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VARIATIONAL MULTISCALE EVOLVE AND FILTER STRATEGIES FOR
CONVECTION-DOMINATED FLOWS

MARIA STRAZZULLOY4, FRANCESCO BALLARIN2:¢, TRAIAN ILIESCU3 AND TOMAS CHACON
REBOLLO*

ABSTRACT. The evolve-filter (EF) model is a filter-based numerical stabilization for under-resolved
convection-dominated flows. EF is a simple, modular, and effective strategy for both full-order
models (FOMs) and reduced-order models (ROMs). It is well-known, however, that when the
filter radius is too large, EF can be overdiffusive and yield inaccurate results. To alleviate this,
EF is usually supplemented with a relaxation step. The relaxation parameter, however, is very
sensitive with respect to the model parameters. In this paper, we propose a novel strategy to
alleviate the EF overdiffusivity for a large filter radius. Specifically, we leverage the variational
multiscale (VMS) framework to separate the large resolved scales from the small resolved scales in
the evolved velocity, and we use the filtered small scales to correct the large scales. Furthermore, in
the new VMS-EF strategy, we use two different ways to decompose the evolved velocity: the VMS
Evolve-Filter-Filter-Correct (VMS-EFFC) and the VMS Evolve-Postprocess-Filter-Correct (VMS-
EPFC) algorithms. The new VMS-based algorithms yield significantly more accurate results than
the standard EF in both the FOM and the ROM simulations of a flow past a cylinder at Reynolds
number Re = 1000.

1. INTRODUCTION

The efficient and accurate numerical simulation of the Navier-Stokes equations (NSE) is a central
task in many scientific and industrial applications. However, numerical discretizations such as finite
element (FE) methods often lead to high computational costs. One of the main challenges is the ef-
ficient and accurate simulation of convection-dominated flows, where complex flow structures should
be captured down to the Kolmogorov scale. Using such a spatial resolution can yield very large
dimensional algebraic systems that can be challenging to solve with the available computational
resources. Using coarse meshes in the full-order model (FOM), i.e., working in the under-resolved
regime, is not a practical option: in this setting, the simulations are usually inaccurate and dis-
play spurious numerical oscillations. To address this issue, numerical stabilization methods can be
employed. For a survey on FOM numerical stabilization approaches, we refer to the monograph [43].

This paper focuses on regularized strategies, which are a particular class of stabilization methods.
Their objective is to smooth out the numerical oscillations through spatial filtering, while still
preserving accuracy in the flow representation. Despite the employment of regularized models on
coarse meshes, computational fluid dynamics simulations remain costly and unfeasible in many
applied fields. To overcome this issue, reduced order models (ROMs) can be used. ROMs are a
surrogate version of the FOM and decrease the number of degrees of freedom of the FOM space
by orders of magnitude [4, 19, 39, 41, 45]. The ROM is a low-dimensional model that exploits the
FOM information in the definition of basis functions. Once built, the ROM is used in a Galerkin
framework to perform simulations in a shorter time than the FOM. The main objective of ROMs is
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to make an impact in applications, accelerating the simulation process while still being sufficiently
accurate. In literature it is well established that, in a convection-dominated regime, if stabilization
or regularization is needed at the FOM level, it might also be beneficial at the ROM level [18, 37, 51,
54, 55, 57, 58]. Regularized ROMs (Reg-ROMs) are applied as in the FOM case, to be accurate in
an under-resolved ROM regime, i.e., when the number of ROM basis functions is not high enough to
capture the flow dynamics. This is shown, for example, for Leray ROM in [25, 47, 56], for EFR-ROM
in [18, 51, 56], and for the approximate deconvolution Leray ROM in [49].

A comprehensive survey of regularized strategies is the seminal monograph of Layton and Reb-
holz [32]. Among the proposed techniques, the evolve and filter (EF) approach is particularly
successful thanks to its effectiveness and simplicity, see, e.g., [8, 10, 14, 15, 16, 17, 18, 51, 35, 38].
The EF strategy consists of two steps: (i) a standard FOM simulation is performed in an under-
resolved regime (evolve), and (ii) a spatial filter is applied to alleviate its spurious oscillations. The
action of the filter is related to the filter radius, 6. One of the EF’s drawbacks is that the results are
very sensitive with respect to §. For example, when § is too large, the EF strategy is overdiffusive
and introduces too much numerical diffusion, yielding inaccurate results. To tackle this problem,
some works, such as [6, 7, 13, 14, 29, 35], propose an additional step, relaxation, to alleviate the
overdiffusivity and yield accurate results.

In this paper, we propose a fundamentally different strategy, in the variational multiscale (VMS)
framework. The new approach consists of four steps: (i) we evolve the NSE solution in the under-
resolved regime, (ii) we exploit the VMS structure and decompose the evolved velocity into resolved
large and small scales, (iii) we filter the resolved small scale, and (iv) we correct the resolved small
scales with the filtered ones.

We propose two novel strategies based on how we decompose the velocity in the second step:
the VMS evolve-filter-filter-correct (VMS-EFFC) and the evolve-postprocess-filter-correct (VMS-
EPFC). In the VMS-EFFC approach, the resolved large scales are captured by the employment of
a first differential filter, while in the VMS-EPFC approach, they are captured by a postprocessing
of the evolved velocity in a smaller space.

These strategies, at the FOM level, are compared to standard FE-Galerkin NSE simulations and
to standard EF approaches that are overdiffusive (e.g., when the filter radius is too large). Our
numerical investigation shows that the new VMS-EFFC and VMS-EPFC strategies yield drastically
more accurate results with respect to the standard EF. Moreover, we propose the VMS-EFFC-ROM
and the VMS-EPFC-ROM approaches as ROM counterparts of the VMS-filter strategies. In the
numerical investigation we performed, the VMS-based filter approaches outperform Galerkin ROMs
(G-ROMs) and EF-ROM, i.e., EF applied at the ROM level.

The following are the main novelties of this paper:

o We propose novel VMS-based filter strategies, increasing the accuracy of FE simulations in
under-resolved regimes.

o We extend the VMS-based filter to the ROM level, providing a suitable tool to represent
complex flow behaviors in a low-dimensional setting.

Both the VMS [20, 21, 22, 23, 26, 42, 50] and the EF [5, 17, 18, 28, 51| approaches have been
separately studied, both in the FOM and the ROM contexts. We highlight contributions [30] and
[12], where a total decoupled VMS-projection stabilization is performed at the FOM and ROM
levels, respectively. We emphasize, however, that, in contrast with the previous literature, this is
the first time the EF and VMS strategies are combined in correction algorithms.

The paper is organized as follows: In Section 2, we introduce the incompressible NSE at the con-
tinuous and discrete levels and the EF strategy. Section 3 concerns the definitions of the VMS-EFFC
and VMS-EPFC algorithms. In Section 4, we present the ROM approaches that we investigated,
i.e., G-ROMs, EF-ROMs, and the VMS-based filters at the ROM level. FOM results are presented
in Section 5, while Section 6 focuses on the numerical comparison of the ROM strategies. Both
the FOM and the ROM numerical investigations are for a flow past a cylinder at Reynolds number
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Re = 1000. Finally, we draw the conclusions in Section 7. Furthermore, the interested reader may
find some additional experiments in the following appendices:

o Appendix A, which investigates the role of the filter radius in the VMS-EFFC;

o Appendix B, which investigates the role of pressure at the FOM level,

o Appendix C, which investigates the role of pressure at the ROM level.

2. THE FOM AND THE EVOLVE-FILTER (EF) STRATEGY

In this section, we introduce the continuous model of the incompressible Navier-Stokes equations
(NSE), together with its discretization. Moreover, we present the EF strategy, which alleviates the
spurious numerical oscillations in convection-dominated regimes.

2.1. The Continuous Model. This section focuses on the incompressible NSE, i.e., the mathe-
matical formulation that we use in the numerical investigation. Let us consider a spatial domain
Q) C R2. The goal is to approximate the velocity u(x,t) = u € U = L2((0,7); H'(2)) and the
pressure p(x,t) =p € Q = L?((0,T); L?(Q2)) fields that solve:

up — vAu+ (u-Viu+Vp=0 in Q x (0,7),
Vou=0 in Q x (0,7),
(1) U= Uup onI'p x (0,7),
0
—pn + ua—Z =0 onT'y x (0,T),
u(z,0) = ug in €,

for an initial condition ug, and a given boundary condition up on I'p, where I'p C 9Q and I'y C 99
are non-overlapping boundary portions with Dirichlet and “free flow” conditions such that T pUl' y =
09Q. The interested reader may refer to [40] for more details on the NSE formulation. We denote
with H} (Q) the space containing functions in H'(f2) satisfying the boundary condition on T'p.

The flow regime is determined by the Reynolds number Re = UL/v, where U and L are the
characteristic velocity and length scales of the system, respectively, while v is the kinematic viscosity.
In this contribution, we investigate settings where the inertial forces dominate the viscous forces,

i.e., we deal with convection-dominated regimes.

2.2. The Discrete Model. We define a triangulation 7 over ). Its simplicial elements are denoted
with K. We employ the FE discretization. Moreover, we define the space

X" = {v e C’Q) s.t. v, €P,(K), VK € T},

where P, is the space of polynomials of degree at most n. The FE spaces for velocity and pressure
are U, = H} (Q)NX™ and Q, = L*(Q) N X, for m, [ positive integers. The FE dimensions are
N} and N} for velocity and pressure, respectively. In time, we perform an implicit Euler scheme
with timestep At. We consider the time instances t, = nAt for n = 0,..., Ny, with final time
T = NrAt. The solution at time ¢" is denoted with up (t™) = u™ and pp,(t"™) = p™, for velocity and
pressure, respectively. The final discrete system at time ¢"*! is: find (u"*1,p"*1) € Uj, x Qp, such
that

un—i—l —ut R
/ TUZ‘FI dr + a(un+17vn+1) + c(un-&-l;un-l-l’,un-i-l) _ b(vn+17pn+1) =0 Yynt! c [U}“
Q

b(u*t,q" ) =0 Vgt € Qu,

where, for all u,v € Uy, and p € Qp,, the bilinear forms are defined as

a(u,v):/QVu:Vv dz, b(v,p)z/ﬁpv-vdx,

and for all u,v, z € Uy,

H(usv, 2) = %[c(u; v, z) — c(u; 2,0)],
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is the skew-symmetric approximation of the nonlinear term of the NSE [31, 52], defined as
c(w;u,v) = / (w-V)u-vde.
Q

2.3. The EF Strategy. When the inertial forces dominate the viscous forces, spurious numerical
oscillations generally arise in under-resolved or marginally-resolved discretizations. The EF strategy
can be employed to regularize the under-resolved simulations and alleviate this issue. The EF
algorithm at t"*1 reads [51]:

,wn+1 —umt

Al + (" V)w™ T — v AW VT =0 in Q,
v . wn+1 = O iIl Q,

(I)  Ewvolve: L
wtl =yt on I'p,
8 n+1
—p" o4+ v ué =0 on I'y.
n

—62 Au™tl 4yt =t in Q,

n 1
(II)  Filter: uttt = ulp on I'p,
n+1
813 =0 on I'y.
n

Step (I) computes an intermediate velocity w™! for the new time instance t"*! evolving the
velocity u™ at t". Step (II) applies a differential filter (DF) with filtering radius §: it smooths
out the oscillations of the intermediate velocity approximation w”t!, which generally arise in step
(I), eliminating the high frequencies from w™*! by means of an elliptic operator, and obtaining the
filtered solution u™*!. The filtered solution is considered as the new input to step (I), at the new
time step. The EF strategy is summarized in Algorithm 1.

Algorithm 1 The EF algorithm
0

Input: initial condition u”, number of time instances Np, timestep At, filtering radius
Output: filtered solution u™, for n € {1,..., Nr}

1: forne€{0,...,Npr — 1} do
2: Evolve the NSE (u" — w™*!)

3. Apply a DF of radius d to w™*! (w"*! — w"*1)
4: untl = ntt
5: end for

We remark that although different filters can be used (see, e.g., [18] and the references therein),
here we focus on the simplest and most widespread option.

Remark 1 (grad-div stabilization). At the FOM level, the DF does not preserve the incompressibility
constraint when dealing with no-slip boundary conditions [13, 28, 53]. To tackle this issue, in [13, 28],
a Stokes DF is used to guarantee the mass conservation of the filtered solution. A less expensive and
easier-to-code solution is the grad-div stabilization. This technique adds the following term to step

(11):
(2) WV (V-7 ),
for a penalization parameter yp > 0. We refer the reader to [11, 24, 27] for an overview of the

grad-div stabilization strategy.

In the EF setting, the choice of the filtering radius is essential. However, few guidelines can
be found in the literature, and the optimal filter radius is still an open problem in many CFD
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applications. For example, a common choice for ¢ is the minimum radius of the mesh, i.e. hpmin.
Another possibility is represented by Kolmogorov’s scale L - Re=%. We refer the reader to [6, 17]
for more insights. We emphasize that, in many practical settings, the action of § might result in
overdiffusive simulations, see, e.g., [17, 51]. In the next section, we address the following question:
Are there EF-based strategies that are more reliable and accurate than the classical EF for § values
that result in an overdiffusive behavior?

3. THE FOM VARIATIONAL MULTISCALE EVOLVE-FILTER ALGORITHMS

This section presents two novel algorithms based on the variational multiscale (VMS) paradigm.
We assume that the two discrete spaces can be decomposed into the following direct sums [42]:

(3) Uh:EhGEU;l and Qh:@h@(@/}w

such that u, = u, + uj, € U, and py, = P, + pj, € Qp present a unique decomposition. In this
setting, U, and Q), represent the spaces of the large scales of the velocity and pressure, while U,
and Q) represent the small resolved scales of the velocity and pressure, respectively. We propose
two different strategies:

o the VMS Evolve-Filter-Filter-Correct (VMS-EFFC),
o the VMS Evolve-Postprocess-Filter-Correct (VMS-EPFC).

We postpone the detailed description of the algorithms to the following subsections. However, the
main ingredients of both techniques are: (i) evolve the solution, (ii) define the large scales of the
evolved velocity, (iii) filter the small scales, and (iv) define a new corrected velocity as the sum of
the large scales and the filtered small scales. In this way, in the case of overdiffusive filtering, we
can recover some important features of the NSE simulation and ensure more physical simulations.

3.1. The VMS-EFFC Approach. In this strategy, we propose a double filtering process for the
evolved velocity solution, and a final correction step. In particular, we define the large scales of the
resolved velocity by applying a DF of radius d;. Specifically, we rely on the following steps at time
t"t1 given an input u™:

wn+1 —un
A7 + (" V)" — vAw™ T+ Vp" Tt =0 in Q,
V-w"tl =0 in Q,
(I)  Ewvolve: L

wtl = uht on I'p,
n+1

—p"+1n+l/alg =0 on I'y.
n

=62 A"t + @t = wn Ll in Q,

i) _ ,ntl
(I)  Filter (obtain w"*'): ot = upt on I'p,
a—n+l
u(;n =0 on FN.

After defining the large scales as the filtered evolved velocity, the small scales are computed as
w™ Tt = L — Tl At this point, we proceed with the following two steps:

2 AT 4w =™ i Q

—n+1

(IIT)  Filter (obtain Wnﬂ): w’ =0 on I'p,
awn-&-l
o 0 on I'y.
(IV)  Correct: u"t' ="t + "
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Although steps (I) and (II) are the same as in EF, the goal is different. The DF of radius 4 is
applied to define the large scales W" ! of the intermediate velocity w™*'. At this point, exploiting
the direct sum property (3), we define the small scales as u’ nHL — pntl _ "t The small scales are
usually noisy and contain the high-frequency components of the system. In step (III), we smooth the
small scales to make them less noisy by means of another DF of radius d2. Finally, in step (IV), the
approximation at the new time instance is given by the sum of the large scales and the filtered small
scales of the evolved velocity, i.e. u"t! = w" T 4 w We recall that the divergence of u"*! is
relatively small thanks to the grad-div stabilization applied in steps (II) and (III). The VMS-EFFC

strategy is summarized in Algorithm 2.

Remark 2 (Boundary conditions). We remark that in step (III) of the VMS-EFFC and VMS-
EPFC approaches, homogeneous boundary conditions are imposed all over I'p. In this way, in the
correction step (IV), the new input u™1 satisfies the Dirichlet boundary condition ugH over I'p.

Algorithm 2 The VMS-EFFC algorithm
0

Input: initial condition u"”, number of time instances Np, timestep At, filter radii d; and do
Output: filtered solution u", for n € {1,..., Nt}

1: forne{0,...,Nr—1} do

2 Evolve the NSE (u™ — w™*1)
3 Apply a DF of radius §; to w™+! (w"+! — @nt1)

4: Apply a DF of radius &, to w" ™! = wntt — gt (w/" ! - W”H)
5 u”"‘l :En'H —&-WH-H

6:

end for

Remark 3 (The choice of §; and d2). To the best of our knowledge, the VMS-EFFC approach is
novel. Consequently, there are no clear guidelines on what values should be assigned to the two filter
radii 61 and do. Our preliminary numerical investigation in Appendiz A shows that choosing 01 # do
does not yield more accurate results than the §; = do choice. Thus, in what follows, we use the same

filter radius for both steps (II) and (III), i.e., § = 63 = 0.

Remark 4 (Relation to Approximate Deconvolution). Assuming that 61 = do = §, the output
velocity of the VMS-EFFC can be interpreted as a result of a van Cittert Approzimate Deconvolution
(AD) operator of order 1. This AD operator is defined as [32]

D1 (U) =2u — i,

where, U is the filtered solution obtained as in step (II), while U is obtained by applying the differential
filter of step (II) with the w velocity on the right-hand side. We note that the VMS-EFFC wvelocity,
which applies a first differential filter to find v, a second differential filter to find v/, and then,
corrects the large scales, is formally equal to Dy (u) since

(4) u=u+u =U+u—u=2uU—1u= Di(u).
We emphasize, however, that this relation holds for d1 = do, but generally not for 61 # Js.

3.2. The VMS-EPFC Approach. This strategy proposes a different approach to define the small
scales of the evolved velocity. In this case, we employ a restriction operator I, : U, — U, such that
Iup = up, for all uy, € Uy,

Specifically, we look for w@;, € Uy, such that, for all v € Uy, the following holds:

(5) (Un, v)r2(0) + 7P (V - Un, V - v)r2(0) = (Un, v)L2(0).

for yp > 0. Namely, we are postprocessing the evolved velocity by means of an L2-projection
enhanced with grad-div stabilization. We recall that the L?-projection is a classical choice in the
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context of VMS-based strategy related to Smagorinsky-type models, see, e.g., [30, 42] and the
references therein. We note, however, that the L?-projection does not satisfy the incompressibility
constraint. Thus, to ensure a physically consistent correction step in the VMS-EPFC algorithm, we
need the mass conservation to hold for both the large scales and the filtered small scales. For these
reasons, we employ grad-div stabilization that, as mentioned in Remark 1, is a convenient strategy
to recover mass conservation properties. The grad-div parameter vyp is chosen by trial and error,
since, to our knowledge, we are the first to employ this stabilization in this context. We postpone
the discussion on yp to Section 5.
In particular, the VMS-EPFC algorithm at time ¢"*! reads:

w"tt — " 1 1 1 1
A7 + ("t V)"t — vAw" T+ Vp" T =0 in Q,
V.ot =0 in Q,
(I)  Ewvolve:
whtl — urgﬁ-l on I'p,
8 n+1
—p" 4+ v w =0 on I'y.
on

(IT)  Postprocess (obtain w"*): Tuw™tt =w" .

Once the large scales of the evolved velocity are defined, we can exploit the direct sum (3) to obtain
w" T = wrtl — " We can now apply the same steps as in the VMS-EFFC algorithm. We
repeat them for the sake of clarity:

—mtl | —mt .
—2 AW 4w =™ i Q,

. —mn+l

(IIT)  Filter (obtain w’n+1): w =0 on I'p,
aan+1

on =0 on I'y.

(IV)  Correct: u™t' =" + "

Step (I) evolves the velocity, obtaining w"*! from an input »™. In step (II), we obtain the large
scales by solving (5). As a consequence, we can define the small scales w™ 1. Step (III) applies a
DF of radius 0 to the small scales of the evolved velocity. In this way, the noisy behavior of the
small scales is alleviated, and important features of the flow are recovered. Finally, in step (IV) we
correct the large scales with the filtered small scales to obtain the new input ©™*!. We recall that

both @+ and W' feature small divergence values due to the grad-div stabilization applied in
steps (IT) and (IIT). The VMS-EPFC strategy is described in Algorithm 3.

Algorithm 3 The VMS-EPFC algorithm
0

Input: initial condition «”, number of time instances Np, timestep At, filter radius §
Output: filtered solution u™, for n € {1,..., Np}

for n€{0,...,Nyr — 1} do
Evolve the NSE (u™ — w"™*1)
Apply postprocessing (5) to w1 (w"t! — w" )

1:
2
3
4: Apply a DF of radius 8 to w'" " = wnt! — g+ (" w
5
6:

wtt = gl !
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4. THE ROM EVOLVE-FILTER AND VARIATIONAL MULTISCALE EVOLVE-FILTER ALGORITHMS

In this section, we extend the VMS strategies that we proposed in Section 3 to reduced order
modeling. We first present the techniques commonly used in the literature, i.e., Galerkin-ROM (G-
ROM) and EF-ROM. Then, we propose the ROM versions of the variational multiscale strategies
of Section 3: VMS-EFFC-ROM and VMS-EPFC-ROM.

4.1. The G-ROM Approach. This section presents the G-ROM strategy. At the FOM level, a
regularized formulation is used. Specifically, we obtain the FOM solutions applying the VMS-EFFC
regularization. At the reduced level, a standard Galerkin projection over a ROM space is performed
in the online phase. We exploit the proper orthogonal decomposition (POD) algorithm, which
builds the reduced spaces by means of compression of FOM data for several time instances, i.e., the
snapshots. The POD yields two sets of basis functions {¢; Ti and {1; };": 1> Spanning the reduced
spaces U™ and Q"», respectively. The reduced velocity u,, € UT“ and the reduced pressure p,., € Q"
can be expanded as u,, = u"(z,t) = ZJ 14 (t)¢j(r) and p,, = p'r(z,t) = ZJ 1 @5 (t)Y(2), for
some reduced real coefficients {a¥(t)}jx; and {af(t )}j:h respectively [36]. We build the spaces
considering N,, and N, snapshots for velocity and pressure, respectively, i.e., {u;}2" C {uk}i\g1
and {pi}fﬁg - {pk}iv:Tl. In our numerical tests, we consider a subset made of equispaced snapshots
in time. The POD algorithm [9, 19] is enhanced by supremizer stabilization, which enriches the
reduced velocity space U” to guarantee the well-posedness of the projected system [2, 46], avoiding
spurious reduced pressure modes. However, in a convection-dominated setting, other stabilization
approaches are generally needed at the reduced level. This will be the topic of Sections 4.2, 4.3, and
4.4. The supremizer operator is defined as S : Qp — Uy, with (S(p), 7))y = (p, V- 71) for all 7 € Uy,
The final reduced velocity space is U™ = POD({u; }\,7,) ®POD({S(p;)} X, 7s). The supremizer
operator is computed for each pressure related to the velocity snapshots. The reduced pressure is
obtained by the standard POD algorithm Q™ = POD({pi}&l, rp). In the compression process, we
retain 7, s, and r, basis functions for the velocity, supremizer, and pressure, respectively. The
final reduced velocity space is spanned by r,s = r, +7s modes. Thus, after performing the POD and
the supremizer enrichment, we employ the bases {¢; ;“:51 and {¢; };p: , for the velocity and pressure,
respectively. After building the velocity and pressure bases, at each time instance t"*!, we solve the
evolution of the system projecting it on the reduced spaces:

un+1 —un

/Q e Al =gy dr + va(u @,Ilv ¢i) + c(u :}utl ?qj;lv ¢i) — b((ﬁz,pfjl) 0,

( ?;17wj)

for all ¢; with i =1,...,7ry,, and 9; with j =1,...,7,, where the G-ROM solution is expanded as

g =Yl 00i() and p, =3 al(O)lo)

The G-ROM strategy is summarized in Algorithm 4.
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Algorithm 4 The G-ROM algorithm

Input: initial condition «°, number of time instances Np, timestep At, filter radius 6, number of
snapshots
Output: reduced solution u} , for n € {1,..., Nz}
1: apply Algorithm 2
2 {wbi C YT {pihi PR
3 Yrus = POD({ul} 1) @ POD({S(pZ)l 1)}
4 Qv = POD({pl}i:1)
5. for n € {0,...,Np — 1} do
6: Solve (6)
7: end for

4.2. The EF-ROM approach. The EF-ROM strategy employs the EF algorithm at the ROM
level. The reduced space is built as shown in Section 4.1, applying the POD and the supremizer
enrichment on the VMS-EFFC solutions. At the online stage, we first evolve in the reduced space
and, then, filter the solution. Namely, we solve:

wit! — 1 1. 1 1
[ e da v 60 + el 6) ~ bonp ) =0,
Q

@,
blwph ) =

(ID), 8% a(@ ™, é;) + /w:}jj@ dx:/w:fj;lqbi dz,
Q Q

for all ¢; with ¢ = 1,...,7ys, and ¢; with j = 1,...,7r,. At each time instance, we expand the
reduced variables w;’ and wy’ —in U™ as

Tus Tus

®) = 206 uf, =) a7 09,()

and we set the next reduced input as u™' = w!'"'. We summarize the EF-ROM strategy in

Algorithm 5. We remark that in this contribution we used the same 6 for FOM and ROM simulations,
see [51]. Yet another choice is based on energy balancing arguments [34].

Algorithm 5 The EF-ROM algorithm

Input: initial condition u°, number of time instances N, timestep At, filter radius §, number of
snapshots
Output: reduced solution u}! , for n € {1,..., Nz}

apply Algorithm 2
{uidy € W i P
Uree = POD({Uz}lzl) @POD({S(pz)z: )}
- Qe = POD({pi), )
for n€{0,...,Npr — 1} do
Evolve the reduced NSE (u? — w?t1)

""u Tus

Apply a DF of radius § to w** (wpt! — wpth)
u:‘:";l w?:_el
end for
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4.3. The VMS-EFFC-ROM Approach. In this section, we extend the VMS-EFFC strategy to
the reduced level (VMS-EFFC-ROM). To do so, we decompose the reduced velocity space in the
direct sum

(9) UT“S = Urus @ Ur;,s’

such that the reduced velocity field can be decomposed as u,,. = @, +u'y,, € U™=. In this setting,
Urus is the reduced space modeling the large scales of the flow, while U models the small resolved
scales for the reduced velocity. In this approach, the large scales are derived by applying a DF of
radius ;. After performing the POD on a FOM discretization, we apply the following steps at time
t"+1 given a reduced input u

wh Tt —qyn
/ e s g dr o va(wil é) + ewl T wit 6n) = b i) = 0,
Q

D,
( 77}1:17 ’(/}J)

(ID), 62 a(w e + /ngll.@ da::/ﬂ wit ¢ da,

for all ¢; with ¢ = 1,...,7rys, and ?; with j = 1,...,7r,. In other words, we evolve the reduced
velocity and we filter it by means of a DF of radius d;. Once the large scales are obtained, we define
W™t =yt —wpt! exploiting decomposition (9). The VMS-EFFC-ROM strategy continues with

Tus Tus

the followmg two steps
(M), 62a(w/r ", ) + / Wt g da = / g, de,
Q Q
for all ¢; with i =1,...,ry,, and ¢; with j =1,...,7,, and
(IV)T u;z:l —n-i—l + 'lU n+1

Tus us

The VMS-EFFC-ROM strategy is summarized in Algorithm 6.

Algorithm 6 The VMS-EFFC-ROM algorithm
0

Input: initial condition u”, number of time instances N, timestep At, filter radii §; and ds, number

of snapshots

Output: reduced solution ;! , for n € {1,..., Nz}
1: Apply Algorithm 2
2 {uidy LU T Apin C R HE
3. [rus = POD({U%%\}:I) & POD({S(pZ)z:I)}
4 Q" =POD({p:i};21)
5. for n € {0,...,Np — 1} do
6: Evolve the reduced velocity (uy, —— w]th)
7. Apply a DF of radius 01 to wt! (witt — wpth)
8:  Apply a DF of radius d to w’nJrl wpt — et (W W?jl)
9: u,’}:gl w:}:l +w :;1
10: end for

Remark 5 (Choosing the reduced filter radii). As mentioned in Remark 3, there are no clear
guidelines for choosing the two filter radii 61 and 0o at the FOM level. At the ROM level, our
preliminary numerical investigation shows that choosing §1 # 02 does not yield accurate results (just
as the FOM setting). Thus, for the sake of brevity, in Section 6, we do not show the results. This
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inaccurate behavior for different filter radii is not unexpected, see, e.g., [51, 57, 58]. Guided by these
works, we used a consistent VMS-EFFC-ROM, choosing the same FOM filter radii, i.e., §1 = d2 = 9.

4.4. The VMS-EPFC-ROM Approach. This section extends the VMS-EPFC strategy to the
ROM setting, i.e., it develops the VMS-EPFC-ROM algorithm. In this case, we use a ROM pro-
jection to define the large scale of the evolved velocity. We note that this projection preserves the
weakly divergence-free property of the underlying snapshots. Thus, we do not need to use the grad-
div stabilization, as we did in the VMS-EPFC algorithm at the FOM level. We proceed by choosing
7o < 1, and defining 7/, = r, — T,. Recall that, due to the supremizer enrichment, expansion (8)
becomes

Tus

WL =Y a0+ Y Al (o),

J=ru+1
(10) . o
wl, =D a0 0e;(@) + Yl (tgk(w),
Jj=1 Jj=ru+1
where the last modes {(ék};“;‘ru 41 are the supremizer modes. We note that the supremizers include

the small scales of the velocity. We refer the reader to Remark 10 for more details about this choice
in our numerical investigation. The idea of the postprocess step in the VMS-EPFC-ROM is to
discard the last ], modes of the evolved velocity to define the large scales. Namely, expanding the
evolved velocity as in (10), we take the following two steps, for all ¢; with i = 1,...,7ys, and ©;
with j =1,...,7rp:

w7L+1 —um
( ) /Q %Tt%(m dx + Va(w;r};17 ¢Z) + é(wgilv w;-lutla ¢7) - b((zsi)p?:l) = 07
I r
b(wnJrlawj) = 07

Tus

(II),. ajm"(t):a}”(t) for j=1,...,7, and a'jw“(t):() for j=7,+1,...,7y.

After step (II),, we define the large scales and the small scales, respectively, as

Tus

o =Y a W)+ D 0 (B er()
j=1 Jj=ry+1

(11)

Tu
+1
W' = g agi™ (t)p;(x).
J=Tu+1

Next, we perform steps (III), with a filter radius 6 and (IV),, as already described in Section 4.3
for VMS-EFFC-ROM, to obtain a new input for the evolve step. The VMS-EPFC-ROM approach
is summarized in Algorithm 7.

TABLE 1. Acronyms of the FOM and ROM strategies. Gray cells in the ROM-
column denote that no ROM is performed.

Acronym FOM regularization | ROM regularization | VMS regularization and correction | Algorithm
EF v 1
VMS-EFFC v v 2
VMS-EPFC v v 3
G-ROM v v 4
EF-ROM v v 5
VMS-EFFC-ROM v v v 6
VMS-EPFC-ROM v v v 7
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Algorithm 7 The VMS-EPFC-ROM algorithm
0

Input: initial condition ", number of time instances Np, timestep At, filter radius d, number of
snapshots

Output: reduced solution u} , for n € {1,..., Nz}

1: apply Algorithm 2
N, N N, N
2 {ui};y C {Uk}k:T1N {piti2 € {pk}lﬁvzl
3 U = POD({ui},21) © POD({S(pi)iz1)}
4 Q" = POD({p:}; 1)
5. for n € {0,...,Np — 1} do
6: Evolve the reduced velocity (uy —— w]*h)
7: Set af (t) = a¥'(t) for j = 1,...,Tys and af (t) = 0 for j = Ty + 11, e Tus,
8  Apply a DF of radius § to w'l ' = wP ! —wrtt (w/ith - W::Z )
9wt =gl pt
10: end for

The acronyms and features of the FOM and ROM algorithms are summarized in Table 1.
5. FOM REsuLTs

In this section, we perform a numerical investigation to understand which strategy performs better
among EF, VMS-EFFC, and VMS-EPFC in the context of convection-dominated NSE.
We first describe the general setting and, then, compare the three approaches in terms of accuracy
of the velocity fields with respect to a direct numerical simulation (DNS) of the NSE velocity.
Additional results are presented in Appendices A and B, where we test the VMS-EFFC approach
for 01 # 02, and present results for the pressure fields, respectively.

5.1. General Numerical Setting and Motivation For Filter Use. We introduce the compu-
tational setting we investigate in the numerical tests. We solve NSE (1) on the following spatial
domain: Q = {(0,2.2) x (0,0.41)}\ {(z,y) € R? such that (x —0.2)? + (y —0.2)2 — 0.05% < 0}, which
is depicted in Figure 1. The problem features the following Dirichlet boundary condition:

0 on I'y,
6
Uin = (0412y(041 — y), 0) on Fin7

where T'y, (solid cyan line in Figure 1) is the union of the bottom, top, and cylinder walls. The
non-homogeneous inlet condition is applied to I'y, = {0} x [0,0.41], (dotted magenta line in Figure
1), as prescribed in equation (15). Moreover, I'y (dashed black line in Figure 1) features “free flow”
boundary conditions. We use the initial condition ug = (0, 0).

(12) up =

(0,0.41) (2.2,0.41)
1_\in Q E FN
(0;0) Ty, '(2.27 0)

FIGURE 1. Spatial domain €: schematic representation. I'p = I';, U T'y,. Homo-
geneous Dirichlet conditions are applied on the solid cyan boundary. The inlet
boundary Ty, is represented by a dotted magenta line. The “free flow” boundary
I'y is depicted by a dashed black line.
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TABLE 2. Ganeral setting. Comparison of the coarse mesh (M1), and the fine mesh
(M2) with respect t0 hnin, Rmaz, and number of degrees of freedom.

mesh Romin hmaa Ny,
M1 |4.46-1073 ] 4.02-10"2 | 14053
M2 |444-1073 | 1.13-1072 | 113436

FIGURE 2. Ganeral setting. Coarse mesh (M1) and fine mesh (M2), left and right
plots, respectively.

NSE-no-filtered velocity r=1 NSE-no-filtered velocity 1= 4
0.0e+00 2 4 5.3e+00 0.0e+00 2 4 5.3e+00
-— o — |

FI1GURE 3. General setting. Velocity profiles for NSE-no-filtered simulation on the
coarse mesh (M1) at ¢ =1 and ¢t = 4, left and right plots, respectively.

The EF, VMS-EFFC, and VMS-EPFC algorithms are applied on a triangular mesh (left plot
in Figure 2) with hp, = 4.46 - 1073 and hyper = 4.02 - 1072 as the minimum and the maximum
diameter of the elements, respectively. We employ a Taylor-Hood P2 — P! FE approximation for
velocity and pressure, respectively, to obtain a FE space of dimension N, = N} + N} = 14116.
The mesh cannot accurately capture the physical flow features for high Re, and displays spurious
numerical oscillations. This is depicted in Figure 3, which shows the velocity profile obtained for
v =10"% (i.e.,, Re = 1000) and At = 4 - 1074, at time instances t = 1 and ¢t = 4, left and right
plots, respectively. It is clear that stabilization strategies are needed in this context to alleviate the
numerical oscillations and to yield more accurate results.

In the next section, we present the results for EF, VMS-EFFC, and VMS-EPFC applied to the
proposed setting. We recall that when a differential filter is applied, a grad-div stabilization is
performed with vp = 100 [51].

5.2. Experiment 1 (flow past a cylinder): What Is The Preferable Strategy At The
FOM Level? In this section, we compare the performances of EF, VMS-EFFC, and VMS-EPFC
with respect to the DNS results of NSE on a fine mesh (depicted in the right plot of Figure 2),
denoted as M2. As already specified, the filters are applied on a coarser mesh, M1. Table 2 shows
the parameters of the two meshes after a Taylor-Hood P? — P! discretization. The fine mesh M2 has
N;, = 113436 degrees of freedom, with A, = 4.44 - 1072 and Ayee = 1.13 - 1072, For the sake of
clarity, we recall that we are working with v = 10™%, T' = 4, and At = 4-10~%. Furthermore, we recall
that every time a DF is applied, the grad-div stabilization is performed with vp = 100. Moreover,
in the postprocessing step of VMS-EPFC, the grad-div stabilization is performed with vp = 0.01.
We refer the reader to Remark 7 for a more detailed discussion of the grad-div stabilization effect
on the VMS-based filters.

First, we describe the flow dynamics by an EF simulation for § = 1.59-1073. The choice of the filter
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radius is made to showcase the benefits of using VMS-based filters in the context of overdiffusive
DF. The overdiffusive action is depicted in the top right plots of Figures 4 and 5, where the velocity
fields for the EF algorithms are shown for ¢ = 1 and ¢ = 4, respectively. We compare them to the
DNS velocity shown in the top left plots of Figures 4 and 5: It is clear that the DF smooths the
spurious oscillations of the NSE-no-filtered velocity of Figure 3, but its action totally damps out
the vortex shedding features of the flow. The VMS-EFFC and VMS-EPFC algorithms recover the
vortex shedding. Indeed, for the overdiffusive value of § = 1.59 - 1072 used in the EF simulations,
the VMS-based strategies show the classical vortex shedding behavior of the test case. We plot
two representative solutions at ¢ = 1 and ¢t = 4 in the bottom plots of Figures 4 and 5: the VMS-
EFFC and VMS-EPFC velocities are displayed in the left and right plots, respectively. From the
plot comparison, the VMS-EFFC outperforms the other strategies, capturing the vortex shedding
behavior, and avoiding unphysical behavior and overdiffusivity, which are displayed by the VMS-
EPFC velocity for t = 1 and ¢t = 4, respectively. This conclusion can also be drawn by observing
Figure 6 and Figure 7, representing the vorticity for DNS, EF, VMS-EFFC, and VMS-EPFC at ¢t = 1
and t = 4. The VMS-EFFC is the only strategy capable of recovering the vortex shedding behavior,
which is unphysical for the VMS-EPFC approach and completely smoothed out by the EF strategy.
Since the qualitative behavior of the vorticity plots and the velocity profiles is the same, in the next
experiments we will only focus on the velocity profiles. To quantitatively test the accuracy of the
methods, we start with average quantities, well-suited to analyze regularized approaches [5, 42, 48]
such as the L2—norm of the velocity, and the drag and lift coefficients, defined as

(13) Cot) = gap [ (@vVu=pl)-nc)-tc ds
and
(14) Cult) = gz [ (@rVu=p0)-ne) e ds.

for a generic velocity u and pressure p, where nc and t¢o are the normal and tangential unit vectors
to the cylinder boundary, respectively. We also use the relative error for velocity fields at each time
instance:

" = w2
w22

where u" is the EF, VMS-EFFC, and VMS-EPFC velocity at time t,, and u™ is the projection of
the DNS results on the coarser mesh.

_

Bu(t") =

DNS velomty =1 EF veloc1ty =1
0.0e+00 4 5.3e+00 0.0e+00 4 5.3e+00
-— ; — !
VMS- EFFC velocity r=1 VMS- EPFC velocity r=1
0.0e+00 4 5.3e+00 0.0e+00 4 5.3e+00
-_— ; | = ‘ |

FIGURE 4. Experiment 1. Velocity profiles at t = 1: DNS (top left), EF (top right)
for § = 1.59 - 1072, VMS-EFFC (bottom left) for §; = 63 = 1.59 - 1073, and VMS-
EPFC (bottom right) for § = 1.59 - 1073.
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DNS vel()Clty t=4 EF vel()(:lty t=4
0. 0e+00 4 5.3e+00 0. 0e+00 4 5.3e+00
VMS- EFFC velocity 1=4 VMS- EPFC velocity r=4
0.0e+00 4 5.3e+00 0.0e+00 4 5.3e+00

FIGURE 5. Experiment 1. Velocity profiles at t = 4: DNS (top left), EF (top right)
for 6 = 1.59 - 1073, VMS-EFFC (bottom left) for §; = §, = 1.59 - 1073, and VMS-
EPFC (bottom right) for § = 1.59 - 1073.

DNS vorticity r=1 EF vorticity r=1
40e+01 20 0 20 4.0e+01 40e+01 20 0 20 4.0e+01
|
VMS-EFFC vorticity 1=1 VMS-EPFC vorticity 1=1
40e+01 20 0 20 4.0e+01 40e+01 20 0 20 4.0e+01
b ol e— — —

FIGURE 6. Experiment 1. Vorticity profiles at ¢ = 1: DNS (top left), EF (top
right) for 6 = 1.59 - 1073, VMS-EFFC (bottom left) for §; = d; = 1.59 - 1072, and
VMS-EPFC (bottom right) for § = 1.59 - 1073.

DNS vorticity =4 EF vorticity r=4
-4.0e+01 -20 0 20 4.0e+01 -4.0e+01 -20 0 20 4.0e+01
|

VMS-EFEC vorticity 1=4 VMS-EPEC vorticity 1=4
40e+01 20 0 20 4.0e+01 40e+01 20 0 20 4.0e+01
b l— —

FIGURE 7. Experiment 1. Vorticity profiles at ¢t = 4: DNS (top left), EF (top
right) for 6 = 1.59 - 1073, VMS-EFFC (bottom left) for §; = d; = 1.59 - 102, and
VMS-EPFC (bottom right) for § = 1.59 - 1073.

Figure 8 shows the squared L2-norms of the EF, VMS-EFFC, and VMS-EPFC velocities compared
to the squared L2-norm of the DNS velocity projected on the coarser mesh, and the evolution of
the divergence of the three algorithms, in the left and right plots, respectively. It is evident that
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the EF velocity does not recover the DNS energy norm. In contrast, VMS-EFFC and VMS-EPFC
yield much more accurate results. Furthermore, VMS-EFFC is significantly more accurate than
VMS-EPFC.

Comparison of L2-norm for uy(t) w.r.t. DNS Comparison of divergence of wy(t)

1005 |- —‘;—A' s 1 lofv‘(i“’;‘u\,‘ O N S Lt A Y v
1075 |
L EF
1001 | L —&— VMS-EFFC ]
0 -A- VMS-EPFC
g = i
z Sy S 108 3
N’T 10005 |- ,’/ [>
~ S/ —o | ]
/’/ 10 3
100 wim'i\‘\aw .
—— DNS b e Ng g
v ®  EF -1k ]
A —o— VMS-EFFC £ n
oos] -A VMSEPFC | | i = m = @m =z = &= =
10 i 1 1 1 L L L L 1[]712 E Il Il 1 1 L L L E
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
t t
FIGURE 8. Experiment 1. Left: Velocity L?-norms in time for EF with § = 1.59 -
1073, VMS-EFFC for 6; = §, = 1.59 - 1073, and VMS-EPFC for 6 = 1.59 - 1073
compared to the DNS solution. Right: divergence evolution for EF with § = 1.59 -
1073, VMS-EFFC with 6; = 62 = 1.59-1073, and VMS-EPFC with § = 1.59-1073.
Comparison of drag coefficient w.r.t. DNS Comparison of drag coefficient w.r.t. DNS
o | 350 .
25 1 ‘f\ - ‘:/“y _ 3
20 A Ll 2.5
= 15 ,“ DNS = ? /m\}'l A a L A A A N A |
@ f EF @ Y ‘\\J/’y ﬂ ‘\V/ \¢ \‘\v,/\/.\v,f\/ \V\’/ \\’\/ \\, Y, \\\/,'A‘/ \\j/\‘
~#- VMS-EFFC 15 |
10 -A- VMS-EPFC | | | JEY EUNNN DURSY ERSRE SEAN e |
1, |
I —& VMS-EFFC
i . ()T .
0 05 1 s 2 25 3 35 4 0 05 1 5 2 25 3 35 4
t t

FIGURE 9. Experiment 1. Cp(t): DNS, EF for § = 1.59 - 10~3, VMS-EFFC for
0, = 63 = 1.59- 1073, and VMS-EPFC for § = 1.59 - 1073, left plot. In the right
plot, we show the same quantities but we exclude the VMS-EPFC from the results.
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Comparison of lift coefficient w.r.t. DNS Comparison of lift coefficient w.r.t. DNS

®  EF
" ! & VMS-EFFC
10 e n . A VMS-EPFC |

! " “'
' | LY n ;’\
g A 1,
‘
1 “ b ) !
o i R R
Vi Lo .
“10] N Lo P A
A Ve oo w
! ' ' Iy | " \
—15} o B SRESEELEE RS
—20 | A \ B
—925 L L I L I 1 I
0.5 1 L5 2 25 3 3.5 4

FIGURE 10. Experiment 1. Cf(t): DNS, EF for § = 1.59 - 1073, VMS-EFFC for
0, = 63 = 1.59 - 1073, and VMS-EPFC for § = 1.59 - 1073, left plot. In the right
plot, we show the same quantities but we exclude the VMS-EPFC from the results.

In Figures 9 and 10, we show the drag and lift coefficients for the EF, VMS-EFFC, and VMS-

EPFC in the left plots. The coefficients are compared to the DNS coefficients. The plots for Cp(t)
and Cp(t) show that EF is overdiffusive: the magnitude of its coefficients is generally much lower
than the magnitude of the DNS coeflicients. Moreover, VMS-EPFC fails to recover the coefficients,
while VMS-EFFC performs better in terms of the magnitude of the coefficients with respect to
the DNS simulation. However, in Figure 10, we can observe a phase shift for the VMS-EFFC.
This will affect the accuracy of the solution in terms of relative error; we postpone more detailed
considerations to the end of the section.
In the right plots of Figures 9 and 10, we exclude VMS-EPFC from the representation to better
compare the performances of the other strategies. The poor results of the VMS-EPFC algorithm
for the drag and lift coefficients are due to the pressure field representation, which is presented in
Appendix B: the VMS-EPFC fails in reconstructing the pressure, while VMS-EFFC yields more
accurate results. The divergence value of the solution represents another drawback of the VMS-
EPFC. In the right plot of Figure 8, we show the evolution of the divergence of EF, VMS-EFFC,
and VMS-EPFC. We observe that the first two strategies yield divergence values on the order of
107 and 10719, while the VMS-EPFC reaches divergence values higher than 107°. For the sake
of completeness, we show the pointwise relative error in time for all three approaches in Figure
11. From the plot, we notice that all the strategies show large F, values, and EF looks to be the
best approach. This behavior is somewhat unexpected since the VMS-EFFC outperforms the other
methods in recovering the L?—norm. However, this unexpected behavior can be explained in Figure
12 where we show the velocity magnitude of EF, VMS-EPFC, and VMS-EFFC for ¢t = 4, for all
x €[0,2,2] and for a fixed y values, i.e., the magnitude for horizontal lines in the spatial domain at
the final time. In the top row, we can observe how VMS-EFFC outperforms the other two strategies,
closely following the DNS behavior for y = 0.205, i.e., in the middle of the spatial domain.

As expected the EF strategy is overdiffusive, while VMS-EFFC and VMS-EPFC approaches yield
more accurate results. We draw the same conclusions observing the bottom row in Figure 12, where
we fix y = 0.36. Namely, at the top of the domain, VMS -EFFC and VMS-EPFC strategies give
a better representation of the DNS velocity compared to the standard EF. For the middle row in
Figure 12, which corresponds to the bottom of the spatial domain for y = 0.05, none of the strategies
can recover the DNS velocity. The VMS-EFFC field presents large oscillations in this case, and this
yields large values of the relative error. However, for y = 0.205 and y = 0.36 is the most accurate
strategy.
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The velocity in the bottom part of the domain is more complicated to represent. This is already
visible in Figure 5, where the DNS behavior is more complex at the bottom of the domain!, with
several recirculations areas arising. The VMS-EFFC and VMS-EPFC strategies are smoothing these
vortices and these features are lost in the simulations. Nevertheless, the VMS-EFFC and the VMS-
EPFC results present a phase shift, as already evidenced when discussing Figure 10. The phase shift
is also evident in the vorticity plots in Figures 6 and 7. This causes an increase in the pointwise
error. From these considerations, we conclude that the relative error is not an appropriate metric
for testing the accuracy of the VMS-based filters for this specific test case, while average quantities
such as the L?-norm are more appropriate to analyze the performances of regularized models. Of
course, this is well known in the numerical simulation of turbulent flows, where averaged quantities
are used to evaluate the performance of the computational models.

Comparison of E, for uj(t) w.r.t. DNS

T T T
08 [m  EF | An 1
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FIGURE 11. Experiment 1. Velocity relative error in time for EF with § = 1.59 -
1073, VMS-EFFC for §; = 6, = 1.59 - 1073, and VMS-EPFC for § = 1.59 - 103
compared to the DNS solution.

In conclusion, due to the poor EF and VMS-EPFC performances, we choose VMS-EFFC as the
FOM model for our analysis of VMS-based filters at the ROM level.
We also remark that the results are sensitive to the values of 9, 41, and 5. We present additional
results on this topic in Appendix A.
We stress that the results presented in this section suggest that VMS-based strategies can be helpful
when dealing with an overdiffusive action of the filter radius. We also note that, for some values of
0, the EF strategy can be as competitive as the VMS-based algorithm. However, finding the optimal
setting for the various experiments can be challenging and is beyond the scope of the manuscript.
The main goal of this section was to provide some preliminary results to guide us in choosing the
FOM model. We also note that, for the sake of brevity, we showed only the velocity field results.
Additional results on pressure reconstruction can be found in Appendix B.
To summarize, the VMS-EFFC simulations are the closest to the DNS simulations in terms of overall
qualitative behavior and L2-norm of the velocity. We note, however, that none of the approaches
we tested can accurately describe the velocity field in terms of drag and lift coefficients, and relative
errors.

Remark 6 (More on the relative error). There are several ways to decrease the VMS-EFFC and
VMS-EPFC errors with respect to the DNS simulations, such as decreasing At, increasing the filter
radius, and decreasing the Reynolds number. In our numerical examples, these approaches yielded
relative errors that were comparable to the EF relative error, however, the average quantities suffered

We are using unstructured meshes, and this may lead to asymmetries in the configuration.
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and the qualitative behavior was worse than the one illustrated in Figures 4 and 5. The proposed test
case is a trade-off between accuracy and computational costs effort for Re = 1000 and represents a
ground setting for the ROMs results of Section 6.1.

Comparison of magnitude w.r.t. DNS Comparison of magnitude w.r.t. DNS Comparison of magnitude w.r.t. DNS
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F1GURE 12. Experiment 1. Comparison of the velocity for fixed y values and vary-
ing x values. DNS results are shown for comparison purposes. Top row: EF for

=1.59-1073 (left), VMS-EPFC for §; = §, = 1.59-1073 (center), and VMS-EFFC
for § = 1.59 - 1073 (right) for y = 0.205. Center row: EF for § = 1.59 - 1073 (left),
VMS-EPFC for §; = 6 = 1.59 - 1073 (center), and VMS-EFFC for § = 1.59 - 1073
(right) for y = 0.05. Bottom row: EF for § = 1.59 - 1073 (left), VMS-EPFC for
81 = & = 1.59 - 1072 (center), and VMS-EFFC for § = 1.59 - 1073 (right) for
y = 0.36.

Remark 7 (Choosing the grad-div stabilization parameter vp). For the DF, the choice of the grad-
div stabilization parameters has already been investigated (see, e.g., [51] and the references therein,).
We emphasize, however, that the grad-div parameter in step (II) of the VMS-EPFC strategy has not
been investigated. We take a first step in this direction and perform a numerical investigation of
the grad-div parameter in step (II) of VMS-EPFC, which yields an optimal value vp = 0.01. As
expected, higher values of vp give overdiffusive and unphysical results, while smaller values of ~vp
result in unacceptable values for the divergence of the velocity field. For the sake of brevity, we do
not include these results.
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Remark 8 (Relaxation). In the literature, the evolve-filter-relax (EFR) strategy has been used to
tackle the overdiffusive action that may arise in the EF approach. The EFR strategy applies Algo-
rithm 1, but the new velocity is given by a convex combination of the evolved velocity field, w™t!, and
the filtered velocity field, W"t. Namely, for an appropriately chosen relazation parameter 0 < xy <1,
the new welocity is
un+1 _ (1 _ X)wn-l—l 4 X@n-&-l.

We note that, in our numerical setting, the relaxation is not a practical option since it adds spurious
oscillations to the final results. In Figure 13, we show the velocity field obtained using EFR with
§ =1.59-1073 and x = At (the choice of X is discussed in [6]).

EFR velocity r=1

EFR velocity 1=4
000400 05 1 1.7e+00 00e+00 05 1 1.7e+00
-— VU — -_— V—

FI1GURE 13. Experiment 1. Velocity profiles for EFR simulation on the coarse mesh
(M1) for t =1 and t = 4, left and right plots, respectively.

Remark 9 (Robustness of the VMS-EFFC approch). To test the robustness of the VMS-EFFC
approach, i.e., the best approach for the flow past a cylinder case, we propose another erperiment:
the lid-driven cavity flow at Re = 7500. We consider the domain € = (0,1)2. The problem features
the following Dirichlet boundary conditions®:

0 in Ty,
10
—x, for x < 0.6 in Ty,
o 0.06
(15) Up =19, _) /1001 -"2)
Win = W’ O> fOT T > 0.96 in Fina
10 elsewhere in Ty,

where Ty, = [0,1] x {1} is the top boundary of the unit square domain, and T'y, = OQ\ Ty,. The
ingtial condition is ug = (0,0). We compare the performances of EF and VMS-EFFC with respect
to the DNS results of the NSE on a fine mesh denoted as Mj. As usual, the filters are applied on a
coarser mesh, M3. Table 3 collects the parameters of the two meshes after a Taylor-Hood P? — P!
discretization. The fine mesh MJ has Nj, = 140099 degrees of freedom, with hy,in = 6.58 - 1072 and
himaz = 1.26-1072. The coarse mesh M3 has Ny, = 14635 degrees of freedom, with Ry = 2.05-1072
and Rz = 3.97-1072. We notice that the mesh parameters of M3 and M are comparable to M1 and
M2 of Experiment 1, respectively. Specifically, M1 presents a smaller hpn, but this is only due to a
refinement in a neighborhood of the cylinder. We are using v =2.5-1072, T =2, and At = 4-1074.
Also for this test case, every time a DF is applied, the grad-div stabilization is performed with
vp = 100 and § = §; = 6o = 1.59 - 1073, We plot two representative solutions at t = 1 and t = 2
in Figures 14 and 15 for DNS, VMS-EFFC, and EF. From the plots comparison, we observe that
the VMS-EFFC outperforms EF, capturing more accurately the vortex behavior, and avoiding the
overdiffusivity that characterizes the EF velocity for both time instances. To quantitatively test the
accuracy of the methods, we analyze the L?-norm of the velocity and the relative error with respect
to the DNS simulation in Figure 16. In the left plot, we compare the squared L*>-norms of the EF
and the VMS-EFFC with the squared L?>-norm of the DNS velocity projected on the coarser mesh.
The EF wvelocity does not recover the DNS energy norm, while the VMS-EFFC yields much more
accurate results: the DNS and the VMS-EFFC norms almost coincide. The right plot shows that, for
this test case, the VMS-EFFC strategy also outperforms EF in terms of the velocity relative error.

2To guarantee the uniqueness of p, we fix its value to zero in the origin of the system coordinates.
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Nevertheless, the VMS-EFFC yields large values of the relative error. This is due to a slight shift
of the vortex to the bottom of the cavity at the beginning of the simulation. This phenomenon is
observable in Figure 14, where the solution is depicted fort = 1. As already noticed, the relative error
is mot an appropriate general metric for testing the accuracy of regularized models, while average
quantities such as the L?-norm are a robust indicator to assess the performances of regqularized
models. Furthermore, we remark that:

o If no regularization is applied, the Newton solver for NSE over the coarse mesh does mot
converge. Thus, reqularization is needed for this test case.

o To guarantee a fair comparison with respect to Experiment 1, for the lid-driven cavity test,
we keep the same parameters for DFs and grad-div stabilization used for the flow past a
cylinder test.

o Grad-div stabilization ensures divergence values of the order of 10~ both for EF and VMS-
EFFC for all the time evolution. For the sake of brevity, we do not show these plots.

o We also analyzed the VMS-EPCF strategy for this test case. However, VSM-EFFC proved
to be the best approach in terms of all the metrics we investigated. Thus, for the sake of
brevity, we only reported the VMS-EFFC performances compared to EF.

TABLE 3. General setting (lid-driven cavity). Comparison of the coarse mesh (M3),
and the fine mesh (M4) with respect to hin, Amaz, and number of degrees of
freedom.

mesh J hmaa N,
M3 |2.05-10"2[3.97-102 | 14635
M/ [6.58-1072 | 1.26 - 10=2 | 140099

O

DNS velocity 1=1 EF velocity 1=1 VMS-EFFC velocity =1
0.0e+00 5 1.0e+01 0.0e+00 5 1.0e+01 0.0e+00 5 1.0e+01
— — —

FIGURE 14. Experiment 1 (lid-driven cavity). Velocity profiles at ¢ = 1: DNS (left),
EF (center) for § = 1.59 - 1073, and VMS-EFFC (right) for d; = d, = 1.59 - 1073.

DNS velocity r=2 EF velocity r=2 VMS-EFFC velocity r=2
0.0e+00 5 1.0e+01 0.0e+00 5 1.0e+01 0.0e+00 5 1.0e+01
— — —

FIGURE 15. Experiment 1 (lid-driven cavity). Velocity profiles at t = 2: DNS (left),
EF (center) for § = 1.59 - 1073, and VMS-EFFC (right) for 6; = d2 = 1.59 - 1073,
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FIGURE 16. Experiment 1 (lid-driven cavity). Left: Velocity L?-norms in time for
DNS, EF for 6 = 1.59 - 1073, and VMS-EFFC for §; = 8§, = 1.59 - 1073, Right:
Velocity relative error in time for DNS, EF for § = 1.59 - 1072, and VMS-EFFC for
01 =0 = 1.59- 1073,

6. ROM RESULTS

In this section, we seek the best strategy to be used at the ROM level between G-ROM, EF-ROM,
VMS-EFFC-ROM and VMS-EPFC-ROM. For the sake of presentation, we focus on the results for
the velocity. Additional results concerning pressure are presented in Appendix C.

6.1. Experiment 2: What Is The Preferable Strategy At The ROM Level? In this test
case, we fix a FOM solution (as already specified in Section 5, we use VMS-EFFC at the FOM
level), and we analyzed G-ROM, EF-ROM, VMS-EFFC-ROM, and VMS-EPFC-ROM in terms of
accuracy with respect to the FOM solution. The numerical setting is analogous to the one described
in Section 5. We perform a POD over the time interval considering IV,, = IV, = 1000 equispaced
snapshots. We retain r, = 140 modes for the velocity. This value preserves 99.5% of the velocity
energy in the system. For the pressure, we consider r, = 15, which retains 99.9% of the energy of
the pressure field. We remark that 99.9% of the velocity energy is retained for r, = 185, beyond
the maximum number of basis functions to be considered, i.e., Ny,q: = 150. Moreover, we consider
rs = Tp, as suggested in [2]. Thus, we obtain 7,5 = 155. In order to apply the VMS-EPFC-ROM,
we set 7, = |ru/2] = 77, where |-| represent the flooring function. We postpone the rationale
behind this choice to Remark 10. At each time step, to test the accuracy of the various methods,
we compare the FOM and ROM solutions in terms of average quantities, e.g., L?-norm, and drag
and lift coefficients at each timestep. Moreover, we consider a pointwise (in space) quantity, i.e., the
relative errors between the FOM and ROM velocity fields at each time instance, which is defined as

u —
By = | rue 22 ()

w20

where u" is the FOM solution and u,,, represents the G-ROM, EF-ROM, VMS-EFFC-ROM, or
VMS-EPFC-ROM velocity at time ¢,. At the ROM level, we expand the reduced solution in the
FOM space to compute these quantities.

We first compare qualitatively the velocity fields. In Figure 17, we plot the FOM solution (top),
G-ROM (left) and EF-ROM (right) in the first row, and VMS-EFFC-ROM (left) and VMS-EPFC-
ROM (right) in the second row, for ¢ = 1. For the differential filters we are using the same parameters
as in Section 5, i.e. 1 = J, = 1.59 - 10~2, while the projection retains only the first 7, = 77 modes
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and filters them with 6 = 1.59 - 1073. Neither G-ROM nor EF-ROM are valid options for the
reconstructive task. Indeed, G-ROM presents spurious oscillations, and EF-ROM is overdiffusive.
The VMS-based strategies better recover the vortex shedding behavior: the accuracy is certainly
increased with respect to the other two approaches. We draw the same conclusions from Figure
18, which shows the FOM solution (top), G-ROM (left), and EF-ROM (right) in the first row, and
VMS-EFFC-ROM (left) and VMS-EPFC-ROM (right) in the second row, for t = 4. For this time
instance, VMS-EFFC-ROM looks more accurate than the other strategies.

For a more quantitative analysis, in Figure 19, we show the squared L?-norm of the reduced velocity
solutions in time, to be compared with the FOM solution. On the left, we also plot the G-ROM
norm, but we exclude it from the right plot to better display the performances of other strategies.
The G-ROM approach yields inaccurate results. The VMS-filtered strategies look comparable, and
the EF-ROM is more diffusive, as expected. However, from the right plot, we can observe that
VMS-EFFC-ROM is the best approach: it is less noisy with respect to VMS-EPFC-ROM. The plot
clearly shows that EF-ROM is not an accurate option in this setting.

We plot the drag and lift coefficients for all the approaches in Figures 20 and 21, respectively. Once
again, we plot the G-ROM results only in the left plots, in both figures. G-ROM fails and recovers
neither drag nor lift coefficients. The performances of the other strategies can be better observed in
the left plots of Figures 20 and 21. From these plots, we conclude that EF-ROM is overdiffusive with
constant Cp(t) and C(t). Focusing on the drag coefficient, VMS-EPFC-ROM has a very oscillatory
behavior, while VMS-EFFC-ROM recovers the order of magnitude and the structure of the FOM
Cp(t). VMS-EFFC-ROM performs better than the other strategies for the lift coefficient: after
t = 1, we have a good agreement with the FOM lift. We can notice a slight shift with respect to the
FOM, but by the end of the time interval they synchronize. However, we can observe a difference in
magnitude. The VMS-EPFC-ROM shows a more inaccurate behavior: it is noisier with respect to
VMS-EFFC-ROM and the shift is more pronounced. To better display these features, we present a
close-up of the last two wavelengths of the lift in the right plot of Figure 21.

VMS-EFFC velocity r=1
0.0e+00 2 4 5.3e+00

-_— o

G-ROM velocity r=1 EF-ROM velocity =1
0.0e+00 2 3 4 53e+00 0.0e+00 2 3 4 53e+00

_— —_—

\
( ]

VMS-EFFC-ROM velocity =1 VMS-EPFC-ROM velocity r=1
0.0e+00 2 3 4 5.3e+00 0.0e+00 2 3 4 5.3e+00

e —_—

FIGURE 17. Experiment 2. Velocity profiles at ¢t = 1: FOM (VMS-EFFC) for
§ = 1.59 - 1073, G-ROM, EF-ROM for § = 1.59 - 10~3, VMS-EFFC-ROM for
dp = 6 = 1.59 - 1073, VMS-EPFC-ROM for § = 1.59 - 1073 and 7, = 77, top,
middle left, middle right, bottom left, and bottom right plots, respectively.

To complete the accuracy analysis, we plot the relative errors in Figure 22: all the DF-based
strategies outperform G-ROM. VMS-EFFC-ROM is the most accurate approach, with a relative
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error that is six times lower than the G-ROM error, and three times lower than the VMS-EPFC-
ROM error on average in time.

VMS- EFFC velocity 1=4
0.0e+00 4 5.3e+00

G-ROM velocity 1=4 EF- ROM velocity 1=4
0.0e+00 2 3 4 53e+00 0.0e+00 3 4 5.3e+00

— |t M

"
5

VMS-EFFC-ROM velocity =4 VMS-EPFC- ROM velocity 1=4
0.0e+00 2 3 4 5.3e+00 0.0e+00 3 4 53e+00

e —“H

FIGURE 18. Experiment 2. Velocity profiles at ¢t = 4: FOM (VMS-EFFC) for
§ = 1.59 - 1073, G-ROM, EF-ROM for § = 1.59 - 10~3, VMS-EFFC-ROM for
d = 63 = 1.59 - 1073, VMS-EPFC-ROM for § = 1.59 - 1072 and 7, = 77, top,
middle left, middle right, bottom left, and bottom right plots, respectively.
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FIGURE 19. Experiment 2. Left: Evolution of the squared L2-norms of the velocity
for G-ROM, EF-ROM for § = 1.59 - 1073, VMS-EFFC for §; = d, = 1.59 - 1073
and VMS-EPFC for 6 = 1.59 - 1072 and 7,, = 77 compared to the FOM solution
(VMS-EFFQ) for § = 1.59 - 1073, The left plot shows G-ROM, which is omitted in
the right plot for clarity.
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Comparison of the drag coefficient for w,(t) w.r.t.
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FIGURE 20. Experiment 2. Cp(t): FOM (VMS-EFFC), for § = 1.59 - 1073, EF-
ROM, VMS-EFFC-ROM for §; = 8, = 1.59 - 1073, and VMS-EPFC-ROM for
d =1.59-10"2 and 7, = 77. The left plot shows G-ROM, which is omitted in the
right plot for clarity.

To better understand the error behavior, in Figure 23, we plot the ROM velocity magnitude and
the FOM velocity magnitude for ¢ = 4 and fixed y € {0.205,0.05,0.36} for all = € [0,2.2], i.e., on
three horizontal lines. First of all, G-ROM (first column of the picture) shows numerical instabilities
and high oscillations at the end of the channel. These oscillations can also be observed for VMS-
EPFC-ROM (third column of the picture). EF-ROM is overdiffusive and does not capture the vortex
shedding. From the plot, it is clear that VMS-EFFC-ROM yields the most accurate results since it
recovers the FOM solution for all the three lines. We stress, however, that VMS-EFFC-ROM also
presents spurious oscillations for y = 0.205. Finally, we conclude that the relative error, as in the
FOM case, is not an appropriate metric for testing the accuracy of the VMS-based filters for this
specific test case. Indeed, this metric is spoiled by two factors: (i) the high oscillatory behavior
at the end of the channel (see, e.g., Figure 23), and (ii) the shift in the lift coefficient (Figure 21,
right plot). Nevertheless, we point out that VMS-EFFC-ROM increases the accuracy of the ROM
solution for all the criteria that we considered.

Comparison of the lift coefficient for u,(t) w.r.t. up(t) Comparison of the lift coefficient for u,(t) w.r.t. up(¢)

- FOM 3~ FOM
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O

FIGURE 21. Experiment 2. C(t): FOM (VMS-EFFC), for § = 1.59 - 1073, EF-
ROM, VMS-EFFC-ROM for 6; = §, = 1.59 - 1073, and VMS-EPFC-ROM for
d =1.59-103 and 7, = 77. The left plot shows G-ROM, which is omitted in the
right plot for clarity.
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FIGURE 22. Experiment 2. Evolution of the relative error of the velocity for G-
ROM, EF-ROM for § = 1.59 - 1073, VMS-EFFC-ROM for §; = 63 = 1.59 - 1073,
and VMS-EPFC-ROM for § = 1.59 - 10~3 compared to the FOM solution.
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FI1GURE 23. Experiment 2. Comparison of the ROM velocity magnitude with the
FOM velocity magnitude for varying x and fixed y. Top row from left to right: G-
ROM, EF-ROM for § = 1.59-10~3, VMS-EPFC-ROM for 6; = d, = 1.59-1073, and
VMS-EFFC-ROM for § = 1.59-1073 for y = 0.205. Center row from left to right: G-
ROM, EF-ROM for § = 1.59-10~3, VMS-EPFC-ROM for 6; = §, = 1.59-1073, and
VMS-EFFC-ROM for § = 1.59 - 1073 for y = 0.05. Bottom row from left to right:
G-ROM, EF-ROM for § = 1.59 - 10~3, VMS-EPFC-ROM for 6; = d5 = 1.59 - 1073,
and VMS-EFFC-ROM for 6§ = 1.59 - 1073 (right) for y = 0.36.
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Remark 10 (On the role of 7, ). For VMS-EPFC-ROM, other strategies can be chosen for projecting
and defining the large scales. For example, once T, nonzero coefficients modes are fized, one may set
to zero all the other velocity coefficients, comprising the supremizers: in this way, the supremizer are
not filtered. Another strategy discards rl, = r,—T, and rl, = r,—Ts modes for the supremizers. In our
numerical investigation, both strategies yielded worse results with respect to the approach described
in Section 4.4. For the sake of brevity, we do not show these results. Moreover, we tried other
choices for T, e.g., Ty, = |31y /4] and Ty = [ry/4]. In both cases, the results were worse in terms
of accuracy with respect to the choice Ty, = |1,/2] that we used in this section. These results are
not unexpected. Indeed, for 7, — r,, VMS-EPFC-ROM is similar to EF-ROM, while, for 7, — 0,
VMS-EPFC-ROM is equivalent to the standard G-ROM, and both EF-ROM and G-ROM fail in
recovering the flow structures.

Remark 11 (On the role of §; and d2). In this section, we followed the strategy of consistency with
respect to the FOM VMS-EFFC solution. Namely, we used 8 = 63 = 1.59 - 1073. However, other
choices can be made. For example, one can try 01 # do or 1 = do but different from the FOM §
values. In both cases, our preliminary numerical investigation yielded less accurate results. Although
we do not exclude that parameter-inconsistent formulations can be useful for some applications, they
require a careful sensitivity analysis, which goes beyond the scope of the paper.

Remark 12 (On the role of pressure). We note that, in our numerical investigation, the number of
pressure modes T, does not affect the accuracy of the velocity fields. We also note that r, =1 is a
value that retains 99% of the pressure energy. However, using only one mode for the pressure gave
overdiffusive results for all the ROMs. The pressure results are shown in Appendiz C. However, for
brevity, we did not show the results for r, = 1, and included only the ones for r, = 15, which allowed
us to recover the vortex shedding behavior.

Finally, we note that, since we are dealing with a nonlinear problem, the ROM depends on the

FOM dimension, resulting in inefficiency during the online solution. To solve this issue, hyper-
reduction techniques, such as the empirical interpolation method (EIM), might be employed [3].
However, applying these techniques was beyond the scope of this work.
In terms of computational time, we want to stress that the filter-based strategies are still competitive
with respect to G-ROM. Indeed, the CPU time of EF and VMS-EPFC-ROM is 98% of the CPU
time of the G-ROM. This is due to the DF action, which helps the Newton solver converge in fewer
iterations. The VMS-EFFC-ROM CPU time, however, is 115% of the G-ROM CPU time. This is
because VMS-EFFC-ROM applies the DF twice, i.e., it solves two linear systems. We emphasize,
however, that this slight computational overhead yields significant gains in accuracy.

Concluding, the VMS-EFFC-ROM is the most accurate approach among the ROMs we investi-
gated, both at the FOM and ROM levels. We also remark that both the VMS-filter strategies (i.e.,
VMS-EFFC-ROM and VMS-EPFC-ROM) outperform EF-ROM and G-ROM in terms of accuracy.

In Table 4, we give an overview of the experiments of this contribution, showing their main
features and the main conclusions we draw from the tests.

TABLE 4. Summary of the numerical experiments.

Comparisons Main conclusions

Experiment 1 (FOM) | EF VMS-EFFC is the most accurate.
VMS-EFFC
VMS-EPFC

Experiment 2 (ROM) | G-ROM VMS-based strategies outperform G-ROM
EF-ROM and EF-ROM. VMS-EFFC-ROM strategy is
VMS-EFFC-ROM the most accurate.
VMS-EPFC-ROM
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7. CONCLUSIONS

In this work, we propose novel strategies to tackle the overdiffusivity related to the EF approach

for large values of the filter radius §, which often occurs in practice. We leverage the VMS framework
and propose algorithms consisting of four steps, where we (i) evolve the velocity field, (ii) decompose
the evolved velocity into resolved large and small scales, (iii) filter the resolved small scales, and
(iv) correct the velocity field with the filtered resolved small scales. We develop two novel strategies
based on how we decompose the velocity: the VMS-EFFC, where the decomposition is performed
using a differential filter, and the VMS-EPFC, which employs a postprocessing on a smaller space
to define the resolved large scales. The two algorithms are numerically investigated at the FOM
and ROM levels for a flow past a cylinder at Reynolds number Re = 1000. Compared with EF
and Galerkin projection approaches, the VMS-based filters yield more accurate results in terms of
relative errors in time, velocity norms, pointwise errors, and flow behavior. One of the strengths of
the two new approaches is their modularity: this allows their embarrassingly easy implementation
and prevents a significant increase in computational costs both offline and online. We underline
that, both at the FOM and the ROM level, VMS-EFFC is a clear winner with respect to the other
strategies.
To the best of our knowledge, this is the first time that these approaches have been introduced both
at the FOM and the ROM levels. This first investigation gives encouraging results. However, many
research directions should be pursued for a deeper understanding of the topic. First, a comprehensive
study on the role of the pressure and how to include it in the filtering process should be considered
to increase the accuracy of the reconstruction of the pressure field. For example, one can recover the
pressure with a least-squares procedure that avoids the use of supremizers, decoupling the solution
for velocity and pressure, as suggested in [1]. Moreover, VMS-EPFC is sensitive to the choice of
the filter radius d and of the postprocess step, while VMS-EFFC is sensitive to the choices of d;
and do. Although a comprehensive sensitivity analysis was beyond the scope of this paper but it
could be useful to increase the robustness of the proposed strategies. Finally, we emphasize that
this study is just a numerical investigation of the new strategies. In the future, we plan to provide
numerical analysis for the VMS-based filter regularization to support the numerical findings of this
manuscript.
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APPENDIX A. VMS-EFFC wiTH TwO DIFFERENT FILTER RADII

We perform a numerical investigation of the impact of using two different filter radii, §; # d2, for
the VMS-EFFC approach.
The numerical setting is described in Section 5.1. We propose two different test cases: (i) with
81 = 1.59-107% and §, = 1.59- 1072, i.e., d; < o, with a one order of magnitude difference, and (ii)
with 6; = 1.59 - 1072 and d, = 1.59 - 1074, i.e., §; > &5, with a one order of magnitude difference.
In Figures 24 and 25, we show the DNS velocity (top left plot) and we compare it to the VMS-EFFC
strategy for 07 = d2 (top right plot), for d; < d2 (bottom left plot) and for §; > d5 (bottom right
plot), for t = 1 and ¢ = 4, respectively. It is clear that filtering the small scale with a larger do can
produce overdiffusive results, while using a smaller 5 can be insufficient to alleviate the numerical
oscillations of the flow. For the sake of completeness, we also include the case for §; = do, which
was already analyzed in Section 5.

DNS velocity r=1 VMS-EFFC velocity r=1
0.0e4+00 2 4 53e+00 0.0e+00 2 4 5.3e+00
— o - ! o

VMS-EFFC velocity §, <8,1=1 VMS-EFFC velocity §,> 8,1=1
0.0e+00 2 4 5.3e+00 0.0e+00 2 4 5.3e+00
-_— ol -_— o

FI1GURE 24. Experiment Al. Velocity profiles at ¢ = 1: DNS, VMS-EFFC for
d1 = 6 = 1.59- 1073, VMS-EFFC for 6; = 1.59- 103 and 8§, = 10 - §;, and VMS-
EFFC for §; = 1.59 - 1072 and & = 10718, top left and right, bottom left, and
right plots, respectively.

In this numerical setting, using different values for §; and d5 does not increase the accuracy. This
is the conclusion we draw from Figure 26. The left plot shows that the best strategy to recover the
L2-norm of the DNS simulation is to use d; = &3. The overdiffusive action is also illustrated by
Figure 27: The use of §; < d2 damps out the oscillations of the drag and lift coefficients.


https://doi.org/10.1016/j.cma.2012.04.015
https://doi.org/10.1016/j.cma.2012.04.015
https://doi.org/10.1002/fld.4363
https://doi.org/10.1515/jnma-2023-0006
https://doi.org/10.1515/cmam-2023-0171

32 M. STRAZZULLO, F. BALLARIN, T. ILIESCU, T. CHACON REBOLLO

DNS velomty t=4 VMS- EFFC velocity 1=4
0. OE+00 4 5.3e+00 0. Oe+00 4 5.3e+00
VMS-EFFC veloc1ty 6, <byt=4 VMS-EFFC veloc1ty 81> 65,t=4
0.0e+00 4 5.3e+00 0.0e+00 4 5.3e+00
- ‘ | = ‘ =

FIGURE 25. Experiment Al. Velocity profiles at t = 4: DNS, VMS-EFFC for
d1 = 83 = 1.59 - 1073, VMS-EFFC for §; = 1.59- 1072 and J, = 10 - 6;, and VMS-
EFFC for §; = 1.59 - 1072 and &, = 10718, top left and right, bottom left, and
right plots, respectively.

Comparison of the L?>-norm for uy(t) w.r.t. DNS
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FIGURE 26. Experiment Al. Evolution of the L2-norms of the velocity for DNS for
5§ =1.59-103, VMS-EFFC for § = 1.59-1073 and §, = 1.59-1072, and VMS-EFFC
for 6 =1.59-1073 and 65 = 1.59 - 10~%.

Using 61 > d2, helps to recover the magnitude of the drag and lift coefficients. However, §; >
02, yields significantly larger values of energy norms compared to the DNS, and it gives a worse
representation of the velocity field in terms of the relative error, too. From this analysis, it is clear
that the choice of using §; = d5 leads to a better qualitative performance, including a better norm
reconstruction. We stress that this conclusion holds only for our numerical setting, and a proper
choice of §; and J2 may increase the accuracy of the velocity field reconstruction. However, finding
the optimal values for §; and §, was beyond the scope of the manuscript. The pressure results for
this experiment are included in Appendix B.
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Comparison of the lift coefficient w.r.t. DNS

Comparison of the drag coefficient w.r.t. DNS
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FIGURE 27. Experiment 1. Cp(t) and CL(t) in time for DNS for § = 1.59 - 1073,
VMS-EFFC for § = 1.59 - 1073 and &, = 1.59 - 1072, and VMS-EFFC for § =

1.59 - 1073 and do = 1.59 - 1074, left and right plots, respectively.

APPENDIX B. ADDITIONAL FOM RESULTS: PRESSURE

This appendix collects the FOM results of the pressure fields corresponding to Experiment 1
(Figures 28, 29, 30) and Experiment Al (Figures 33, 31, 32).

EF pressure =1

DNS pressure r=1
-3.1e4+00 -2 -1 1.7e+00

-3. 1e+00 -2 -1 0 1.7e+00
| — \ e
VMS-EFFC pressure t= 1 VMS-EPFC pressure r=1
-3.8e+00 -2 0 1.7e+00 -3.1e+00 - 0 1.7e+00
— | -_— ‘ | —

FIGURE 28. Experiment 1. Pressure profiles at ¢t = 1: DNS, EF for § = 1.59-1073,
VMS-EFFC for §; = §, = 1.59 - 1073, and VMS-EPFC for § = 1.59 - 1072 and

7, = 15, from left to right, and top to bottom.
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DNS pressure r=4 EF pressure r=4
-3. 1e+00 2 -1 0 1.7e+00 -3.1e+00-2 -1 o] 1.7e+00
| | — | —
VMS-EFFC pressure r=4 VMS-EPFC pressure r=4
-3.8¢+00 -2 0 1.7e+00 -3.1e+00 - 0 1.7e+00
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FIGURE 29. Experiment 1. Pressure profiles at ¢t = 4: DNS, EF for § = 1.59-1073,
VMS-EFFC for 6§; = 63 = 1.59-1073, and VMS-EPFC for § = 1.59-1073, from left
to right, and top to bottom.

Comparison of L*norm for p(t) w.r.t. DNS
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F1GURE 30. Experiment 1. Evolution of the L?-norms of the pressure for DNS,
EF for § = 1.59 - 1073, VMS-EFFC for §; = §, = 1.59 - 1073, and VMS-EPFC for
§=1.59-1073.

The results are consistent with the behavior of the velocity fields in the respective experiments.
In what follows, we summarize the main features of the pressure results.

o Experiment 1. The best approach is VMS-EFFC, which is capable of representing the DNS
pressure field. In contrast, EF and VMS-EPFC fail to represent the DNS pressure field.
This is clearly supported by the qualitative plots in Figures 28 and 29, and the energy norm
in the left plot of Figure 30.

o Experiment Al. From the qualitative plots of Figures 31 and 32, and the energy norm plot
on the left of Figure 33, it is clear that VMS-EFFC with §; = §5 is the best approach for
pressure representation. Indeed, it recovers the DNS pressure behavior and magnitude of
the L?-norm, while the strategies that use d; # d.
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DNS pressure t=1 VMS-EFFC pressure t=1
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FIGURE 31. Experiment Al. Pressures at t = 1: DNS, VMS-EFFC for 61 = do =
1.59 - 1073, VMS-EFFC for 6; = 1.59 - 1072 and 6, = 10 - §;, VMS-EFFC for
0 = 1.59-1072 and d, = 10~ - §;, from left to right, and top to bottom.

DNS pressure t=4 VMS-EFFC pressure t=4
-3.1e+00 -2 -1 0 1.7e+00 -3.8e+00 -2 ) 1.7e+00
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F1GURE 32. Experiment Al. Pressures at ¢ = 4: DNS, VMS-EFFC for §; = d =
1.59 - 1073, VMS-EFFC for §; = 1.59 - 1073 and 6, = 10 - 6;, VMS-EFFC for
9, =1.59-1073 and 8, = 107! - &1, from left to right, and top to bottom.
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FIGURE 33. Experiment Al. Evolution of the squared L2-norms of the pressure
DNS, EF for § = 1.59 - 103, VMS-EFFC for § = 1.59 - 103 and &, = 1.59 - 102,
and VMS-EFFC for 6 = 1.59 - 1072 and d = 1.59 - 1074, left and right plots,
respectively.
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APPENDIX C. ADDITIONAL ROM RESULTS: PRESSURE

In this appendix, we present the results of the ROM reconstruction of the pressure for Experiment
2. These results are consistent with the velocity results of Section 6. We briefly comment on these
results, emphasizing the salient points. First, we note that all the strategies fail to represent the
pressure fields.

° |

VMS-EFFC pressure r=1
-3.8e+00 -2 0 1.7e+00

-— Vo

« = 4

G-ROM velocity =1 EF-ROM pressure r=1
-3.8e+00 -2 -1 0 1.7e+00 -38e+00 -2 -1 0 1.7e+00

—_— —_—

VMS-EFFC-ROM pressure =1 VMS-EPFC-ROM pressure r=4
-3.8e+00 -2 -1 0 1.7e+00 -3.8e+00 -2 -1 0 1.7e+00

—_— —_—

FIGURE 34. Experiment 2. Pressure profiles at ¢t = 1: FOM (VMS-EFFC) for
§ =1.59-1073, G-ROM, EF-ROM for 6 = 1.59- 1073, VMS-EFFC-ROM 6; = 6, =
1.59-1073, and VMS-EPFC-ROM for 6 = 1.59-10~3 and 7, = 77, top, middle left,
middle right, bottom left, and bottom right plots, respectively.
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FIGURE 35. Experiment 2. Pressure profiles at ¢ = 4: FOM (VMS-EFFC) for
§ =1.59-103, G-ROM, EF-ROM for 6 = 1.59-1073, VMS-EFFC-ROM 6; = 65 =
1.59-1073, and VMS-EPFC-ROM for § = 1.59-1073 and 7, = 77, top, middle left,
middle right, bottom left, and bottom right plots, respectively.
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Comparison of L2—norm for p,(t) w.r.t. p,(t) Comparison of L2—norm for p,(t) w.r.t. p,(t)

20?13352???82?351 ‘ ’ | 8+V“'IS'!tET’CROM J r ]
=t STRRTYARLARR TG < | S0 ko

MM N ‘lr J | iy J |

5‘; WMWW WW w AML Jﬂ ] ﬂ% iv,wﬁ'u ! Jm' /‘ " WM\W U

o 05 1 1s i 25 3 35 4 0 05 1 15 i 25 3 35 4

FIGURE 36. Experiment 2. Left and right: Evolution of the squared L?-norms of
the pressure for G-ROM, EF-ROM for § = 1.59 - 1073, VMS-EFFC for §; = 65 =
1.59 - 1073, VMS-EPFC for § = 1.59 - 1072 and 7, = 77, and the FOM solution
(VMS-EFFC) for § = 1.59 - 10~3. The left plot shows G-ROM, which is omitted in
the central plot for clarity

This is the conclusion we draw from Figures 34 and 35, where we compare the ROM solutions
of the four different strategies with the FOM pressure solution for t = 1 and ¢t = 4, respectively.
We note that these plots are scaled with respect to the FOM solution magnitude. These plots show
that all the ROM techniques fail to recover the magnitude of the pressure. We note, however, that
the VMS-EFFC-ROM strategy recovers the vortex shedding behavior. Quantitatively speaking,
there is no accurate strategy for this computational setting. We can observe, however, that VMS-
EFFC-ROM reaches the minimum relative error values, as expected. These results suggest that the
VMS-filter strategies are improvable in terms of recovering the pressure. Although this investigation
was beyond the scope of this paper, we plan to pursue it in future work, as mentioned in Section 7.
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