. The L™ and L? errors of different field variables at t = ¢, as a
function of the element order have been shown. A clear exponential convergence rate is observed for element orders
10 and below. The errors saturate with higher element orders due to the dominance of the temporal truncation error.

Fig. 2(c) illustrates the temporal convergence results. Here fixed values of ty = 0.2 and element order 14 are
employed, and the time step size is varied systematically between Az = 0.1 and At = 3.90625¢ — 4. The L™ and
L? errors of different field variables at t = t; are shown as a function of At, and the reference line of second-order
temporal convergence rate is also included in the figure. A clear second-order convergence rate in time is observed
when At becomes small.
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Fig. 2. Convergence rates (three dimensions): (a) flow domain. (b) Numerical errors as a function of the element order (fixed ¢y = 0.1 and
At =0.001). (c) Numerical errors as a function of Ar (fixed element order 14 and 7; = 0.2).

Fig. 3. Bifurcation channel: flow domain and the mesh of 2288 quadrilateral elements.

3.2. Flow in a bifurcation channel

In this subsection we test our method using the bifurcation channel problem in two dimensions, which has been
considered by a number of previous works (see e.g. [3,62], among others)

Specifically, we consider an incompressible flow contained in a bifurcation channel depicted in Fig. 3. There
are three openings in the channel: one on the left side (x = 0), and two on the right (x = 5). All the rest of the
boundaries are walls. The flow enters the channel through the left opening, with a velocity profile assumed to be
parabolic with a unit center-line velocity. External pressure heads are imposed on the two openings on the right
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Fig. 4. Bifurcation channel: flow patterns visualized by streamlines.
Table 1

Resolution tests of the bifurcation channel problem. f; and f, are the x and y components of
the total force on the channel walls. L; is the length on the bottom wall of the recirculation
zone behind the inlet step. Ly is the length of the recirculation zone on the top wall of the lower
bifurcation.

Element order fx fy Ly Ly
3 0.203 2.02e—3 0.970 1.24
4 0.196 —8.50e—5 0.975 1.23
5 0.193 —2.30e—4 0.980 1.23
6 0.192 —6.0e—6 0.980 1.22
7 0.191 1.25e—4 0.980 1.22
8 0.191 1.71e—4 0.980 1.22
9 0.191 1.86e—4 0.980 1.22

10 0.191 1.92e—4 0.980 1.22

sides, with pg; on the upper right opening and pg, on the lower right one. The values for pg; and pg, will be
specified later.

We discretize the domain using a mesh of 2288 quadrilateral elements as shown in Fig. 3, with the element order
varied in a range of values to be specified below. The method from Section 2 is employed to simulate the flow (with
no external body force, i.e. f = 0 in (1a)). On the left boundary (x = 0) the Dirichlet condition (3) is imposed,
with the boundary velocity given according to the parabolic profile specified above. On the wall boundaries the
no-clip condition (i.e. the Dirichlet condition (3) with w = 0) is imposed. On the right boundaries (x = 5), the
open boundary condition (5) is imposed, with f, = 0 and H(n, u) given by (6) and with py = pg; for the upper
right boundary and py = pg, for the lower right boundary.

Note that we have used the channel centerline velocity on the left boundary as the velocity scale (Uy = 1), and
the channel height in the mid-section (0.5 < x < 1.5) as the length scale. All the other parameters and variables
are normalized accordingly. We focus on the Reynolds number Re = 800 for this problem, chosen in accordance
with [3], and the flow is at a steady state. The other simulation parameters are set to Dy = UL =1 and § = 0.05.
The element order, the time step size Az, Cy, po; and pg, are varied to study their effects on the flow characteristics.

We first concentrate on the cases with zero external pressure heads at the two open boundaries on the right,
namely, po; = po2 = 0. Fig. 4 shows a visualization of the steady-state velocity patterns using streamlines, which
are obtained with an element order 8, time step size Ar = 0.001 and Cy = 1 in the simulations. In this case, the
flow enters the domain through the left boundary and discharges from the domain through the two open boundaries
on the right. Several re-circulation zones (bubbles) are visible from the flow pattern. The most prominent are those
behind the inlet step and the one on the top wall of the lower bifurcation of the channel.

We have varied the element order systematically in the simulations to make sure that the numerical results have
converged with respect to the mesh resolution. Table 1 provides the x and y components of the total force (f, and
fy) exerting on the channel walls, as well as the sizes of the recirculation zones behind the inlet step (L) and on
the top wall of the lower bifurcation (L;), corresponding to different element orders. These results are obtained
using a time step size Ar = 0.001, and Cy = 1 in Eq. (11). The mesh independence of the simulation results is
evident for element orders beyond 6.

Fig. 5 compares profiles of the streamwise velocity (#) along the y direction at several downstream locations
(x = 0.25, 1.0, 2.0 and 4.0), obtained with the range of element orders. Fig. 6 is a corresponding comparison of
the vertical velocity profiles at the same locations obtained with different element orders. Some magnified views of
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Fig. 5. Bifurcation channel: Comparison of streamwise velocity profiles at several downstream locations, x = 0.25 (a), 1.0 (b), 2.0 (c) and
4.0 (d), computed using various element orders.
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Fig. 6. Bifurcation channel: Comparison of vertical velocity profiles at several downstream locations, x = 0.25 (a), 1.0 (b), 2.0 (c) and 4.0
(d), computed using various element orders.

sections of the velocity profiles are provided in the insets of Figs. 5(c) and 6(b). These results are computed with
At = 0.001 and Cy = 1 in the simulations. It can be observed that the velocity profiles corresponding to element
orders 6 and beyond essentially overlap with one another, further attesting to the convergence of simulation results.

Thanks to the unconditional energy stability property (Theorem 2.1), stable computation results can be obtained
using the current method even with large (or fairly large) time step sizes. This point is demonstrated by Table 2, in
which we list the x and y forces on the wall (f; and f,) obtained from the simulations using time step sizes ranging
from At = 107* to At = 0.5. These results correspond to an element order 8 and Cy = 1 in the simulations. We
observe that when Ar increases beyond a certain value (Se — 3), the computed forces are no longer constant, but
exhibit a fluctuation in their histories, although these fluctuations are minuscule. For such cases, f; and f, shown
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Table 2

Bifurcation channel: forces on the channel walls obtained with a range of time step sizes Az.

Ar fx fi 5 i

le—4 0.192 0 1.16e—4 0

Se—4 0.191 0 1.54e—4 0

0.001 0.191 0 1.71e—4 0

0.005 0.144 1.23e—2 —6.57e—5 3.83e—3

0.01 0.139 9.88e—3 —3.13e—5 2.21e-3

0.05 0.126 3.99¢e—3 —6.46e—5 4.72¢—4

0.1 0.123 1.94e—4 —6.0le—5 7.06e—4

0.5 0.119 1.97e—5 —1.03e—4 1.19e—4
0.5

>0
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Fig. 7. Bifurcation channel: flow pattern visualized by streamlines obtained with a larger time step size At = 0.01.

in Table 2 are the time-averaged forces, and f, and f)/, are the root-mean-square (rms) values. The stability of our
method with large Ar is evident. On the other hand, a deterioration in accuracy of the simulation result is visible
when Ar becomes large (or fairly large). Fig. 7 shows a visualization of the flow pattern obtained with a larger
time step size At = 0.01. This figure can be compared with Fig. 4, which corresponds to At = 0.001. While the
overall flow pattern in Fig. 7 seems reasonable, the recirculation zone on the top wall of the lower bifurcation is
markedly different in size compared with that of Fig. 4.

The above simulation results are obtained with the parameter values Dy = 1 and Cy = 1 in the computations.
The parameters Dy and Cy have also been varied systematically (Dy ranging from 0.1 to 2.0; Cy ranging from 1073
to 10°), and we observe no apparent effects of the variation of these parameters on the simulation results (e.g. in
terms of the forces on the walls).

The incorporation of py(X, t) in the open boundary condition (5) allows one to impose different pressure heads
(po1 and pgp) on the open boundaries of the bifurcation channel. Depending on the relative values of py; and
P, the flow pattern in the domain can be modified dramatically. Fig. 8 shows a comparison of the flow patterns
visualized by streamlines corresponding to several pg; values (ranging from —1.5 to 1.5) at the upper right opening,
while zero pressure head is imposed on the lower right one (pgp, = 0). These patterns can be compared with that
of Fig. 4, which corresponds to pg; = po» = 0. These results are obtained with an element order 8, At = 0.001,
Dy = 1 and Cy = 1 in the simulations. When py,; is sufficiently low compared with py,, e.g. with py; = —1.5
and pgp; = 0 (Fig. 8(a)), the flow direction in the lower bifurcation can be reversed. In this case the lower right
boundary effectively becomes an inlet, through which the flow is sucked into the domain. On the other hand, when
po is sufficiently high compared with py,, e.g. with py; = 1.5 and pyp, = 0 (Fig. 8(d)), a flow reversal occurs in
the upper bifurcation. In this case, the upper right boundary becomes an effective inlet, and the flow is pushed into
the domain through that boundary due to the high pressure head there.

3.3. Flow past a circular cylinder

In this subsection we use a canonical problem, the flow past a circular cylinder in two dimensions, to test
the performance of the method developed herein. Consider the flow domain depicted in Fig. 9. The center of the
cylinder coincides with the origin of the coordinate system. Let d denote the cylinder diameter. On the left boundary
(x = —5d), a uniform inflow with a velocity Uy = 1 enters the domain in the horizontal direction. The flow exits the
domain through the right boundary (x = 10d), which is open. The top and bottom domain boundaries (y = £10d)
are assumed to be periodic. We choose Uy and d as the characteristic velocity and length scales, respectively, and
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Fig. 8. Bifurcation channel: flow patterns visualized by streamlines corresponding to several external pressure heads imposed on the upper

right boundary: (a) po; = —1.5, (b) po1 = —0.75, (¢) por = 0.75, and (d) po1 = 1.5. zero pressure head is imposed on the lower right
boundary (pp2 = 0).
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Fig. 9. Cylinder flow: flow configuration and a mesh of 1228 quadrilateral elements.
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Fig. 10. Cylinder flow: instantaneous velocity distributions at Reynolds numbers (a) Re = 2000, and (b) Re = 10000.

all the parameters and variables are normalized accordingly. We would like to study the long-time behavior of this
flow using the method developed here. As the Reynolds number becomes moderately large (around Re = 2000 and
beyond), vortices shed behind the cylinder can persist in the entire wake region and pass through the right open
boundary, which can cause a severe issue to numerical simulations due to the backflow instability [1—4].

We discretize the domain using a mesh of 1228 quadrilateral spectral elements, as shown in Fig. 9, and the
element order is varied in the simulations. The method from Section 2 is employed to solve the incompressible
Navier-Stokes equations, with f = 0 being set in (la). Dirichlet boundary condition (3) is imposed on the left
domain boundary, with the boundary velocity chosen based on the uniform inflow condition. No slip condition is
imposed on the cylinder surface. Periodic conditions are imposed on the top/bottom boundaries for all flow variables.
The open boundary condition (5), with f, = 0, Dy = ULO =1, po =0, and § = 0.01 in Eq. (6), is imposed on the
right boundary. We employ a fixed Cy = 1 in Eq. (11) in the simulations of this problem. The element order and
the time step size Ar have been varied systematically to investigate their effects on the simulation results. The flow
at several Reynolds numbers ranging from Re = 30 to Re = 10000 has been simulated.

The cylinder flow is at a steady state for low enough Reynolds numbers (for Re < 47), and it becomes unsteady
with vortex shedding behind the cylinder as the Reynolds number increases. We refer the reader to the review
article [63] for a discussion of different flow regimes in the cylinder wake. Fig. 10 shows instantaneous velocity field
distributions at Reynolds numbers Re = 2000 and Re = 10000 obtained from current two-dimensional simulations.
A train of irregular vortices can be observed behind the cylinder, which persist in the entire wake region at these
Reynolds numbers with the current domain. In particular, vortices and backflows can be clearly observed at the
outflow/open boundary, and they pose no problem to the current method. This is thanks to the energy-stable open
boundary condition (5), which can effectively overcome the backflow instability issue (see [1] for details). Fig. 11
shows a window of time histories of the drag and lift on the cylinder from current simulations for Reynolds numbers
Re = 100 and Re = 2000, respectively. These forces fluctuate about some constant mean level, and their overall
characteristics stay the same over time. These results demonstrate the long-term stability of our simulations, and
show that the flow has reached a statistically stationary state.

Based on the force history data, we can obtain the statistical quantities such as the time-averaged mean and
root-mean-square (rms) forces. In current simulations we have varied the element order systematically between 4
and 10 to study its effect on the numerical result. In Table 3 we list the mean and rms drag and lift forces for several
Reynolds numbers (Re = 30, 100 and 2000) corresponding to different element orders. At Re = 30 the flow is at
a steady state, and so the values in the table are the steady-state forces and no time-averaging is performed for this
Reynolds number. In these simulations the time step sizes are At = le — 3 for Re = 30 and 100, and Ar = 5¢ — 4
for Re = 2000. For comparison, the forces obtained from [1,2] for these Reynolds numbers have also been included
in this table. For the lower Reynolds numbers (Re = 30 and 100) the computed forces are basically the same using
all these element orders. For the higher Reynolds number (Re = 2000) we can observe a larger discrepancy between
the obtained forces corresponding to the element orders 4 and 5 and those corresponding to higher element orders.
On the other hand, when the element order increases to 7 and higher, the obtained forces are quite close to one
another, exhibiting a sense of convergence. The converged values of the forces from current simulations are in good
agreement with those of [1] and [2]. In subsequent simulations an element order 8§ is employed for this problem.



22 L. Lin, X. Liu and S. Dong / Computer Methods in Applied Mechanics and Engineering 365 (2020) 112969

0.735) 0.2}
I
[
o8 o.73 ’ <2 0
I
0.725] | 0.2
0.72 ‘ ‘ ‘ ‘ ‘
800 850 900 950 1000 1050 1100 800 850 900 950 1000 1050 1100
t (a) t (b)
1.2
17
I
}\
EY 0 }
|
-1
300 400 500 600 700 300 400 500 600 700
t (c) t (d)

Fig. 11. Cylinder flow: time histories of the drag (plots (a) and (c)) and lift (plots (b) and (d)). Plots (a) and (b) are for Re = 100, and
plots (c) and (d) are for Re = 2000.

Table 3
Spatial resolution test for cylinder flow: mean and rms drag and lift forces on the cylinder computed using various element orders for several
Reynolds numbers. The data from Dong (2015) [1] and Dong & Shen (2015) [2] are included for comparison.

Reynolds number Method Element order mean drag rms drag mean lift rms lift
30 Current 4 0.968 0 0 0
5 0.968 0 0 0
6 0.968 0 0 0
7 0.968 0 0 0
8 0.968 0 0 0
9 0.968 0 0 0
10 0.968 0 0 0
Dong (2015) - 0.968 0 0 0
Dong & Shen (2015) - 0.968 0 0 0
100 Current 4 0.729 3.79e-3 1.61e—4 0.127
5 0.730 3.82e—3 9.16e—5 0.127
6 0.729 3.81e-3 1.40e—4 0.127
7 0.729 3.81e—3 —2.80e—5 0.127
8 0.729 3.81e-3 2.15e—4 0.127
9 0.729 3.81e—3 —6.50e—5 0.127
Dong (2015) - 0.729 - - 0.127
Dong & Shen (2015) - 0.729 - - 0.127
2000 Current 4 0.724 0.0996 1.46e—3 0.537
5 0.863 0.117 3.53e—4 0.642
6 0.893 0.125 —2.45e—5 0.699
7 0.865 0.123 —4.66e—4 0.671
8 0.853 0.123 —5.79e—4 0.657
9 0.848 0.122 2.33e—3 0.653
Dong (2015) 0.853 - - 0.657

Thanks to the unconditional energy stability property, stable simulation results can be obtained using our method

irrespective of the time step size. We have varied At systematically and performed simulations using these Az values
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Table 4
Cylinder flow: mean and rms drag and lift forces obtained with a range of time steps sizes Ar for several
Reynolds numbers.

Reynolds number At mean drag rms drag mean lift rms lift
30 0.001 0.968 0 0 0
0.005 0.968 0 0 0
0.01 0.968 0 0 0
0.05 0.782 0.128 —3.21e-5 6.80e—3
0.1 0.589 0.0950 —4.94e—5 4.42e—4
100 0.001 0.729 3.81e—3 2.15e—4 0.127
0.005 0.729 3.81e—3 —1.72e-7 0.127
0.01 0.550 0.128 2.15e—4 0.0616
0.05 0.333 0.0823 1.95e—4 9.70e—3
0.1 0.238 0.0461 1.195e—4 4.53e-3
2000 2.5¢e—4 0.853 0.123 —5.79¢—4 0.657
5.0e—4 0.855 0.123 6.71e—4 0.658
0.001 0.504 0.288 2.54e—3 0.440
0.005 0.167 0.0896 3.90e—4 0.179
0.01 0.0898 0.0578 —3.2e—4 0.0780
0.05 0.0251 7.16e—3 —5.83e-3 2.08e—3
0.1 0.0205 1.05e—3 1.06e—4 9.48e—4

for several Reynolds numbers. Table 4 lists the mean and rms forces on the cylinder computed using different At
values at three Reynolds numbers Re = 30, 100 and 2000. The element order is fixed at 8 in these tests. Long-time
simulations have been performed with each Af, and the statistical quantities shown in the table are computed
based on the drag and lift histories from these simulations. These results attest to the stability of simulations using
the current method, even with large (or fairly large) Ar values. It can also be observed that the accuracy of the
simulation results could deteriorate when Ar becomes large. For example, at Re = 30 it should physically be
a steady flow. However, with larger time step sizes (e.g. At = 0.05 and 0.1) the obtained velocity fields actually
become unsteady, and there is a notable difference between the computed mean and rms drag values when compared
with those corresponding to smaller A¢. At higher Reynolds numbers, the computed values for the mean and rms
drags and lifts with large At appear smaller than those corresponding to small Az. These tests suggest that, while
the method is unconditionally energy stable and can produce stable results with various time step sizes ranging from
small to large values, the result corresponding to a large At should only serve as a reference solution and should
not be blindly trusted. Convergence tests should be performed with respect to the simulation parameters (e.g. At
and spatial resolution) using the current method, as well as with any other numerical method for that matter.

Finally, Fig. 12 illustrates the dynamics of the cylinder flow with a temporal sequence of snapshots (with a time
interval 0.6 between consecutive frames) of the velocity distributions at Re = 5000. Vortex shedding behind the
cylinder generates a Karman vortex street in the wake. As the vortices exit the domain, backflows can be observed at
the outflow/open boundary; see e.g. Figs. 12(b)—(e) and (f)—(h). While some distortions to the vortices are evident,
it is observed that the current method can allow the vortices to cross the outflow/open boundary in a fairly smooth
and natural fashion.

3.4. Jet impinging on a wall

In the last numerical test we simulate a jet impinging on a wall using the current method. Two-dimensional and
three-dimensional tests are presented in two separate subsections.

3.4.1. Two dimensions

A sketch of the problem configuration in two dimensions is shown in Fig. 13. We consider a rectangular domain,
—5<x/d <5and 0 < y/d < 4, where d = 1 denotes the diameter of the jet at the inlet. The top and bottom of
the domain are solid walls. A jet stream is introduced into the domain through an opening in the middle of the top
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Fig. 12. Cylinder flow (Re = 5000): temporal sequence of snapshots of velocity distributions: (a) t = 1208.9, (b) r = 1209.5, (c) t = 1210.1,
(d) t =1210.7, (e) t = 1211.3, (f) t = 1211.9, (g) t = 1212.5, (h) + = 1213.1. Velocity vectors are plotted on a sparser grid for clarity.
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Fig. 13. Impinging jet (two dimensions): flow configuration and boundary conditions.

wall, with a diameter d. The jet velocity at the inlet is assumed to have the following distribution:

u=~0

1 —x/Ry 1+x/Ry (58)
v=-U, ([H(x, 0) — H(x, Rp)]tanh Tae + [H(x, —Ry) — H(x, 0)] tanh Tae )

where Uy = 1 denotes the velocity scale, Ry = d/2 is the jet radius, and € = d/40. H(x, a) is the Heaviside step
function, taking a unit value if x > a and vanishing otherwise. The left and right sides of the domain are open, and
the fluids can freely leave or enter the domain through these boundaries. A pressure head is imposed on the open
boundaries, with pg; on the left boundary and pg, on the right one. The jet stream enters the domain through the
inlet and, depending on the relative levels for pg; and pg,, may exit the domain through both sides or through only
one side of the open boundary.

All the parameters and variables are normalized with the velocity scale Uy and the length scale d. We discretize
the domain using a mesh of 640 equal-sized quadrilateral spectral elements, with 40 elements along the horizontal
direction and 16 elements along the vertical direction. The method from Section 2 is employed to simulate the
incompressible Navier—Stokes equations, with f = 0 in Eq. (1a). The Dirichlet condition (3) is imposed on the
wall boundaries, with the boundary velocity set to w = 0, and also at the jet inlet, with the boundary velocity
w set according to Eq. (58). The boundary condition (5) is imposed on the left and right open boundaries, with
f, =0, Dy = ULO =1 and § = 0.01. The external pressure force in (5) is set to pg = po; on the left boundary and
Po = poz2 on the right boundary. The Reynolds number, the element order, the time step size A¢, and the external
pressure heads po; and pg, have been varied to study their effects on the flow characteristics. We employ a constant
Co = 1 in simulations for this problem. Long-time simulations have been performed such that the flow has reached
a statistically stationary state. Therefore the initial velocity has no effect on the results reported below.

Let us first focus on the cases with zero external pressure heads on the left and right open boundaries (pg; =
po2 = 0). Fig. 14 provides an overview of the flow characteristics of this problem for several Reynolds numbers.
At Re = 300 it is a steady flow (Fig. 14(a)). After impinging on the bottom wall, the vertical jet splits into two
horizontal streams near the wall, which flow out of the domain through the left and right open boundaries. It is
noted that strong flows mostly occupy the regions near the bottom wall or near the domain centerline (x/d = 0),
while in the rest of the domain the flow is quite weak. With the increase of Reynolds number, the flow becomes
unsteady. A train of vortices are observed to form along the profile of the vertical jet or the near-wall horizontal
streams (Figs. 14(b)—(c)), which travel along with the jet and leave the domain through the open boundaries.

Fig. 15 shows a window of the time histories of the total force (x and y components) exerting on the domain
walls at Re = 2000, which corresponds to the case shown in Fig. 14(b). These results are obtained with an element
order 6 and a time step size Ar = 0.001. One can note that the forces are highly unsteady and fluctuational. The
horizontal force is very weak and essentially negligible compared with the vertical force, because of symmetry and
the zero pressure heads imposed on the left and right boundaries. The long time histories indicate that the flow has
indeed reached a statistically stationary state and that the simulation is long-time stable.

We can obtain the statistical quantities such as the mean and rms forces the jet exerts on the domain walls based
on the force signals like those shown in Fig. 15. To investigate the mesh resolution effect, we have performed
simulations using a range of element orders. In Table 5 we list the time-averaged mean and rms forces on the
wall computed using different element orders at three Reynolds numbers Re = 300, 2000 and 5000. The flow at
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Fig. 14. Impinging jet: velocity distributions at Reynolds numbers (a) Re = 300, (b) Re = 2000, and (c) Re = 5000. Velocity vectors are
plotted on a set of sparser grid points for clarity.
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Fig. 15. Impinging jet (Re = 2000): time histories of the x-component (a) and y-component (b) of the force on the walls.

Re = 300 is steady, and so shown in the table are the steady-state forces and no time-averaging is performed. It
can be observed that with element orders 6 and larger there is little difference in the obtained mean and rms force
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Table 5

Impinging jet: Effect of element order on the computed forces on the walls.

Re Element order 1. fl 7y f

300 4 0 0 —0.965 0

5 0 0 —0.975 0
6 0 0 —0.984 0
7 0 0 —0.986 0
8 0 0 —0.987 0

2000 4 3.44e—5 1.63e—3 —1.131 0.201
5 —8.23e—5 1.69¢e—3 —1.089 0.191
6 —1.7le—4 1.76e—3 —1.100 0.198
7 —1.20e—-5 1.66e—3 —1.103 0.201
8 —9.17e—5 1.61le—3 —1.106 0.205

5000 4 3.60e—5 9.82e—4 —1.117 0.195
5 4.94e—6 1.04e—3 —1.092 0.210
6 —1.98e—5 1.09¢e—3 —1.078 0.223
7 —2.24e—6 1.09¢e—3 —1.068 0.230
8 —4.13e—5 1.03e—3 —1.076 0.235

Table 6

Impinging jet: Effect of At on the computed forces on the walls.

Re At [ fi Iy 1

300 0.0005 0 0 —0.983 0

0.001 0 0 —0.984 0
0.005 0 0 —0.986 0
0.01 0 0 —0.986 0
0.05 —2.37e-3 7.61e—7 —0.270 3.82e—3
0.1 —2.69e—4 8.74e—5 —0.183 1.17e-3
0.5 7.65e—5 4.27e—6 —0.098 5.09¢e—4

2000 0.0005 —8.93e—5 1.73e—3 —1.095 0.197
0.001 —1.71e—4 1.76e—3 —1.100 0.198
0.005 —2.58e—5 1.77e-3 —1.069 0.244
0.01 —6.06e—5 3.54e—-3 —0.576 0.391
0.05 5.93e—5 2.02e—3 —0.114 0.0624
0.1 —9.34e—4 1.20e—6 —0.0609 0.0144

5000 0.0005 1.84e—5 1.14e—3 —1.087 0.223
0.001 —1.98e—5 1.09¢e—3 —1.078 0.223
0.005 —3.38e—5 4.09e—-3 —0.742 0.578
0.01 —2.05e—4 3.97e-3 —0.384 0.459
0.05 4.05e—5 1.47e—3 —0.0829 0.0924
0.1 —2.25¢-5 9.16e—4 —0.0562 0.0406

values, demonstrating a convergence with respect to the mesh resolution. The majority of subsequent simulations
for this problem are performed with an element order 6.

The current method produces stable simulation results for the impinging jet problem, with various time step sizes
ranging from small to large values. This is demonstrated by Table 6, in which the mean and rms forces obtained
with a range of At values have been shown for the Reynolds numbers Re = 300, 2000 and 5000. The deterioration
in accuracy of the obtained results when Az becomes large can also be observed here, similar to the observation
from Section 3.3. Differences between the mean/rms forces corresponding to large (or fairly large) Ar values and
those corresponding to small A¢ are evident, indicating a deterioration or loss of accuracy when At becomes too
large.

Fig. 16 illustrates the dynamical features of the impinging jet problem with a temporal sequence of snapshots
of the velocity fields at Re = 5000. These results correspond to zero external pressure heads (po; = pp = 0)
on the open boundaries. They are computed with an element order 7, a time step size At = 0.001, and the open
boundary condition (5) with H(n, u) given by (9) having parameter values (6, o, o) = (0, 1, 1). A stable region
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Fig. 16. Impinging jet (Re = 5000): temporal sequence of snapshots of the velocity fields at instants (a) t = 1569, (b) t+ = 1570.2, (c)
t = 15714, (d) t = 1572.6, (e) t = 1573.8, (f) t = 1575, (g) t = 1576.2, (h) t = 1577.4. Velocity vectors are shown on a set of sparser
grid points for clarity.

immediately downstream of the jet inlet can be observed. This region shrinks with increasing Reynolds number. At
Re = 5000 this stable region appears to be shorter than a jet diameter (Fig. 16). Downstream of this stable region,
the vertical jet experiences the Kelvin—Helmholtz instability and the shear layers roll up to form vortices along the
profile of the jet stream (Figs. 16(b)—(d)). These vortices persist along the outgoing horizontal streams, forming a
train of vortices in the domain (Figs. 16(c)—(h)). These vortices are ultimately discharged from the domain through
the left and the right open boundaries (see Figs. 16(d)—(h)). The presence of backflows and the passage of strong
vortices on the open boundaries make the impinging jet problem very challenging to simulate. The energy-stable
open boundary condition (5), and those developed in e.g. [1-4], are critical to dealing with such open boundaries
and the successful simulation of this problem.

Let us next look into the effect of non-zero external pressure heads (po; and pg,) on the impinging jet problem.
Depending on the relative values of pg; and pg,, the flow loses symmetry and the pressure difference can induce
a horizontal flow, which if sufficiently strong will bend the jet toward one side. Figs. 17 and 18 demonstrate these
scenarios with Reynolds numbers Re = 300 and Re = 5000, respectively. In Fig. 17, on the right open boundary a
zero pressure head (pp; = 0) is imposed, and the external pressure on the left open boundary (pg;) is varied. The
two plots in Fig. 17 correspond to pg; = 0.2 and py; = 0.4, respectively. In Fig. 18, on the left open boundary
a zero pressure head (po; = 0) is imposed, while the external pressure head on the right open boundary (p,) is
varied. The plots in Fig. 18 correspond to pyp; = 0.2, 0.3 and 0.4 in the simulations, respectively. We indeed observe
that the jet can be bent toward the right (Fig. 17) or the left (Fig. 18) because of the external pressure difference in
the horizontal direction. When this pressure difference is not strong enough to overcome the upcoming horizontal
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Fig. 17. Impinging jet (Re = 300): effect of external pressure heads on the flow field. External pressure force on the right boundary is fixed
at poo =0, and on the left boundary it corresponds to (a) pgo; = 0.2 and (b) po; = 0.4.
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Fig. 18. Impinging jet (Re = 5000): effect of external pressure heads on the flow field. External pressure force on the left boundary is fixed
at po; =0, and on the right boundary it corresponds to (a) po2 = 0.2, (b) po2 = 0.3, and (c) por = 0.4.

jet stream, the horizontal stream may be deflected to form a large vortex on one side of the domain (see Figs. 17(a)
and 18(a)). With a strong enough pressure difference, a horizontal flow can be established in the domain and the
jet is pushed toward one side (see Fig. 17(b) and Figs. 18(b)—(c)).
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Fig. 19. Impinging jet (Re = 5000): time histories of the x-component (plots (a) and (c)) and y-component (plots (b) and (d)) of the force
on the wall. Plots of (a) and (b) correspond to zero external pressure force pg; = po2 = 0, and those in (c) and (d) correspond to external
pressure forces pg; = 0 and pgy = 0.3.
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Fig. 20. Plane jet impinging on a wall (three dimensions): flow domain and configuration.

Non-zero external pressure heads can also cause the force exerting on the wall to differ markedly when compared
with the case of zero external pressure heads. Fig. 19 shows time histories of the two components of the total force
on the walls at Re = 5000 corresponding to a zero pressure head (po; = pox = 0, plots (a) and (b)) and a non-zero
pressure head (po; = 0 and pyp, = 0.3, (c) and (d)). We observe that the external pressure difference induces a
mean horizontal force on the walls, while with zero external pressure heads the mean horizontal force is essentially
Zero.

3.4.2. Three dimensions

A sketch of the flow domain and configuration for the impinging jet in three dimensions is provided in Fig. 20.
We consider the domain, 2 = { (x,y,2) | —5 < x/d <5, 0< y/d <4, 0<z/d <3}, and a plane jet
impinging on a wall in this domain, where d is the inlet width of the jet. The domain is assumed to be periodic
along the z-direction. The top and bottom (y/d = 0 and 4) are solid walls. The domain boundaries in the x-direction
(x/d = £5) are assumed to be open. The jet inlet is located in the middle of the top wall, occupying the region
—0.5 < x/d <0.5 and 0 < z/d < 3. The jet velocity at the inlet, u = (u, v, w), is assumed to have a distribution
with w = 0 and the (u, v) components given by Eq. (58), in which the velocity scale is Uy = 1. The jet enters
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Fig. 21. Plane jet impinging on a wall (three dimensions): Time histories of the forces on the wall in (a) x, (b) y, and (c) z directions at
Re = 4000.

the domain through the inlet, impinges on the bottom wall, and leaves the domain through the open boundaries in
the x-direction. While the domain geometry can be considered quasi “two-dimensional” because it is homogeneous
along the z-direction, note that when the Reynolds number increases to a moderate value, the flow in the domain
will become three-dimensional.

We employ the scheme from Section 2 to integrate the incompressible Navier—Stokes equations (1a)—(1b), with
f = 01in (la). The problem is normalized using the velocity scale Uj and the jet inlet width d, and so the Reynolds
number is defined based on these parameters. We discretize the domain using N, (N, = 32 or 64) Fourier planes
in the z-direction, and 640 uniform quadrilateral spectral elements in the xy-planes, with 40 elements along the
x-direction and 16 elements along the y-direction. An element order 6 is employed in all the three-dimensional
simulations. On the top/bottom walls and the jet inlet we impose the Dirichlet boundary condition (3), with the
boundary velocity set to zero or appropriately based on the configuration. On the open boundaries we impose the
open boundary condition (5) with f, =0, po =0, Dy = Ulo, and § = 0.01. We employ a fixed value Cy = 1.0 for
the energy constant in Eq. (11).

We have simulated two Reynolds numbers for three dimensions, Re = 2000 and Re = 4000. A long-time
simulation has been performed for each Reynolds number, so that the flow reaches a statistically stationary state
and that the initial condition has no effect on the flow. The majority of simulations are conducted using 64 Fourier
planes in the z-direction and a time step size At = 0.001. But when At is increased to verify the stability of
computations with larger (or large) time step sizes at Re = 4000, we have employed a smaller number of Fourier
planes N, = 32.

Fig. 21 shows time histories of the three components of the total force exerting on the solid walls in the domain
at Re = 4000. These results are obtained using 64 Fourier planes in the z-direction and a time step size Ar = 0.001.
The force signals are highly oscillatory, and those forces in the horizontal directions (x and z) are much weaker than
that in the vertical direction (y). It can be noted that all the force signals approximately fluctuate about a constant
level and that their characteristics remain the same over time. This indicates that the flow has indeed reached a
statistically stationary state.
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Fig. 22. Plane jet impinging on a wall (three dimensions): Iso-surface of the instantaneous pressure (p = —0.055) together with the velocity
field in the mid-plane of the domain (z = L;/2) at Reynolds numbers Re = 2000 (a) and Re = 4000 (b). Velocity vectors are plotted on a
sparser set of mesh points for clarity.

Fig. 22 is a visualization of the vortex structures in the three-dimensional jet at Re = 2000 and Re = 4000
with the iso-surfaces of the pressure (p = —0.055). The velocity vector map in the mid-plane in the z-direction
(z = L;/2 with L, = 3d) is also shown for illustration of the flow field. These results are attained with 64 Fourier
planes in the z-direction and a time step size At = 0.001. At Re = 2000, the vortices formed along the jet profile are
relatively regular and manifest as span-wise rollers (Fig. 22(a)). The three-dimensional nature of the flow is evident
from the irregularities of the vortex tubes along the z-direction, especially further downstream of the horizontal jet
streams. At Re = 4000, the vortex structures in the flow have become highly irregular (Fig. 22(b)). The tubular
structure of the vortices extending along the z-direction can still be observed when the vortices are initially formed
behind the inlet. These spanwise vortices mostly break down as they travel further downstream, and spawn vortex
structures that extend along the streamwise (x) direction in the horizontal streams. It can be observed that the scale
of vortices at Re = 4000 is considerably smaller than that at Re = 2000. The current energy-stable open boundary
conditions are again observed to be critical to stable simulations in three dimensions at these Reynolds numbers.

Fig. 23 is a demonstration of the stability of computations using our method with larger (or large) time step
sizes in three dimensions. We define the maximum z-velocity magnitude in the domain at time ¢ by

Whnax(t) = max{|w(x, 1)|}xe0- (59)

This figure shows the time histories of Wy« at the Reynolds number Re = 4000, computed with several time step
sizes At = 0.001, 0.01, 0.1, and 1.0. In this set of simulations, 32 Fourier planes are employed in the z-direction
and the element order is 6 in the xy-planes. A snapshot of the velocity field (corresponding to approximately
t = 180) pre-computed using Ar = 0.001 has been employed as the initial condition for all the simulations in
this set with different Az. After an initial transient stage, Wy, is observed to level off and fluctuate about some
constant mean level in the simulations with each of these Ar values. The long time-histories suggest the stability of
these computations, even with large time step sizes such as At = 1.0. Comparing the levels of Wy, among these
time steps, it can be discerned that the simulation results obtained with the larger At values are no longer accurate.
The computations are nonetheless stable.
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Fig. 23. Three-dimensional plane jet impinging on a wall (Re = 4000): Time histories of the maximum z-velocity magnitude in the domain
computed using several time step sizes: At = 0.001, 0.01, 0.1, and 1.0.

4. Concluding remarks

In the current work we have developed an unconditionally energy-stable scheme for simulating incompressible
flows on domains with outflow/open boundaries. This scheme combines the generalized Positive Auxiliary Variable
(gPAV) approach and a rotational velocity-correction type strategy. The incompressible Navier—Stokes equations, the
dynamic equation for the auxiliary variable, and the energy-stable open boundary conditions have been reformulated
based on the gPAV idea. The discrete unconditional energy stability of the proposed scheme has been proven. Within
each time step, the scheme requires the computation of two velocity fields and two pressure fields in a fully de-
coupled fashion, by solving several individual linear equations involving constant and time-independent coefficient
matrices. The auxiliary variable, being a scalar number rather than a field function, is given by a well-defined
explicit formula, and its computed values are guaranteed to be positive. It should be noted that no nonlinear solver
is involved in the current method for either the field functions or the auxiliary variable, and the linear algebraic
systems to be solved involve only constant coefficient matrices that can be pre-computed. Therefore, the current
scheme is computationally very attractive and competitive.

Extensive numerical experiments have been provided with a number of flow problems involving outflow/open
boundaries in two and three dimensions. In particular the flow regimes with backflow instability have been simulated,
in which strong vortices or backflows can occur at the outflow/open boundaries. These numerical tests demonstrate
the stability of the proposed scheme with various time step sizes ranging from small to large values. At the same
time these tests also show a deterioration in accuracy of the simulation results when the time step size becomes
too large. These observations suggest that the simulation result using a large time step size should only serve as a
reference solution, which cannot be fully trusted unless appropriate convergence tests with respect to the simulation
parameters (such as the time step size) are performed. The use of an unconditionally energy-stable scheme such as
the one presented herein (and any other numerical scheme for that matter) is no substitute for the convergence tests
in actual production simulations.

It is worth comparing the scheme developed here with that from the recent work [45], as both schemes employ
an auxiliary variable in the algorithmic construction. In Remark 2.5 we have commented on this matter in some
detail. Here we would like to emphasize two points:

e While an auxiliary variable is used in both schemes, the reformulated system and its numerical treatment are
completely different in the current scheme compared with that of [45]. In the current method it is guaranteed
that the solution for the auxiliary variable exists, that it is given by an explicit formula, and that its computed
value is positive. In contrast, in [45] the auxiliary variable is obtained by solving a nonlinear algebraic equation.
Consequently, the solution for the auxiliary variable cannot be guaranteed to exist in [45]. Even when it exists,
the computed value is not guaranteed to be positive, even though this variable should physically be. Some
nonlinear algebraic solver such as the Newton’s method is required in [45]. In the current method, on the
other hand, no nonlinear solver is involved, for either the field functions or the auxiliary variable.

e In the algorithmic formulation of the current scheme, the pressure and the velocity are de-coupled (barring the
auxiliary variable) in a way that mirrors a rotational velocity-correction strategy. The discrete unconditional
energy stability has been proven with this de-coupled formulation. In contrast, in the algorithmic formulation
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of [45] the pressure and the velocity are fully coupled, and the discrete energy stability can only be proven in
this fully coupled setting therein.

Another salient feature of the current scheme lies in the use of the function g(%z) (defined in (14)), rather than
%2, when reformulating the incompressible Navier—Stokes equation (see Eq. (15)). This construction can improve
the accuracy when small time step sizes are used in simulations. While %2 should physically equal the unit value
on the continuum level, its numerically-computed value is rarely exactly the unit value. Numerical experiments

indicate that, with small time step sizes, the computed values for sz are very close to 1.0, but typically slightly

larger than 1.0 by a minuscule amount (e.g. 10~®). This can introduce an error, while small, if sz itself is used
when reformulating the Navier—Stokes equation in (15). The use of the function g( sz) can get rid of this error and
improve the accuracy of simulations with small time step sizes.

Regarding the computational cost, because the current method requires the solution of two copies of the flow
field variables (velocity and pressure), the amount of operations per time step in the current method is approximately
twice than with a typical semi-implicit scheme (see e.g. [1]), which is only conditionally stable.
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Appendix. Proof of inequality (33)

In this Appendix we prove that there exists a §o = §p(u) > O such that for all 0 < § < &y the inequality (33)
holds, namely,

Iy = / |:l(n -w)u)’* — H(n, u) - u} dA = / l(n ~w)ul’[1 —26y(n, u)]dA >0, (60)
2, L2 2 2

where n is the outward-pointing unit vector normal to df2,, and H(n, u) and ©y(n, u) are defined in (6).
Define

0, n-u>0,
Oomu)=14 1/2, n-u=0, (61a)
1, n-u<Qo;
1
Lo :/ —(n-wlul*[1 — 26,0(n, w)]dA; (61b)
302, 2
I=Iy—Io= | (m-wuf’[Bn,u)— Eyn, w)]dA; (61c)
39{)
U, = maagz( { la(x, )] } (maximum velocity magnitude on 92,); (61d)
Xe 0
Vi = maag {Im-ux, )]} (maximum normal velocity magnitude on 9(2,). (61e)
Xe 0
Ay = f dA. (area of open boundary 9(2,). (611)
982

If V,, =0, then n-u = 0 (identically zero) on d2,. So Iy = I;o = I = 0 for all § > 0 in this case. We assume that
Vi > 0 (and hence U,, > 0) in the following.
We note the following relations:

1
|&p(n, u) — Oxp(n, w)| < > for all § > 0; (62)
lim Bo(n, u) = By(n, ); (63)

1 1
@ wlul*[1 —2650(n, w)] = S ul[uf®. (64)
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The inequality (62) can be verified using the definitions for &y and Oyy. Eq. (64) can be verified using (61a) as

follows,
1 Jm-wuf=in-ulu? ifn-u>0;
@ Wi (1= 26,m,wl = § 0 = zin-uljuP, ifn-u=0; (65)
—im-wlu*=in-uluf, ifn-u<O0.

The limit relation in (63) can be proven by noting that:

1
Gy(n, u) = Oyp(n, u) = > forall § >0, ifn-u=0; (66a)
1 1
Given any € > 7 |Go(n, u) — Oy(n, )| < 3 < ¢, forall § > 0; (66b)
1
Given any 0 < € < > |©o(m,u) — Byo(n,u)| <€, forall0 <§ <y, ifnm-uz#0, (66¢)
where §y) = m > (0 in (66¢). Using (64), we conclude that
1 1
Lo= [ S0 wiP1-200mwlda= [ Sin-ulufda > o, (67)
30, 2 30, 2
Let € > 0 denote a given constant. Define
912(e) = { regions of 32, with |n-u| < AOEU,%, }; (68a)
Bﬂf(e) = { regions of 92, with |n-u| > A:Un% } ; (68b)
1, (€) :f (- wul* [Oy(n, u) — Bp(n, W]dA; (68¢)
104(e)
Iy (€) =/ (- wul* [Oy0(n, u) — By(n, )] dA. (68d)
3028

Note that 3£29(¢) and 8 £2°(¢) do not overlap and 32, = 302%(e) Ud2%(€). So I = Iy — Lo = I,(€) + I(€).
Given any € > 0, let

€

2 1
8o = 'iOIU’" ,  where € = min {—, ;2} . (69)
Uptanh™ ' (1 — 2¢) 37 24,V U2
Let us next show that for all 0 < § < §,
€ €
(@) [L,(e)] < 5 (b) [Ip(e)| < x © o — Iyl <e. (70)

on 3£2%(e), and |n-u| = — on 32%(¢). In light of (68c), we have for § > 0,

Note that |n-u| < T

AgU3

[1,(6)] < / In - ullul* |O5(m, u) — Op(n, w)| dA
LIAG)

1 € € € 71
<-U,ﬁ/ n-uldA < — dA < — dA = -,
2 9020(e) 2A0 Jana(e) 2A0 Sy, 2
where we have used (62), (61d), (61f) and (68a). In light of (69) and (68b), we have
< 2 .
5o = 40U < '“1 ul . on 802%(e). (712)
Uptanh™ (1 — 2¢;)  Uptanh™ (1 — 2¢;)
Then based on the relation (66¢) we conclude that for all 0 < § < §,
€ b
[Go(n, u) — Byp(n, )| < € < m, on 3{2)(e). (73)
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It follows that for all 0 < § < &y,

()] < / n - ulul® [o(n, w) — Oo(n, w)| dA
305G

€ € €
< — dA < — dA = —.
2A0 Janb(e 2A0 Sy, 2
Part (c) in (70) holds because |Iy — Iyo| = |[1,(€) + I(€)| < |1,(e)| + |Ip(€)] < % + % =¢, forall 0 < § < &.
Now we are ready to prove the inequality (60) or (33). If n - u = 0 (identically zero) on d(2,, then Iy = 0 and
(60) is true for all § > 0. Let us now assume that n - u is not identically zero on d2,. Then V,, > 0, U,, > 0. Let

(74)

1
e=/ —|n-u|lu’dA. (75)
92, 2

Then € > 0 and note that Iy = € in light of (67). Let §y be given by (69), in which € is defined by (75). In light
of (70), we conclude that for all 0 < & < &g, |Iy — Iso| < €. It follows that, for all 0 < § < &,

Io= I+ o —Iy) =€+ Uy — L) =2 € — |Ig — o] > € — € =0. (76)

We therefore conclude that the inequality (33) is true for all 0 < § < 8y, for some 8y = §p(u) > 0.
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