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Abstract

The flow field around a generic multi-swept delta wing configuration is investigated under transonic flow conditions, both
experimentally and numerically. A special focus is on the analysis of vortex/vortex and vortex/shock interactions at moderate
angles of attack. In the present study, the Mach number is varied between Ma = 0.50 and Ma = 1.41 and the angle of attack is
varied between o = 8° and a = 28°. Numerical results are validated using experimental surface pressure data from pressure
taps, as well as forces and moments based on strain gauge measurements. For selected cases, velocity field data from parti-
cle image velocimetry (PIV) measurements are available as well. Over a broad range of angle of attack and Mach number,
strong vortex/vortex interactions, including vortex braiding and vortex merging, occur. The location of vortex merging is
moving downstream with increasing angle of attack and increasing Mach number. Additionally, at Ma = 0.85, vortex/shock
interaction occurs above the wing. For moderate angles of attack, shock-induced vortex breakdown is observed.
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1 Introduction

To achieve high maneuverability at high speeds, modern
combat aircraft rely on highly swept wings, so-called delta
wings. To enhance the aerodynamic characteristics, most
current combat aircraft designs are based on multi-swept
delta wing configurations. For these configurations, mul-
tiple longitudinal vortices can develop at the highly swept
leading edges. These vortices typically interact with each
other and with shocks that are formed above the wings
at high Mach numbers [1]. The specifics of these inter-
actions strongly depend on the wing geometry and flow
characteristics. While vortex/vortex interactions can have
a stabilizing effect on the vortices involved, vortex/shock
interactions have a destabilizing effect and can therefore
cause vortex breakdown, i.e., an abrupt change in the flow
structure of a vortex [2]. As vortex breakdown leads to a
loss of lift and to changes in the lift distribution, it induces
high pitching and rolling moments [3].

Early experimental investigations of the flow around
multi-swept delta wings mostly focused on subsonic flow
conditions [4-6]. Depending on the flow conditions and
the delta wing geometry, the interaction of the primary
vortices either leads to an intertwining or a merging of the
vortices [3]. For a fixed geometry, the streamwise location
of the intertwining or merging is shifted downstream with
increasing angle of attack [7] or increasing Mach num-
ber [8]. At transonic flow velocities, vortex/shock interac-
tions may occur above the wing, which can also lead to
shock-induced vortex breakdown [1, 9].

In recent years, computational fluid dynamics (CFD)
has become increasingly important in the design pro-
cess of new combat aircraft. To evaluate and improve the
capabilities of modern CFD codes used to predict vor-
tex dominated flows, projects such as the "vortical flow
experiment for code validation" (VFE) and its successor
VFE-2 [10] and the "cranked arrow wing aerodynam-
ics project international" (CAWAPI) [11] were initiated.
While these projects showed major improvements in the
prediction capabilities of modern CFD codes, they also
identified a number of flow conditions that remain dif-
ficult to predict accurately, especially subsonic flows at
high angles of attack and transonic flows at low to medium
angles of attack [12]. In the scope of the NATO Science
and Technology Organization (STO) working group AVT-
316, these conditions were further studied. An overview
of subsonic work is given by Sedlacek et al. [13], the com-
plimentary overview of transonic flows is given by Russel
et al. [14].

Due to the importance of the vortical flow structures
for the stability-and-control characteristics of delta wing
aircraft, it is necessary to understand the physics behind
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the vortex/vortex and vortex/shock interactions and influ-
ence of the interactions on vortex breakdown. Therefore,
within the scope of the DLR project Diabolo, the flow
around a generic multi-swept delta wing is investigated
experimentally and numerically. The objective of this
study is to improve the understanding of vortex/vortex and
vortex/shock interactions and to assess the capabilities of
the DLR flow solver TAU to correctly predict relevant flow
features.

2 Description of the test case

In this section, an overview of the setup of the current study
is given. In Sect. 2.1, the investigated geometry and flow
conditions are presented. Information about the experimen-
tal and numerical setup can be found in Sects. 2.2 and 2.3,
respectively.

2.1 Geometry and flow conditions

The model geometry investigated, the so-called DLR-
F22-LS1 configuration, is shown in Fig. 1. It is a generic
triple-delta wing with a flat-plate wing. The leading edges
of all parts, i.e., forebody, levcon, strake, and main wing, are
sharp. Therefore, flow separation is fixed and no boundary
layer tripping was applied in the wind tunnel tests. Flow con-
ditions are expected to be turbulent. This was checked retro-
spectively by comparison of experiment and CFD. The lead-
ing-edge sweep angles are ¢, = 45°, ¢, = 75°, and 5 = 45°
for levcon, strake, and main wing, respectively. The wind-
tunnel model has a total length of 0.5639 m and a wing half
span of s = 0.25 m. The origin of the coordinate system is
located 0.23416 m downstream of the apex. For the definition
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Fig. 1 Geometry of the DLR-F22 model, reference area is highlighted
in gray and location of pressure port sections is highlighted in red
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Table 1 Farfield conditions of the numerical simulations

Ma[-] p[Pa] p [kem?] T K] Re, [-]

0.50 80087 0.9453 295.2 2.027 x 10°
0.85 59223 0.7621 270.8 2.847 x 10°
1.10 42151 0.5884 249.6 2.914 x 10°
1.41 26336 0.4275 216.65 2.849 x 10°

of the reference length and reference area, a simplified refer-
ence geometry is used, which is highlighted in gray in Fig 1.
The resulting reference area is A,.; = 0.094520 m?, while the
reference length is /, = 0.227 m. Finally, the moment refer-
ence point (MRP) is located 0.14938 m downstream of the
originaty =z=0m.

During the study, the Mach number was varied between
Ma = 0.50 and Ma = 1.41 and the angle of attack between
a = 8°and a = 28°. The numerical study was performed as
a blind test, before the wind tunnel measurements were car-
ried out. In all numerical simulations, a total temperature of
T, =310K was used. The total pressure was set to
p, = 95kPa and p, = 90kPa for subsonic and supersonic
cases, respectively. The Reynolds number with respect to the
reference length [, varied Dbetween
20x10° < Re, <3.0% 10°. An overview over the resulting
farfield conditions of the numerical simulations is given in
Table 1. In the experimental measurements, however, a
lower total pressure of p, = 70kPa or 80kPa was used to
reduce loads on the model. As a result, the Reynolds num-
bers of the experimental measurements were slightly lower
than those of the numerical simulations. However, in the
current study, it could be shown experimentally that the
Reynolds number influence on the flow field in the investi-
gated Reynolds number range is negligible.

2.2 Wind tunnel campaign

The measurements were carried out in the Transonic Wind
Tunnel of the German-Dutch Wind Tunnel Association
(DNW-TWG) in Géttingen. The DNW-TWG is a Gottingen-
type wind tunnel for Mach numbers between 0.3 < Ma < 2.2
and total pressures between 30 kPa < p, < 150kPa. The test
section is 1.0m X 1.0m. During this study, a test section
with perforated walls was used for Ma < 1.1, whereas a test
section with a Laval nozzle was used for Ma > 1.1. Both
test sections have been calibrated by DNW-TWG so that the
Mach number remains constant on their axes. Other flow
conditions depend on the particular combination of Mach
and Reynolds number as well as on the total pressure and
also on the presence of a model. A detailed study of these
influences is currently underway in the frame of the NATO
STO AVT-387 [15].

Fig.2 DLR-F22 mounted in the perforated test section of the DNW-
TWG [17]

The model that was mounted on a rear sting with inte-
grated roll control, see Fig. 2, was equipped with a total of
122 surface static pressure ports, distributed across 8 dif-
ferent pressure port sections. The locations of the pressure
port sections are indicated in red in Fig. 1. Additionally, it
featured eight dynamic pressure transducers and two tem-
perature sensors. Due to the large number of pressure lines,
which were routed through the hollow mounting sting, it was
not possible to integrate a standard six component balance.
Instead, the normal force as well as the pitching moment
were determined using strain gauges attached to the mount-
ing sting, an approach previously used by Chu and Luck-
ring [16]. This approach, that was mainly chosen for safety
reason to provide information on loads acting on the model
and its support system in the wind tunnel, was calibrated by
DNW-TWG prior to the wind tunnel tests. During calibra-
tion, errors in the normal force and pitching moment stayed
below 25N and 6.5 Nm, respectively. However, during the
tests, the pitching moment turned out to be less reliable. A
more detailed overview over the experimental measurements
is given by Rein [17].

In addition to surface pressure data and forces and
moments, velocity field data were gathered using particle
image velocimetry (PIV). As tracer particles, small drop-
lets of Di-2-ethylhexyl-sebacat (DEHS) with a diameter
of approximately 1 mm were used. The PIV measurements
were performed using two PCO.2000 cameras with a reso-
lution of 2048 x 2048 pixels. They were placed symmetri-
cally upstream and downstream of the measurement plane,
enclosing an angle of 100° between them. The field of view
of the cameras was 0.2m X 0.11 m, with a spatial resolu-
tion of 3.1 X 103 m x 1.7 x 107> m. To allow for flexible
adjustment of the measurement plane, both the cameras and
the laser sheet optic were mounted on a movable traversing
system. A stereo PIV approach was used to allow for the
determination of all three velocity components. For each
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measurement point, 300 images were recorded with a fre-
quency of 10 Hz at 12 streamwise positions. The commercial
software package DaVis 8.3 by LaVision was used for the
recording and post-processing of the data. The displacement
of the tracer particles was determined based on a cross-cor-
relation algorithm with a final interrogation window size of
32 x 32 pixels and an overlap of 50%. In the area of interest
above the main wing, the uncertainty of the mean veloci-
ties was [V, /U, | < 0.05 [18]. However, due to reflections
from the fuselage, the uncertainty close to the fuselage was
[Vere /Uy | < 0.2. Therefore, cases where the vortices were
located close to the fuselage were not taken into account for
the final evaluation.

2.3 Numerical setup

The numerical simulations were performed using the DLR
flow solver TAU, a three-dimensional finite-volume flow
solver for hybrid meshes. A second-order central scheme
with artificial matrix dissipation is used for the spatial dis-
cretization of the main flow variables, whereas a second-
order Roe scheme is used for the discretization of the turbu-
lence terms to increase stability. The temporal discretization
is achieved with an implicit backward Euler scheme. All
numerical results presented in this paper are based on time-
accurate simulations, using either a conventional unsteady
Reynolds-averaged Navier—Stokes (URANS) or a scale-
resolving improved delayed detached eddy simulations
(IDDES) approach. The time stepping is performed using
a second-order dual-time technique, together with a lower-
upper symmetric Gauss—Seidel method for the solution of
the sub-iterations. In the unsteady simulations, a time step
of At =2.5 x 10™*sand At = 1.0 X 107%s is used for the
URANS simulations and the IDDES, respectively. Both,
URANS simulations and IDDES, use the two-equation
Menter shear stress transport model (Menter SST) to model
turbulence. The majority of the work presented in this paper
is based on URANS simulations, unless explicitly stated
otherwise.

The numerical simulations are performed on a symmetric
half-model of the DLR-F22-LS1 configuration. The compu-
tational grid used during this study is a hybrid grid gener-
ated with the commercial mesh generation software CEN-
TAUR [19]. The majority of the model surface is discretized
using a quasi-structured surface mesh, compare Fig. 3a. The
volume mesh consists of quasi-structured zones close to the
wing surface to better resolve the boundary layer flow and
in the region above the strake and main wing to correctly
capture the vortices above the wing. The rest of the volume
mesh is discretized using tetrahedral cells, see Fig. 3b.

To assure a dimensionless height of the first cell of
yt < 1 on the whole wing, the height of the first cell is
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(b) Cutthrough the volume mesh above the
main wing

Fig. 3 Visualization of the computational grid of the DLR-F22 model

set to 1.5 x 10~®m. A mesh convergence study with three
different meshes was carried out to determine the nec-
essary mesh resolution for the URANS simulations. The
final mesh contains 31.6 x 10° points for the half-wing
configuration, with a minimum cell size of 5 X 10~*m in
the area above the wing.

3 Results

In this section, the results of the experimental and numeri-
cal investigations are presented. First, in Sect. 3.1, an over-
view of the general flow characteristics of the flow over
the DLR-F22 model is given. Afterwards, in Sects. 3.2
and 3.3, the influences of angle of attack and Mach number
are discussed. Finally, in Sect. 3.4, a comparison between
conventional URANS simulations and scale-resolving
IDDES is presented.
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3.1 Basic flow structure

The basic flow field that develops around the DLR-F22
model remains qualitatively similar across a large range
of Mach numbers and angles of attack. For one case,
Ma = 0.85, @ = 16°, the flow structure is shown in Fig. 4.
Here, streamlines originating from different parts of the
leading edge are highlighted in different colors. The flow
field is dominated by three primary vortices that develop
along the leading edges of the forebody, the strake, and
the main wing. They are labeled as inboard vortex (IBV),
midboard vortex (MBV) and outboard vortex (OBV),
respectively.

At the leading edge of the levcon, no separate vortex
develops. Instead, the separated shear layers from levcon
and strake immediately interact, forming a combined vor-
tex, the midboard vortex. Further downstream, the IBV
and the MBYV interact and finally merge with each other.
Additionally, at transonic speeds, shocks form above the
strake and main wing, and interact with the vortices, which
can lead to shock-induced vortex breakdown, compare
Sect. 3.2. For the case of Ma = 0.85, « = 16°, a visualiza-
tion of the shock based on Schlieren images is shown in
Fig. 5.

Inboard

/ Vortex

Midboard

_____ Vortex 050
/ -0.25
Shock Outboard ‘1-00'§
Positions Vortex
-1.75
-------- -2.50

Fig.4 Visualization of the flow structure above the DLR-F22 model,
Ma =0.85,a = 16°

Fig.5 Schlieren image showing the formation of shocks above the
DLR-F22 model, Ma = 0.85, a = 16°

3.2 Influence of the angle of attack

For delta wings, the circulation and hence the strength of the
primary vortices generally increase with increasing angle of
attack. However, with increasing circulation, the stability of
the vortices declines, resulting in vortex breakdown once a
critical angle of attack is reached. Considering Ma = 0.85,
a comparison between CFD and experiment of the develop-
ment of the normal force coefficient Cp, and the pitching
moment coefficient Cy,, is shown in Fig. 6. The experimental
results show an almost linear increase in the normal force up
to @ = 15°. At higher angles of attack, the normal force still
increases, but at a reduced rate. The cause of the reduced
slope is the onset of vortex breakdown of the MBV at the
trailing edge. With increasing angle of attack, the location of
vortex breakdown moves upstream, leading to a reduction of

1,50 0,30
—— Cp,

1,251 —cam. Cary 0,25
1,001 S H 0,20
— | Y A {% —
R 0,75 %% 0,15 §
E Hf ©
0,501 0,10

—¥— Experiment '
0,251 v CFD: URANS-SST 10,05
0.00] v CFD: IDDES-SST

0 10 20
al]
Fig.6 Development of Cy, and C,,, with increasing angle of attack,

Ma =0.85
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the normal force coefficient and at the same time an increase
of the pitching moment coefficient.

While the development of the normal force coefficient
shows an acceptable agreement between both numerical data
sets and the experimental data, large discrepancies can be
observed in the pitching moment coefficient of the URANS
results. These differences are caused by the fact that in the
URANS simulations, the vortex breakdown of the OBV
occurs too early, which leads to an additional increase in
the pitching moment coefficient as compared to the experi-
ment. Figure 7 compares the pressure coefficient ¢, between
URANS simulations and experiment at five different pres-
sure port sections for different angles of attack. Here, the
location of vortices is indicated by low values of c,. Above
the forebody, levcon, and strake, shown in Fig. 7a—c, the
agreement between URANS and experiment is quite good.
Only further downstream above the main wing, larger dif-
ferences occur. Figure 7e clearly shows the early vortex
breakdown of the OBV in the numerical results. The IDDES
results do not show this behavior, as will be discussed in
Sect. 3.4, and therefore show a much better agreement with
the experimental pitching moment coefficient.

As was already exemplified in Fig. 4, the IBV and the
MBYV strongly interact with each other, eventually merging
with each other. To allow for a more detailed comparison
between the different cases, the vortex axes were identified
using a predictor-corrector approach [20]. After the vortex
axes have been identified, additional flow field data can be
extracted along the vortex axes. Additionally, it is possible
to evaluate the flow field in volume slices normal to the
local vortex axis to investigate the velocity or pressure pro-
file within the vortex core.

The trajectories of the three different primary vortices are
shown in Fig. 8, where the positions of the axes of the three
primary vortices in the xy-plane are plotted for different
angles of attack. With increasing angle of attack, the loca-
tion of vortex merging moves downstream, and no longer
occurs over the wing at a = 24°. A similar effect was previ-
ously observed, for example, by Verhaagen et al. [7] for a
double delta wing at subsonic conditions. The reason for the
downstream shift of vortex merging is the increasing verti-
cal distance between the IBV and the MBV with increasing
angle of attack, which in turn leads to a reduced interaction
between the two vortices.

By extracting the axial velocity in the vortex core,
V,4» it is possible to calculate the axial velocity deficit
6=1- (VXA/UOO) of the vortex. If 6 > 0, the vortex has a
wake-type velocity profile, whereas for 6 < 0, it has a jet-
type velocity profile. For values of § > 1, an area of recir-
culating flow exists in the vortex core, which indicates
vortex breakdown. The development of the axial velocity
deficit within the vortex cores of the IBV and the MBV is
shown in Fig. 9a, b, respectively. The location of vortex
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Fig. 7 Influence of the angle of attack on the surface pressure dis-
tribution, comparison between CFD and experiment at pressure port
sections §; — S5, Ma = 0.85
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—1.00. Inboard Vortex
’ Midboard Vortex
Outboard Vortex
—0,751
i AoA—12°
—0501 | % —— AoA=16°
—— AoA=20°
0,25 ;{ —— AoA—24
0,001 i
=
= 0,251 AW Merging of
‘\“\\\\ IBV and MBV
0,50 ‘
0,751
1,001
1,251
1 5()‘ IBV ‘clHd OBV

0,50 0,75 1,00

y/s -l

Fig. 8 Influence of the angle of attack on the trajectory of the vortex
cores, Ma = 0.85

0,00 0,25

breakdown is marked by the strong increase in §. As was
already mentioned above, the location of vortex breakdown
of the MBV moves upstream with increasing angle of attack,
from x/I, = 1.1 for a = 16° to x/I, ~ 0.25 for a = 24°. At
a = 12°, no vortex breakdown occurs.

The swirl rate S = v,, 1., /v, 4, formed with the maximum
azimuthal velocity v,, ., and the axial velocity v, , on the
vortex axis, is a commonly used measure for the stability
of a vortex. For low-speed flows, vortex breakdown occurs
when a critical value S of the swirl rate is reached, with
1.12 < S, < 1.41[21]. The development of S along the vor-
tex axis of the IBV and the MBV is plotted in Fig. 10 for
different angles of attack. Additionally, shock positions are
indicated by dashed lines and the range of S, is marked by
a gray line. Here, vortex breakdown is marked by an abrupt
reduction of S.

Furthermore, it can be seen that vortex breakdown of
the MBV always occurs slightly downstream of a shock. To

11 AoA = 12° Vortex iy
—— AoA = 16° breakdown
. —— AoA = 20°
— | —— AoA - 2°
=0
—0,5 0,0 0,5 1,0
/b [
(a) Inboard vortex (IBV)
1 ++++++++++++++*;ttttttt};:.:;{:
o
OA
—-0,25 0,00 025 050 0,75 1,00 1,25
/b [

(b) Midboard vortex (MBV)

Fig.9 Influence of the angle of attack on the streamwise develop-
ment of the axial velocity deficit of the inboard and midboard vortex,
Ma = 0.85

AoA = 12°
04— AoA = 16°
_ —— AoA = 20°
L —— AoA = 24°
n 100<
107! :
—0,5
(a) Inboard vortex (IBV)
! i & Shock P
10t i I 14— Positions —al i
il b no
D g r—— 5
1071 — ': H H H H ; H H H
-0,25 0,00 0,25 0,50 0,75 1,00 1,25
/by -]

(b) Midboard vortex (MBYV)

Fig. 10 Influence of the angle of attack on the streamwise devel-
opment of the swirl number of the inboard and midboard vortex,
Ma = 0.85
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decide whether the vortex/shock interaction is the cause of
the vortex breakdown, or whether the shock forms due to
the presence of a recirculation bubble in the vortex core, the
development of S is further analyzed. Two cases are identi-
fied. Ata = 16°, a strong increase in S only occurs after the
interaction with the shock. At a = 20° and a = 24°, however,
the vortex/shock interaction occurs after the increase of S,
when § > S;. This suggests that for the case a = 16°, the
vortex breakdown is shock induced, whereas for « = 20° and
a = 24°, it is not.

3.3 Influence of the Mach number

The second part of the study deals with the influence of the
Mach number on the resulting vortex interactions. Experi-
mental and numerical surface pressure distributions are
compared with each other at different Mach numbers in
Fig. 11.

With increasing Mach number, the strength of the three
primary vortices is reduced. This is indicated by higher min-
imal pressure coefficients, i.e., by a reduced suction. A com-
parison between numerical and experimental results shows
good agreement at all Mach numbers except at Ma = 0.85.
The differences are probably caused by the fact that at
Ma = 0.85 vortex breakdown of the OBV is predicted further
upstream than in the experimental tests. This was already
discussed in Sect. 3.2. For the remaining Mach numbers,
no similar disagreements were observed within the investi-
gated parameter range. This may indicate that differences are
caused by a failure to correctly predict vortex/shock interac-
tion, because the test case Ma = 0.85 is the only one with
vortex/shock interaction above the wing.

In Fig. 12, the position in the xy-plane of the vortex
axes of the different primary vortices is shown for different
Mach numbers at @ = 16°. Qualitatively, the vortex/vortex
interactions are similar for all Mach numbers investigated.
However, with increasing Mach number, the location of the
vortex merging of the IBV and the MBV moves downstream,
fromx/l, ~ 0.35atMa = 0.50 to x//, ~ 1.25at Ma = 1.10.
At Ma = 1.41, no vortex merging was observed above the
wing; however, the trajectories of the IBV and the MBV sug-
gest that they will merge downstream of the trailing edge.
This is consistent with observations of Erickson et al. [8],
who observed delayed vortex merging with increasing Mach
number for the case of a strake—wing configuration.

In Sect. 3.2, the downstream movement of the vortex-
merging location with increasing angle of attack was caused
by the increasing distance between the IBV and the MBV.
Howeyver, this is not the case here, as the distance between
the IBV and the MBV remains almost constant in the inves-
tigated Mach number range. Instead, vortex merging is
delayed due to a reduction in vortex strength with increas-
ing Mach number. This can be seen in Fig. 13, where the
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Fig. 11 Influence of the Mach number on the surface pressure dis-
tribution, comparison between CFD and experiment at pressure port
sections §; — S5, & = 16°
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Fig. 12 Influence of the Mach number on the trajectory of the vortex
cores, @ = 16°

development of the non-dimensional vorticity magnitude,
|&*| = |®|l,/ Uy, is shown along the vortex axes of the
IBV and the MBV for different Mach numbers. Due to the
reduced strength of the vortices, their interaction with each
other decreases, which leads to lower induced velocities and
therefore a delayed vortex merging.

3.4 Scale-resolving simulations

While the results of the URANS simulations generally
showed acceptable agreement with the experimental meas-
urements, at Ma = 0.85 greater differences were observed
above the main wing. Therefore, for three different angles
of attack, @« = 12°, @ = 16°, and a = 20°, scale-resolving
simulations based on an IDDES approach were performed
for this Mach number as well. They were carried out on
the same mesh as the URANS simulations; however, for
the IDDES, a smaller time step of Az = 1.0 X 10™°s was
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Fig. 13 Influence of the Mach number on the streamwise develop-

ment of the vorticity magnitude of the inboard and midboard vortex,
a=16°
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used, compared with a time step of Ar = 2.5 X 107*s for
the URANS simulations.

A comparison of surface pressures at two different
pressure port sections above the wing, S, and S5, between
URANS, IDDES, and experiment is shown in Fig. 14. The
IDDES achieves much better agreement with the experiment
than the URANS simulation. The greatest differences occur
close to the leading edge of the main wing, see Fig. 14b.
While both, the IDDES results and the experimental meas-
urements, still show a pronounced OBV, the URANS simu-
lation instead predicts completely separated flow. This can
also be seen in Fig. 15 that compares the x-velocity compo-
nent in the flow field above the main wing at x//, = 1for all
three data sets. The position of vortex cores is clearly evi-
dent due to the reduced velocity in the vortex cores. Results
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Fig. 15 Comparison of the distribution of the x-velocity compo-
nent between URANS, IDDES, and PIV in the plane x/lu =1,
Ma = 0.85,a = 16°
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from PIV and IDDES, shown in Fig. 15a, b, respectively,
are in good agreement with each other, both with respect
to the position of the vortex cores and the velocity distri-
bution within the vortices. In contrast, the URANS shows
a large separation bubble at the leading edge of the main
wing. Based on the current results, it is not possible to give
a clear explanation for this behavior. However, a possible
explanation for the difference between URANS and IDDES
results could well be the reduced numerical dissipation of
the IDDES compared with that of the URANS. For the
IDDES, a low-dissipation, low-dispersion spatial discretiza-
tion scheme was used, whereas for the URANS simulation,
a conventional second-order central scheme was used. The
increased numerical dissipation of the URANS simulations
could lead to a premature dissolution of the OBV.

To allow for a more detailed comparison of URANS and
IDDES, in Fig. 16, the development of the axial velocity
deficité = 1 - (v,,/U,,)is shown for three different angles
of attack along the axis of the MBV. Also, where available,
data from PIV measurements are included. For x/! W < 0.25,
the IDDES results show much higher axial velocities in the
vortex core than the URANS simulations. Further down-
stream, the results become more similar. An exception is
the case of @ = 12°, where the IDDES results show a much
stronger shock/vortex interaction than the URANS results
atx/l, ~ 0.85.

Due to strong reflections from the leading edge, only the
rearmost PIV measurement locations could be analyzed.
However, where available, the velocity data from PIV are in
good agreement with the numerical results.

4 Summary and conclusion

A combined numerical and experimental investigation
of the structure of the flow around a generic multi-swept
delta wing was presented. A special focus was on the
analysis of the developing vortex/vortex and vortex/shock
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e Exp: PIV
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:E/l,,, H

—0,25 0,00

Fig. 16 Influence of the angle of attack on the axial velocity deficit
in the vortex core, comparison between URANS, IDDES, and PIV,
Ma = 0.85
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interactions above the wing. The Mach number was varied
between 0.5 < Ma < 1.41 and the angle of attack between
8° < a < 28°. Vortex/vortex interactions, including vortex
merging of the two innermost vortices, was observed over a
large range of Mach numbers and angles of attack. The loca-
tion of vortex merging moved downstream with increasing
angle of attack or increasing Mach number. In the case of
increasing angles of attack, this was caused by the increasing
vertical distance between the vortices, whereas in the case
of an increase in Mach number, a reduction of the vortex
strength of the involved vortices was identified as the cause.
In both cases, the change in vortex interaction observed was
gradual. Additionally, at Ma = 0.85, vortex/shock interaction
occurred above the wing. By analyzing the development of
the swirl number along the vortex axis, it was possible to
identify one case, @ = 16°, where the vortex/shock interac-
tion leads to shock-induced vortex breakdown.

The comparison between experimental and numerical
data generally showed acceptable agreement between both
data sets for the majority of the investigated flow conditions.
One noticeable exception is the transonic case, Ma = (.85,
where large discrepancies were observed when vortex/shock
interactions occured above the wing. The biggest differences
occurred at the leading edge of the main wing, where con-
ventional URANS simulations failed to correctly predict the
formation of a stable primary vortex. Instead, the URANS
simulations predicted a large area of reversed flow at the
main wing which negatively impacted the prediction of the
surface pressures and the pitching moment coefficient. Using
a scale-resolving IDDES approach, it was possible to remedy
these deficiencies and achieve much better agreement with
the experimental results.
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