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Abstract. The current investigations look at the vortical flow and aero-
dynamic performance of a generic sharp leading edge double delta wing
with negative strake. The work is divided into three studies regarding
grid refinement, sensitivity of the turbulence model and validation of the
numerical approach by use of experimental data. The focus is on the
prediction of the vortical flow and aerodynamic values correctly with the
most recent numerical methods. For this purpose the prediction of the
vortical flow onset progression and interaction is essential and will be
discussed. The target configuration is a generic fighter type wing plan
form with fuselage provided by Airbus Defence and Space and is part of a
national German research cooperation as well as of a NATO research task
group on vortex-vortex interaction effects. The present results contribut-
ing to the cooperation as a starting point to seal aerodynamic technology
gaps for next generation fighter configurations.
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1 Introduction

A combat aircraft, such as a fighter, needs to meet certain performance require-
ments, namely maneuverability and agility in sub-, trans- and supersonic flight.
Identification and prediction of in-flight flow situations, that could compro-
mise the aircraft’s performance is essential in the design process. As technol-
ogy advances, computational fluid dynamics (CFD) is progressively included in
this process, allowing a better understanding of in-flight flow behavior. The flow
separation, vortex formation and vortex system interaction are some examples
of flow physics that have knowledge gaps. Several research programs have been
established at DLR in Germany for studies regarding these matters. Within a
cooperation of DLR, Airbus Defence & Space and TU Munich as well as in a
NATO Science and Technology Organization (STO)Applied Vehicle Technology
Panel(AVT) task groups a research program is established. One of the main
purposes is a better understanding of the flow topology, vortex-vortex inter-
action effects and the influences on the aerodynamic design to accomplish a
sufficient aerodynamic performance at medium to high angle of attack range
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for symmetric and asymmetric onflow conditions. Incorrect predictions of cer-
tain flow structures could compromise the aircraft’s performance like agility as
well as compromising the safety, especially within the off design flight regime.
The current work is a starting point to seal technology gaps in the prediction
capabilities for future fighter aircraft configurations. Several experimental and
computational investigations have been performed over the past years to predict
the vortical flow aerodynamics of fighter type aircraft. Among others the inves-
tigations by Luckring [1] at NASA LaRC should be mentioned as well as the
eperimental work by Hummel and Staudacher [2]. The experimental and numer-
ical work regarding the F-16XL CAWAPI configuration by Lamar [3], Fritz and
Cummings [4] as well as Hitzel [5] is important as well as the investigations
regarding the X-31 configuration by Schiitte et al. [6]. Similar investigations
applying standard turbulence models on a double delta wing with fuselage have
been provided e.g. by Lei [7]. An update of current challenges and technology
gaps addressed to the present research activities on future fighter aerodynamic
designs is given by Hitzel et al. [8].

The objectives of the current investigation are to provide information on how
the grid refinement influences the results obtained for the same configuration,
test parameters and computational model. Moreover, it is also set to conduct a
sensitivity study of turbulence models. In particular the potential of the RSM
model should be assessed. These two studies are related to vortex location, pres-
sure distribution and interaction. Finally, a comparison with experimental data
is provided for evaluating a best practice approach along with a brief discussion
on the flow physics and the aerodynamic performance.

2 Generic Fighter Configuration

e — lior =0.580m For the current investigation a
et =0.4011m generic fighter aircraft configura-
tion has been established to per-
form the computational simulations
(Airbus D&S NA2-W1 research con-
figuration). The applied geometry
has been given by Airbus Defence
Space as a target configuration for
the DLR project Diabolo and the

0.4166m
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waggge NATO STO/AVT research Task
Group AVT-316 on Vortex-Vortex
Fig. 1. NA2-W1 reference data. Interaction Effects [8]. The geometry

is depicted in Fig. 1.

The current geometry is a generic double delta wing with negative strake
(Levcon - Leading edge vortex control) and fuselage. To provide a similar setup
in computational model like in the wind tunnel tests the rear sting and a cone
representing the connection to the wind tunnel support is taken into account for
all CFD simulations. The reference length for the pitching moment and Reynolds
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number is l,.; and for the rolling moment the half span s = b/2. The exposed
wing reference area A,.; = 0.0706 m? and the moment reference point (MRP)
is located at * = 0.4795 m,y =0 m,z = 0.1 m.

3 Computational Grids

Three different grids were applied using the
grid generation software CENTAUR by Cen- ‘

taurSoft [9]. Figure 2 shows the grid topology ‘ Telnoment
of the medium size grid where the resolution
of the field sources on the upper side of the  Prismaic
wing can be seen quite well. The grid gen-
eration strategy is based on a best compro-
mise between coarse and fine grid, in order to
accomplish a sufficient grid refinement with-
out losing much accuracy.

The grid size varies from 11.6 to 44.9-10°
grid points for a half model configuration
due to changes of the field resolution on the
upper wing side. For all grids 30 prismatic
layers are applied with a first wall spacing of
0.002 mm which provides for all grids a suffi-
cient yT distribution of values less than one
over the entire upper wing surface. In Fig. 3
the velocity profile and the mesh close to the
wall is illustrated at a location y = const.
The plot shows that the entire boundary
layer velocity profile is captured by the pris-
matic layer.

z
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Fig. 3. Velocity vector in stream-
wise direction close to the wall at
a slice y = const. for the medium
grid.

4 Computational and Experimental Approach

For the present work the RANS flow solver DLR TAU is used. TAU is a CFD soft-
ware developed by the DLR Institute of Aerodynamics and Flow Technology [10].
The flow solver TAU solves the compressible, three-dimensional, time-accurate
Reynolds-Averaged Navier-Stokes equations using a finite volume formulation.
The code is based on a hybrid unstructured grid approach to be able to handle
structured and hybrid computational grids, which makes use of the advantages
offered by prismatic grid structures applied to resolve the viscous shear layer close
to the wall. The current simulations have been performed using the steady state
and unsteady dual time-stepping approach. The dual time stepping approach
was used in case no steady state solution was found. Therefore, the solution
is provided by averaging over a time period of 1 to 1.5 s. The time period is
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estimated by the time a particle needs forth and back through the entire grid.
For the numerical simulations four different turbulence models approaches have
been applied as follows. The first one is the one-equation Spalart-Allmaras turbu-
lence model (SA) [11] in its negative formulation. The second turbulence model
is the two-equation model k-w established by Wilcox [12]. The third model is
the TNT model a derivative of the k-w model developed by [13] at NLR and the
forth model is the RSM (Reynolds-Stress-Model) [14] which closes the Reynolds-
averaged Navier-Stokes equations by solving each transport equation from the
Reynolds stress tensor plus an equation to solve the turbulence dissipation.

All computational simulations have been performed on the DLR C?A%S%F
high performance computing cluster at DLR in Braunschweig. For each sim-
ulation 10 nodes with 24 processors each have been used. The computational
simulations have been conducted at a Mach number of M, = 0.5 and Reynolds
numbers of Re,, = 3.5 and 4.6 - 10% for an AoA range from a = 2° to 24°.

The wind tunnel data for the
current investigations have been
conducted in German-Dutch Wind
Tunnel, Transonic Wind Tunnel in
Gottingen (DNW- TWG) within a
common wind tunnel campaign of
Airbus and DLR. The tests are per-
formed with the NA2-W1 model, as
depicted in Fig. 4. The test data used
for the current work have been eval-

uated at a My, = 0.5 and a Reynolds
Fig. 4. DLR\Airbus Defence & Space NA2- |\ v po  — 35.105. The tests
o = 3. .

W1 Wind Tunnel Model in the TWG.

have been performed for an AoA
range of a = 10° to 40° at symmet-
ric and asymmetric on flow conditions. With this setup forces and moments
measurements have been conducted as well as pressure measurements on the
upper side of the model by use of PSP - Pressure-Sensitive Paint. A detailed
decription of the tests are provided bei Henne et al. [15].

5 Computational Results

The computational results are divided into three parts. The first one is the grid
sensitivity study discussing the influence of the grid refinement with respect to
flow topology, pressure distribution on the upper side of the wing and aero-
dynamic characteristics. The second study is looking at the influence of the
turbulence model applied and the third discusses how well the flow physics and
aerodynamic performance is predicted in comparison to experimental data.

Grid Sensitivity
The grid sensitivity simulations have been performed using a half model grid
at symmetric onflow conditions at a Mach number of M., = 0.5, a Reynolds
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number of Res, = 4.6 - 10° and an angle of attack range of a = 2° to 10°. For
the current study the Spalart-Allmaras turbulence model was applied.

Figure 5 shows the surface pressure distribution (c¢p) and the skin friction
lines for the medium grid at an AoA of a = 8°. The pressure distribution shows
three characteristic pressure suction pattern representing at the wing apex the
vortex from the negative strake (Levcon vortex), the vortex from the front delta
wing (D1 vortex) and finally the vortex from the second delta wing (D2 vortex).
In Fig. 6 the pressure distributions at three z/l,.; = const. locations for all three
grids are plotted. One is representing the Levcon at z/l,.; = 0.1, the second at
x/lyey = 0.35 for the first delta wing and the third at z/l,.y = 0.7 for the second
delta wing. The dashed circles mark the areas of major differences in the Cp
distribution. Differences can be observed regarding the pressure minimum for
each vortex as well as inboard of each suction peak representing the pressure
recovery in the area of the attachment line.
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Fig. 5. Surface pressure distribu- Fig. 6. Comparison of the surface pressure dis-
tion cp and skin friction lines at tribution cp at three location x/l,.y = const. at
an AoA o = 8° for the medium an AoA o = 8° for the coarse, medium and fine
grid. grid.

The current study shows no grid convergence yet, but the differences between
the medium and fine grid are small. With respect to simulation resources the
medium grid is chosen for the following studies. However, for a comprehensive
validation approach results conducted with the fine grid have to be taken into
account by use of the turbulence model selected as best practice.

Turbulence Model Sensitivity
In the following the influence of the turbulence model will be discussed. The
onflow conditions are similar to the previous study. The medium resolution grid
is used by applying four different turbulence models: Spalart-Allmaras (SA),
k-w, k-w-TNT and the Reynolds-Stress Model (RSM).

Figure 7 shows the surface pressure distributions and skin friction lines on
the upper side of the model for all four physical models at an AoA of o = 8°.
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k-0-TNT

Secondary
Vortex D2

Fig. 7. Cp surface distribution and skin friction lines at an AoA a = 8° for SA, k-w,
k-w-TNT and RSM turbulence model.

Figure 7(a) is the reference solution conducted with the SA turbulence model
similar to Fig. 5. For the solution applying the SA turbulence model in Fig. 7(a)
the D1 vortex is providing a distinct low pressure footprint only until 40% of
the length of the second delta wing. Whereas for the other turbulence models
a defined low pressure footprint sustains until the trailing edge of the wing, see
Fig. 7(b)—(d).

Fig. 8. Sketch describing the topology of a double branched primary vortex without
(a) and with (b) secondary separation of the Delta 1 vortex (b).

In addition the skin friction lines on the upper surface of the second delta
wing in Fig.7(a) are progressing continuously outboard from the attachment
line of the first delta wing towards the leading edge. While for the other three
models the skin friction lines are discontinuous. This is caused by the secondary
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vortex of the first delta wing progressing along the second delta wing towards
the trailing edge. This flow topology is quite distinct for the solution of the k-
w-TNT and RSM model in Fig. 7(c) and (d). Whereas for the k-w solution in
Fig. 7(b) this structure disappears and the skin friction structure close to the
trailing edge is similar to the SA solution.

Figure 8 shows the difference between the double branched vortex topology
without (a) and with remaining Delta 1 vortex secondary separation on the
second delta wing (b).

Figure9 provides the pressure
distributions at three x/l..; con-
: stant locations. The plots support
: the finding observed in the previ-
ous figures. The pattern of the cp
distribution is similar between k-
w, k-w-TNT and RSM but for the
Xy =07 SA turbulence model there are sig-
nificant differences at the z/l,.; =

— } 0.7 location. At z/l;.; = 0.1 the
05 . s L . location of the pressure minimum
" yiml for all turbulence models are equal.
There is a difference in the peak
Fig. 9. ¢, distribution at an AoA a = 8° for level which is for SA and k-w
SA, k-w, k-w-TNT and RSM turbulence model. higher as for k-w-TNT and RSM.
At z/l,c; = 0.35 a low pressure
peak outboard of the primary D1 vortex can be observed which is related to a
secondary separation. This peak is not present for SA and not as prominent for
RSM and for the two k-w approaches. The differences at the location z/l,.; = 0.7
are most significant. Corresponding to the findings in Fig. 7 there is a particular
pressure gradient inboard of the D2 vortex for the k-w models and RSM leading
to the significant pattern representing an attachment line on the surface. For the
SA model this pattern does not exist and the minimum peak of the D2 vortex
is much more inboard located as for the other turbulence model approaches.

o

Validation

In the following section the computational results will be compared to exper-
imental data to assess the capability of the current approach to predict the
complex vortical flow topology and aerodynamic performance correctly and to
assess further steps to enhance the considered best practice approach. Figure 10
provides the characteristics of the lift, drag and pitching moment coefficient in
comparison to the experiment for symmetric on flow condition for the SA (a),
kw (b), kw-TNT (c) and RSM (d) turbulence model.

The plots show that all turbulence models predict in a reasonable way the
lift and drag for AoA « < 14°. The same applies for the pitching moment for
the kw models and RSM. Whereas the SA model is providing a too high front
loading pitching moment in common with a not matching gradient in comparison
to the experiment. For AoA « > 14° the lift is over-predicted by all models
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(see v = 16°) whereas the characteristics of the RSM model recovers at an AoA
of o = 18°. However the values predicted by the SA turbulence model as well
as the gradient of the lift coefficient are too high. The same applies for the kw
and RSM model at o = 16°. The steep increase of the pitching moment for AoA
«a > 16° is only captured by the RSM approach.

To evaluate the accuracy of the predicted aerodynamic performance a com-
parison between CFD and experiment regarding the surface pressure distribution
is necessary. Figure 11 shows the comparison between CFD and experiment for
the RSM turbulence model at three locations z/l,.f. The comparisons to the
experiment are given at an AoA of o = 16° and 20°.
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Fig. 10. Comparison of the calculated lift (CL), drag (Cp) and pitching moment (Cy,)
coefficient versus AoA in comparison to experimental data for all applied turbulence
models. Mo, = 0.5, Reoo = 3.5 - 10° at symmetric onflow condition.

The suction peak of the primary vortex of the first delta wing (D1) is repre-
sented well by the RSM model. The location of the vortex of the first delta wing
(D1) as well as the secondary separation (S2-D1) is captured well. However, the
suction peaks are slightly over-estimated. The same applies for the suction peak
of the vortex of the second delta wing D2 at v = 16°. Whereas for o = 20° the
CFD solution matches the suction level inboard of the merged D1 and D2 vortex
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correctly. With respect to the performance prediction of the present configuration
the good agreement between the CFD calculations and experiment applying the
RSM model are quite promising especially for higher AoA. Not only the gradient
and pitching moment level is capture but also the correct suction level on the
upper wing surface and thus the flow topology. Although, additional experimen-
tal PIV (Particle Image Velocimetry) data would help to support these results
with respect to the vortex strength and distance towards the surface. All of this
is important to get confidence to be able to predict the critical states like vortex
breakdown location and/or roll instabilities due to asymmetric onflow conditions
(cip instabilities) which are essential to assess the performance of the stability
and control behavior of future fighter aircraft.

-4 -4
Ce o=16 0 Xy =01 Ce 0.=20° o0 Xl =01
asf p=0 Exp X/l =0.35 asf p=0° Exp Xl =0.35
M_ =05 o Xy =07 & M_=0.5 o X =07
3k Re_ =3.510° 3F Levéon Re_=3510°

Vortex

Levcon
Merged D1 and D2
Vortex

Fig. 11. cp quantities for an AoA of a = 16° (a) and 20° (b) for the RSM turbulence
model.

6 Conclusion

The current investigation provide computational studies to assess the prediction
capability of the complex vortical flow and aerodynamic performance of a generic
sharp leading edge double-delta-wing fighter type configuration with negative
leading edge strakes. The studies included a grid refinement sensitivity study,
the influence of different turbulence models as well as a validation of the RANS
CFD solver DLR TAU by use of experimental data. The investigations have been
performed at a Mach number of M., = 0.5 within a Reynolds number range of
Reoo = 3.5-10° to a 4.6 106 related to the wind tunnel conditions of the applied
configuration.

The grid sensitivity study shows major dependencies on the grid resolution
regarding the representation of the suction peaks of the vortices as well as on
the pressure recovery in the vicinity of the attachment lines. Although a final
grid convergence has not been achieved a medium size grid have been applied.
However, a second grid assessment has to be done after selecting a best practice
for the turbulence model.
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Within the turbulence model sensitivity study it was found that only the
pitching moment coefficient was influenced significantly by the selected turbu-
lence models. Major differences regarding the flow topology prediction have been
assessed for the Spalart-Allmaras turbulence model in comparison with two ver-
sions of the k-w models and the Reynolds-Stress turbulence model.

Finally, the computational results have been compared to experimental data
with the scope of a validation and assessment of a best practice approach. The
study showed that the SA turbulence is not able to provide the correct flow
physics and thus the aerodynamic performance. The k-w models provide in some
areas reasonable results but deliver in some areas inaccurate solutions for exam-
ple by over-predicting the suction of the secondary vortices on the upper wing
side. The RSM model delivered for the entire AoA and AoS range the best results
and can be considered as the turbulence model to chose when proceeding the
investigation towards design studies.

Nevertheless, additional grid refinement studies have to be performed. The
angle of attack and side slip as well as the Mach number range need to be
extended to get a comprehensive evaluation of the prediction capabilities of the
currently applied RANS solver.
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