International Journal of Aeronautical and Space Sciences (2023) 24:1136-1146

https://doi.org/10.1007/s42405-023-00587-3

IJASS

inirnational Journalof @) .
Aeronautical and Space Sciences

ORIGINAL PAPER

®

Check for
updates

An Implicit Multicloud Convergence Accelerator for Compressible

Flows

Jaesang Rhee' - Junseok Oh’ - Taeyoon Kung' - Kyuhong Kim'-

Received: 28 November 2022 / Revised: 27 February 2023 / Accepted: 7 March 2023 / Published online: 1 April 2023
© The Author(s), under exclusive licence to The Korean Society for Aeronautical & Space Sciences 2023

Abstract

In this study, we developed an implicit multicloud method using geometric conservative meshless discretization. The Geo-
metric Conservation Least Squares Method (GC-LSM) was used for meshless discretization which allowed lower—upper
symmetric Gauss—Seidel (LU-SGS) time integration to be implemented in a multicloud context. The LU-SGS algorithm
for meshless discretization was implemented in the same framework as the unstructured finite volume method owing to the
properties of the GC-LSM. The developed method was tested for three-dimensional inviscid flows on unstructured grids. The
explicit 4th-order Runge—Kutta method and the implicit LU-SGS algorithm were compared to demonstrate the effect of the
proposed implicit multicloud method. Furthermore, the restriction functions were modified for three-dimensional space. The
results highlight the capability of the implicit multicloud method combined with the original multicloud coarsening procedure,
which is straightforward and mesh-transparent, by only applying GC-LSM for discretization.

Keywords Multigrid - Meshless - Implicit - Unstructured

1 Introduction

Multigrid methods are the most widely used techniques
for accelerating the convergence rates of iterative meth-
ods. The first multigrid method was formulated for solving
Poisson equation on structured grids [1]. Subsequently,
multigrid methods have been improved then the techniques
were applied to three-dimensional hyperbolic equations on
unstructured grids [2].

Unstructured type grid is the most widely used grid type
thus unstructured multigrid methods have been mainly stud-
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ied. For unstructured grids, it is difficult to form coarse level
grids. Therefore, a variety of approaches for forming coarse
level grids have been suggested, such as retriangulation [3]
or agglomeration [4-6].

In practical computational fluid dynamics(CFD) prob-
lems, grid agglomeration is the preferred method for man-
aging unstructured grids owing to the automation process.
Even for grid agglomeration, meshing steps, such as edge
fusing, are accompanied by the formation of a coarse grid. To
bypass the re-meshing process, the multicloud method was
proposed by Katz [7]. The multicloud method uses meshless
discretization on coarse level domains; thus, no re-meshing
step is required to form coarse level domains. Without the
re-meshing step, the coarsening procedure can be simple and
storage-efficient. In the absence of a re-meshing step at the
coarse level, the multicloud method has been demonstrated
to be as quick as traditional multigrid methods [7,8].

Although it is obvious that the implicit time integration
scheme is significantly quicker than the explicit time integra-
tion scheme, previous multicloud study was been presented
based on an explicit time integration scheme [7]. Because
the application of an implicit time integration scheme to a
meshless method had rarely been studied, the presentation
of an implicit multicloud was beyond the scope of the initial
multicloud paper [7].
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In this study, we introduced the LU-SGS [9] algorithm
(abbreviated as “LU-SGS” in what follows) for unstructured
grids [10] as a means of achieving multicloud time integra-
tion. Generally, LU-SGS for unstructured grids cannot be
directly implemented for meshless discretization owing to
its nonconservative properties. Despite formulating LU-SGS
for the meshless method, we used the least squares method
with the geometric conservation law (the GC-LSM) [11] in
this study. The geometrically conservative property of the
GC-LSM allows time integration to be performed implicitly.

Because the explicit multicloud method has already been
compared with the conventional multigrid method [7], a
comparison between the implicit and explicit methods is pre-
sented in this study. Detailed comparisons with other implicit
unstructured multigrid methods are beyond the scope of this
study, because numerous sets of implicit schemes and coars-
ening strategies exist [12,13].

The remainder of this paper is structured as follows.
First, the meshless discretization method is described as the
basis for numerically analyzing the three-dimensional Euler
equations based on the GC-LSM. Second, the coarsening
procedure and multicloud operator are introduced. Next, the
LU-SGS method with GC-LSM is described. Finally, the
implicit multicloud results are compared with the single grid
implicit and explicit results.

2 Meshless Discretization

2.1 Least Squares Method

In this study, a Taylor series was used to estimate the deriva-
tives of a trial function ¢. A trial function ¢ at point r; can be

approximated by its value at a neighboring point at r( using
the Taylor series expansion:

¢ (ri) ~ ¢ (ro) + Aroi - Vo (ro), (1
where Arg; = r; — ro and Eq. (1) may be recast as
Agoi = pT(Arg) - Vo (ro), )

where Ago; = ¢A>(r,') — ¢ (ro) and p is a three-dimensional
monomial basis function:

pr) =[xyzl". A3)

To estimate the gradient of ¢ (r), the least squares prob-
lem is established using its nearest points (See Fig. 1):
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Fig.1 Illustration of local point cloud

where wg; = 1/|Arp;| and N is the number of neighboring
points of the point at r(, as shown in Fig. 1.

V(;A&(ro), the estimation of the gradient of ¢ (r¢), may be
obtained by finding the coefficients that minimize the func-
tion J, expressed as

aJ

— =0 5)
aVe(ro)
Equation (5) can be written as
N
D woip (Argi) - pT (Argi) Vb (ro)
i
N
=Y 0ip (Arg) Adoi. (6)
i
Equation(6) may be simplified as
SVé(ro) = T Adui, (7)
where
>N woi Axg, SN woi Axoi Ayoi YN woi Axo; Azo;
S=| YN woiAyidxe YV oo Ayd S woi Ayoi Azoi
SN woi Azoi Axor YN woi Azoi Ay DN woi Az,
3
T = [a)mAro] W Arg ... a)ONArON] . O]

By Eqgs. (8) and (9), the estimation of the gradient can be
expressed as:

V(ro) = S~'T Adoi, (10)
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N
where
Ms =) coi =0,
daopl ap2 -+ - AoN i=1
ST'T = | boi boa -+ bow |- (11 il

€01 €02 - - - CON

Thus, the estimation of the partial derivatives of function
¢ at point ro may be expressed as

a N
% ~ Xijao,-mo,-, (12)
p(ro)) _ —
3y leo,-Am, (13)
P N

¢8(Z’°) ~ lZcol-Aqbol-. (14)

2.2 Geometric Conservative Least Squares Method

The geometric conservation law and first-order consistency
with respect to meshless coefficients may be expressed as

N N N
D ai =0, boi =0, Y coi =0, (15)
i=1 i=1 i=1

N N N

ZaOiAx()i =1, ZbOiAx(Ji =0, ZCOiAXOi =0,

i=1 i=1 i=1

N N
ZamAyot‘ =0, ZbOiAin =1,
i=1 i—1

N

> coiAyoi =0,

i=1

N N

ZGOiAZOi =0, ZbOiAZOi =0,

i=1 i=1

N

Y coidaoi = 1. (16)
i=1

To satisfy the geometric conservation law and first-order
consistency, the Lagrange multiplier takes the form

3 3 3
A=J+Y upMy+Y Y vpgNpyg. (17)
p=1

p=lg=1

where J is the object function denoted in Eq. (4), whereas
M and N take the form

N N
My = Zam =0, My = me =0,
i=1 i=1
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Ni1 = ZaOiAXOi =1,

i=1

N
Nia =Y boiAxo =0,
i=1
N
Ni3 ) coiAxoi =0,

i=1

N
Ny = ZaOiAYOi =0,
i=1
N
Nyo = boiAyoi =
i=1
N
Naj3 Z coi Ayoi =0,
i=1
N
N3 = ZamAzm =0,
i=1
N
N3z = ZbOiAZOi =0,

i=1

|
—_

N
N33 ) coidzo = 1. (18)

i=1

The constrained least squares problem with a Lagrange
multiplier can be solved in a similar fashion to the simple
least squares problem by finding VA = 0 with respect to
V¢A>o, wmp and vy 4. VA = 0 can be written in matrix form,
as follows:

Ax = b, (19)
where
D E
[S0...0
0S...0
D= 9
(00...§
Cel
(2]
E=| |, (20)
| €N
e = [I Axoi I Ayoil AZoil], (21)
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M ao; [ wor Ard, ] The Euler equations may be discretized as follows:
boi : ,
o1 woN ArEN 873
0 N N N
aon 8 + [Zam (f: —fo)-i-Zbo,' (gi_go)"!‘ZCOi (hi—ho)] =0.
bon | (26)
x= "= o | (22)
M1 0 In Eq. (26), the coefficients ao;, bo;, and co; may be
H2 0 obtained in various ways. In this study, meshless discretiza-
M3 1 tion was applied to the residual computation for all levels.
Vi1 Meshless discretization using the GC-LSM was exploited to
y 0 . .
1,2 0 obtain a fine-level solution and accelerated convergence. At
: 0 the fine level, the nodes of the unstructured grids formed
V33 | by the advancing-front algorithm [14] were used, and its

where I is a 3 x 3 identity matrix and S is the matrix in Eq.
(8). As aconsequence, D isa3N x 3N matrix, because S is
a 3 x 3 matrix. The meshless coefficients may be obtained
by multiplying the inverse matrix of A by b.

The meshless coefficients derived from Eq. (19) satisfy
geometric conservation laws because the geometric conser-
vative conditions in Eq. (15) are constrained when solving
the least squares problem. It is known that geometric con-
servative meshless coefficients are robust, even in randomly
distributed point clouds [11].

2.3 Governing Equation

In this study, three-dimensional Euler equations were consid-
ered to verify the effect of an implicit multicloud convergence
accelerator. We proceeded as follows:

dg Of  0g
8t+8x+8y+

oh

— =0, 23
PP (23)

where g represents the set of conservative variables [ p pu pv

pw pE ]T, and the convective fluxes f, g, h are expressed as

pu pU pow
pu2 +p pvu pwu
f=| ouw |.g=|p?+p|.h=]| pwv
pUw pvw ,ow2 +p
puH pvH pwH

(24)

In Eq.24, p is the pressure and p, u, v, w, E, H are the
mass density, Cartesian velocity components, total energy,
and total enthalpy (that is defined as E + p/p), respectively.
From the equation of state of an ideal gas,

p 1y 2 2
F=——— +— . 25
(y—l)p+2(u +v +w) (25)

edge-connected nodes were used for its local point cloud dis-
cretization, as shown in Fig. 2. AUSMUP™[15] was used for
the flux scheme because of its stable convergence behavior
for all speeds, and TVD-Minmod was used for unstructured
grid types [16,17].

Meshless discretization is known to be less accurate
because of its non-conservative behavior. Thus, the GC-LSM
was used because the method performs well in three-
dimensional space compared to finite volume methods,
owing to its conservative properties, while other meshless
discretizations exhibit substantial errors in the mass flux [11].

3 Coarsening Strategy

In this study, the methodology of the multicloud coarsening
procedure described by Katz and Jameson [7] (which orig-
inated from Chan and Smith [3]) was used. The coarsening
proceeded as shown in Algorithm 1.

Algorithm 1 Multicloud coarsening

1: For each node v;, Set I'(v;) = .True., where I" denotes the logical
function that defines validity on the next coarse level. The nodes
with I'(v;) = .True. are shown as black dots in Fig.3a.

2: Define V (v;) = {v;||v; is a vertex that forms the edge with the vertex v;}

which is denoted as a red dashed circle in Fig.3a.
: while i < N, do, where N, is the number of computational points
if " (v;) is .True. then
I'(V(v;)) =.False.
end if
: end while
: The loop results in point validity determination as shown in Fig.3c.
: Form coarse-level local clouds VK1 (v;), where k + 1 denotes the
coarse level as shown in Fig.3c.
10: Perform the coarsening through coarse-level local point clouds
V4+1(v;) until the coarsest level is reached

O oAU AW

This strategy is applicable to a three-dimensional unstruc-
tured grid for node-based computational methods.
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Fig.2 Illustration of global
point cloud from unstructured
grid nodes

(a) Definition of local point cloud

Fig.3 Multicloud coarsening procedure
4 Restriction and Prolongation
For the implicit multicloud method, the Full Approxima-

tion Storage (FAS) algorithm of Brandt [18] is also used,
as described in Algorithm 2.

Algorithm 2 FAS algorithm

1: Fine level state variables at a node are directly transferred to the
coarse level point. The fine level state vector q’é at node 0 is trans-
ferred to the coincident coarse level point qﬁ“ .

2: Compute forcing function P using fine-level residuals of nearest
points as in Eq. (27)

3: Perform iteration on the coarse level with restricted residuals R* ! 4
P

4: From the solutions computed on the coarse level, correct the fine-
level solutions by the nearest coarse-level valid point denoted as
black nodes in Fig.4b.

The residual forcing function P is computed as follows:

P = TeRi(q)) — Risa (a12)). @7)

@ Springer

(b) Validity determination

(¢) Traverse and coarse local point cloud

where
Bo Ro,1 Ro,1 ... Rom
- Bi Riqi Rip ... Rinm
T =| . |.R=| . . ) (28)
BN Ry1Rnp2 ... Rum

In Eq. (28), N denotes the number of nearest points at level
k in Fig.4a, whereas m denotes the number of equations. In
this study, m equalled five because three-dimensional Euler
equations were considered. The parameter §; is defined as
follows:

Bo = (ds/dsi+1)° (29)

1 —fo
Bi=\=———])¢i (30)
(Zjevk(O) Cj) ‘

where V¥(0) denotes the set of restriction stencils in Fig.4a,
and dsg and ds4+1 denote the average distances between the
nearest points of the fine and coarse level local clouds, respec-
tively. Because By is a function similar to the ratio of the
volume of the fine and coarse level cells, it is a cube of the
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Fig.4 Stencils for multicloud
operators

(a) Restriction stencils

ratio in three-dimensional space (whereas it is a square in the
original multicloud method). The parameter ¢; is the inverse
distance between points, which is expressed as

i—ro |7t ifi £0
T a1
1 ifi=0.

Fine level solutions are corrected by the change caused by
an iteration at the coarse level, as shown in Fig.4b. Prolon-
gation of the solution is performed by the inverse weighted
sum, as follows:

Zi Ci (q,+ - qi)
> cCi ‘

In Eq. (32), i is the set of nearest coarse-level valid
points, depicted as black-colored nodes in the dashed circle
in Fig. 4b. Both restriction and prolongation were formulated
using a pure meshless process for a multicloud.

q¢ =q0+ (32)

5 Meshless LU-SGS

LU-SGS was used for the implementation of implicit time
integration because its suitability for this purpose is well
established in industrial CFD, for both structured and
unstructured methods.

Equation (26) may be implicitly recast as

N
Ao | S HH =0 (33)
AT - 0 —
13

where

Ho; = aoi (fi — fo) + boi (& — o) + coi (hi — ho).
(34)

(b) Prolongation stencils

Then, Eq. (34) may be linearized as

Hi' = Hy + Af Ago + Ay Ag;, (35)
where

L+ 1
Ay = 3 (Api £ roi 1), (36)
A=0H/dq, (37)

where Xq; is the eigenvalue of the Jacobian matrix Ag;. By
Eq. (35), Eq. (33) may be written as

N N N
1 1 _
(A_ro +3 Xi:lm) ITAqy + Xi:AOiAqi - Xi:AO"AqO
N
=—> Hy,.
i

(38)

For finite volume methods, ZlN Ag; in Eq. (38) must
equal 0 because of the geometric conservation law. Thus,
ZlN Ag;i = 0 for GC-LSM because GC-LSM satisfies the
geometric conservation law, as shown in Eq. (15), whereas
non-conservative meshless schemes cannot be combined.
Consequently, Eq. (38) may be recast as

N N
1 1 _
(s 320 rame 32 ai
i ieL(0) 39)
v (
ieU(0)

where L(0) and U(0) are the set of nearest points whose
indices are less than and greater than those for point 0, respec-
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(@) Surface geometry of ONERA M6 wing (b) Tetrahedral volumes

(¢) Global point cloud (finest level)~2x 10 points

2 Level 13 Level |

4 Level

(d) Global point cloud (2 level) ~ 383,634 points

Fig.5 Coarsening results and the original geometry of ONERA M6

Table 1 Units of work and CFL for each case

Scheme RK4 SG RK4 MC LU SG LUMC
Unit work 1.00 1.59 0.39 0.78
CFL 1 1 20 20

tively. Consequently, Eq.(39) may have the same form with
unstructured LU-SGS so that the equation may be decom-
posed in the same way as for the unstructured method:

n
AgG =Dy | R— Y Aghdr |, (40)
ieL(0)
N
Agy=Ag5— Dy Y AgAg;, 1)
ieU(0)
where
|
Dyo=| —+ — Xoi ) 1. 42
0 Ato 2; 0i (42)

@ Springer

(€) Global point cloud (3 level) ~ 86,249 points

(f) Global point cloud (4 level) ~ 19,072 points

Equations (41) and (40) are forward and backward sweeps,
respectively. Thus, LU-SGS may be implemented for mesh-
less discretization, which accelerates convergence without
algorithm complexity using only GC-LSM.

6 Results
6.1 ONERA M6

The first test case in this study consists of transonic flow
around the ONERA M6 wing, which is the most widely used
model for the three-dimensional validation case. The fine
level tetrahedral grid is shown in Fig. 5b. In this study, mesh-
less discretization was used for all levels, such that the nodes
of the grids were considered as meshless points, as shown
in Fig.5c. The coarsening results are shown in Fig.5d, e.
The Mach number of the flow was 0.8395 with an angle of
attack of 3.06°. Four cases were tested: the explicit 4th-order
Runge—Kutta (RK4) method and implicit LU-SGS, for both
single grid and multicloud methods.

With respect to the Courant—Friedrich-Lewy (CFL) con-
dition, the CFD numbers for the explicit and implicit schemes
were set to 1 and 20, respectively. Here, we define the unit
work as CPU time per iteration on the finest grid compared
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(a) Density residual history per iteration (b) Density residual history per unit work
Fig.6 Convergence history of ONERA M6 test case
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Fig.7 Surface pressure of ONERA M6 test case
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(@) Surface geometry of DLR F6

(¢) Global point cloud (finest level)~1.7x 106

(2 Level

(d) Global point cloud (2 level) ~ 330,307 points

1§
4 Level e

(e) Global point cloud (3 level) ~ 72,023 points

Fig.8 Coarsening results and the original geometry of DLR-F6

(f) Global point cloud (4 level) ~ 15,728 points
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(a) Density residual history per iteration (b) Density residual history per unit work

Fig.9 Convergence history of DLR-FG6 test case
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Fig. 10 Surface pressure of DLR-FG6 test case

to the single RK4 method, such that the work associated with
RK4 is unity, as shown in Table 1. The convergence history is
presented in Fig. 6. Figure 6a displays the density residual per
iteration on the finest grid, and Fig. 6b displays the density
residual per unit work. In Fig. 6a, the four-level procedure
with LU-SGS exhibits dramatic convergence speedup with
respect to the number of iterations. Four levels with RK4 also
exhibited substantial speedup, exceeding that of single LU-
SGS. However, the work unit associated with RK4 exceed
those associated with LU, such that the convergence history
with respect to the number of work units shows a different
result compared to the history with respect to the number of
iterations, as shown in Fig.6b. In terms of unit work, four
levels with LU-SGS exhibited the highest convergence rates,
as formulated in this study. For the ONERA M6 wing, invis-
cid analyses exhibited slight differences in surface pressure
because turbulence is not a crucial factor in that context [19].
The surface pressure results are compared with the exper-
imental results [20] in Fig.7. The surface pressure results
agree well with the experimental results. However, slight dif-
ferences in the location of the shock on both the 0.2 and the
0.8 span are shown. These differences are typical of inviscid
methods [21]. Finally, the four-level procedure and single
LU display satisfactory agreement with each other as well as
with the experimental results.

6.2 DLR-F6

To highlight the performance of the implicit multicloud
method, the flow around the baseline wing-body DLR-F6
[22], whose geometry is complicated, was analyzed. The

-1.5

33.1% span

0.5

Mach number of the flow was 0.75 with an angle of attack of
0.49°. In Fig. 8, the finest and coarse level clouds are shown.
It appears that the coarsening procedure works well, even for
complex geometries.

In Fig.9, residual history results are plotted in the same
manner as for the ONERA M6 test case. For the compli-
cated geometry, the four-level LU-SGS procedure exhibits
the highest convergence speed compared to other methods.
In Fig. 10, the results of surface pressure are compared for
the four-level, single, and experimental [23] cases. As seen in
Fig. 10, the four-level and single results show strong agree-
ment. However, a disagreement with the experimental results
is shown downstream, where the shock is located, while
strong agreement is shown around the stagnation line. As
mentioned previously, these disagreements are typical for
the inviscid method [21]. Furthermore, the DLR-F6 model
is more sensitive to turbulence than the ONERA M6 model
because the DLR-F6 geometry has a large separation bub-
ble on the wing [22]. Although it is necessary to solve the
Navier—Stokes equations with turbulence modelling to obtain
accurate surface pressure results, considering turbulent flow
is beyond the scope of this study, and a multicloud for vis-
cous flow will be discussed in a future study. Such that it
seems that disagreement is acceptable for inviscid method.
The L2 norm of the surface pressure difference between
the single and four-level procedures is also less than le-11,
such that the four-level and single methods display the same
results.
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7 Conclusion

An implicit multicloud convergence accelerator using the
GC-LSM has been considered in this study. Owing to the
geometric conservative feature of GC-LSM, the original LU-
SGS algorithm for unstructured methodology was easily
combined with meshless discretization, maximizing the con-
vergence speedup of the multicloud method. Furthermore,
the convergence acceleration effect was demonstrated for
complex geometries such as the DLR-F6 model, display-
ing no differences with respect to the single grid method.
As aresult, we conclude that the implicit multicloud method
presents a dramatic speedup effect compared to the original
explicit multicloud method using the 4th-order Runge—Kutta
scheme, without incurring programming and mathematical
complexity.
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