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Abstract
An extended stencil in Green-Gauss reconstruction and the matrix-free GMRES block Jacobi method are
recent advances in CFD, which have been implemented into the new CFD software by ONERA, DLR and
Airbus (CODA). The GOAHEAD helicopter fuselage configuration, which was measured in the wind tunnel, is
computed with CODA and compared against results generated with DLR's legacy flow solvers FLOWer and

TAU.

1. INTRODUCTION

The design of efficient helicopters to reduce
emissions continues to be a major challenge for the
aerospace industry. Previous studies on light twin-
engine helicopters have shown that the fuselage and
rotor head as well as the landing skids play an
important role in the drag of a helicopter [1]. The
reduction of parasitic drag of the individual
components as well as their interaction has become
a focal point for helicopter research in recent years in
order to minimize the impact of rotorcraft traffic on the
environment. In order to understand this parasitic
drag, numerous wind tunnel tests and computational
fluid dynamics (CFD) simulations have been carried
out in the past. The wind tunnel tests were used to
validate the CFD methods and algorithms, but also to
gain insight into the flow physics themselves. The
steady-state simulations of the RANS equations
using different turbulence models for isolated
fuselages have become an established tool for the
drag prediction of helicopter fuselages. However, less
established methods such as DDES simulations are
also used and are compared with RANS and URANS
simulations by Fuchs et al. [2]. In addition to
comparing different  turbulence models, the
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comparison between CFD solvers is also important to
compare the implementation of the methods. In the
overview of different fuselages and simulations in the
publication by Batrakov et al [3], some configurations
were also simulated with different CFD solvers. Due
to different solver architectures or configurations,
comparisons were sometimes performed on different
or similar CFD meshes. In addition, mesh
convergence was not examined in any cases [4].
From DLR's experience over the last two decades in
the simulation of helicopter fuselages [5] [6] [7] [8], ho
satisfactory convergence of the residuals of the
conservative flow variables could be achieved,
especially when solving RANS-based CFD
simulations. ONERA, DLR, and Airbus are
developing a new common CFD code CODA [9] [10]
that besides improved accuracy by using an extended
stencil in the Green-Gauss reconstruction [11],
features a stronger solution methodology. In this
work, the capabilities of this new code are
demonstrated for the GOAHEAD [12] fuselage
configuration that has been measured in the wind
tunnel, but also with results produced by the DLR
legacy flow solvers FLOWer [13] and TAU [14].
Furthermore, a mesh convergence study is carried
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out for TAU and CODA, using the same meshes for
both solvers. Subsequently, polar simulations for
TAU and CODA are also compared with the
experiment on the same meshes

2. CODA

CODA is part of a new generation of flow solvers that
combines the cell-centered metric method for
established finite volume (FV) schemes with high-
order discontinuous Galerkin (DG) methods on
unstructured meshes. Special emphasis is placed on
efficient simulations on heterogeneous HPC
structures in a highly parallelized environment. For
the discretization of convective fluxes, multiple
schemes are available. In this paper the finite volume
formulation of Roe's (upwinding) scheme s
employed. For the gradient-based reconstruction of
the state values at the left and right cell surface, the
extended Green-Gauss gradient method is used. The
“spline quantic” limiter is applied to limit the gradients.
The temporal integration is performed using an
linearized implicit Euler scheme based on the matrix-
free GMRES block Jacobi method. The selected
parameter setup is mainly based on the investigations
of Volpiani Pedro [9] [10]. All flow simulations
performed are fully turbulent. The Spalart-Allmaras
(SA) one equation turbulence is used in the negative
formulation [15] for both the novel CODA and TAU
results. All CODA results shown are converged by at
least eleven orders of magnitude in the residuals of
the conservative flow variables. The results of the
turbulence equation are also reduced to these orders
of magnitude.

3. GOAHEAD

GOAHEAD stands for Generation of an advanced
helicopter experimental aerodynamic data base for
CFD validation. This European project aimed to
improve the aerodynamic predictability of the
European helicopter industry with regard to complete
helicopter configurations. This project provides a
good basis [12] for the validation of 3D CFD
simulations with its extensive database. Thus, the
validation with CODA joins a series of validations with
the established legacy codes. The isolated fuselage
was examined with FLOWer and TAU in the blind test
phase. In the past, three Mach numbers were
simulated, each with a different angle of attack [16]
[17]. On the other hand, the influence of the rotor on
the fuselage was investigated [18]. In this paper, the
entire polar curve of the TC1 test case is validated.
The TC1 test case includes an isolated fuselage in
forward flight at a Mach number of Ma = 0.204 at
different angles of attack between a; = —10.9°

und a; = 8.8°.

4. INVESTIGATION

The aim is to re-evaluate the GOAHEAD fuselage
configuration with CODA and TAU with respect to the
past investigations with TAU and FLOWER, thus to
validate CODA as a new CFD solver and identify the
benefits of the new methods available. For this
purpose, a mesh sequence of unstructured meshes
are created with “Pointwise” that could be used for
both CFD codes, CODA (cell-centered) and TAU
(cell-vertex). The mesh sequence contains three
meshes with different numbers of mesh points and
mesh elements. Since the results of the wind tunnel
experiments were not corrected afterwards, it is
important to simulate the wind tunnel walls in the CFD
simulation in order to be able to compare the results
with the experiments. While for structured grids a
mesh sequence can easily be generated by skipping
every other grid point in each index direction from the
finest mesh, and repeating this for consecutive
refinement levels, this is not automatically given for
unstructured grids. In order to ensure consistence of
the various grids when employing the unstructured
grid approach, the grid has been split into three
different areas for refinement. Figure 1 shows the
three different areas. The wind tunnel is divided into:
a part in front of the fuselage, a part with the fuselage,
and a part behind the fuselage.

Figure 1: Mesh parts



The fuselage surface is largely discretized with
guadrilaterals and in a few areas a combination of
triangles and quadrilaterals is used to simplify the
meshing. The volume mesh starting from the surface
is divided into a solid boundary layer block extruded
from the surface and the remaining volume mesh.
The boundary layer block has been extended with the
anisotropic tetrahedral extrusion (T-Rex) [19]
functionality in the field. This simple division makes it
possible to approximately increase the number of
mesh points between the individual mesh levels by a
factor of eight, similar to the structured grid approach.
The increase in the number of mesh points was
initially carried out using a glyph-script and Pointwise
in batch mode, starting from the coarse mesh. Each
individual mesh refinement then had to be adjusted
manually. The respective numbers of the different
mesh levels created this way are shown in Table 1.
Comparable mesh convergence studies for isolated
fuselage simulations have shown that the
convergence of the force -coefficients depends
significantly on the number of mesh points on the
fuselage surface. The level 1 mesh in this study has
a factor of three more surface mesh points than the
finest mesh from the publication by Renaud et al. [4].

Table 1 Mesh levels

Level 3 2 1

Mesh points 3.5MM 24.6MM 191MM
Elements 7.5MM 52.5MM 394.5MM
Surface points 38K 150.5K  606.6K
Surface elements 104.8K 416.8K 1.7MM

This mesh setup can quickly be regenerated for
different angles of attack. In order to achieve this, the
boundary layer block was rotated and only the
intermediate area between the boundary layer and
the wind tunnel walls is remeshed. Twelve angles of
attack from minus ten to plus eight degrees were
generated and simulated for the Level 3 and Level 2
mesh

5. RESULTS
5.1. MESH CONVERGENCE STUDY

In the following results section, the mesh
convergence study for the GOAHEAD fuselage for
the approach angle of 0° is analyzed in detail. Figure
2 the results are displayed. The forces were
evaluated in the wind tunnel coordinate system and
thus represent the lift (C,), drag (C,) and lateral force
(Cy) coefficient. The moment reference point is
located at the origin of the balance of the wind tunnel
model. The balance was mounted between the strut
and the fuselage in the wind tunnel experiment. This
means that only the fuselage is used when
considering the individual coefficients and the strut
and rotor head is not considered. The rotor head was
measured with a separate scale independent of the
fuselage scale. The coefficients are plotted against
the grid spacing. By using a cell-centered metric in
CODA, the grid spacing is formed by the number of
grid elements. TAU uses a cell-vertex metric so the
grid spacing is formed with the number of grid points.
This allows CODA and TAU to be analyzed with their
number of unknowns. All coefficients except for lift
force (C,) and lift pitching moment coefficient (cm,)
converge towards the wind tunnel result as the mesh
becomes finer. With regard to the force coefficients,
there is an almost linear change in the coefficients for
CODA, which indicates a convergence of the grid.
Whereas TAU does not show this linear convergence
on this grid sequence. For the moment coefficients,
neither TAU nor CODA show a mesh convergent
behavior. For drag and lateral force, the difference
between TAU and CODA is minimal on the finest
level. The lift force (C,) exhibits the largest differences
between the solvers even on the finest mesh. The
difference is due to a different lift coefficient
distribution on the fuselage surface. This is caused by
the differently resolved vortical flow around the rotor
head. Figure 3 shows the comparison of the individual
surface parts. The complete configuration includes
fuselage, strut and rotor head. It can be seen that the
largest difference in the drag coefficient is due to the
rotor head, which was not considered in the Figure 2
This also makes the biggest difference in terms of the
total configuration on the finest mesh. The fuselage
and rotor head have their greatest difference in the lift
coefficient. The strut shows only small differences for
both coefficients.
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Figure 2: Mesh convergence for force and moment coefficients for the approach angle of 0°
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Figure 3: Comparison of the individual fuselage surface parts

Figure 4 shows the vortex trajectories represented by
the Q criterion at the same threshold for both solvers.
It can be seen that CODA more accurately resolves
the vortices on coarser meshes. This is not only
evident at first glance for the vortices behind the strut,
but also on closer inspection behind the rotor head.
This is caused by the different metrics between cell-
centered metric for CODA and cell-vertex metric for

TAU. Due to the chosen mesh configuration and the
largely quadrilateral discretized surface, the
boundary layer block contains predominantly
hexahedra. The difference between the number of
elements and mesh points should therefore be
roughly the same in this area. Outside the boundary
layer block up to the wind tunnel walls there are
predominantly tetrahedra. The tetrahedral section




therefore yields more elements for CODA then for
TAU, for which it is closely related to the number of
grid points. As can be seen in Table 1, the difference
between the number of grid points and the number of
elements over the entire mesh is about a factor of two.
CODA should therefore be able to resolve the flow
more precisely in this area due to the higher number
of degrees of freedom. A closer look also shows that
there are differences in the wake of the rotor head
even on the finest mesh between TAU and CODA.
These have their origin in a different prediction of the
flow separation at the rotor head. And the vortices on
the strut are also the result of a flow separation.
Figure 5 shows the friction coefficient for TAU and
CODA across all mesh levels. Dark blue areas show
a negative coefficient of friction and indicate flow
separation. The colors from blue to red show an
increase in the coefficient of friction and visualize the

attached flow. This shows that CODA already
calculates separation on coarser meshes in the area
of the strut, which is only recognizable in TAU on the
finest mesh. It can also be seen that the separation
areas at the rotor head differ between TAU and
CODA on the finest mesh. Due to this different
separation, there are also different wake areas
behind the rotor head. This has a great influence on
the drag of the rotor head as shown in Figure 3 and is
also the reason for the different lift coefficients. The
wake area behind the rotor head has a significant
influence on the drag of the rotor head and the wake
area behind the rotor head has an influence on the
pressure distribution of the tail of the fuselage and
thus on the lift of the fuselage due to its loss of
momentum compared to the undisturbed flow.
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Figure 4: Vortex visualization with the Q criterion
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Figure 5: Friction coefficient for TAU and CODA across all mesh levels.

A comparison of the pressure coefficient on the
fuselage surface for TAU and CODA also confirms
the influence of the rotor head wake on the lift
coefficient of the fuselage. Figure 6 shows the
location of the pressure measurement holes in the
experiment. In Figure 7 displays the result of the
pressure measurement sections shown in Figure 6 for
TAU across the three mesh levels. The “S2” section
and also the “V1” section up to just before the rotor
head show slight differences between the individual
mesh levels. In section “S4”, “S6” and “S7”, as well as
in section “V1” behind the rotor head, there is a clear
influence of the different mesh levels. The wake
directly behind the rotor head in section “S4” shows
only small differences for TAU between level 2 and
level 1 and would indicate a grid-convergent
behavior. However, this behavior probably only
applies to this section. In section V1, there are still
clear changes between the mesh levels behind the
rotor head. The influence of the wake of the rotor
head and the engine outlets on the tail boom is shown
in sections “S6” to “S7”. Here, too, there are still clear
deviations between the individual mesh levels. In

addition, an increasing asymmetry of the pressure
distribution can be seen in this area due to the
asymmetric configuration in the area of the tail
surface.

Compared to TAU, CODA shows significant changes
between the mesh levels, especially in the area
behind the rotor head as shown in Figure 8 Compared
to TAU, CODA appears to be closer to the level 1
results in the wake behind the rotor head with the
level 2 results. It is seen that TAU lags behind the
CODA results on the level 2 grid, particularly in the
wake area. This leads to the assumption that both
TAU and CODA are not yet mesh convergent in the
area behind the rotor head, whereby CODA is able to
resolve the wake better on coarser meshes due to its
higher number of degrees of freedom. The not yet
grid-converged area behind the rotor head also
explains the differences between TAU and CODA on
the finest grid, as the difference should be reduced by
the higher accuracy due to the Green-Gauss gradient
method and the influence of the cell metric at grid
convergence. It should also be mentioned here that
although CODA converged to eleven orders of



magnitude in the residuals, the TAU results were not
simulated further from eight orders of magnitude.
Tests with the level 3 mesh also showed
convergences for TAU in the range of eleven orders
of magnitude in the residuals without significant
changes in the coefficients between eight and eleven
orders of magnitude. Even if the results here lead to
the conclusion of a non-mesh-convergent area
behind the rotor head, it is questionable whether a
next finer level can also be converged to a steady
state. It would be possible to refine a mesh only in the
area of the rotor head, but this would change the
mesh topology and make a comparison more difficult.

In the end, the actual separation is unsteady and
forcing a steady solution might be questionable at
some point. Deviations from the experiments can be
explained by the fact that the position of the fuselage
is not exactly the same as in the wind tunnel. In the
experiment, the rotor blades were removed for the
isolated fuselage tests, but the blade holders were left
in place. In these simulations, this area has been
simplified using a cylindrical body and also the tail
rotor drive has also been disregarded. This leads to
the wake of the rotor head is not reproduced exactly
in comparison to the experiment
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Figure 6: Pressure measurement location
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Figure 8: CODA surface pressure coefficient over three mesh levels

5.2. POLAR SIMULATION

In the past, several comparisons were made between
TAU and FLOWER with the GOAHEAD configuration.
Figure 9 compares the results of TAU and CODA on
level 3 mesh with past TAU and FLOWer results, as
well as the wind tunnel experiment. The previous
results differ from the current simulations in terms of
mesh and turbulence model. Overall, the CODA
results presented are well within the scatter of the
other CFD simulations. It is assumed that the physics
within the RANS approach are modelled correctly.
Only the Level 3 mesh was compared here, as the
number of elements in this mesh is comparable to the
number of mesh points in the previous results.
Deviations from the experiment can be explained in
the same way as in the mesh convergence study. The
wind tunnel experiments are used to evaluate the
simulation results. An exact reproduction of the
experiments is therefore not expected. The influence
of the different turbulence modeling is particularly

evident in the drag, which shows the greatest
deviations from the scattering, especially for larger
negative angles of attack.

In addition to the polar simulation on the level 3 mesh,
polar simulations were also carried out with the level
2 mesh for TAU and CODA. Figure 10 shows that for
TAU between the Level 3 and Level 2 grids there is
essentially only a small change in the coefficients
across the polar curve. Larger deviations occur at a
large angle of attack of around 8 degrees. The
influence on the mesh convergence is smallest for the
drag coefficient (C,) while larger changes can be
observed for the yaw moment (c¢m,). It can be seen
that the selected mesh topology for TAU does not
show any major deviations even over a larger angle
of attack range with the selected mesh refinement.
This suggests that the mesh refinement provides the
required mesh fineness even at different angles of
attack. Only for the eight-degree case does the
necessary mesh refinement appear to be insufficient.
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Figure 9: Comparison between TAU, FLOWER and CODA

The greatest differences to the level 1 mesh can be
recognized for the lateral force (C,). It is also
noticeable that the differences between the three
meshes for an angle of attack of zero degrees are
small in relation to the changes in the coefficients
over different angles of attack. CODA shows a similar
behavior compared to TAU in Figure 11 In contrast to
TAU, there are no major deviations at a high angle of
attack of 8°. The selected mesh topology does not
show any major deviations for CODA over a larger
angle of attack range with the selected mesh
refinement. For the lateral force, CODA shows
greater deviations between the mesh levels in the
range from zero degrees to around minus eight
degrees. In general, most of the lateral force is
generated by the vertical stabilizer. An additional
contribution to the lateral force is made by the tail
boom, which increasingly shows an asymmetrical
pressure distribution in the direction of the tail

stabilizer. This asymmetry can be seen most clearly
in the mesh convergence study in Figure 7 and Figure
8 in section “S7”. This asymmetry is particularly
evident in the range between zero degrees and about
minus eight degrees. Figure 12 shows the pressure
slices through the tail section for slices “S4”, “S6” and
“S7” for TAU and CODA for an angle of attack of
minus five degrees. The major differences between
Level 3 and Level 2 meshes in CODA are also evident
here in section “S7”. It is reasonable to assume that
CODA resolves the wake of the rotor head better on
coarser meshes and that TAU is behind CODA on the
Level 2 mesh as seen in the previously presented
mesh convergence study. The biggest differences
compared to the Level 1 mesh can be recognized
mainly in the yaw moment (cm,). However, the yaw
moment is significantly smaller than the roll moment
(cmy) and pitching moment (cm,) due to the different
angles of attack
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5.3. SOLVER SCALING

One of the biggest advantages of CODA compared to
TAU is that CODA has been optimized for high
parallelization and utilizes a hybrid technique of
domain decomposition and shared memory
application. To accomplish this, simulations were
carried out for this GOAHEAD configuration to
investigate the scaling of parallel efficiency. For this
purpose, the number of computing nodes was
increased step by step and the required simulation
time was evaluated. These simulations were carried
out on the level 3 mesh for TAU and CODA. The
simulation duration was determined after a
convergence of eleven orders of magnitude in the
density residual was achieved for both solvers.
Acceleration methods such as multigrid were not
used as it is expected that the behavior with respect
to processor scaling produces the best results for
singlegrid.
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Figure 13: Speedup depending on the computing
nodes employed



Figure 13 shows the described behavior. The
speedup is plotted over the number of nodes. Each
computing node has a number of 2x64 AMD EPYC
7702 (Rome) processors at 2 Ghz. The speedup
results from the reciprocal value of the nominated
wallclock time. CODA shows a speedup in the linear
range even in the area with a very high number of
processors or conversely very low number of grid
points per core. Around one thousand mesh points
remain per core. Whereas TAU no longer shows a
speedup, but even a slowdown of the simulation due
to communication overheard.

6. SUMMARY

This paper presents for the first time the results of a
detailed study of grid convergence at three grid levels
and polar simulations using the novel extended
Green-Gauss stencil available in the CODA solver
compared to wind tunnel experiments for the
GOAHEAD configuration. The results are additionally
compared to results produced with the legacy flow
solver TAU on the same grids. The polar simulations
were performed for grid level 3 and level 2 for CODA
and TAU. The wind tunnel tests provide data for
comparison of scale values and pressure
measurements. The main result of this paper is that
CODA as a new generation flow solver provides more
accurate results for this case and shows a better
parallelization than TAU. It was also shown that the
chosen mesh topology and refinement remains valid
over a wide range of angles of attack. However, it also
shows how difficult mesh refinement studies are for
unstructured meshes and that the very high number
of points on the level 1 mesh in the rotor head area
does not yet allow mesh convergence in the strict
sense. On a practical level, this studies also reveals
that grid points may be more focused behind the rotor
head, but in other areas are already sufficiently
resolved, therefore allowing for an intermediate grid
that has less grid points but the same or better result
quality as found on the finest mesh. In terms of
scaling with the number of computing nodes, CODA
shows its capabilities compared to TAU even with a
very high number of processors, allowing a speed-up
of the simulation.

Next steps could be to evaluate the capabilities of the
DG solution in CODA for the GOAHEAD
configuration. Due to the higher order of the solution,
it should be possible to resolve the separation behind
the rotor head even better on coarse meshes.
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