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Abstract

Grid generation and grid refinement are crucial problems in the computation of flow around

complex aircraft configurations. A coupling between two meshing technics have been imple-

mented in a structured solver to make easier the grid generation and to reduce the number

of nodes. The first technic is the patched grid (PG) possibility which allows no-coincident
interfaces between block. PG is used conjointly with an Adaptive Mesh Refinement (AMR)
technic to refine local regions. The efficiency of this kind of association in order to refine local

region of interest are demonstrated with several referenced test cases. Finally, computations

over the AS28G aircraft (fuselage, wing, pylon, nacelle) using the PG/AMR will be presented.

Introduction

During the last decade, meshing facilities and mesh-
ing refinement posibilities become the determining
factor in the choice of a code solver. Unstructured
solver is commonly used for their advantages in mesh
generation and mesh refinement. However, the com-
plexity to implement numerical algorithm and to
avoid numerical dissipation, due to gradient calcula-
tion, limits their numerical possibility. In an other
hand, structured solver give accurate results and are
easier to implement a new numerical technic. In vec-
torized computer, structured solver is less CPU time
consuming than unstructured solver.

Structured grids require common coincident inter-
faces between block which imposes contraint on the
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grid generation and consequently mesh refinement
(boundary layer refinement, geometric shape refine-
ment, strong gradient...) propagate to the farfield
boundaries. As a consequence, the grid generation
of complexe configurations is more difficult when
grid nodes clustering is needed in region where local
gradients are assumed to be high. With structured
grid, performing local mesh refinement is difficult
and generally costly in nodes number.

To avoid all these disadvantages of the structured
solver, the patched grid approach have been studied
conjointly with Adaptive Mesh Refinement (AMR)
technics. With the patched grid, blocks must have
common interfaces but do not need the same loca-
tion of grid nodes. The flexibility of this kind of
mesh allows mesh refinement and makes easier to
cluster grid points. AMR technics allow local mesh
refinement with embedded subblocks. This technic
have been introduced by Berger and Collela'® for two
dimensionnal unsteady supersonic flow. Jouhaud'5
have extended AMR technics for three dimensionnal
steady transonic flow with using multigrid coupling
strategies.

The conjointly use of these two meshing technics give
new prospect to the structured solver in order to be
an efficient industrial tool.
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In a first part, PG and AMR technics are briefly
introduced. In a second part, validation test cases
are performed to show the numerical efficiency of
the meshing technics. In the last part, an indus-
trial test case of a large civil aircraft configuration
is computed using both PG and AMR technics.

1 Governing equations and flow solver

1.1 Euler equations

The governing equations are the unsteady Euler
equations which describe the conservation of mass,
momentum and energy of an inviscid flow field. Us-
ing cartesian coordinates (z,y,z), these equations
can be expressed in a conservative form as follows :
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The state vector W and the inviscid fluxes f, g and
h are given by :
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pE u(pE + p)
pv pw
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g= o2 +p , h= pwv , (3)
pow pw” +p
v(pE + p) w(pE + p)

where p is the density, u, v and w are the cartesian
components of velocity, p is the pressure and F is
the total energy. As the system (1) contains six un-
knowns (p, u, v, w, E, p) for only five equations, it
is necessary to add another equation (a state equa-
tion). For a caloric perfect gas, this equation is given
by :

p=pRT (4)

where R is the gas constant equal to 287 (J/kgK) for
air. The temperature T is then defined as a function
of the conservative variables.
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1.2 Flow solver

The NSMB (Navier-Stokes Multi-Block) code® is
used in this study. This code is jointly devel-
oped by three research establishments (EPFL in
Lausanne, KTH in Stockholm and CERFACS in
Toulouse) within an European research project sup-
ported by two industrial partners (Aérospatiale MA-
TRA Airbus and SAAB). The NSMB code solves the
compressible Navier-Stokes equations using a finite
volume method with various spatial discretization
schemes like Jameson’s central difference scheme?,
Roe’s schemel or AUSM+scheme!?. Time inte-
gration is based on the full matrix implicit method
LU-SGS (Lower-Upper Symmetric Gauss-Seidel).
NSMB has been parallelized using message passing
communication MPL.

2 Patched grid algorithm

The use of domain decomposition techniques be-
comes widespread for complex configurations. This
decomposition in multiblock structured meshes fa-
cilitates the distribution of the mesh points and re-
duces the memory required for the numerical solver.
It also allows an efficient use of parallel comput-
ers. The structured numerical solver is less CPU
time consuming thanks to the vectorization of the
algorithm. Furthermore, structured meshes simplify
the gradient calculation. These advantages allow the
multi-block structured code to deal with very large
industrial configurations.

However the structured grid requires common inter-
faces between blocks which imposes constraints on
the grid generation. Consequently mesh refinement
in regions where gradients are strong propagate to
the farfield boundaries. To avoid this disadvantage
of the structured grids, the patched grid approach
has been studied. With a patched grid, blocks must
have common interfaces but don’t need the same lo-
cation of grid nodes as figure 1 pictured it. The
flexibility of this kind of mesh allows mesh refine-
ment.

One of the most important properties of a patched
grid algorithm is to maintain conservation of the
numerical scheme. Benek, Steger and Dougherty
2 have illustrated the loss of accuracy when non-
conservative interfaces are used. Their transonic
bi-dimensional flow calculations of an airfoil with a
smaller embedded grid around a flap, show a very
distorted computed shock when the shock passes
through the grid interface. This phenomenon is well
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known, since the numerical computation of a dis-
continuous solution requires a numerical scheme in
conservation form. Raill has proposed a conserva-
tive patched grid algorithm for the Euler equations.
His method ensures conservation for a patched grid
having a common cell center line at the interface.
The governing equations are integrated in each block
in conjunction with a zonal boundary scheme which
allows proper information transfer across grid inter-
faces. This method could be viewed as a particular
case of the flux interpolation method of Berger 3.
Lerat and Wu?® have developed a patched grid al-
gorithm which is conservative and unconditionally
stable for dissipative difference schemes. The block
interface treatment doesn’t use flux interpolation as
Rai’s method. It consists in computing the numeri-
cal flux for each interface divided segment and sum-
ming them to get the total numerical flux for each
cell face at the patched grid interfaces. Further-
more, this method is linearly equivalent to an area-
weighted interpolation of the state vector.

The method which is described in this paper uses the
splitting and dividing method of the numerical fluxes
as described by Lerat and Wu®. The implementation
is done in a way to guarantee conservation for all
the parts of the numerical flux. For the implicit LU-
SGS algorithm, fictive cells at interfaces are filled
at each sweep with an area-weighted interpolation
of the state vector. These interpolations permit to
keep the robustness and the efficiency of the LU-SGS
implicit algorithm.

2.1 Numerical method

Let us discuss in detail an interface condition for a
two dimensional patched grid illustrated in figure 1.
Block 1 and block 2 have a common boundary line
of nodes. The indices (i,7) refer to the cell-center
locations of block 1 and the indices (I,m) refer to
the cell-center locations of block 2. We assume that
the interface is located at index i = 1/2 for block
1 and at index I = 1/2 for block 2. To simplify
the understanding of the algorithm detailed here,
we assume that there is no overlap or gap between
cell at the block interface. We also suppose that
surface vectors of the cell’s face located at the block
interfaces are collinear. For the general patched grid
case, we redefine cell volume and surface vector as
been clearly explained in?.

Defining the spatial numerical flux F in the (¢,7)
generalized coordinates, the global conservation can
be maintained by enforcing spatial flux conservation
along the patched grid interface as ,

3

Block 2

Block 1

Fig. 1: Patched grid

/ﬁ[ll(g =1/2,n)dn = /F[2](§ =1/2,m)dn. (5)

The equality 5 can be written in discretized form like

P =

247
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with a; the area weighted coeflicient. We note by
A(1/2,5) the surface defining the cell face (1/2, j), and
A1/2,m), A@/2,m-1) the surfaces defining the cell
faces (1/2,m) and (1/2,m —1). The factor o, is the
coefficient related to the intersection area between
geometric surfaces A(;/2,j) and A(1/2,m—1) normal-
ized with the area of A1/ j).
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Full details of the method and validation test cases
can be found on reference?.

2.2 No coincident mesh generation

The main advantage of the patched grid possibil-
ity is that we can use the original block splitting
for the refinement process. Unlike the AMR tech-
nique, the patched grid refinement do not need a
first calculation. The mesh refinement is made dur-
ing the mesh generation. For the aircraft configura-
tion, we have chosen to refine the block of the wing
and of the wake. With keeping the refinement on the
wing, we describe with accuracy the vortex creation.
The body and outflow domain are not refined. With
this kind of refinement, the grid contains 55% fewer
nodes than the fine grid.
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3 Adaptive Mesh Refinement

Despite constant advances realized by both numeri-
cal schemes and conputers, improving the accuracy
and decreasing the computational costs are still two
major objectives of the CFD. The use of global mesh
refinement for structured grids requires unnecessary
large number of nodes, which results in an increase
of computational work and storage. Local grid re-
finement methods allow computational CPU savings
for transsonic steady flows using local multigrid type
strategies. Following the pionneering work of Berger
12 Colella!3® and Quirk'#, an adaptive mesh re-
finement method (AMR) is presented, associated to
NSMB solver. In a previous paper!5, 2D steady flows
have already been considered for the Euler equa-
tions. Here, the purpose is to apply the same method
for a 3D complex computation. We hope to capture
wake vorticies with a high degree of precision.

3.1 Hierarchical Grid Structure

The AMR algorithm consists of a sequence of in-
tegration on different grid levels (0 < I < Ilmaz).
A grid is G; required to be union of sub-blocks in
which the same discretisation procedure is applied :
G; = UrGy,r where Gy, are elementary sub-blocks.
The hierarchical grid structure respects the “prop-
erly nested property” which is based on the three
following rules :

M vil1<l <lmaz,Gy C Gi1 , :
underlying grids ;

(2) Gix NGy =@ if k # h : no overlapping ;

(3) adjacent cells of G; must only belong to the level
1-1, except for external or wall boundaries.

In the case of NSMB solver, for programming facili-
ties, we don’t authorize overlapping at different grid
levels :

(4) a fine elementary mesh must be contained in only
one coarser elementary mesh.

At last, the grid hierarchy is generated by a factor 2
sub-division of selected cells : a coarse cell becomes
eight fine cells.

inclusion of

3.2 Grid Cycling

For steady flows, various options of cycles are possi-
ble as in multigrid strategies. For the present case,
we apply two sequences : The first stage consists in
integrating all the sub-blocks at the same time. This
strategy of integration aims a good parallelized pro-
gramming. The second stage is essential by making
a coupling between grid levels : on each level ; a
composite residual is constructed. By this way, the
coarse grids are corrected.

4

3.3 Coarse grid correction - Composite residual

To ensure transfers of information from fine grids to
coarse grids, we employ locally a forcing function, as
in multigrid strategies’. This type of communication
is essential for two reasons. The first one is to obtain
a more accurate coarse grid solution for the interpo-
lation of dummy cells at fine-coarse boundaries. The
second reason must be connected with the adaption
process. In fact, while fine grids capture fine struc-
tures, this information is required on the coarse grids
in order to keep, and eventually to increase, the re-
finement there. On the refined level Imaz, equations
are discretized with an implicit phase which can be
cast into the following compact formulation :

At
Almaz A Ul"nm_:z = _mR(Uﬁnaw) (7)
where AU = Ul —pn s the time solution

increment and R(U[,,.) is the residual. After the
first stage, local flow solution Ujp,e, and residual
R(Ujmaz) are collected and recursively transferred
down to coarser grid using a conservation preserving
operator T' :

Vi1<Il<lmaz -1, (8)
A
A AU = Z 2t peomp, (9)
| |
AUln+1 — Uln+1 _ UlComp’ (10)
where Rlcomp and Ulcomp are defined as follow :
Rlcomp _ Ry (U*) for non-refined cells
TRlel"p for refined cells
[Comp _ ur for non-refined cells
p =
TUfﬁ"” for refined cells

The main advantage of this coupling lies in its con-
servation preserving property and its independance
in terms of the solver. In fact, the residual composite
method is multi-solvers, what is a great advantage
in a big CFD code such NSMB.

3.4 Automatic Grid Adaption/GAME process

The keystone of AMR is provides by its efficiency
to automatically generate refined zones over regions
of interest (discontinuities, boundary layers, large
truncation errors, ...). In the NSMB context, each
level of refinement is generated by GAME. GAME is
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subdivision process based on several monitor func- \/\/\{\\f{\\\\\‘
tions called sensors. These sensors lead to thresholds 2%\
which have to be tuned. Afterwards, the flagged

cells are grouped into a patch of sub-grids using

a grouping/clustering algorithm4. In the present
method, a vortex- sensor is used to detect wake vorti-
cies. In the case of NSMB, the grid adaption process
(GAME) is not directly coupled with the integration
process.(NSMB code). After a first stage of integra-
tion (converged computation), one the most coarse
grid, a primary level of refinement is built with the
help of GAME. Then, a second computation is re-
alised with the first level and so forth, the hierar-
chical grid structure is progressively generated. The
user decides the number of refinement levels.
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Fig.  2: Mach isolines (PG) on NACA0012

4 Test Cases Moo = 084,a =1

To assess the accuracy of solutions obtained using \//\/\/\{\\\\\\\{\‘:\ \‘\‘,‘ ‘ / e
the PG/AMR algorithm presented in this paper, we AN i i i ”

have evaluated several test case. RO

| A o
4.1 NACAO0012 - Inviscid transonic flow

The first test case involves the inviscid transonic flow
past a NACAOQ012 airfoil, with free-stream Mach
number M., = 0.84 and an angle of attack a = 1°.
This test case has been chosen for its sensitivity
to the accuracy of the numerical treatment. In
each case, we have used the LU-SGS implicit ma-
trix method. We use the Jameson central scheme
with the dissipation coefficients k() = 0.5 and
k™) = 0.04. For this test case, a rather strong shock
occurs on the upper side and a weaker shock on the  Fig. 8: Mach isolines (PG/AMR) on NACA0012
lower side of the airfoil. Two computations were Mo =084, =1°

made on two different meshes. The first one is a np-
coincident grid which has 12 blocks and xxx nodes.
The topology contains C blocks around the airfoil
and H blocks in the other regions. The PG is ob-
tained with un-enrichment of the H block and with
some refinements in several blocks belonging to the
C topology (cf. figure 2). The PG/AMR grid is
obtained with the refinement of shock in the lower
and upper side of the airfoil (cf. figure 3) In figure
4, the pressure coefficient distributions on the air-
foil show that the PG/AMR treatment predicts a — Lewel0
correct shock location. a2

4.2 RAE28022 - Turbulent transonic flow using the 12
Spalart-Allmaras turbulence model ' X
The objective of the NSMB flow solver is to be used Fig. 4: -Cp on NACA0012 M = 0.84, c = 1°

as a design tool for aircraft in a transonic regime.
The flight conditions are free-stream Mach number
My = 0.73, an angle of attack a = 2.79°, and a

5
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Reynolds number Re = 6.510%. Navier-Stokes cal-
culations are performed with the Spalart-Allmaras
turbulence model and the LU-SGS implicit matrix
version. Jameson’s dissipation coeflicients are fixed
to k£ = 0.5 and k4 = 0.015. We use two different
meshes. The first one is a no-coincident mesh and
is obtained with un-enrichment of the block outside
the C mesh (cf. figure 5). It contains xxx nodes.
The second one is refined in region near the shock
and contains xxx nodes. (cf. figure 6).

For this flow configuration, three Gauss-Seidel
sweeps are performed per iteration.

Similar results are obtained with the two different
meshes.

The numerical results of the pressure distribution
are very close to the experimental data except at
the foot of the shock (cf. figure 7. We can now ex-
pect to improve the accuracy of the calculation with
some mesh refinement at the foot of the shocks with
the PG/AMR functionnalities.

Fig. 5: Mach
My =0.73, 0 = 2.79°

RAE

Isoline on

(PG)

4.3 AS28G CONFIGURATIONS

The AS28G aircraft configuration generated at
EADS Airbus SA represents a realistic test for in-
dustrial calculations. This aircraft complete config-
uration (fuselage, wing, nacelle, pylon) is used to
study the engine/airframe integration where viscous
effect are important (cf. 8). Under certain flight
conditions, flow separation can occur in this region
which might lead to buffeting phenomena. To pre-
dict with accuracy this phenomenon, refinement in
the pylon region is required. The AS28G compu-
tation presented here corresponds to cruise condi-
tions with a free stream Mach number M., = 0.8,
an angle of attack a = 2.2°, and a Reynolds number

6
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Fig. 6: Mach
My =0.73,a = 2.79°
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Fig. 7: -Cp distribution on RAE Mo = 0.73, = 2.79°

Re = 11.1610°.

Results will be in the final paper.

5 Conclusion

A PG/AMR algorithm has been developed for a
multi-block structured solver. We have shown the
capabilities of this algorithm. It can be used to re-
move nodes in regions of the flow field where high
resolution is not required or to refine zones where
gradients are expected to be high. Furthermore, the
conservative property of the non-coincident treat-
ment allows accurate transonic flow simulations. PG
/AMR block can intersect viscous layers and limited
test cases have indicated no problem.
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Fig. 8: AS28G patched grid and pressure isolines
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