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1. Introduction

Nowadays second-order schemes are still the common industry standard in CFD simulations. Unfortunately, the effect
of irregular meshes decreases the accuracy of the simulations, since using those grids the effective order of the numerical
schemes is between one and two. Thus, in order to obtain highly accurate solutions, a very fine mesh is required and very
often it is not possible to obtain a grid-independent and reliable solution. It is believed that current standard methods
are inadequate for some important scientific and engineering problems since they require a high amount of computational
power. Thus, one question arises: Given an error considered acceptable, should we use a standard method with a fine
resolution or a higher order method with a coarser one? Several authors [1,2] suggests that the second option is by far the
most efficient if small errors are sought, by orders of magnitude.

In the last decades, an intense research in CFD has been focused on the development of very high-order methods in
unstructured meshes [3,4]. This was specially due to their ability to achieve more accurate solutions, model certain small-
scale flow structures, and the potential to significantly decrease the computational cost to obtain a given accuracy as they
require coarser meshes.
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In Finite Volume schemes, one of the usual approaches to get high-order is the zero-mean approach, in which correction
terms are added to the reconstruction of the variables in order to enforce the mean preserving condition on a pointwise
framework [5-7]. Moving Least Squares (MLS) [8] reconstructions have been successfully used in Finite Volume schemes
in a diverse variety of applications, from incompressible flows [9] to compressible flows including aeroacoustics [10,11] and
turbulent flows [12]. However, this method cannot achieve convergence orders larger than three in non-stationary problems.

To overcome this drawback, a possible solution is to use a pseudo-mass matrix formulation, which relates the meanwise
and pointwise frameworks. The mentioned formulation leads to an implicit time integration [13,14]. This approach has been
shown to obtain arbitrary order of convergence. However, it considerably increases the computational cost.

A different approach is to use a mean value framework. In this category of Finite Volume methods are the k-exact
reconstruction [15,16], polynomial reconstruction [17,18], ADER schemes [19,20], WENO reconstruction [21-24] or recently
the CWENO reconstruction [25], among others.

In this work, we propose an alternative MLS reconstruction, that in a finite volume framework, is able to reach arbitrary
order of convergence using explicit time integration schemes without additional computational cost. This novel formulation
relies in the enforcement of the mean preserving condition in the reconstruction procedure.

This paper is organized as follows. First, the governing equations and the numerical basis are presented in Section 2.
Then, the solution reconstruction is discussed in Section 3, where the proposed Mean-Preserving reconstruction is presented.
Next, the discretization of the flux is indicated in Section 4. Afterward, Section 5 explains the time discretization used in
this work. Furthermore, numerical test cases are presented in Section 7 to validate the accuracy of the new reconstruction
procedure on a Finite Volume framework. Finally, conclusions are drawn in Section 8.

2. Governing equations and Numerical Discretization

The conservative form of Navier-Stokes equations for a compressible time-dependent flow reads as

%—[:+V~(FH—FE):S (1)

U is the vector of conservative variables, FH is the inviscid or hyperbolic-like fluxes, FE is the viscid or diffusive-like fluxes
and S is the source term. For three-dimensional cases, equations (2),(3) and (4) define the vectors of variables and fluxes.

P
pu
U=\ pv |, (2)
oW
pE
where p, u = (u,v,w) and E are the density, velocity and total energy of the fluid, respectively. The convective fluxes are
given by

pu pov
ou?+p ouv
Fi = puv | Fii=| pv?+p |
puw oUW
PEu+ pu PEV+ pyv 3)
pow
pwu
Fi = oWy
pw? +p
PEwW + pw
where p denotes the fluid’s pressure. The viscous fluxes are given by the following expression
0 0 0
Txx Tyx Tzx
E=| w | FyE =| mw | E=| @ |. (4)
Txz Tyz Tz
Tx- U T,-u T, U

where T represents the viscous stress tensor and it has the following expression
2
T=p(V)+ V') - suV.- @l

The Euler system of equations is obtained particularizing the previous system for inviscid fluids, i.e., FE = 0.
The computational domain is divided into a finite number of cells (control volumes). The system of conservation laws
defined in (1) is integrated in each cell I

/aﬂd9+/ V.(FH_FE)dQ_/SdQ:o (5)
o Ot @ @
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where €2; represents the computational domain associated to the cell I: volume, area, or length, depending on the considered
dimensions. The Finite Volume Method analyzes the mean value of the conservative variables in each cell or control volume,
which reads as

_ 1
U=g |,V Q. (6)

The time derivative of equation (6) reads

ou, 1 ou

— = = — dQ. 7
at Q Jg, ot )
Introducing equation (7) in equation (5) and applying the Gauss’ Theorem we arrive to
1]
Q,D:/ (FF—F").ndl' + | SdQ (8)
ot I, Q

I'; refers to the interface between cells (faces in 3D, edges in 2D and points in 1D) and n is outward normal vector of I'.
The resulting flux integral is approximated using a numerical quadrature to each edge/faces. The numerical quadrature must
have at least the same order as the method to be constructed. In this work, we have used the Gauss-Legendre quadrature
of suitable order of accuracy, leading to

W) L .
QIWZX;X;[(FE - FH) . nj]igWig =+ QIS ds2. (9)
j=lig=

In equation (9), the number of edges/faces of I'y is denoted by Ny, each one is discretized with N; quadrature points,
and each point ig has its corresponding associated weight Wj, and it; refers to the outward normal n multiplied with the
edge/face’s length/area.

To obtain a high-order accuracy method, it is necessary to estimate the flux at each integration point using a high-
order reconstruction of the variables. In this paper, we present a new Mean Preserving Moving Least Squares (MP-MLS)
reconstruction that achieves arbitrary order of accuracy.

3. Solution Reconstruction

The most noticeable component of a high-order accurate finite-volume solver is the variables reconstruction inside each
cell. In this sense, the reconstruction of the variables can be based on k-exact [15,16] or Moving Least Squares [7] recon-
structions, among others [21,22,26]. This work will focus on the MLS reconstructions, first briefly describing the method
and then presenting a modification of the error functional which leads to the new Mean Preserving Moving Least Squares
Method (MP-MLS).

3.1. Moving Least Squares Method

The Moving Least Squares approximation was conceived by Lancaster and Salkauskas [8] aiming to reconstruct a given
function from scattered point-wise data. This method is a widely used reconstruction method and it has been extensively
analyzed and used by the meshless community [27-31] where MLS is employed to obtain the shape functions of the Diffuse
Element Method (DLM) [32]. In [33] the Element-Free Galerkin (EFG) method was formulated combining the MLS approach
with the Galerkin method. The use of the MLS approximation on a Finite Volume Method (FV-MLS) was introduced in the
literature [7,34] with the primary purpose of achieving a high-order reconstruction of the variables. In the following, we will
describe the fundamentals of MLS, which is the basis of the proposed method.

Given a set of point values of an arbitrary function u(x), the MLS method approximates the function from the scattered
point-wise values u(x;) by the function uh(x)

u(x) ~ u"(x) = p' (x) oe(x) (10)

where the polynomial basis, p(x), is defined in 1D as p(x) = {x’"fl}m m and the vector of reconstruction coefficients
=
are given by e (x) = {a;};_; _n,- These coefficients are calculated by minimizing an error functional of weighted residual that

uses the approximated field function u"(x) and the field function u(x) at the compact support
2
Ja@)= |  Wx-x. W [u@®) - p' @) ()] dx. (1)
X Q%

The kernel function W (x — x;, h) is centered in a point x, and weights the importance in the approximation of the points
inside the stencil. The stencil is determined by h (the smoothing length), leading to a compact cloud of points. The choice of
the kernel function is an essential part in the definition of the method since it determines the approximation properties of

3
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the MLS method, as described in [7,10,35]. Among the broad-spectrum of kernel functions that can be found in the literature
[36-38], the exponential kernel is used in this work, defined as

_( ey .
e ( e ) — e*(’?)2
1- e’(%)2
for each of the ny points inside the compact support, where ¢ = % h is the smoothing length defined as h = 2 max (|xj - x|)
The shape parameter, sy, modifies the weighting properties of the kernel, and consequently also the properties of the nu-

merical method [11]. Throughout this work, it is set to sy = 4.

The minimization of the error functional given by (11) and the evaluation of the integrals using the neighboring cells
leads to

o(x) = M1 (x)Po, W (x)ugq, (13)

Wi (R, X, 5x) = (12)

where ug, is a vector of size ny with point-wise values of u(x) for each point of the stencil 2y, the matrix Py, with di-
mensions m x ny represents the basis functions evaluated at the nodes inside the compact support and the diagonal matrix
W (x) defines the kernel function values for the stencil cells and its dimension is ny x ny. The moment matrix M(x) (dimen-
sion m x m) depends exclusively on the number of elements of the basis function vector and not on the number of points
employed, ny, as follows

M(x) = P, W (x)P, . (14)
The resulting approximation, u”(x), can be written in terms of the MLS shape functions, N(x), as
ux) ~ u'(x) = p' @M (X)Po,W (X)ug, = N' (x)ug,. (15)

It is worth pointing out that the order of the MLS approximation is determined by the polynomial basis. Notably, locally
evaluating the basis function prevents a severely ill-conditioned M matrix, as suggested in [7]. That is, if the shape function
vector, N(x), is evaluated at x;, the basis function will be evaluated at p(x;""), ie.

N (x;) = p" (O)M ™" (x))Po, W (x)). (16)

In order to compute the high-order approximate derivatives of u(x), we have to compute the derivatives of N(x). We
refer the reader to [7,10,13] for a full description of these computations.

3.2. A new Mean Preserving Moving Least Squares reproducing kernel approximations

As previously stated in equation (11), the Moving Least Squares method uses the point-wise values stored at the cell-
centroid in the cell-centered control volumes. Note that if the scheme updates the cell-averaged values of the sought
function u(x) at each time step, the prior error functional compares the point-wise value of the reconstruction, u”(x,) =
pT (%) (x), with the cell-averaged stored values, i (x;).

In a higher-order representation of the solution (that is, for convergence orders > 2nd order), cell-averaged values differ
from the point-wise values at the centroid. Remarkably, regardless of the scheme, cell-averaged values have to be used to
reach the expected accuracy order.

The requirement of the Mean Preserving condition on the conservative variables of the Finite Volume method is crucial
to attain higher formal order of accuracy in unsteady problems. To ensure this, the resulting reconstruction u’(x), must
satisfy that the cell-average of the reconstruction function u”(x) and the original function u(x) over a control volume k
must be the same, that is

W)= o [ @i~ o [ uGds = o, (17)
k JQ k J
Thus, the Mean Preserving condition is not directly enforced in the MLS method. In this reconstruction a correction must
be incorporated in order to achieve a third-order method as it was performed in previous works [7,39,40]. To solve this
drawback, in this work we propose a modified MLS formulation that verifies the Mean Preserving condition. We start by
modifying the MLS error functional given by equation (11) to directly enforce this condition. The proposed Mean Preserving
MLS (MP-MLS) functional reads as

2
Je@)=| Wa-x, h)[a(xk) —o | p%x@a(x)dﬂk] A<y (18)
X k J

This modification aims at minimizing the reconstruction error of the mean functions of the control volume I and the
neighboring control volumes inside the compact support, 2y (the stencil of cell I). In order to achieve it, the MP-MLS
functional compares cell-averaged values exclusively: on the one hand, the solution at the cell-centroids (x;), on the other
hand, the reconstruction values at the cell-centroids " (x;).
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Similar to what it is done in the MLS method, we will minimize the error functional and evaluate the integrals using the
cell centroids of the stencil as quadrature points. Consequently, equation (18) becomes

D W@ —x, )P (X o Pj(R) =D W (X — Xy, h)i(R,) P (%e) (19)
k=1 k=1

where p(x;) is defined as the k-cell-averaged value of p(x), and j refers to the j-element of the vector. Mathematically, it
can be expressed by

. 1 R 1
o) = o [ PR Biw) = - [ b0 (20)
k JQ k J
Writing the system of equations defined in (19) in matrix form and rearranging leads to
a(x) = M~ (x)Po, W (®)ilg, (1)

where ilg, contains the ny cell-averaged values of u(x), the matrix W (x) includes the values of the weighted function for
the neighboring cells of the stencil, the matrix ﬁgx represents the cell-averaged basis functions inside the compact support
and the moment matrix M(x) is defined similarly to M(x) in equation (14) as

M(x) = Po W (x)P], (22)
with
1 pax1) ... Pmx1)
Py =|: : ; (23)
1 po(xn) - DPm(xn)
Finally, the reconstructed function can be expressed using the Mean Preserving shape functions N(x) as
1(x) ~ " (x) = pT @M (%) Po,W ()i, = NT ()il (24)

Since the proposed reconstruction of the variables satisfies the mean preserving condition, the variables can be directly
computed at the integration points as

1" (xig) = NT (%), (25)
4. Discretization of the flux

The hyperbolic fluxes, FH, must be evaluated at each integration point as expressed in (9). To obtain those values we
use a “broken” reconstruction approach of the variables U applying the MP-MLS to obtain the high-order reconstruction
from each control volume that shares the integration point. This flux is approximated using a numerical flux that solves the
Riemann problem, that is, F¥ . fi ~ H(U+,U~), where the Ut and U~ denotes the reconstruction variables of cells sharing
the interface where the integral is performed.

This work considers two different Riemann solvers, depending on the numerical example. Note that this choice is arbi-
trary and it depends on the preferences of the user. Here we have used both Rusanov’s and Roe’s fluxes. In all the problems

except in the Taylor-Green vortex (TGV), Rusanov’s HLL flux [41] is used, which is given by

1 H H _ N l
Hig = 5 (F(Ug) + F'(Uy)) - 5S"AWU) (26)
where ST denotes the maximum eigenvalue and A(U) = (Ué - Ué) For the TGV test cases, we have chosen the Roe’s flux
different splitting [42] since it is less dissipative than Rusanov’s flux. Roe’s flux can be expressed as
1 H H _ A ] 4 ~ 4 ~
Hig =5 (F" (Uy) + F'(U,)) - A — 5 3 | (27)
k=1

where #, are the eigenvectors and A are the eigenvalues of the approximated Jacobian ]N(U+, U-H).

For both fluxes, the Riemann states are computed on each integration point using equation (25) from cells sharing the
point/edge/face where the flux integral is performed in equation (9). We note that this is different from the usual approach
of using Taylor reconstructions.

The diffusive-like fluxes, FE, can be directly evaluated at the interfaces by making a reconstruction centered at each
integration point and at each time step in a continuous approach [7,9]. However, the numerous integration points would
substantially increase the computational cost. Thus, the viscous fluxes are obtained by averaging the directly evaluated MP-
MLS reconstructions at the integration points centered at the neighboring cells-centroids sharing the interface, i.e.

1
E ~ (FE+ E—
Fiy= 2(Fl.g -|—Fl.g ) (28)
where the derivatives needed for the computation of the diffusive fluxes are computed using the MP-MLS reconstruction.

5
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5. Time Integration

In this work, the chosen time integration scheme is a TVD third-order Runge-Kutta [43]. The time step At employed is
determined, unless stated otherwise, on the CFL condition given by

QD _\max (0,5-1)/D
At:CFL-min( I )(Nm'") ’ (29)

Al N

where D refers to the dimensions of the problem, N is the spatial discretization employed (number of cells), Ny, is the
spatial discretization employed in the coarser mesh for that specific problem and k is the reconstruction order. Since the
time discretization is third order and the spatial discretization is arbitrary, following [44]| we scale the At with expression
(29) to ensure that errors due the temporal integration converge at least with the same order as the spatial discretization.
Note that A, refers to the maximum eigenvalue, i.e., A; = ||v;|| + ¢; for the Euler equation.

6. The Finite Volume method based on MP-MLS (FV-MP-MLS)

As commented previously, a high-order reconstruction of the variables inside each cell is required to get a high-order
scheme. In the traditional Finite Volume method based on Moving Least Squares (FV-MLS), the high-order reconstruction of
the variables is performed using a Taylor series expansion as

[(x _x)? - Qll [ (x—x,»)zdxi| (30)

where the needed derivatives are computed using MLS. Note that in expression (30), a correction term is included in order
to satisfy the mean preserving condition expressed in (6). Using this corrected reconstruction, a third-order finite volume
can be obtained for unsteady problems [7,39,40].

In the proposed Finite Volume method based on Mean Preserving Moving Least Squares (FV-MP-MLS), the Taylor series
expansion is no more required to obtain the reconstructed values of the variables at integration points, since we already
have a very accurate and higher order reconstruction performed with MLS which in addition fulfills the Mean Preserving
condition (17). Thus, the resulting variable reconstruction " is straightforwardly computed, i.e.

a"(x) = NT (x)ilg,. (31)

Moreover, the diffusive-like fluxes are also evaluated directly with the MP-MLS reconstruction at the integration points using
equation (28).

2

1 0%u
*=%)+ 552

ou
h — U
u'(x) = u; + ax,.

i

7. Numerical Results
In this section we present the numerical results for several test cases obtained with the proposed formulation.
7.1. Analysis of numerical dissipation and dispersion

In this first test case, we analyze behavior and properties of the FV-MP-MLS scheme. To this end, we will analyze the

dissipation and dispersion properties for the 1D convection equation, given by
au au
— t+a-—=0. 32
ot~ “ox (32)

The computational domain is 0 < x < 27 and periodic boundary conditions are prescribed. The initial condition is given
by a harmonic function as

F
Up = g(0)e™ =" gy (0)e™e* (33)
q=1

where the analytic solution of the problem is

F
Ulx,t) = g(t)e"* =y " gg(0)eia™=® (34)
q=1
where
g(t) = g(0)e ™. (35)
The finite volume discretization for equation (32) can be written as
80’ a h h
3= ax(U U (36)
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Fig. 1. Analysis of numerical dissipation and dispersion of FV-MP-MLS: The dispersion (left) and dissipation (right) curves are represented for reconstruc-
tion orders ranging from 1% to 20,

where the exact value of the left term reads

80’ _ 8g(t) 1 e KX Ay 7ag(t) ik Xg ik X,
5 =9 E/XL edx = —2 = (efxx — elkt) (37)

and the right term can be expressed by the proposed MP-MLS reconstruction as

;ﬂ([‘—,’}l% _ L—]’}i%) _ —ag(t) (einR _ eiKXL)Z1 —

AX ik Ax
_a ~ - A -
= E(NT(XH%)UQ:( — NT(XF%)UQX) = (38)
Q
—ag(t) i A iic(I-1) A
— T Ax ZN(IH)(EIK X _ plk x).

Thus, the real wavenumber is given by « = ZTl and the modified wavenumber is a result of the numerical approximation
of Zy, i.e., k* = ? Fig. 1 shows the dispersion and the dissipation errors of the proposed method. The dispersion error is
associated to the difference between the modified and the real wavenumber and the dissipation is due to the imaginary
part. As depicted in Fig. 1, when the reconstruction order is increased, the range of resolved frequencies enlarges. Note that

when the modified frequency does not match the real one, the scheme introduces numerical dissipation.
7.2. One-dimensional linear advection equation

The second validation numerical example is the linear convection of an entropy-wave that reads

au au

—+a-—=0 39

ot " “ox (39)
where a represents the convective velocity, which is constant and taken as a = 1. The computational domain is 2 = [0, 4]
and a set of structured meshes ranging from 16 to 512 control volumes is used to discretized it. In the boundaries, periodic

conditions are applied. The variable U is initialized with the following expression
Up =1+0.25sin (;rx). (40)
It must be emphasized that the accurate evaluation of the initial condition in the finite volume framework is a crucial
point to reach a very high-order scheme. Using a point-wise value instead of a cell-averaged value introduces a second order
error, O(h?) as previously explained.
This benchmark is widely used to analyze the accuracy, formal order of convergence and efficiency of new formulations
[45] since it has a known analytic solution, that is

U=1+0.2sin (w (x — ta)). (41)
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Fig. 2. 1D 1D linear advection equation: Comparison of the accuracy and formal order of FV-MLS (dashed lines) and the proposed FV-MP-MLS (solid lines).
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Fig. 3. 1D linear advection equation: L, norm of the numerical error of the FV-MP-MLS for each mesh size and each order of approximation.

The simulation is run until t = 4. In order to study the effect of the new FV-MP-MLS compared with the traditional FV-
MLS, the reconstructed values of U and the L, norms are computed using both formulations (FV-MLS and FV-MP-MLS). In
the former, from a third-order polynomial reconstruction the performance decreases drastically, not being able to surpass a
third-order accuracy. In the latter, the expected formal order of accuracy is achieved (see Fig. 2).

In Fig. 3 the L, norms are computed and plotted using the FV-MP-MLS with an order of reconstruction ranging from 2nd
to 201, As depicted, when the order is increased, the computational error is remarkably reduced. Hence, given a desired ac-
curacy, the use of a very high-order scheme allows us to significantly reduce the number of control volumes that discretizes
the domain. For example, in this problem, same accuracy can be obtained using a tenth-order reconstruction using a grid
16 times coarser than the mesh required for a second-order approximation.
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Fig. 4. 1D Convection-Diffusion equation: Comparison of the accuracy and convergence rate of FV-MLS (dashed lines) and the proposed FV-MP-MLS (solid
lines).

TanlCeo;vection—Diffusion equation: FV-MLS error norms and convergence order results.
FV-MLS
N 27 order 3 order 4™ order 6™ order
L, 0, L, 0, L, 0, L, 0,
16 5.46E-04 2.45E-04 1.04E-04 6.95E-05 -

32 1.36E-04  2.00 6.44E-05 1.93 1.94E-05 242 1.65E-05  2.07
64 3.44E-05 199 1.67E-05 1.65 4.43E-06 2.13 4.23E-06 196
128 8.67E-06 199 4.26E-06 1.95 1.09E-06  2.03 1.07E-06  1.98
256  2.18E-06  1.99 1.08E-06 198  271E-07 200 2.71E-07 1.99
512 5.46E-07 2.00 2.71E-07 199 6.80E-08 2.00 6.80E-08  2.00

7.3. One-dimensional Convection-Diffusion equation

This benchmark aims to validate the performance of the FV-MP-MLS to solve the convection-diffusion equation, which
reads

U  auU 02U

ot T P =S (42)

where a represents the constant free-stream velocity, b is the diffusivity and S denotes the source term. In this test case, we
seta=1and b=1.
We manufacture the analytic solution for this equation on the computational domain 2 = [0, 4] as

U=e"*(1+0.2sin (mx)). (43)

Introducing (43) in (42), we obtain the source term S that makes (43) the manufactured solution. Periodic boundary condi-
tions are prescribed and the final time of the simulation is t = 4.
Again, the accurate evaluation of the source term and the initial condition is an important aspect in obtaining the desired
accuracy and convergence rate. The finite volume discretization (equation 9) requires the integral value of the source term.
As depicted in Fig. 4 the expected convergence rate is only achieved for the FV-MP-MLS method. However, when the FV-
MLS method is applied, the convergence rate remains second order, as expected. The L, norms of error and the convergence
orders O, for the variable U are reported in Tables 1 and 2.
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T]a)blceoﬁvection—Diffusion equation: FV-MP-MLS error norms and convergence order results.
FV-MP-MLS
N 27 order 3 order 4™ order 6" order
L, 0, L, 0, L, 0, L, 0,

16 5.46E-04 - 2.45E-04 - 5.54E-05 - 1.07E-05 -

32 1.36E-04 2.00  6.44E-05 193 4.05E-06 3.77 2.06E-07 5.70
64 3.44E-05 199 1.67E-05 195 2.68E-07 392 3.42E-09 5091
128  8.67E-06 199 426E-06 197 1.71E-08 3.97 546E-11 5.97
256  2.18E-06 199 1.08E-06 1.98 1.08E-09 3.99  8.60E-13  5.99
512 5.46E-07 200 271E-07 199 6.74E-11 3.99 135E-14 6.00

T
FV-MP-MLS

10_2 L ——2" order ——6" order ||
—=—3" order —v—10" order
E 10%F :
(@]
c
—
o
=
()
o~

I

10 ¢ :

W 0
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1078+ :
\ \ \

32 64 128 256 512
Mesh resolution

Fig. 5. 2D Euler equations. Isentropic Vortex Convection. L, norm of the numerical error in the pressure of the FV-MP-MLS for each mesh size and each
order of approximation.

7.4. Two-dimensional Euler equations: Isentropic Vortex Convection

In this numerical example, the Euler equations are analyzed in two dimensions. To validate the proposed formulation
we solve the Isentropic Vortex Convection test case, that is extensively used in the literature to analyze the accuracy order
of numerical methods [35,46-48]. The initial condition and the analytical solution of this problem can be found in [35,48].
To evaluate the formal order of accuracy we adopt the following parameters: @ =1, (U, V) = (2,0), po =1, Po =1,
(%0, ¥0) = (5,5) and K = 5.

The domain is a square of size 10 and the vortex is located initially in the center of the domain. The periodic boundary
conditions are set. In this test case, different mesh resolutions and reconstructions are tested, ranging from 322 to 5122
finite volumes and from second to tenth order.

The simulation is run until the vortex reaches the initial position after a complete loop through the computational do-
main, that is t = 5.

The results of L, norm of the pressure error for different mesh resolutions and reconstruction orders and their corre-
sponding rates of convergence are found in Fig. 5, where we remark that the formal order of accuracy is recovered for all
the reconstructions. The obtained values are reported in Table 3.

7.5. Three-dimensional Euler equations: Inviscid Taylor Green Vortex

In this numerical example we solve the 3-D Euler equations. The numerical benchmark used to check the ability of
the proposed method to deal with turbulent flow is the Taylor-Green vortex (TGV) test case. In this first 3D benchmark,
we start with the inviscid one, which has a Reynolds number Re = co. This numerical example allows us to analyze the

10
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Table 3
2D Euler equations. Isentropic Vortex Convection: FV-MP-MLS error
norms and convergence order results.

FV-MP-MLS
N 2" order 3" order 4t order
L 0, L, 0, Ly 0,

322 1.80E-02 - 1.30E-02 - 4.11E-03 -

642 4.94E-03 1.87  2.82E-03 220 2.84E-04 3.86
1282 1.22E-03  2.01 4.24E-04 274 1.68E-05 4.08
2562 3.00E-04 2.03 5.54E-05 294 9.44E-07 4.16
5122 7.45E-05  2.01 6.98E-06 299 5.71E-08  4.05

FV-MP-MLS

N 6" order 10" order

0, L, 0, L,

322 1.92E-03 - 4.13E-04 -
642 6.94E-05 479  1.27E-05 5.02
1282 9.68E-07 6.16  2.78E-08  8.84
2562 1.19E-08 635 - -

nonlinear transfer of the kinetic energy in the scales of the flow. With this configuration, we can test the behavior of the
numerical scheme performing LES in under-resolved flow simulations.

To simulate this case, we solve the three-dimensional compressible Euler equations in a periodic cube domain of [0, 277 3.
The initial condition is given by

po=1

Ug = sin(x) cos(y) cos(z)

Vg = —cos(x) sin(y) cos(z)

wo =0 (44)
Po = 100 + [(cos(2x) + cos(2y1); (2 +cos(22)) — 2]4

We test the performance of the 6" order FV-MP-MLS with several grid discretizations: 323, 643, 1283 and 2563 cells.
The simulation is run until t = 10. In this case the Roe’s flux is used and the ratio of specific heat is y = 1.4.

In Fig. 6 we show the temporal evolution of the normalized total kinetic energy for the previously mentioned discretiza-
tions. The theoretical kinetic energy is not decreasing due to the inviscid character of the test case. However, as the scales
of the flow become smaller the numerical dissipation starts to act. In that moment, the problem becomes an isotropic decay
of turbulent flow, where it is expected to follow Kolmogorov’s law.

In this example, following [10] no turbulence model has been used for the computations. Here, the numerical dissipation
acts as a subgrid scale model, following an implicit LES approach. Notice that, when very low dissipation schemes are used
in under-resolved configurations, it could be possible that the amount of dissipation introduced would not be enough to
mimic the physical process of decayment. In that case, additional dissipation should be added using explicit turbulence
models or other numerical approach [12,26].

As expected, as the grid is refined, the solution keeps the energy constant for longer times. The discretization of 323
seems to be too coarse, since it starts the decay very soon, which is an indication of the existence of under-resolved scales
on the solution.

This is confirmed analyzing the kinetic energy-spectrum. In Fig. 7 the energy spectrum is represented for the different
mesh discretizations at t = 10. Within the inertial subrange, around t ~ 9 [49], it is known that isotropic turbulence develops
following the —5/3 decay Kolmogorov’'s law of the kinetic-energy spectra for large Reynolds numbers. All the discretizations,
except the coarser one are able to reproduce the inertial subrange. We remark that there is no pile-up in the kinetic en-
ergy. As the grid is refined, the inertial range also increases. As expected, all of them introduce dissipation in the highest
wavenumbers, but this is the expected behavior in a candidate method for implicit LES.

Next, the enstrophy is analyzed. The local computation is performed as the square of the vorticity @ =V x u [54]. The
temporal evolution of the integrated enstrophy on the domain €2 reads as

1
&= 72[)09 /;prlw,dQ (45)

In Fig. 8 we represent the obtained values of the enstrophy. We compare our results with those presented in [50], which
are obtained using a semi-analytical method. It is noticeable the effect of increasing grid resolution. As it increases, the
enstrophy largely increases.

1
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Fig. 6. 3D Euler equations. Inviscid TGV: Kinetic energy decay for different mesh resolutions for the 6" order FV-MP-MLS method.
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Fig. 7. 3D Euler equations. Inviscid TGV: Energy spectrum at t = 10. The solution is computed using a 6" order FV-MP-MLS with different mesh resolutions.

7.6. Three-dimensional Navier-Stokes equations: Taylor Green Vortex with Re = 1600

In this last numerical example, the 3D Taylor-Green Vortex with Re = 1600, is analyzed. This benchmark is widely used
to analyze the accuracy and performance of numerical methods for LES and Direct Numerical Simulation (DNS) of a 3D
periodic and transitional flow [51,52].
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Fig. 8. 3D Euler equations. Inviscid TGV: Enstrophy time evolution for different mesh resolutions for the 6" order FV-MP-MLS method.

The compressible Navier-Stokes equations are solved. The problem’s domain is the same as in the inviscid case. The initial
condition is defined as

Po = ¥MgPpo

Ug = sin(x) cos(y) cos(z)

Vg = —cos(x) sin(y) cos(z)

wo =0 (46)
1 [(cos(2x) + cos(2y)) (2 + cos(22)) — 2]

Do = )/Mg + 16 .

As suggested in [52], since this case is designed to be computed with incompressible solvers, a reference Mach number of
My = 0.1 is used to minimize the compressibility effects in the solution. In this test case, y = 1.4 and the Prandtl number
is set to Pr =0.71

The temporal evolution of the kinetic energy is compared in Fig. 9 for the 6" order FV-MP-MLS method with different
mesh resolutions, ranging from 323 to 2563 until a final time of t = 10.

The results are compared with the WENO5 and WENO5 ADA schemes on a Finite Difference framework [26] with y =
5/3, and also with a reference solution computed with 5123 degrees of freedom using a pseudo-spectral incompressible flow
solver [52,53]. WENO-ADA scheme is a WENO scheme with adaptive dissipation, specially designed to mimic Kolgomogorov's
law in turbulence decay problems. As the mesh resolution is increased the obtained numerical solution converges to that
reference solution. Furthermore, the proposed method achieves a more accurate solution than the WENO5 and the WENO5
ADA. Except for the two coarser grids, the decay rate is well captured by the simulations. This is more clearly shown in
Fig. 10, where the dissipation rate, defined as € = —d# is plotted. It is observed that the 2563 grid obtains results that
match very closely the reference solution.

The temporal evolution of the enstrophy defined in (45) is plotted in Fig. 11. As expected, it is seen that increasing the
spatial resolution leads to higher peak of enstrophy, due to decreasing dissipation. Moreover, the scheme obtains a higher
enstrophy than the WENO5 scheme for all the considered meshes. However, a significant improvement can be observed
when the ADA method is used, particularly in the 1283 mesh. It is worth pointing out that a similar approach could be
applied to the FV-MP-MLS scheme, to adapt the intrinsic dissipation of the method to the characteristics of the flow. This
will be addressed in forthcoming works.
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Fig. 9. 3D Navier-Stokes equations. TGV Re = 1600: Kinetic energy temporal evolution. The solutions are computed using a 6" order FV-MP-MLS method
with mesh resolutions of 323,643, 1283, 2563. The reference solution is obtained from [52]. The WENO5 and WENO5 ADA results are taken from [26].
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Fig. 10. 3D Navier-Stokes equations. TGV Re = 1600: Time evolution of the dissipation rate of the kinetic energy for the 6" order FV-MP-MLS method with
mesh resolutions of 323, 643, 1283, 256°. The reference solution is obtained from [52].

In Fig. 12, the instantaneous energy spectrum is shown for the dimensionless time t = 8 for the different mesh reso-
lutions. As the mesh resolution is increased the obtained energy spectrum converges to the reference solution. Except the
coarser grid, the rest of discretizations are able to capture an inertial subrange. As in the inviscid case, it is also noticed an
excessive dissipation in the highest wavenumbers for all the discretizations, and no pile-up is detected for any grid.

14



L. Ramirez, L. Edreira, 1. Couceiro et al. Applied Mathematics and Computation 443 (2023) 127768

12

—Reference Solution
—e-FV-MP-MLS 323
-=-FV-MP-MLS 64°
107 | FV-MP-MLS 128°
—+FV-MP-MLS 256°
---WENO 643
---WENO 1283 -
e WENO ADA 643
e WENOBS ADA 1283

oo
|

Enstrophy
D

SN
I
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Fig. 12. 3D Navier-Stokes equations. TGV with Re = 1600: Instantaneous three-dimensional spectrum of the kinetic energy at t = 8 for the 6" order FV-
MP-MLS method with mesh resolutions of 323, 643, 1283, 2563. The reference solution is obtained from [52].

The iso-surfaces of Q-Criterion with a value of 0.5 at t = 10 are shown in Fig. 13 for the discretizations considered before.
The color map indicates the magnitude of the velocity. The mesh resolution has a noticeable effect in the flowfield at the
final time. The finer the mesh employed, the smaller the flow structures become. In particular, the coarser mesh (323)
exhibits large-scale flow patterns, while in the other grids the vortices have already broken down and the turbulence is

developing.
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Fig. 13. 3D Navier-Stokes equations. TGV Re = 1600: Iso-surfaces of Q-Criterion=0.5 at t = 10 for the 6" order FV-MP-MLS method with mesh resolution
of: a) 323, b) 643, c) 1283 and d) 2563.

8. Conclusions

This paper proposes a modification to the error functional of Moving Least Squares approximations that allow us to
obtain a new Finite Volume method (FV-MP-MLS) that is able to reach arbitrary order of accuracy on unsteady prob-
lems. The presented MP-MLS polynomial reconstruction is focused on the cell-averaged framework, as opposed to the
point-wise approach of the traditional MLS method. As a result, the FV-MP-MLS method can be implemented straight-
forwardly in an existing FV-MLS code and its well-suited for application in unstructured grids. Furthermore, the nu-
merical examples have shown that the new reconstruction method can obtain very high-orders of accuracy. Thus, the
FV-MP-MLS seems suitable for its application to turbulent flow problems and other challenging and demanding cases,
where high-order methods are indispensable to adequately resolve complex flow structures and the finer features of the
flow.

Data availability

Data will be made available on request.
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