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methods are based on the integral form of the governing equations and
SD is based on the differential form. Recently, Huynh [22] introduced
the FR approach, which is a single framework capable of recovering ex-
isting schemes such as DG [23], SV, and SD, and also formulating new
schemes with different stability and accuracy properties [24]. Similar
to SD, FR is derived via the differential form of the governing equa-
tions. The FR approach has proven to be accurate for scale-resolving
simulations, such as DNS, LES, and Implicit LES (ILES) [25,26] for
complex unsteady turbulent flows [27-31]. In the case of ILES, the
numerical dissipation of the FR approach acts as a built-in Sub-Grid
Scale (SGS) model [25,26] in conjunction with appropriate high-order
time-stepping approaches [32,33].

While the utility of high-order methods, such as DG, SV, SD, and FR,
have been demonstrated for scale-resolving LES/DNS, their non-linear
stability properties are typically less robust than those of lower-order
methods. High-order schemes are usually more sensitive to numerical
instabilities due to their relatively low numerical dissipation. These
numerical instabilities, mainly arising from non-linear behaviour of
the governing equations, can be dealt with using different techniques.
Aliasing error discussed by Phillips [34], is known as one of the sources
of instability in non-linear problems, which arises in the projection
of the flux polynomial into a lower-dimensional space. In DG and
FR methods, a finite set of basis functions is used to construct a
numerical solution within each cell. Applying these methods to non-
linear equations can generate these so-called aliasing errors, where
the unresolved modes are aliased into lower modes [5]. Kirby and
Karniadakis [35] introduced de-aliasing for unstructured grids. Spiegel,
Huynh, and DeBonis [5] studied over-integration, as a de-aliasing
technique, for FR using LES, and showed that over-integration reduces
aliasing error. Jameson et al. [36] showed that by employing an exact
L2 projection, instead of a collocation projection, to construct the
approximation of the flux polynomial, aliasing-driven instabilities will
be eliminated; however, performing an L2 projection is more expensive
in terms of the computational cost. Entropy stable schemes can also be
used to deal with non-linear instabilities; however, constructing such
schemes is generally challenging and computationally expensive [37].
In problems containing shock waves, a shock-capturing method can be
used. Persson and Peraire [38] introduced a shock-capturing method
for DG inspired by the early artificial viscosity methods [39]. Burbeau,
Sagaut, and Bruneau [40] introduced a problem independent limiter
capable of capturing strong shocks while preserving the accuracy of
the DG method in smooth regions. Another approach to stabilization
is filtering, which aims to damp spurious oscillations that arise due
to aliasing, discontinuities, or under-resolution. Trojak et al. [41] have
studied the effects of filtering on both semi- and fully-discrete schemes,
showing the effectiveness of filtering in temporal stabilization with a
mild reduction in the order of accuracy of the method. Recently, Park
et al. [42] compared modal filtering [43] and de-aliasing [44] on high-
order ILES of a flow over a NACA0021 airfoil. They concluded that
filtering degrades solution accuracy; however, its computational cost
is significantly less than de-aliasing. In summary, different instabilities
require different stabilization techniques. For example, limiters and/or
artificial dissipation can be used to stabilize shocks/discontinuities, and
instabilities resulting from under-resolved simulations can be dealt with
using de-aliasing and/or filtering techniques. These techniques might
be used in combination when different instabilities are observed, or
additional stabilization is required. Hence, popular stabilization tech-
niques include de-aliasing, limiters, artificial dissipation, and filtering,
among which the first two have relatively high computational cost.
De-aliasing utilizes more quadrature points to approximate the flux
function more accurately. Limiters need to evaluate a set of predefined
slopes to find the troubled elements to limit cell averages. And artificial
dissipation, being a competitor to filtering in terms of computational
cost, needs a sensor to find discontinuities and damp spurious oscilla-
tions. This sensor is an additional cost since it requires integration over
an element for the indicator, depending on whether this is performed
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every Runge—-Kutta stage or once per time-step [38]. In contrast, filter-
ing typically has negligible computational cost. However, as shown by
Park et al. [42], it can have detrimental effects on accuracy. Hence, it
remains to be shown whether filtering operators can be designed such
that they stabilize the solution, while maintaining accuracy.

The objective of this research is to introduce a new accuracy pre-
serving filtering technique for stabilization of high Reynolds number
flows using high-order spatial discretizations. In Section 2, FR is ex-
plained, and filtering is discussed in Section 3. These filters are then
optimized to maintain stability in the context of the TGV at an infinite
Reynolds number. Then, the super-accuracy of these optimal filters is
verified via non-linear isentropic vortex advection in Section 4, and
these optimized filters are validated for a set of benchmark LES cases in
Section 5. These include ILES of the TGV, turbulent channel flow, and
a stalled NACA0020 airfoil. Finally, conclusions and recommendations
for future work are given in Section 6.

2. Flux Reconstruction

The FR approach, a high-order accurate numerical method first
introduced by Huynh [22], is appealing due to its accuracy, generality,
robustness, and suitability for modern hardware architectures [2]. In
comparison to common low-order numerical methods, FR provides
more accurate solutions using fewer total number of Degrees of Free-
dom (DoF) at a reduced computational cost [3]. As mentioned pre-
viously, FR is a unifying approach that can recover existing schemes
such as the SD, SV, and DG methods, for linear equations. As with
the SD and DG approaches, FR makes use of a high-order polynomial
basis to represent the solution on each element. The one-dimensional
formulation of the FR framework is explained here, along with its
extension to multiple dimensions [45].

2.1. One-dimensional formulation

Consider a 1D general conservation law of the form
ou  df
o T ox T
where u = u(x, 1) is the conserved scalar quantity, ¢ is time, f = f(u) is
the flux of u in the x direction, and x is the spatial coordinate. The com-
putational domain, £2, is partitioned into a mesh of N, non-overlapping
elements such that

N, N,
Q:U.Qk, ﬂgkzﬂ, 2
k=1 k=1

where Q, = {x | x; <x < x]}, and x; and x] are the left and right
boundaries of £,, respectively. The exact solution, u, is approximated
initially within each element via a solution polynomial of degree P,
interpolated using a set of N, = P+1 discrete solution points. Similarly,
the exact flux, f, within each element, ©Q,, is approximated by a flux
polynomial of degree P + 1, that is continuous across cell interfaces.
Hence, the total numerical solution, 4%, and flux, f¢, can be represented
as the direct sum of their element-wise approximations «$ and /7,

N, N,
umi’ =@u.  Frr =P ®)
k=1 k=1

The solution polynomial within each element is interpolated using
nodal basis functions, ensuring element-wise continuity of the solution,

0, (€8]

Ny

W, 1) = Y i i (x), 4
i=1

where “if is the numerical solution at point i within element ©,, and

¢;(x) is the nodal basis function at point i. The nodal basis functions

in 1D are the well-known Lagrange polynomials, shown in Fig. 1 and

defined as
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Fig. 1. Lagrange polynomials for P = 5 using Gauss points, in a reference element
[-1,1].
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The flux at every point is computed using the approximate value of
the solution at that point, i.e., f ,f,i = f (“i,) In the case of non-
linear conservation laws, the flux polynomial is approximated using the
Lagrange interpolation polynomial,

NP
P00 =Y ), (6)
i=1
where /7, = f <”ii> is the numerical flux value at point i within
element Q,.

The constructed numerical flux function, f; ,fD (x,1), is generally dis-
continuous across cell interfaces, and the superscript D denotes this
discontinuity. The flux function is required to be continuous across cell
interfaces to satisfy conservation [24]. To address this discontinuity
of flux function, Huynh [22] proposed a reconstruction for the flux
function. The new reconstructed and continuous flux function must be
of degree P + 1. Therefore, its spatial derivative will be in the same
polynomial space as the temporal derivative of the numerical solu-
tion polynomial. The reconstructed flux polynomial must approximate
f fD(x, 1), and at the interfaces of each element must take on the value
of common Riemann fluxes, i.e.,

£ = 15 Gy (350) s (0)) = £ )
£ = 75 (g () iy (50)) = 78 ®

where /R (u=,u") is an appropriate Riemann flux, a function of extrap-
olated values of the numerical solution at each edge of neighbouring
elements. In what follows, the dependence on time is dropped for
simplicity of notation. The reconstructed flux is

=P+ £ . ©

where f{ (x) is a correction flux polynomial, defined as

L@ = (=2 () er + (L8 = 2P (xF)) gr). 10)

The flux correction should be close to zero in the interior of each
element, and g; (x) and gz(x) are the correction functions, which must
satisfy the following constraints

g (x)=1 & (xf)=0, an

gr(x) =0, gr(xf)=1 12)
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To advance the numerical solution in time, the following differential
equation must be solved
5 s
o, ort
ot ox
Substituting the Egs. (9) and (10) into (13) yields in

=0. 13)

auﬁ 9 6D

_ _\y 981(x) 0gr(xy)
S+t (A = 1P () =+ (A - P () =5 =0

14

As stated earlier, FR is a single framework capable of recovering
various schemes. There are three factors that FR relies on for such a
property. The location of the solution points, the approximate Riemann
solver in obtaining the common interface fluxes, f,*~ and f, kR+, and the
choice of the correction functions, g and g; . The choice of the solution
point locations plays a key role in the stability and accuracy properties
of the scheme when the flux is non-linear. However, in the case of linear
fluxes, it only affects initial projection error when using a collocation
projection of the initial condition onto polynomial space [46]. The
choice of Riemann solver influences the amount of numerical dissipa-
tion introduced by the spatial discretization. In the context of ILES, this
dissipation is responsible for reducing or eliminating a pile-up of kinetic
energy in high-frequency modes. In this study, we use a Rusanov/Lax—
Friedrichs flux at the interface between elements and note that previous
work has explored the properties of different Riemann solvers in this
context [47]. Hence, it is important to note that the filters proposed in
this study may not be optimal for different Riemann solvers. Depending
on the choice of correction function, one can recover the DG, SD, and
SV methods, or continuous families of linearly stable schemes [22].
Huynh [22] showed that by choosing g; and gy as the right and left
Radau polynomials, the collocation based nodal DG scheme will be
recovered, which is the scheme used in the current study.

2.2. Lifting Collocation Penalty Formulation

The FR framework can also extend to multiple dimensions using
the Lifting Collocation Penalty (LCP) formulation [45]. Consider the
general form of a hyperbolic conservation law
ou
or
A weighting function, %/, is defined to ensure a unique solution exists
for Eq. (15). Following the FR approach [22] and its extension to
simplex element types [45], Eq. (15) is re-written as

+V.fw)=0. (15)

Bui 5
= VS 8=0, 16)
where 9, is a correction field on the element £,. The correction field
is analogous to the divergence of the correction functions in the FR
approach, which enforces continuity of the flux polynomial across
element interfaces.

Eq. (16) must be satisfied at each solution point, x,;, i.e.,

dui i 5
L (V) 0 =0, a7)
where for elements with straight faces
1
'9k,i = ) z Zai,_’f,j [fR]f_j Sy, (18)
2] Fea,

where 7 denotes the faces of the element ©,, j is the index for flux
points, ¢; 5 ; are constant lifting coefficients, [ f R] i is the difference
between a common Riemann flux at point j and the value of the
internal flux, and S is the area of the face . The lifting coefficients
are computed using 7/, and are independent of both geometry and
the solution. A number of different energy stable schemes, such as
SD, SV, and DG, can be recovered based on the specification of these
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(a) Nodal basis function at one solution point. (b) The solution and flux points.

Fig. 2. Orthonormal basis function and solution and flux points for quadrilateral
element types and P = 2.

lifting coefficients. In this study, DG is recovered by using the lifting
coefficients based on the nodal basis functions.

In order to make FR simpler and more efficient, all operations are
commonly performed in a reference space, and all elements, 2,, are
transformed from the physical domain x to this standard reference
space &, using a one-to-one mapping function, M, as

x=M@E, &E=M"'@). 19

A nodal polynomial representation of degree P,, of the mapping func-
tion, M, is defined, using the mapping points

N
O = Y X buis € (20)

where xi (&) is the interpolated physical location, N,, is the number of
mapping points, and x,; is the physical location of the mapping points.
The Jacobian determinant of this transformation at any point is

0x
%
Aliasing errors are mainly due to either the non-linearity of the equa-
tions or mapping curved elements into the reference space [48]. In
the case of curved elements, the Jacobian of the isoparametric map-
ping is a non-constant, non-linear polynomial, which introduces a
geometrical-aliasing source [44].

The solution and flux polynomials are interpolated, similar to 1D
formulation, using the nodal basis functions. An example of nodal basis
function for a quadrilateral element is shown in Fig. 2, along with the
locations of solution and flux points of the same element.

J = . 21

3. Filtering
3.1. Polynomial representation

Polynomials can be represented in different equivalent forms, in-
cluding nodal and modal. Nodal in a sense that the polynomial is built
using the value of the solution at nodes, and modal in a sense of or-
thogonal polynomial modes. The general form of these representations
of the solution, omitting the element index for brevity, is

N[’

WE =Y ulng @) (22)
i=1
NP

WE =Y alOy@) (23)

i=1

where uf is the nodal coefficient or the numerical solution values

at each solution point in the reference space, ﬁf is the ith modal
coefficient, ¢;(&) is the nodal basis function at the ith solution point,
and y; (&) is the ith orthonormal basis function. These orthonormal basis
functions can be written as a weighted summation of monomial terms
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Fig. 3. Pascal’s triangle for two dimensional elements.
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Fig. 4. Legendre polynomials for 7 =5 in a reference element [-1,1].

from Pascal’s triangle, shown in Fig. 3. In the 1D case, the nodal and
orthonormal basis functions are the well-known Lagrange and Legendre
polynomials, respectively. These polynomials are shown in Figs. 1 and
4 for P = 5. Example 2D orthonormal modal basis functions are also
shown in Fig. 5.

To switch back and forth between these two polynomial represen-
tations, the Vandermonde matrix is used

uw = Vﬁ‘s, 24
@ =vul, (25)

where #® and #° are the vector of nodal and modal coefficients, respec-
tively, and V is the Vandermonde matrix, which is defined as [43]

V,’j = Wj(fj)s (26)

where w; (&) is the jth orthonormal basis function evaluated at the ith
solution point.

3.2. A time-step independent filtering operator

The modal form of representing a polynomial is analogous to a
Fourier series, where the higher modes are responsible for the oscilla-
tory behaviour of that polynomial, as seen in Fig. 4. In order to stabilize
a simulation, spurious oscillations of the numerical solution should
be damped. Hence, a filtering operator can be applied to the vector
of modal coefficients, to reduce the energy of the higher modes. The
decay of the expansion coefficients, #°, has a relation with the accuracy
of the scheme, and proper selection of these coefficients can improve
accuracy [49]. In the FR approach, the desired form of a polynomial
representation is the nodal form. Thus, the filtering operator should be
defined such that it filters the modal coefficients and returns the filtered
nodal coefficients. This filtering operation can be cast as [43]

F=vAv, @7

where A is a modal filtering matrix, which is defined in the next section.
Using this definition, switching back and forth between different forms
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Fig. 5. The orthonormal modal basis functions in 2D for quadrilateral elements and P = 2.

of polynomial representations is done in a single operation via the
filtering matrix F.

The filtering operator is typically applied after each time-step,
making the observed filter strength dependent on the time-step size.
Thus, changing the size of the time-step results in a different observed
strength of the filtering over a fixed time interval. This makes the
selection of an appropriate modal filter case dependent. To avoid this,
we propose a new filtering operator whose strength is normalized by
the time-step size. The normalized form of the A matrix is

1
A* = An,

(28)
where n is
Tchar
= _—, 29
yr (29)

where T,,,, is a characteristic time relevant to the flow of interest, and
At is the time-step size. Therefore, the filtering operator normalized by
the time-step size will be

Fr=vaAv (30)

In the conventional filtering approach, F is applied after each time-
step, making the cumulative filtering strength over a fixed simulation
time dependent on the time-step size. The proposed filtering opera-
tor, F*, is also applied after each time-step; however, its strength is

normalized by the time-step size. Thus, applying F* after each time-
step for n times is analogous to applying F after each characteristic
time, T,,,., only once, eliminating the time-step dependence of the
proposed filter. Hence, the observed filter strength remains constant, no
matter the time-step size, Ar. The spectral properties of a fully-discrete
scheme are dependent on both space and time discretizations. However,
provided the temporal integration is of a sufficiently high order, and the
time-step is not in the vicinity of the stability limit, the behaviour of
the scheme is primarily governed by the spatial operator [33]. Thus,
the proposed formulation is independent of the temporal integration
scheme, provided the integration meets the aforementioned conditions.
Otherwise, the following optimization might yield different parameters.

3.3. Filtering matrix

The modal filtering matrix is a square diagonal matrix with filtering
function values on its main diagonal, defined as

Ai,» =o(n),

where ¢ is the filtering function and # is the summation of the expo-
nents of the highest degree term of the corresponding orthonormal basis
function, obtained using Pascal’s triangle. To find the aforementioned
terms in 3D, Pascal’s triangle is used in multiple layers.

.N,

(€19)

i=1,..
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The commonly used exponential filtering function [43] is used in
this study which is defined as

1 0<n<y,
_ N
o(n) =4 exp (—a(,’” - ) ) Ne S 1S Max » (32)
0 N> Nax

where « and s are the damping and strength parameters of the filter
function, respectively, 7,,, is the maximum summation of the expo-
nents of the orthonormal basis, and 7, is the cut-off degree. In order to
reduce the effects of filter on the convergence rate, the smoothness of
the filtering function must exceed that of the solution [49]. Thus, the
exponential filter function is an appealing choice. The relation between
these filtering parameters is shown in Fig. 6, where #* = n/n,,,.. It can
be seen that the filtering function will move towards higher degrees by
increasing the values of s and/or 5, and decreasing a.

3.4. Parameter optimization

The strength of the filter is dependent on the choice of s,7., and a.
Excessive filtering will reduce accuracy, while insufficient dissipation
will fail to stabilize the solution. To find suitable filtering parameters,
the Taylor-Green Vortex (TGV) has been studied in the limit of an
infinite Reynolds number. In the TGV problem, the Navier—Stokes
equations are solved in 3D to simulate a freely decaying turbulent flow
in a periodic domain, generating a detailed turbulent spectrum. The
initial flow field for the TGV is specified as [24]

u = +Ugsin(x/L)cos(y/L)cos(z/L), (33)
v = —Ugcos(x/L)sin(y/L)cos(z/L), (34)
w=0, (35)
2
POUO
P=P+ 6 (cos(2x/L) + cos (2y/L))(cos 2z/L) +2), (36)
- P
p= RTy" 37)

where u, v, and w are the velocity components, P is the pressure, p is
the density, and L = 1 is the characteristic length. The constant values
of characteristic velocity, U, and temperature, T,,, are specified to have
the desired flow Mach number.

In this section, the TGV is used to explore stability in the limit of
infinite Reynolds number, so the Euler equations are used in lieu of
Navier-Stokes, with solution polynomials of degree P = 3, 4, and 5. The
domain for this study is a periodic cube with dimensions of 0 < x, y,z <
27z L, meshed with hexahedral elements, and the total number of DoF is
163. A very coarse mesh is used to have an initially unstable simulation,
and the filtering operator is applied using a wide range of filtering
parameters. There are three tuning parameters in the filtering operator,
as shown in Eq. (32). To optimize the filtering operator, we attempt
to find a set of filtering parameters that can be used for general flows,
alleviating the need to tune these parameters. The strength parameter is
set to fixed values of s = [2,4, 8, 16] throughout this study. As mentioned
earlier, we are interested in filtering the highest orders of the solution
polynomial. Thus, the cut-off degree, ., is set equal to the maximum
summation of the exponents of the orthonormal basis, #,,,,. Then, as the
first step, using Algorithm 1, the highest possible 7, is found for a very
large value of « that stabilizes the simulation. Following this, finding
the lower and upper bounds of the damping parameter « is the second
step. This step is done using Algorithms 2 and 3. Finally, the last step
is to find the optimized value of «, using the bisection method shown
in Algorithm 4. The optimized values of 5, and « are found by running
more than 14000 simulations using bisection over the aforementioned
range of parameter s, solution polynomial degrees, and Mach numbers.
The damping parameter, a, is optimized to have the weakest filtering
operator, to preserve accuracy, while stabilizing the TGV simulation.
Stability is defined as a solution that maintains physical solutions up
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Fig. 6. The effect of different parameters on the filter function.

to 20T,,,» where a physical solution is interpreted as one having only
non-negative and/or non-imaginary values of pressure and density, and
T.har = L/U, is the characteristic time of the TGV. This is studied at
different Mach numbers ranging from Ma = 0.1 to 0.5.

The threshold of stability, determined via bisection, for different
solution polynomial degrees and Mach number of Ma = 0.1 are given
in Fig. 7 and for all other Mach numbers are given in Figs. 31-34 in
Appendix A. Any value for parameters on the left side of each line in
these figures is considered a weak filter that fails at stabilization, while



M. Hamedi and B.C. Vermeire

Computers and Fluids 237 (2022) 105301

Algorithm 1: Finding the maximum possible value of 5,

Algorithm 4: Finding the optimum value of «

a =106
for P =[3,4,5] do
for Mach =1[0.1,0.2,0.3,0.4,0.5] do
for s =[2,4,8,16] do
Ne = Nmaxs
stability = 0O;
while stability = 0 do
Run TGV Simulation;
if TGV Simulation is stable then
‘ stability = 1;

else
| e = M — 15
end
end
end
end

end

Algorithm 2: Finding the lower bound of «

for P =[3,4,5] do

for Mach =[0.1,0.2,0.3,0.4,0.5] do
for s =[2,4,8,16] do

a; = 10%

stability = 0;

while stability = 0 do

Run TGV Simulation;
if TGV Simulation is unstable then
‘ a; = 10a;;

else
stability = 1;
o = a;/10;

end

end
end
end
end

Algorithm 3: Finding the upper bound of «

for P =[3,4,5] do

for Mach =1[0.1,0.2,0.3,0.4,0.5] do
for s =[2,4,8,16] do

a, = 1016;

stability = 1;

while stability = 1 do

Run TGV Simulation;
if TGV Simulation is stable then
‘ a, =a,/10;

else
stability = 0;
a, = 10a,;

end

end
end
end
end

parameter values on the right side of each line form a filtering function

that stabilizes the simulation.

for P =[3,4,5] do

for Mach =[0.1,0.2,0.3,0.4,0.5] do

for s =[2,4,8,16] do

define rol;

while o, — a; > tol do

a= %(a, +a,);

Run TGV Simulation;

if TGV Simulation is stable then

‘ a, =a;

else
‘ a =a;

end

end
end
end
end

In the available literature, the predominant correction function that
is used in FR is the one that recovers the DG scheme. Thus, the DG
scheme is chosen in this study, and we note that our filters are opti-
mized specifically for this scheme and would not be generally suitable
for other correction functions. Oscillatory behaviour of the solution is
typically due to the highest modes in the solution polynomial. Hence,
it is beneficial to damp only the higher-order modes if possible. There-
fore, low-pass filtering in the spectral domain is preferred [50]. One
hypothesis of this work is that, by selectively filtering only the higher-
order modes, we may be able to preserve the high-order accuracy of
the scheme, which is explored in the next section. Furthermore, it is
expected that these higher-order modes are responsible for significant
aliasing error since their products are of a much higher polynomial
degree than those used to represent the solution. Hence, we consider
the best set of filtering parameters as those that damp the higher modes
as much as possible while leaving the lower modes unchanged. All of
the possible filtering functions for Ma = 0.1 are shown in Fig. 8, where
the best filtering function under these criteria is highlighted. These
plots for filtering operators at different Mach numbers are shown in
Figs. 35-38 in Appendix B, and the corresponding filtering parameters
for all of the optimum filter functions of different strengths are given
in Tables 4-6 in Appendix C. An interesting correlation is observed
from these figures is that the spectrum, in general, is split into 2/3 and
as P increases it tends towards 1/2, which is similar to the 2/3 rule
of dealiasing [51]. The optimum time-step independent filter function
for solution polynomials of degree P = 3, 4, and 5 are determined
at different filter strengths ranging from Ay ,.,—01 O Apraen=os- The
proposed filtering functions are verified in the following section.

4. Verification and validation

The objective of the current section is to verify that the proposed
optimal stabilizing filters converge to super-accuracy and improve
stability for practical simulations of turbulent flows. To demonstrate
super-accuracy for non-linear problems, modally filtered LES and non-
filtered ILES of an isentropic vortex will be compared. Following this,
non-filtered ILES of the TGV will be compared with LES using the
optimized modal filters.

4.1. Non-linear super-accuracy

Super-accuracy of the optimal modal filtering operators for non-
linear problems is verified using an isentropic vortex advection test case
in two dimensions. This case is used due to its simple implementation
and known exact analytical solution at all times. The advection of
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Fig. 7. Plots of stability for different P’s at Ay, .-

the vortex with the mean flow is simulated using the Euler equations,
where the exact entropy remains constant everywhere in the domain.

The isentropic vortex has an initial flow field of

i
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where p is the density, u and v are the velocity components, P is the
pressure, .S, = 13.5 is the vortex strength, Ma = 0.4 is the free-stream

Mach number, y = 1.4 is the heat capacity ratio, R = 1.5 is the radius



M. Hamedi and B.C. Vermeire

Table 1
A summary of order of accuracy for different simulations.
P Grid size Order of accuracy

Coarse Fine Non-filtered Filtered
3 40 x 40 60 x 60 7.626557 7.626587
4 40 x 40 60 x 60 9.104274 9.108797
5 20 x 20 40 x 40 10.426575 10.633066

of the vortex, and ¢ is
B 1-— x2 _ yZ
T 2R

The computational domain is a square of length [L,, L] = [20,20],
where the centre of vortex is initialized at the coordinate origin.
The boundary conditions are specified as periodic in the y-direction,
and Riemann invariant in the x-direction. The modal filters from the
three-dimensional configuration are projected onto this 2D basis for
quadrilateral elements, and different numbers of elements in the x
and y directions are used. The classical four-stage fourth-order Runge—
Kutta scheme is used for time discretization. The simulation is run
for a sufficient number of cycles of the vortex through the domain to
reach a consistent level of super-accuracy. This corresponded to final
simulation times of ¢ = 600, 14000, and 30000 using a time-step size of
dt = 0.005,0.002, and 0.00125 for the P = 3,4, and 5, respectively. The
L, norm of the density error is computed when the vortex returns to
its initial position, and is used to evaluate the accuracy of each filter.
The L, norm of the error is defined as [52]

2 2
o) I1* = \//2 /2 (0 x.1) = p(x, 1)) dx, (43)

where ||p(#)||> is the L, norm of the density error as a function of
time, p®(x,t) is the numerical solution, and p(x,7) is the analytical
solution. The solution and flux points are located at tensor products
of Gauss points, and an approximate Rusanov Riemann solver, is used.
The Rusanov type Riemann solver, used in this study, introduces the
inviscid numerical interface flux as

@ (42)

Fire = ZL (gl gin0) 2 (g + ug) (44)

where #; is the normal vector associated with the face, f i"“ and f g’“
are the inviscid fluxes at the left and right interfaces, respectively, and
u; and uy are the two discontinuous solution states at an interface. An

estimate of the maximum wave speed, s, is

e v (P + Pg) !

Lt PR 2
A summary of the orders of accuracy for the filtered and non-filtered
simulations of different solution polynomial degrees are provided in
Table 1, illustrating that the order of accuracy of the filtered simulation
is almost identical to that of the non-filtered simulation, and both
converge with super-accuracy.

Ay - (vp +vg) . (45)

4.2. The Taylor—-Green Vortex

In order to study the suitability of the proposed filters for LES, the
Navier-Stokes equations are solved using the TGV case. Several authors
have analysed the TGV using discontinuous high-order methods. The
TGV has been studied using FR [53,54], modal DG [55,56], recovery-
based DG method [57], DG Spectral Element method [58-60], and is
studied in this paper using the FR approach.

The rate of kinetic energy dissipation along with enstrophy are
computed to validate the accuracy of the optimal filtering functions.
The temporal evolution of total kinetic energy integrated over the
domain is

1 |84
E,=— | p——dQ, (46)
TR )" 2
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where E, is the total kinetic energy, Q is the volume of the domain, p is
the density, and ¥V is the velocity vector. The energy-based dissipation
rate is then defined as
e(Ey) = —&- (47)
dt
The temporal evolution of enstrophy is

e=—— | p/—=4d0, (48)
P2 Jo o 2

where o is the vorticity. And the vorticity-based dissipation rate is [61]
e(e) = 2—”&. (49)
p

In the incompressible limit, the difference between the physical dissi-
pation, e(¢), and the observed dissipation, ¢(E,), is due to numerical
dissipation.

The vortices are initialized at Re = 1600 based on the length scale
L and velocity scale U,, and the Mach number of Ma = 0.1. The
domain is a periodic cube of dimensions 0 < x,y,z < 2xL, with
nominally 643 total number of DoF. Each simulation is run with P =
3,4, and 5 using different strengths of the filtering function optimized
for Ma =0.1,0.2,0.3,0.4, and 0.5 along with a non-filtered simulation.
The results are compared to the reference DNS of Van Rees [61] with an
extended time history provided through the high-order workshop [29].
The solution and flux points are located at tensor products of Gauss
points, and the Rusanov and second method of Bassi and Rebay (BR2)
are used for the common inviscid and viscous flux. Plots of the kinetic
energy evolution in time, the rate of E, dissipation based on both E,,
and ¢ for different solution polynomial degrees of P = 3,4, and 5 using
different filtering functions are given in Figs. 9-11. The kinetic energy
spectrum of high wavenumbers with different strengths of the filtering
operator along with the non-filtered simulation are computed utilizing
a spectral code by Navah [62], and is shown in Fig. 12. Also isosurfaces
of Q-criterion for the TGV at 20T, for different solution polynomial
degrees are shown, with and without the filtering operator, in Fig. 13.

In Fig. 9, it can be seen that the dissipation of E, is slightly higher
for the filtered simulation, and the E, is always less than the DNS
results except for P = 3. The higher dissipation of a filtered solution
is expected, since the filtering operator is removing high wavenumber
components of the flow field. The energy-based rate of E, dissipation is
shown in Fig. 10. In general, the filtered simulations are slightly more
dissipative than the non-filtered simulation, an effect that increases
with filter strength. Since more energy is dissipated earlier on in the
filtered simulations, this trend reverses in the later time periods.

Fig. 11 shows that the enstrophy-based E, dissipation is slightly
under-predicted in the filtered simulations. Based on Eq. (48), the small
scale structures are enstrophy dominated structures in the turbulent
flow, which are filtered when the filtering operator is active. Hence,
the lower enstrophy observed in the filtered simulations. Since the
filtering operator dissipates the energy of the higher modes, we expect
there will be less energy in high wavenumbers for filtered simulations.
This is depicted in Fig. 12, where the kinetic energy spectrum of
high wavenumbers is given at 20T,,,,. It can be seen that for stronger
filtering operators, there is in fact reduced energy in higher modes, as
expected. Finally, from Fig. 13 showing isosurfaces of Q-criterion, it is
evident that when the filtering operator is applied, the general scale of
the turbulent structures is larger than the non-filtered simulations.

In summary, we observe that the filtering operators tend to slightly
increase the amount of numerical dissipation for all polynomial de-
grees. This is primarily due to damping of high-frequency modes in the
solution. Nevertheless, the overall accuracy at each polynomial degree
and for all filtering strengths is not impacted significantly.
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(e) P = 5, non-filtered. (f) P =5, with the strongest filter, Apracn=05-

Fig. 13. Isosurfaces of Q-criterion for the TGV at 20T,,,. for different polynomial degrees.
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4.3. The Taylor-Green Vortex on a non-linear mesh

Abe et al. [63] and Trojak et al. [64] studied the TGV on a fully
non-linear mesh. In this study, the effects of filtering is investigated
on non-linear elements. The case setup is the same as the previous
section; however, the solution points are perturbed using the following
equations [64]

k,my k,mz
x’=x+LAsin( gl )sin( gl >, (50)
nx
k,mx k,7z
y/=y+niAsin( L >sin< - ) 1)
y
k,mx k,my
Z=z+ LA sin [ =2 sin [ =2 R (52)
n, 1 I}

where k, is the grid wavenumber and A is the grid wave amplitude,
and in keeping with Abe et al. [63] and Trojak et al. [64] we will use
k, =4 and A =0.4. [ is the length of the computational domain and is
equal to 27, and »; is the number of elements in the i-direction. Fig. 14
shows a sub-sample of the non-linear mesh.

Fig. 14. A sub-sample of the computational domain.

The evolution of kinetic energy in time, the energy and enstrophy-
based rate of kinetic energy dissipation, and the kinetic energy spec-
trum of high wavenumbers are obtained similar to the previous section,
and are shown in Figs. 15, 16, 17, and 18, respectively. The results of
this section is similar to the TGV using a linear mesh, which shows that
the filtering operator can also be applied with fully non-linear meshes.

5. Numerical examples

In this section, a previously unstable turbulent channel test case,
along with an airfoil at a high angle of attack are studied. The objective
is to explore the stabilization properties of the proposed filters and their
accuracy for a set of benchmark problems. In this section, the strongest
filtering operator, A ;,.u=05, is used. The rationale behind this choice is
that the strongest filter would be expected to have the most significant
impact on the results.

13

Computers and Fluids 237 (2022) 105301

0.14
---- DNS
0.12 1 —— non — filtered
—— filtered
0.10 1
0.08 1
* e
0.06 1
0.04 4
0.02 1
0.00 — T T :
0 5 10 15 20
1
@P=3
0.14
---- DNS
0.12 1 —— non — filtered
—— filtered
0.10 1
0.08 1
* e
0.06 1
0.04 1
0.02 1
0.00 — T T T
0 5 10 15 20
.
b)P =4
0.14
---- DNS
0.12 1 —— non — filtered
— filtered
0.10 1
0.08 A
* 2
0.06 1
0.04 A
0.02 1
0.00 T T T T T
0 5 10 15 20
"
©)P=5

Fig. 15. The evolution of kinetic energy in time for different solution polynomials, for
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5.1. Turbulent channel

Fully-developed turbulent channel flow is studied as validation for
wall-bounded turbulent flows, due to its simple geometry and boundary
conditions. The fully-developed assumption means that all statistical
properties of the flow are independent of time. In turbulent channel
studies, it is conventional to use the friction velocity defined as

u, = f, (53)

where 7, is the wall shear stress.

Kim, Moin and Moser [65] originally performed DNS of turbulent
channel flow. In the present research, ILES and LES, using the proposed
optimized modal filter, are performed and compared to this DNS result.
The domain is of size [L,, L, L,]=[276,26,75] with periodic boundary
conditions in the streamwise (x) and spanwise (z) directions and a no-
slip boundary condition is applied at the walls, where § = 1 is the
channel half-width. The initial conditions are Mach number of Ma =
0.3 and bulk velocity Reynolds number of Re, = 6800 based on the
channel half-width. A mean pressure gradient is added such that the
friction velocity Reynolds number will converge to Re, = 395. The grid
points in the y-direction are computed using the following hyperbolic
function [66]

1 2j
Y= e tanh [(—1 + DoF,

> tanh™! a] +0.5, 54

where a = 0.96 is the stretching factor and DoF, is the number of solu-
tion points in the y direction. The present simulations are summarized
in Table 2.

In this study, we used 3/8 of the total number of DoF required for
DNS in all directions to simulate the turbulent channel with polynomial
degrees of P = 3,4, and 5. This simulation is stable for P = 3
and 4, so it is run with and without the filtering to compare filtered
simulations with non-filtered ones. The filtering operator is applied
for the simulation with P = 5 to stabilize it. The strongest filtering
operator, Aps,.p0.5, is used for all filtered simulations.

Velocity Power Spectral Density (PSD) for each simulation are given
in Figs. 20-22 for different non-dimensional distances from the wall,
shown in Fig. 19. The mean velocity, Reynolds stresses, and root-mean-
squared velocity fluctuations are then given in Figs. 23, 24, and 25,
respectively, for different polynomial degrees. Finally, isosurfaces of
Q-criterion are shown in Fig. 26 for all simulations.

—  Channel Walls
--  Mid Channel
— y*=0.1 Surfaces

— y*=0.5 Surfaces

Fig. 19. The surfaces used for velocity PSD computation.



M. Hamedi and B.C. Vermeire

PSD*

psSD*

PsD*

1074

non — filtered
filtered

J

Computers and Fluids 237 (2022) 105301

10[1

106

1077

non — filtered
— filtered

1078

3x 101 4 x 10!

6 x 10t 102
St

(b) y* = 0.1 - zoomed in.

106

1077

non — filtered
— [filtered

1078
3x 101 4 x 10!

6 x 10t 102
St

(d) y* = 0.5 - zoomed in.

Fig. 20. The velocity power spectral density at different locations for P = 3.
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Fig. 21. The velocity power spectral density at different locations for P = 4.
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Fig. 22. The velocity power spectral density at different locations for P = 5.

Table 2

Parameters of the simulations where N,; is the number of elements in ith-direction and 4i* is the distance of the first grid
point off the boundary in ith-direction non-dimensionalized by u, and the kinematic viscosity, v.

L.

P Filter  Re, = = oo Axt Ayt Azt N, N, N.  DoF

3 off 395 21 2 z 170 2585 092 1723 24 18 18 497664
3 on 395 2 2 b 170 2585 092 1723 24 18 18 497664
4 off 395 2r 2 x 170 2482 088 1655 20 15 15 562500
4 on 395 21 2 z 170 2482 088 1655 20 15 15 562500
5 on 395 2 2 b 170 2585 092 1723 16 12 12 497664

From the velocity power spectral density plots for 7 = 3 and 4,
shown in Figs. 20 and 21, it can be seen that for the filtered simulations,
only the higher modes have reduced power relative to the non-filtered
simulations, which shows that filtering only affects the higher modes,
as by design. Fig. 22, shows the velocity power spectral density for
P = 5 at different locations, in which less energy is observed at high
wavenumbers, compared to low wavenumbers. In Figs. 23(a) and 23(b),
we can see excellent agreement between the mean velocity profile of
the filtered and non-filtered simulations for P 3 and 4. Similar
behaviour is observed in Fig. 23(c) between the filtered simulation and
the DNS results for P = 5.

The Reynolds stresses shown in Figs. 24 and 25 also show good
agreement between the ILES/LES results and the DNS. The use of
filtering has negligible effect on the results, and no loss in accuracy
is seen for filtered simulations. Importantly, even more accurate results
are obtained with filtering in the near wall region compared to the non-
filtered simulation for P = 3, as shown in Fig. 25(a), for 10 < y* < 40.
The maximum streamwise velocity fluctuation occurs at y* ~ 12 for
both filtered and non-filtered simulations, consistent with the DNS, as
observed in Fig. 25. Finally, isosurfaces of Q-criterion are shown in

~
~

17

Fig. 26, where it can be seen that by applying the filtering operator,
the turbulent structures are qualitatively larger than the non-filtered
simulation for P = 3 and 4.

In summary, we find that the filtering operators were suitable for
LES of turbulent channel flow. They stabilized an otherwise unstable
simulation, and produced results consistent with the reference DNS
data. Also, in the case of P = 3, the filter produced slightly more
accurate results, even though it was not required for stability.

5.2. Airfoil

Flow over a NACA0020 airfoil at an angle of attack of a = 20, Mach
number of Ma = 0.2, and Re = 20000 is simulated both without filtering
and with the strongest filter operator, Ay;,.;,—0s- A second order P-
ERK scheme is used for marching in time [67]. The mesh used for this
simulation is shown in Fig. 27, which consists of 68590 hexahedral
elements. The domain has a periodic span of 0.45¢, which is sufficient
for span-wise decorrelation [68]. Furthermore, the first solution point
off the wall is located at y* ~ 0.7, within the viscous sublayer. Each
simulation is started with 7 = 1, and then restarted at 7 = 3 and run
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Fig. 24. Reynolds shear stresses for different solution polynomial degrees.

Fig. 23. Mean velocity profile for different solution polynomial degrees.
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Table 3

Comparison between the non-filtered, filtered, and DNS results.

Simulation c, Cp
DNS [68] 0.64 0.35
Non-filtered ILES 0.639 0.353
Modally-filtered LES 0.651 0.357

for 100 convective times. Statistical averages are computed over the
final 80 convective times.

Isosurfaces of Q-criterion coloured by velocity magnitude are shown
in Fig. 28. Qualitatively, the large scale structures show similar be-
haviour, while spurious small scale structures appear to be damped in
the filtered simulation.

Time-averaged values, C; and C,, (see Fig. 29), are compared to
DNS results in Table 3, which shows excellent agreement between the
DNS and both filtered LES and non-filtered ILES results. The time-
averaged pressure coefficient for both the filtered and non-filtered
simulations are shown in Fig. 30, where the results are nearly iden-
tical. In conclusion, applying the optimized filtering operator does not
significantly degrade solution accuracy, and the results are in excellent
agreement with the non-filtered simulation and reference DNS data.

6. Conclusions

In this study a new filtering operator was proposed for stabilization
of high-order LES. This operator is novel in the sense that its strength
is made independent of the time-step size. Moreover, all of the filtering
operators are optimized to yield the minimum filter strength for sta-
bilization, and preserve the order of accuracy for solution polynomial
of degrees P = 3,4, and 5 while maintaining stability in the limit
of an infinite Reynolds number TGV. Numerical results show that the
proposed filter stabilizes otherwise unstable simulations, while main-
taining good agreement with non-filtered stable solutions. Hence, these
filtering functions are an appealing stabilization technique for high-
order spatial discretizations. Future work will focus on their application
to higher-Reynolds number LES to determine the range of applications
for which they can provide effective stabilization. It is well-known that
another important factor for the stability of the FR approach is the
choice of a correction function [24], and an interesting area of future
work would be to explore optimizing filters for different correction
functions, and even different high-order numerical schemes such as SD
and/or DG.

Data statement

Data relating to the results in this manuscript can be downloaded
from the publication’s website under a CC-BY-NC-ND 4.0 license.

CRediT authorship contribution statement

Mohsen Hamedi: Software, Validation, Formal analysis, Investiga-
tion, Data curation, Writing — original draft, Visualization. Brian C.
Vermeire: Conceptualization, Methodology, Software, Resources, Writ-
ing — review & editing, Supervision, Project administration, Funding
acquisition.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

19

Computers and Fluids 237 (2022) 105301

Table 4
The optimum filter function parameters of different strengths for P = 3.
P=3
e 5
Apach=0.1 s 16
a 217075.2759552002
e 5
Apach=02 s 16
a 1202391046.135873
e 5
Apach=03 s 16
a 917162317.9408722
. 5
Apach=04 s 16
a 1392939017.611743
fe 5
Apach=05 s 16
a 1457812117.278677
Table 5
The optimum filter function parameters of different strengths for P = 4.
P=4
fe 7
Apach=0.1 s 16
a 291498213413.2662
. 7
Apach=02 s 16
a 1665739102108.521
fe 7
Abach=03 s 16
a 2314754521287.192
fe 7
ApMach=04 S 16
a 2668366061332.971
fe 6
AMach=05 S 16
a 15565248612801.27
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Fig. 25. Root-mean-squared velocity fluctuations for different solution polynomial
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(e) P =5, using the strongest filter, Apqcn=05-

Fig. 26. Isosurfaces of Q-criterion, coloured by velocity, for all of the simulations.

BN

100

Fig. 27. Mesh used for the simulation.
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