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Abstract

In this paper the results for several studies on
viscous flow for complex geometries are summa-
rized. The grid generator TRITET has been used
for the generation of unstructured/hybrid grids in
two and tree dimensions. The finite volume flow
solver EDGE has been used for the flow compu-
tations.

1 Background

In [10] - [15] the given grid generation algorithms
have mainly been demonstrated for some simple
test cases. In [16] a summary of these papers are
given. In the present paper the use of these al-
gorithms on real complex geometries are shown
together with usage of a finite volume flow solver
for viscous flow computations.

2 Flow Solver

The flow solver EDGE, described in [1] and
[2], has been used for the flow computations.
It solves the compressible Reynolds Averaged
Navier-Stokes (RANS) equations. The solver is
a node-centered edge-based finite volume solver
for arbitrary grid elements. The finite volume
scheme is applied on the dual grid. The gov-
erning equations are integrated explicitly towards
steady state with Runge-Kutta time integration.
The convergence is accelerated with an agglom-
eration multigrid technique and implicit residual
smoothing. Several turbulence models can be

chosen. The EARSM turbulence model [18] is
one of them.

3 Computations for a Transonic Transport
Configuration in a Wind Tunnel

Within the EUROLIFT II program, see [4] and
[9], computations have been performed for the
KH3Y model in the ETW (European Transonic
Wind Tunnel) facility atM∞ = 0.176 andRe =

15·106. This aircraft model is a transonic trans-
port configuration. The model is a half model
mounted on the top wall of the wind tunnel, and
it consists of a fuselage and a wing with full span
slat and flap. The slat and flap are set in a high
lift position. The model is mounted at a distance
(peniche) from the wall in order to avoid the in-
fluence from the wall boundary layer. CFD solu-
tions at free flight show a slight difference com-
pared to wind tunnel experiments. The intention
of this work was to establish if this discrepancy is
due to the influence from the wind tunnel walls.

The aircraft model was described by a multi-
block structured grid for free flight condition.
This grid was imported into the structured multi-
block grid generator FFANET [10]. The block
connectivities were computed and the surface
grid on the boundaries without any connectivity
were extracted automatically. This surface de-
scription was also modified and improved. The
wind tunnel walls and the center body behind the
aircraft model were also modeled in this tool.

The flow should be computed for three an-
gles of attack. At first the angle of attack was set

1



LARS TYSELL

Fig. 1 Coarse surface grid for the KH3Y wind tunnel model.

Fig. 2 Wing-Body junction surface grid for the KH3Y model.

to something in the middle of this range. An un-
structured grid was generated, see Figure 1, for
this angle of attack by first setting the grid reso-
lution, including curvature adaption, by genera-
tion of an initial background grid. Then the in-
viscid flow was computed and a new background
grid was generated by adaption. This background
grid was used to generate a new unstructured grid
with better resolution. The grid point movement

functionality in TRITET was then used in order
to rotate and deform the grid to give the three
angles of attack. The geometry model was also
rotated in FFANET to give the geometry defini-
tion for these three angles of attack. These three
grids were finally used as background grids for
the generation of the hybrid grids including the
prismatic layers. A close-up of the surface grid at
the wing-body junction is shown in Figure 2. An-
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Fig. 3 CL vs. α for the KH3Y model.
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Fig. 4 CL vs.CD for the KH3Y model.

other way to do this would have been to extract
the surface grid for each rotated unstructured grid
and use this as input for the hybrid grid genera-
tion. The hybrid grids consists of at maximum 30
prismatic layers and approximately 11−12·106

nodes. A preliminary viscous computation was
done to check that the prismatic grid resolves the
boundary layer in order to have the first grid layer

at y+
∼ 1.0.

The final viscous computations for the three
angles of attack are reported in [3]. Figure 3 -
Figure 4 show the comparison between the com-
puted and the uncorrected experimental forces.
As can be seen there is a good agreement, ex-
cept at the maximum angle of attack, where the
computation shows a slightly unsteady behavior,
which is not correctly computed by a steady solu-
tion. These figures also show the agreement with
experiments is better than for the free flight grids,
which were also generated within this project.
This shows that for proper comparison of high
lift computations with experiments it is important
also to model the wind tunnel walls.

4 Stretched Grid for a Transonic Transport
Configuration

The purpose of this study was to see the effect
of grid stretching. In a computation the grid cell
sizes have to be small where the gradient in the
flow is large and/or the curvature of the geom-
etry is high. At the leading edge of a wing the
curvature is high only in one direction. In the
span-wise direction the curvature (and flow gra-
dient) is very low. Thus, it would be possible to
reduce the number of nodes in the grid by using
stretched grid cells in the span-wise direction.

Fig. 5 Geometry for the wing-body configuration.

The possibility to generate grids adapted to
grid curvature has previously been implemented
in the grid generator. The configuration used to
study the grid effects is the KH3Y clean wing
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Stretch No. of nodes No. of triangles on wing ∆CL ∆CD

1:1 12272094 520729 - -
1:5 5235250 176464 0.95 % 1.31 %
1:10 4489861 141166 0.85 % 2.26 %

Table 1CL andCD for the wing-body configuration.

Fig. 6 Grid at wing-body junction for stretch 1:10.

Fig. 7 Grid at wing leading edge for stretch 1:1.

model, without flap and slat, used within the EU-
ROLIFT II program, see [4] and [9]. The geom-
etry is shown in Figure 5. The flow condition is
α = 8.0◦ andRe = 9 ·106 at low speed. The ge-
ometry definition was extracted from a structured
multiblock grid. Three hybrid grids were gen-
erated with stretching 1:1, 1:5 and 1:10. These
grids are shown in Figure 6 - Figure 9. All grids
have the same resolution in the chord-wise direc-
tion. The number of cells in the most stretched
grid is only about 36% of the original 1:1 non-
stretched grid. As can be seen in Figure 9 the

Fig. 8 Grid at wing leading edge for stretch 1:5.

Fig. 9 Grid at wing leading edge for stretch 1:10.

maximum angle is about 90◦ (not 180◦) for most
triangles, since special care has been taken in the
Advancing Front algorithm to achieve this. As
can be seen in Table 1 the stretching effects the
result where little.

5 Steady/Unsteady Computations for a
Rear-Fuselage and Empennage Configu-
ration

In this work, performed within the REMFI pro-
gram, see [8], the flow at high speed for a con-
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Fig. 10 Surface flow pattern for sealed gap.
Steady computation,Re = 38· 106, α = α2. In
the gap region the velocity vectors are not visible
due to high node density.

Fig. 11 Surface flow pattern for sealed gap. Un-
steady computation,Re = 38·106, α = α2.

figuration with and without a gap between the
fuselage and the elevator has been investigated.
Navier-Stokes computations with an EARSM
(Explicit Algebraic Reynolds Stress Model)k−
ω model, see [18], have been performed. Three
different horizontal stabilizer setting, each with

Fig. 12 Surface flow pattern for unsealed gap.
Steady computation,Re = 38·106, α = α2.

Fig. 13 Surface flow pattern for unsealed gap.
Steady computation,Re = 38·106, α = α2. Dark
colour is flow in negative free stream direction.

and without fuselage-elevator gap were studied.
For each configuration the results for two angles
of attack, α1 and α2, were computed. In this
study the possibility to import a surface grid gen-
erated by commercial grid generators has been
used. This surface grid was then used for gen-
eration of the hybrid volume grid. The num-
ber of grid nodes were about 4.2 · 106, where
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Fig. 14 Difference inCL between the case with
sealed gap and the unsealed gap. Case 1 isRe =

3 ·106, α = α1. Case 2 isRe = 3 ·106, α = α2.
Case 3 isRe = 38·106, α = α1. Case 4 isRe =

38·106, α = α2.

about 3.3 · 106 nodes are in the prismatic layer.
The maximum number of prismatic layers are
25. In Figure 10 - Figure 13 separations can be
seen at the wing tip/leading edge of the horizon-
tal stabilizer and at the fuselage behind the el-
evator. A small separation also can be seen in
the fuselage-elevator gap in Figure 13. These
separated regions give rise to oscillations in the
solution, causing problems to converge the so-
lutions sufficiently for some cases. Thus, for
these cases where no steady solution exist un-
steady computations have been performed. These
unsteady computations show a much better con-
vergence with significantly smaller oscillations
than the steady computations. This can be seen
in Figure 14 showing the difference inCL be-
tween the configuration with the sealed gap and
the unsealed gap. The meanCL for the steady
computation for the sealed configuration is sub-
tracted for each case. The vertical bars show
the oscillations inCL. The differences between

the steady and the unsteady solution for case
2 is not large, but considering the intention of
this study it is significant, since the difference
in CL is up to 0.04. This case also shows that
the difference inCL between the sealed and un-
sealed gap configuration is very different for the
steady solutions compared to the unsteady so-
lutions. Another problem with these computa-
tions can be seen by comparing Figure 10 and
Figure 12. These configurations are the same,
except for the sealed/unsealed fuselage-elevator
gap. Despite of this the flow pattern at the wing
tip/leading edge differs. The grids for these two
different configuration have similar, but not coin-
cident, grid resolutions. Thus, a probable cause
of the difference in flow pattern is this difference
between the grids. For these regions of separated
flow the solution may be very dependent on the
grid resolution. This study shows that unsteady
computations must be done, and the grids must
be the same (except at the gap) in order of be-
ing able to compute the effect of the unsealed
fuselage-elevator gap. Otherwise this effect may
be shaded by other effects.

Fig. 15 Geometry for the sedan car configuration.

6 Computation for a Car Configuration

In this work the complex flow at the rear end
of a car has been studied. The geometry cho-
sen is the Volvo 850 T5 sedan car, with a rear
end wing. Computations have been done both
for a two-dimensional geometry and a simpli-
fied three-dimensional geometry. The geometry
was modeled within FFANET [10]. The geom-
etry is shown in Figure 15, whereas the two-
dimensional hybrid grid around the wing at the
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Fig. 16 Two-dimensional grid at the rear end of the car configuration.

Fig. 17 Steady computation for the two-dimensional car configuration, central scheme.

rear end is shown in Figure 16. The speed was
chosen to 240 km/h. Both central and upwind
spatial discretization schemes have been used to-
gether with the EARSM turbulence model. Study
of Figure 17 and Figure 18, which is a cut close
to the centre, shows there are big differences in
the results between two-dimensional and three-
dimensional computations. The unsteady solu-

tion in Figure 19 is somewhat different compared
to the steady solution. Both streamlines and flow
directions are shown in the figures. The dark
colour is flow in the reversed direction. This
means that for the two-dimensional case the flow
is in the reverse direction in a very big region be-
hind the car, and even around the wing. This is
not a correct solution according to experiments.
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Fig. 18 Steady computation for the three-dimensional car configuration, central scheme.

Fig. 19 Unsteady computation for the three-dimensional car configuration, central scheme.

The three-dimensional central scheme compu-
tations shows a more realistic solution. The
big differences between the two-dimensional and
three-dimensional results are probably due to the
fact of the absence in the two-dimensional com-
putation of the flow coming from the sides of

the car. This shows that just studying a sim-
ple two-dimensional geometry instead of a com-
plex three-dimensional geometry may give to-
tally wrong results. Finally the upwind scheme
computation in Figure 20 shows a solution with
almost no separation at the upper part of the rear
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Fig. 20 Steady computation for the three-dimensional car configuration, upwind scheme.

Case CL Car CL Wing CD Total
1 -4.884 2.28·10−3 0.402
2 -0.498 −3.60·10−2 0.391
3 -0.495 −2.93·10−2 0.361
4 -0.838 −4.43·10−2 0.636

Table 2CL andCD for the car configuration. Case
1: 2D steady, central scheme. Case 2: 3D steady,
central scheme. Case 3: 3D unsteady, central
scheme. Case 4: 3D steady, upwind scheme. The
reference area is the cross section area.

end of the car. This is not a correct solution,
which may be caused by too much dissipation.
The results are summarized in Table 2 which
shows a too highCD for the 3-dimensional up-
wind scheme computation.

7 Transonic Drag Reduction for the Eikon
UCAV Configuration

The geometry used within this study is the Eikon
configuration designed within the FoT25 project
"Design of a Low Signature UCAV" sponsored
by the Swedish Defence Material Administra-
tion. The Eikon configuration gives slightly too
high drag to match the cruise speed requirements

of Mach=0.95. The transonic drag may be re-
duced by modifying the geometry according to
the transonic area rule. According to this theory a
body with a cross section area distribution along
the center line of the body matching the Sears-
Haack area distribution gives the minimum drag.
This theory has been shown to work also for bod-
ies being far from slender.

                                                                          

    1.0     5.5    10.0
X        0.0
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    2.0
Cross area    
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optimaloptimal
finalfinal

Sears-Haack

Fig. 21 Cross section area distribution along cen-
ter axis.

The original Eikon geometry, shown in Fig-
ure 22, differs somewhat from this ideal cross
section area distribution. It is possible to mod-
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Fig. 22 Surface grid for the original configuration.

                                                                          

original
optimal

Fig. 23 Body thickness for optimal geometry.

                                                                          

original
final

Fig. 24 Body thickness for final geometry.

ify the geometry to almost match this ideal form.
This has been done by making the body and wing
thicker (or thinner) along the center line of the
body. Only the upper side of the body and wing
has been modified. The volume grid for the origi-

nal geometry has been used, by moving the nodes
at the surface and in the volume slightly in ver-
tical direction. The nodes not on the surface
are moved with the moving grid capability of
TRITET, see [14]. Then the grid is very similar
to the one used for the original geometry, mak-
ing sure differences in flow computation results
are not caused by different grids. The grid has
2.92· 106 nodes, where 2.70·106 nodes are lo-
cated in the prismatic layer, consisting of max-
imum 40 layers. The grid has been adapted at
the leading edge of the wing and at the wing-
body junction, as can be seen in Figure 22. In
Figure 21 the cross section area distribution are
showed for the original, Sears-Haack, optimal
and final geometry. The optimal geometry is the
one as close as possible to the Sears-Haack cross
section area distribution. The body thickness for
this geometry is slightly reduced at the rear part,
compared to the original geometry. Thus the en-
gine may not fit into the body, this can bee seen
in Figure 23. In order to fulfill this requirement
the geometry was modified so the body is at least
as thick as the original body everywhere. This is
the final geometry, which is showed in Figure 24.
Navier-Stokes finite volume computations have
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been done for the original, optimal and final ge-
ometry at ground level for Mach=0.95. The an-
gle of attack differs slightly between the three ge-
ometries in order to get the same lift, but it is
about -1.0 degrees.CD varies only slightly with
CL around this angle of attack. The computations
show the drag is reduced by 8.0% for the optimal
geometry, and 6.8% for the final geometry, com-
pared to the original geometry. Despite the body
and wing have been made considerably thicker
there is a significant reduction in drag.

8 Design of a Variable Wing UAV Configura-
tion

The geometry used within this study is the
NUK14 configuration used within the FoT25
project "Adaptive Structures for Aeronautical ap-
plications" sponsored by the Swedish Defence
Material Administration.

The mission for the UAV configuration in
Figure 25 is defined to be divided into two parts.
The first part of the mission is flight at Mach 0.8
at 11,000 m, and the second part is flight at Mach
0.8 at very low altitude level. Thus, the wing area
used at high altitude is not necessary at low alti-
tude. So an attractive idea is to modify the design
to have a wing with variable wing area. It was
decided to modify the wing to have a wing span
of 0.867·b, whereb is the original wing span. At
high altitude there is an extra wing tip giving a to-
tal wing span of 1.133·b. The chord of the main
wing is 0.496·b, whereas the chord of the extra
wing tip is 0.238·b. At low altitude the designCL

is 0.179·CLH , whereCLH is theCL at high altitude.
The linear potential flow panel code Wing-

Body, see [5] and [6] was used to compute an
optimal wing camber distribution giving minimal
CD for a specifiedCL for all three configurations.
The optimization was done forCL = 0.448·CLH ,
both for the original configuration and the mod-
ified configuration without the tip. The modi-
fied configuration with tip was also optimized for
CL = CLH , where only the panels on the tip were
free to move.

The Wing-Body computations have to be val-
idated by more accurate finite volume Euler and

Fig. 25 Original UAV configuration.

Fig. 26 Cp, range (-1.2,0.2) for low level flight
condition.
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Fig. 27 Cp for low level flight condition, y=0.458·b.

Navier-Stokes computations. The camber dis-
tributions computed by the Wing-Body program
was used to modify the original geometry. This
CAD-geometry was then imported into the grid
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Fig. 28 Surface grid for the modified configuration.

generator by use of the inhouse CAD-interface
program SPIDER. The modified configuration
with the tip has 0.53 · 106 nodes for the Euler
computations and 2.06·106 nodes for the Navier-
Stokes computations. The surface grid is shown
in Figure 28. The same surface grid is used for
the Euler and Navier-Stokes computations. The
viscous drag from the Navier-Stokes computa-
tions have been added to the Euler computations.
The improvement in drag for the combined flight
condition (half mission at low altitude and half
mission at high altitude) is as high as 17.8% for
the Euler computations but only around 6.8% for
the Navier-Stokes computations. The difference
between the Euler and Navier-Stokes computa-
tion is difficult to analyze, but may be due to the
complex flow at the junction between the short
main wing and the body, and the junction be-
tween the short main wing and the extra wing
tip. There is also a difference in the location of
the shock. This shock can be seen in Figure 26
and Figure 27 as well as the non-physical behav-
ior at the trailing edge. In [17] it is shown that
the pressure peak at the trailing edge reduces the
order of accuracy in the flow solution. The am-
plitude of this peak is somewhat dependent of the
grid structure at the trailing edge. The difference
between the inviscid and viscous computations
stress the importance of a reliable grid generator
being able to generate grids for viscous computa-
tions around complex geometries.
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