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The present work focuses on the experimental investigation and characterization of vortex-
flow phenomena of a generic triple-delta-wing configuration, like the DLR-F23 aircraft, under
various transonic speeds and angles of attack. This experimental study is conducted at the
Transonic Wind Tunnel in Göttingen, which allows for the exploration of multiple transonic
flow regimes and several angles of attack using two advanced flow visualization techniques,
namely stereoscopic particle-image velocimetry and fast-response, unsteady pressure-sensitive
paint. From these flow visualizations, it is found that three distinct vortex systems develop
over the surface of the DLR-F23 wing, namely an inboard, midboard, and outboard vortex,
which respectively develop from the model’s forebody, strake, and main wing. These vortical
structures are strongly dependent on the flow conditions, whether this concerns low-to-high
transonic conditions and/or the wing’s angle of attack. In particular at higher transonic flows,
significant compressible effects, such as shock fronts, develop that noticeably affect the vortices’
characteristics and behavior, including - but not limited to - vortex-vortex and vortex-shock
interactions, their breakdown and/or merging. Upon these observations, future work may be
directed towards further exploring these complex vortex-dominated flows under trans- and even
supersonic flow conditions, whether this being done through dedicated experimental efforts
and/or by employing advances numerical means. All this would allow developing more efficient
and high performant triple-delta-wing aircraft configurations that could operate robustly across
a wide range of flight conditions (i.e., Mach numbers, pitch angles).

I. Nomenclature

𝐴ref = reference surface area (m2)
𝑙𝜇 = reference length (m)
𝑀𝑎 = Mach number (-)
𝑅𝑒 = Reynolds number (-)
𝑠 = wing halfspan (m)
𝑇 = total temperature (K)
𝑢∞ = free-stream velocity (m/s)
𝑢, 𝑣, 𝑤 = Velocity components in 𝑥, 𝑦, and 𝑧 direction (m)
𝑥, 𝑦, 𝑧 = Cartesian coordinates (m)
𝛼 = pitch angle (or angle of attack) ( ◦)
𝜔𝑥 = streamwise vorticity in x-direction (1/s)
𝜑 = sweep angle ( ◦)
𝜌 = air density (kg/m3)
CFD = computational fluid dynamics
DLR = German Aerospace Center
DNW = German-Dutch Wind Tunnels
IBV = inboard vortex
MBV = midboard vortex
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OBV = outboard vortex
PIV = particle-image velocimetry
TWG = Transonic Wind Tunnel Göttingen
uPSP = unsteady pressure-sensitive paint

II. Introduction

High agility and flight speed are pivotal characteristics that are sought after in modern multi-delta-wing aircraft
configurations. While traditional delta wing planforms were specifically focused on in the past [1–7], multi-delta

wing configurations emerged as a promising design variation to optimize aerodynamic performance characteristics.
In particular, special attention is now paid to novel triple-delta-wing designs, which consist of multiple highly-swept
leading edges. These induce complex vortex-flow systems, which travel downstream along the wing surface and possibly
interact with one another. While the benefit of these vortices lies in their ability to retain high lift and aerodynamic
stability, they are highly susceptible to the flow conditions (i.e., Mach number, Ma, and pitch angle, 𝛼), especially what
concerns the transonic regime where compressibility effects would occur.

Past research on triple-delta-wing aircrafts has provided a good understanding of their aerodynamics, particularly
concerning the vortex dynamics and lift enhancement at subsonic speeds [8–15]. Under such subsonic conditions, the
flow field is primarily characterized by two vortex systems, namely one developing at the most inboard wing section
(hence, inboard vortex, or IBV) and another forming further downstream at the midboard kink between highly and
moderately swept leading edges (hence, midboard vortex, or MBV) [10, 11]. These vortical structures are strongly
driven by the leading-edge geometry, particularly its sweep angles, which would not only influence the vortices’ strength,
but also their behavior (e.g., trajectory) further downstream. More specifically, they are shown to interact with one
another as they travel downstream over the wing surface, possibly merging and/or breaking down. Similar observations
were made in another work on the matter [13], whose combined experimental and numerical investigations emphasized
the sensitivity of the vortex systems’ behavior on the geometric parameters, including - but not limited to - the wing
planform, chord ratios, and leading-edge sweep angles. Specifically the sweep angle of the leading edges, being either
relatively vaguely considered non-slender (𝜑 < 65◦) or slender (𝜑 > 65◦), are known to drive the vortex-breakdown
type [4, 8, 16–18]. For instance, non-slender leading-edge wings are typically characterized by a gradual transition
from a jet-type (i.e., vortex-core velocity 𝑢core/𝑈∞ > 1) to a wake-type (𝑢core/𝑈∞ < 1) vortex structure. On the other
hand, slender leading-edge wings are characterized by a rather suddden breaking down of the vortex systems, featuring
abrupt deceleration of the axial flow velocity in the vortex core (up to flow reversal, i.e., 𝑢core/𝑈∞ < 0). Notably, the
vortex breakdown can be further characterized by different behaviors, such as being of spiral- or bubble-type [18–20].

Beyond the subsonic flight regime, modern triple-delta-wing aircrafts frequently operate in transonic flow conditions,
thus being affected by unsteady compressibility effects, such as shock interactions. As a result, research efforts have
been devoted to expand the understanding of vortex flow phenomena pertaining to such triple-delta-wing configurations
in transonic flows, among which recent computational fluid dynamics (CFD) simulations based on Unsteady Reynolds-
Averaged Navier Stokes (URANS) [8, 9, 21–23] and/or Delayed Detached Eddy Simulations (DDES) [21, 23, 24]. Their
results revealed that a triple-delta-wing aircraft exposed to transonic flow conditions exhibits even more complex flow
physics due to the interplay between the sensitive vortex systems (and their inherent instabilities) and compressible
effects (i.e., shocks) [21, 25]. In other words, shock waves affect - and possibly trigger - the instabilities of these vortices,
leading to their breakdown or merging, which may ultimately be referred to as vortex-shock, or even vortex-vortex,
interactions.

While the above literature provides valuable insights towards the understanding of vortex flow phenomena for
transonic conditions, there still remains a lack of experimental investigations on the subject, primarily due to the
complexity and limited accessibility of transonic wind tunnel facilities. To the authors’ best knowledge, only one recent
experimental work exists that explored a similar aircraft configuration in transonic flows [23]. This study focused on
investigating both experimentally and numerically a multi-swept delta wing configuration, namely the DLR-F22 model,
in the transonic regime, respectively using particle-image velocimetry (PIV) as well as URANS and Improved Delayed
Detached Eddy Simulations (IDDES) computations. While an overall acceptable agreement between the numerical
results and the experimental data (for selected cases) is observed, only the computationally more expensive IDDES
simulations could sufficiently resolve the complex flow phenomena for the transonic conditions (e.g., Ma = 0.85). The
complexity of resolving the interplay between the non-trivial vortex structures and the unsteady, compressible effects
induced by the transonic flow is also seen in other numerical computations, which revealed how the vortex-shock
interaction is strongly dependent on the turbulence model accurately capturing the vortices’ breakdown onset [26, 27].
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Upon the above insights, there exists a need for experimental data of a generic triple-delta-wing configurations
tested in transonic flow conditions. While extensive experimental works have focused on subsonic flows, dedicated
investigations in the transonic regime, especially those utilizing advanced flow visualization techniques, such as
stereoscopic particle-image velocimetry (stereo-PIV) or unsteady pressure-sensitive paint (uPSP), remain scarce.
Aside from that, most of the existing transonic studies to date relied heavily on CFD computations without sufficient
experimental validation to compare with. The absence of detailed experimental results from wind tunnel campaigns
further limits the ability to refine or validate existing numerical models, leaving potentially critical aspects of transonic
vortex dynamics underexplored.

The present work aims to address this gap by experimentally investigating the (unsteady) vortex flow phenomena of
a triple-delta-wing configuration, namely the DLR-F23 model, over a wide range of flow conditions, including sub- and
transonic flow regimes as well as various aircraft pitch angles. This is achieved via state-of-the-art flow visualization
techniques, like stereo-PIV and uPSP. The novel contribution of this work lies in leveraging both these experimental
techniques to characterize and analyze a triple-delta wing’s vortex flow phenomena in the transonic regime, which may
also serve as validation data for further numerical explorations.

The paper is structured as follows: Section III describes the experimental means and setup, which are employed
throughout this test campaign, while the corresponding results are discussed in Section IV. Finally, some conclusions
and perspectives are outlined in Section V.

III. Experimental Means and Setup

A. Experimental facility
The experimental campaign is conducted in the so-called Transonic Wind Tunnel Göttingen (DNW-TWG), see

Fig. 1, administrated by the German-Dutch Wind Tunnels (DNW). The DNW-TWG is a closed-vein, hard-walled wind
tunnel of Göttinger type whose test section extends over 1.0 m (W) × 1.0 m (H) × 4.5 m (L). Notably, this tunnel can be
equipped with three different test sections, among which one employing perforated walls that are specifically designed
reach high transonic flow regimes. This particular test section can achieve Mach numbers of Ma = 0.30 to 1.20, the
higher end of which can only be reached due to the additional suction provided by the perforation in the walls. Besides,
this section is enclosed in a pressurized chamber, whose pressure and Reynolds number can be adjusted independently
of the Mach number, enabling a total pressure range of 𝑝tot = 30 kPa to 150 kPa. The turbulence level inside the test
section is seen to vary between 0.10 % and 0.25 %, depending on the flow conditions.

(1) Drive motor                              (3) Cooling                         (5) Grid / Sieves                   (7) Test section
(2) Two-stage axial compressor    (4) Flow straightener     (6) Settling chamber     (8) Plenum

(8)

(2)
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(4) (5) (6) (7)
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Fig. 1 Schematic of the transonic wind tunnel (DNW-TWG) used throughout this experimental campaign.

B. Triple-delta-wing configuration - the DLR-F23
The aircraft model relies on a novel triple-delta-wing configuration developed in the project Diabolo at the German

Aerospace Center (DLR), namely the DLR-F23 configuration - cf. Fig. 2. This DLR-F23 aircraft comes as a generic
wing-fuselage half-span wind tunnel model with an ogival consine-chined forebody that is mounted to the tunnel’s
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wall via a peniche (see Fig. 3), to minimize any bias coming from the boundary layer. In particular, the DLR-F23
model is composed of three main sections, corresponding to the front leading-edge vortex controller (LEVCON),
the middle strake, and the rear main wing, their leading edge being respectively swept by 𝜑1 = 45◦, 𝜑2 = 75◦, and
𝜑3 = 45◦. Notably, three characteristics lengths describe the DLR-F23 configuration, namely its wing root chord (𝑐r,w =

0.575 m), its total length (𝑙m = 0.862 m), and its half span (𝑠m = 0.420 m) - cf. Fig. 2. In addition, the model has a
mean aerodynamic chord of 𝑙𝜇 = 0.382 m and reference surface area of 𝐴ref = 0.133 m2. For further details regarding
the DLR-F23 model geometry, the reader is referred to past works on the matter [28, 29].
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Strake

Main wing

Chined forebody

S2

S1
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Fig. 2 Schematics of the DLR-F23 configuration, shown from front (top-left), top (right), and isometric views
(bottom-left).

C. Measurement techniques
The flow field around and over the wing’s surfaces are visualized using steady stereoscopic particle-image velocimetry

(stereo PIV) and fast-response, unsteady pressure-sensitive paint (uPSP), which have been performed one after another
in separate experimental tests.

To characterize the three-dimensional flow field around the DLR-F23 model, stereo PIV is employed. This
experimental technique uses small droplets of DEHS (di-2-ethylhexyl-sebacat) as seeding particles with an average
diameter of roughly 1 µm, which are injected into the flow via jets located within the settling chamber of the wind
tunnel to ensure homogenous seeding in the test section. The flow around the model is illuminated at the measurement
plane using a double-pulsed 200 mJ Nd:YAG laser with a wavelength of 532 nm. Two pulses are fired with time
separations of Δ𝑡 = 2.8 - 9.4 µs according to the current FoV (field-of-view) and Mach number. Two measurement
planes are chosen, respectively located at the model’s strake (i.e., 𝑆1 at 𝑥/𝑐r,w = 0.83) and its main wing (i.e., 𝑆2 at
𝑥/𝑐r,w = 1.36) - cf. Figs. 2 and 4, so as to capture characteristic streamwise vortex-flow systems. For some cases, a third
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Fig. 3 Image of the DLR-F23 test model installed via its peniche in the test section of the DNW-TWG wind
tunnel.

plane that follows along the strake’s leading edge is also measured (see 𝑆3 in Fig. 2), with the aim of identifying any
vortex-induced crossflows. Snapshots of the flash-illuminated instantaneous flow fields are obtained via three sCMOS
(scientific complementary metal-oxide-semiconductor) double-shutter cameras (PCO edge 5.5) with a resolution of
2560 × 2160 pixels, which are placed outside of the closed tunnel vein just behind two side-wall windows. These could
be used for a stereoscopic image recording for each measurement plane 𝑆1, 𝑆2, and 𝑆3. The cameras’ FoVs measure
0.42 m × 0.35 m, 0.31 m × 0.25 m, and 0.40 m × 0.23 m for planes 𝑆1, 𝑆2, and 𝑆3, respectively. To prevent background
noise in the PIV images the DLR-F23 model has been painted by a black acrylic paint.

For each test case, 1000 (double) images are recorded at a sampling frequency of 𝑓s = 15 Hz, which are processed
using in-house developed PIV software. For the calibration of each camera view, the PIV images are resampled in a
pre-processing step, whereas distortions as well as disparities between each stereo pairing are suppressed. Then, the
rectified PIV images are evaluated using a multi-grid cross-correlation algorithm with image deformation [30]. The
resulting spatial resolutions in the velocity vector fields are about 4 mm for the measurement planes 𝑆1 and 𝑆2 and about
3 mm for 𝑆3, whereas the velocity uncertainties are about 4 to 5 m s−1, 3 to 4 m s−1, and 5 to 10 m s−1 for the planes
𝑆1, 𝑆2, and 𝑆3, respectively. Although the seeding particles are very small, with increasing Mach number the seeding
concentration within vortex cores can decrease due to centrifugal forces acting on the droplets that in some cases can
lead to missing data within the cores of strong vortices.

Fast-response, unsteady pressure-sensitive paint (uPSP) is employed to visualize the near-surface flow characteristics,
providing optical measurements of unsteady pressure changes with high spatial and temporal resolution. The method
is fundamentally based upon the photoluminescence of organic molecules in a polymer matrix, thus making it ideal
to be applied to complex model geometries such as the DLR-F23 configuration. The paint used here was previously
developed by the DLR in cooperation with the University of Hohenheim [31]. It consists of a polymer/ceramic base layer
underneath an active coating. The base layer comes as a blend of a specific polymer (Duromax B-1000), ceramic particles
(titanium silicon oxide TiSiO4 of 50 nm size), a dispersant, and distilled water [32], whereas its active counterpart is a
mixture of toluene and PtTFPP as the luminophore [33]. This paint layers are applied in-situ to the model surface using
a spray gun, allowing for a total paint layer thickness of only 20 µm. To obtain the unsteady pressure distribution over
the surface, the intensity method is used, which relies on the continuous excitation of the paint by a UV light source. A
ultra-high-speed camera (Photron Mini AX 200) with a 12-bit CMOS sensor, a Canon 24 mm lens, and a band-pass
filter (for wavelengths of 600 and 700 nm) is then employed to capture the light emissions. The camera is capable of
recording images with a 1024 x 1024 pixels resolution, at a frame rate of 3200 Hz. Five high-power LEDs are used to
illuminate the wing model, which are designed to emit light with a central wavelength of 490 nm. Each of these LEDs is
applied a band-pass filter (385ET70) for a desired wavelength range (i.e., 350 to 420 nm). Finally, it is worth noting that
the uPSP camera and light source are also located outside the tunnel vein behind the optical side-wall windows, i.e.,
akin to the PIV setup.
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Fig. 4 Stereo-PIV setup. Images depicting the orientation of all measurement planes virtually (left) and
exemplified for one test setup in the tunnel vein - see 𝑆1 (right).

D. Experimental matrix
During the experimental campaign within the project Diabolo, a large test matrix is covered, comprising various flow

conditions (i.e., Mach numbers and pitch angles). Seven flow speeds are considered, corresponding to Mach numbers
from Ma = 0.55 to 1.15, thereby encompassing various sub- and transonic regimes. For each Mach-number case, the
model is set at several incidences, with pitch angles ranging from 𝛼 = 9◦ to 24◦ by increments of 3◦. Notably, this range
of incidences varies depending on the Mach number tested; In particular, for high-Mach-number flows (beyond Ma ≥
1.0), the model is limited to relatively lower angles of attack due to the increased blockage and structural loads. The
variation in the model’s pitch angle is achieved using a hydraulically driven, high-precision actuator, placed outside the
test section where the DLR-F23 configuration is mounted.

IV. Results and Discussion
In this section, the experimental results characterizing the DLR-F23 wing’s vortex-flow phenomena are discussed

and analyzed, their sensitivity towards the flow regime and incidence being particularly looked upon.

A. Vortex-flow phenomena on a triple-delta wing
First, the flow field occurring on and around the DLR-F23 model is characterized for a (moderate) subsonic flow

(i.e., Ma = 0.65) when set at a pitch angle of 18◦, thereby exploring the vortex systems before they may be significantly
affected by transonic effects (e.g., compressibility). Figure 5 combines PIV and uPSP results at this particular flow
condition, depicting non-dimensional axial vorticity contours (𝜔𝑥 𝑙𝜇/𝑈∞) and reversed flow features (𝑢/𝑈∞ < 0) in the
two measurement planes perpendicular to the inflow, with time-averaged pressure distributions (here 𝐶p,rms and 𝐶p,mean)
projected on the wing’s surface. Under these subsonic conditions, three vortical systems are seen to develop over the
wing, namely an inboard (IBV), midboard (MBV), and outboard (OBV) vortex which respectively originate from the
wing’s forebody, strake, and main wing. These observations are in good agreement with those from prior works; For
instance, vortices developing over the strake and main wing of a triple-delta-wing configuration, respectively labeled
IBV and MBV, are also reported for subsonic inflow speeds [11, 12]. Notably, however, these vortices related to the
strake and main wing rather correspond to the here observed MBV and OBV. This is likely due to the present inboard
vortex, IBV, either being referred to as forebody vortex instead or being not developed in the literature flow conditions.
The latter may be due to the comparatively lower subsonic inflow speeds (e.g., Ma ≤ 0.2), for which this inboard vortex
system may not have emerged, at least significantly. Aside from this, it can be seen how the present MBV and OBV
change in size, vortex-core location, and vorticity magnitude when traveling further downstream (i.e., from the kink to
the trailing-edge, or from PIV planes 𝑆1 to 𝑆2). Downstream over the main wing, the vortices appear to be broken down
due to their relatively weaker, yet larger area. Besides, the IBV seems to have disappeared and/or merged with the MBV.
In addition, some secondary, counter-rotating vortices are seen to develop near the leading edges of the strake and main
wing, which both form underneath the larger MBV and OBV, respectively. Finally, one may also notice a region of
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reversed flow, which develops in the OBV’s core and indicates its broken-down state.

OBV

MBV

IBV

vortex trajectories

vortex merging
(IBV+MBV)

reversed flow

vortex breakdown

Fig. 5 Isometric view of the DLR-F23 configuration at a pitch angle 𝛼 = 18◦ and under high-subsonic flow
conditions (i.e., Ma = 0.65), depicting non-dimensional axial vorticity and reversed-flow velocities at two PIV
planes as well as root-mean-square (rms) and mean pressure coefficients over the wing’s surface.

When now complementing the near-wall pressure fluctuations obtained from the uPSP measurements, the cores of all
three vortex systems (where the 𝐶p,mean values are lowest) can be tracked over the wing surface; In fact, this indicates
how the IBV is drawn into the MBV, ultimately merging into one vortex. At the same time, the OBV is seen to develop
at the kink between the strake’s and the main wing’s leading edge. The vortices’ breakdown seems to occur at the
location, where the high pressure fluctuation subside. At first glance, it is worth noting that the vortex core locations
seem to match well between the PIV and uPSP results, as revealed by the IBV’s and MBV’s trajectories on the surface
running through the center of the vorticity fields in the PIV plane.

After characterizing the vortical flow structures developing at subsonic conditions, Fig. 6 depicts the PIV and uPSP
results under a fully transonic flow (i.e., Ma = 0.85) when set at incidence of 21◦, showing non-dimensional axial
vorticity contours and reversed flow features in the two measurement planes perpendicular to the inflow, again with
time-averaged pressure distributions projected on the wing’s surface. Please note that, for this particular case, the third
PIV measurement plane (𝑆3) is also captured, which here depicts the normalized crossflow component (i.e., 𝑣/𝑈∞).
Compared with its subsonic (Ma = 0.65) counterpart, the transonic case exhibits weaker vortex systems, as shown by
their lower values in non-dimensional axial vorticity. In contrast, however, the reversed flows developing in the vortex
cores become more pronounced, whilst also occurring in both up- and downstream planes, as for example seen for the
IBV’s core at the kink. Notably, a similar reversed flow may also be present in the MBV’s core, which however is not
resolved owing to the possible lack of tracer particles in the vortex cores with increasing flow speed (cf. III). In terms
of the vortices’ development, it can be seen that their structures are here even further broken down near the wing’s
trailing edge, with only the outer vortex bounds being visible. This is likely due to the influence of transonic effects, e.g.
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the emergence of normal shocks, that would induce shock-vortex interactions. Indeed, as can be seen from the uPSP
results, shock fronts develop near the kink between the LEVCON and the strake, as well as another downstream where
the high surface pressure fluctuations of the vortex cores abruptly subside. The latter shock can be seen in the third
(non-perpendicular) PIV plane, which plots the crossflow component; Here, a subtle "cut" in the region of increased
𝑣-velocity can be observed. Notably, it appears that, under these transonic conditions, the vortices do not merge any
longer, but rather directly break down, whether this is related to their detachment or the influence by the shock fronts.

broken-down
OBV

MBV

IBV

normal shock
at main wing

reversed flow

vortex
trajectories

normal shock
at strake

broken-down
MBV

crossflow

reversed flow

Fig. 6 Isometric view of the DLR-F23 configuration at a pitch angle 𝛼 = 21◦ and under transonic flow conditions
(i.e., Ma = 0.85), depicting non-dimensional axial vorticity and reversed-flow velocities at two PIV planes as well
as root-mean-square (rms) and mean pressure coefficients over the wing’s surface.

Next, Fig. 7 depicts the PIV and uPSP results under a high-transonic, or low-supersonic, flow (i.e., Ma = 1.15) when set
at an incidence of 12◦, showing non-dimensional axial vorticity contours in the two measurement planes perpendicular
to the inflow, with the time-averaged pressure distributions projected on the wing’s surface. At this stage, the reader is to
note two aspects; first, at this higher flow speed, no reversed axial flows occur, according to which they are not plotted.
Second, the pitch angle is purposely chosen to be lower (i.e., 𝛼 = 12◦) compared to the previous cases, owing to the
higher aerodynamic loads acting upon the wing model. Overall, it can be seen how the flow field is noticeably affected
and driven by compressible effects, such as more pronounced shocks. The most striking observation is that the OBV is
considerably impacted at these conditions; Here, the OBV seems to be suppressed due to the presence of a shock front
that runs almost parallel to the inflow (here denoted as crossflow shock). Due to this shock behavior, the outer part of
the main wing exhibits low mean pressures and the flow wrapping around its tip remain rather close to the wing surface.
Contrasting the OBV, the IBV and MBV both still emerge, even though their size appears to be smaller. In terms of their
vortex trajectories, they travel fairly straight in the streamwise direction, which is believed to stem from the high axial
velocities compared to any lateral ones associated with the model’s inboard geometry or its three-dimensional tip effects.
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crossflow shock
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Fig. 7 Isometric view of the DLR-F23 configuration at a pitch angle 𝛼 = 12◦ and under high-transonic flow
conditions (i.e., Ma = 1.15), depicting non-dimensional axial vorticity and reversed-flow velocities at two PIV
planes as well as root-mean-square (rms) and mean pressure coefficients over the wing’s surface.

B. Sensitivity towards the flow regime and incidence
Upon the above observations, it is shown how susceptible these complex vortical-flow phenomena are to the flight

conditions, such as the Mach number and pitch angle. To further investigate the vortices’ dependency on both the
flow regime and incidence, Fig. 8 depicts two-dimensional views onto the PIV planes for two selected series: for all
Mach numbers tested at a fixed pitch angle (𝛼 = 12◦) and across all incidences for one transonic flow regime (Ma =
0.85). Once again, the figure plots the non-dimensional axial vorticity contours alongside the regions of reversed flow,
which is now complemented with markers indicating the vortices’ core location derived from the flow streamlines.
Please note that square and diamond markers respectively represent the vortices’ core projections on the upstream (𝑆1)
and downstream (𝑆2) planes. Overall, it can be seen how the vortices develop from the upstream plane (at the kink)
towards the plane near the trailing-edge (over the main wing); Both the IBV and MBV move further outboard, following
the DLR-F23 geometry, whilst also increasing (resp. decreasing) in terms of area (resp. vorticity magnitude). When
looking at the variation in Mach number, one can observe how all three vortices shift with increasing flow speed; In
particular, the OBV travels inboard, widening and eventually interacting with the MBV at Ma = 0.95, before being
strongly affected by the developing crossflow shocks (at Ma > 1.0). At these higher Mach numbers, even though the
OBV appears to be broken down and suppressed by the presence of the shocks, the flow streamlines revealed a vortex
core that forms above the crossflow shock line. At this stage, it is also worth noting that the OBV appears to already
break down at subsonic flow conditions, as revealed by the reversed-flow region in its core. Notably, such onset of axial
flow deceleration (particularly flow reversal) in the vortex core is a known indicator of vortex breakdown.

Next, focusing on the vortices’ behavior subject to the aircraft pitch angle, one can notice somewhat similar trends -
e.g., the vortices here shift with increasing pitch angle. More importantly however, they expand away from the model
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surface, significantly widening and thus interacting with one another, such that they break down (e.g., for the OBV)
and/or merge (i.e., IBV, MBV, and eventually OBV) over the main wing. For instance, the vortices seem to blur together
as early as 𝛼 ≥ 15-18◦, with the OBV being broken down across all incidences considered. Interestingly, it is worth
noting how the MBV exhibits a rather sudden breakdown behavior, characterized by a large region of strong flow
reversal (see 𝛼 ≥ 21◦). Such an abrupt bursting appears to resemble the bubble-type vortex breakdown, according to
which vortices developing from slender leading-edge geometries (i.e., 𝜑 > 65◦) at high pitch angles experience a sudden
stagnation of axial flow and possible flow reversal, in form of a quasi-axisymmetric bubble. Even though the sudden
vortex breakdown onset is difficult to verify due to the present angular increments of 3◦, the results tentatively echo the
bubble-type characteristic frequently referred to in the literature [19, 20]. Finally, the IBV also exhibits rather sudden
flow reversal, which occurs already upstream at the kink for high pitch angles.
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Fig. 8 Planar (2D) views of both PIV planes (𝑆1 and 𝑆2) when looking downstream onto the DLR-F23
configuration, depicting non-dimensional axial vorticity and reversed-flow velocities - this being either shown for
all Mach numbers (Ma = 0.55 to 1.15) at a pitch angle 𝛼 = 12◦ on the left, or for all incidences (𝛼 = 9◦ to 24◦)
under a fixed transonic flow speed (Ma = 0.85) on the right. Filled squares and diamonds, and hollow circles
respectively indicate the vortices’ cores, derived from the flow streaklines and most pronounced reversed flow.
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Upon all above, the vortex dynamics driven by the flow conditions indicate rather varying vortex-core trajectories,
which is looked upon in more detail in Fig. 9. The figure plots the vortices’ trajectories for two selected cases in terms
of Mach number and incidence, which is obtained by tracing the minimum mean pressure coefficients from the uPSP
results. In addition, the vortex core locations derived from the PIV planes are projected onto the wing surface.

Fig. 9(a) depicts the trajectories of all three primary vortex systems (i.e., IBV, MBV, and OBV) across all Mach
regimes at a common pitch angle of 𝛼 = 12◦. As can be seen, all vortices slightly shift further inboard as the flow speed
increases. This may likely contribute to earlier or delayed vortex merging, that is observed previously for the IBV and
MBV. Aside from that, the MBV seems to follow more closely the LEVCON, as the Mach number increases. This
may stem from the increased axial flow velocities, which leads to the shear layer just rolling up into the MBV once the
kink from LEVCON to strake occurs. Regarding the vortex core projections, the PIV and uPSP show an overall fair
alignment, whilst - more importantly - capturing the qualitative trend of the vortices’ shift with an increasing inflow
speed. What concerns the downstream PIV plane, the results are less definitive owing to the difficulty of identifying the
vortices’ trajectories from the surface pressures beyond their breakdown and/or merging onsets. At this stage, it is worth
noting that the core locations derived from the streamlines and reversed-flow regions differ more or less significantly,
both in terms of their spanwise location (what is plotted here) as well as their vertical position (cf. Fig. 8).

Next, when looking at a transonic flow case (Ma = 0.85) across all incidences in Fig. 9(b), it is most striking how
the IBV and MBV develop; As can be seen, they begin to merge once the wing is pitched to an angle of attack of
approximately 18◦. At smaller incidences, both vortices travel downstream, before they are broken down due to the
interaction with a near-trailing-edge shock front. In contrast, when pitched to higher angles, the vortices are affected by
a shock front developing further upstream as well as the earlier flow detachment associated with these high angles, all
resulting in the IBV and MBV breaking down before they could merge. Notably, it was also found that this critical
incidence, at which the vortex merging first occurs, changes with the flow regimes; For instance, at lower Mach numbers
(Ma = 0.65 and 0.75), the IBV and MBV start to merge when the model is set at 𝛼 = 15◦. For the sake of conciseness,
however, these other vortex trajectories are not plotted here. In terms of the vortex core projections from the PIV planes,
similar trends can be observed, with their agreement being more or less promising from a qualitative or quantitative
perspective, respectively.

Ma (-)

(a) Dependency on the Mach number, Ma (b) Dependency on the angle of attack, 𝛼

Fig. 9 Dependency of the vortex trajectories with respect to the Mach number (left) and pitch angle (right).
Vortex cores are projected based upon flow streaklines from the PIV results, indicated via markers for the IBV
(◦), MBV (□), and OBV (▽). In some cases, vortex cores are also projected using the most pronounced flow
reversal (via ×).
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V. Conclusions and Perspectives
The present work explored the flow field characteristics, and more specifically the vortex-flow phenomena of a

generic triple-delta wing configuration, namely the DLR-F23 aircraft, in the Transonic Wind Tunnel in Göttingen. The
flow structures are visualized using a combination of stereo particle-image velocimetry and fast-response, unsteady
pressure-sensitive paint. To cover a large experimental matrix, a wide range of flow conditions is explored, including
various flow regimes (from Ma = 0.55 to 1.15) and angles of attack (from 𝛼 = 9 to 24◦). Results revealed that the flow
field over the DLR-F23 configuration is primarily characterized by three dominant vortex systems, namely the inboard,
midboard, and outboard vortex, their trajectories and characteristics being heavily dependent on the flow regime (whether
low-, medium-, or high-transonic) and/or the incidence. Aside from that, once the flow regime becomes sufficiently
transonic, compressibility effects are seen to play major role in the development, merging, and breaking down of those
vortical systems. Interestingly, these compressibility effects (e.g., shock fronts) develop in several regions, such as near
the LEVCON/strake, further downstream near the trailing edge, and even as a crossflow shock almost parallel to the
inflow. According to their complexity and variability depending on the flow conditions, further explorations of these
vortex-flow phenomena in transonic regimes is highly sought after. In particular, this set of experimental data may be
further used to validate numerical computations, thereby paving the way to more detailed and extensive analysis of the
flow field characteristics and vortex structures. Ultimately, this would all lead to developing more efficient and high
performant triple-delta-wing aircraft configurations that could operate robustly in a wide range of flight conditions (i.e.,
Mach numbers, pitch angles).
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