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Abstract

Eddy-viscosity turbulence models based on the Boussinesq assumption provide the baseline model for com-
putational fluid dynamics simulations of aerospace applications. In the leading edge vortex flow of high-agility
aircraft of mid to low-aspect-ratio wings, these models show a deficit in accuracy, where the deviations from
real-world flow fields originate in turbulence modeling. Just the possible combinations of angle of attack, angle
of sideslip, and control surface deflections at a distinct Mach number call for an enormous amount of compu-
tational fluid dynamics simulations in the aircraft design phase. Thus, employing scale-resolving techniques or
using more complex turbulence models is not feasible. This study delivers a detailed analysis of an adaptive
turbulence model based on the one equation Spalart-Allmaras turbulence model, designed with special em-
phasis on leading edge vortex flows. The analysis will be conducted for a generic double and triple delta wing
configuration, for which numerical data based on the enhanced turbulence model will be compared to results
for the original turbulence model and high-fidelity datasets based on delayed-detached-eddy simulations as
well as experimental data such as aerodynamic coefficient polars and particle image velocimetry results.
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1. Introduction

Modern high-agility aircraft are operated at the limits of the flight envelope. Flight at high angles
of attack is an inherent part of both offensive and defensive maneuvering in the world of modern
fighter aircraft [1]. Aerodynamic and stability characteristics must provide sufficient control power
and maneuverability. Moreover, they face contradicting aerodynamic challenges along their envelope
since the slender wings have to enable high agile maneuverability at trans- and subsonic speeds while
being designed for supersonic cruise [2]. Flow physics effects directly affect the flight mechanics,
which influence stability, controllability, and departure resistance at high angles of attack [1]. Accurate
tools to asses these aerodynamic needs in detail are thus fundamental to aircraft designers.

Vortical motions make fluid flows fully three-dimensional and complex, where understanding the vor-
tex structures is a prerequisite for flow prediction and control [3]. In the case of slender wings, such
as delta wings, the flow separates from the sharp leading edge. It rolls up to a spiral-shaped primary
vortex over the wing to induce additional velocities at its upper surface. The extra lift induced by
such leading-edge vortices is commonly called "vortex lift" and positively increases the high angle of
attack performance of such delta wing configurations [4, 5]. Substantial pressure gradients between
the suction peak of the pressure distribution and the leading edges lead to the separation of the
boundary layer at already small angles of attack. The detached boundary layer forms a secondary
vortex, counter-rotating to the primary vortex [6]. At a certain angle of attack and flow properties
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combinations, vortex burst, or vortex breakdown is characterized by a sudden increase in the vortex
cross area and a change in the flow structure from jet- to wake-type flow [7]. Vortex breakdown can
be a limiting factor on the operating attitude of a slender-winged aircraft and is thus also of great
interest [8]. Adding wing strakes may delay vortex breakdown, evolving single delta wings to double
and further multi-delta wing configurations [5]. Brennenstuhl et al. conducted a series of low-speed
wind tunnel tests of double delta wings commonly used for modern fighter aircraft [9].
Comprehensive research on modern delta wing aerodynamics has been carried out in recent history.
Fritz et al. summarize the accomplishments of the Second International Vortex Flow Experiment,
where a 65° delta wing with sharp and blunt/rounded leading edges was investigated experimentally
[10]. During the Cranked Arrow Wing Projects (CAWAP |&ll), various groups performed numerical
simulations of the F-16XL aircraft for purposes of code validation and improved understanding of the
flight physics of complex interacting vortical flows [11, 12]. Within the scope of the NATO AVT-316
task group, Hévelmann et al. present experimental and numerical investigations on the aerodynamics
of a generic triple-delta wing configuration [13]. Further, Pinlr et al. conduct low-speed wind tunnel
tests on a generic double and triple delta wing configuration to investigate the vortex interaction
aerodynamics [14].

Morton et al. showed that typical Reynolds Averaged Navier—Stokes (RANS) methods are inadequate
for capturing the physics of vortex breakdown at high Reynolds numbers, whereas, in contrast, both
Detached Eddy Simulation (DES) and streamline curvature correction (SARC) resembled the exper-
imental data very well [15]. The reduction of accuracy of RANS simulations caused by the extensive
alteration of turbulent shear flows caused by system rotation or streamline curvature is a well-known
phenomenon [16]. However, for many flow conditions and geometry changes, such as during the
aircraft design phase, RANS simulations employing eddy-viscosity turbulence models based on the
Boussniesq assumption are still state-of-the-art. RANS simulations of separated flows are more cost-
effective by at least an order of magnitude than the more advanced eddy models [16, 17]. Another
aspect of the research has been the extension or correction of eddy viscosity turbulence models to
better suit flow problems with system rotation or vortical motions. Based on the idea of the "gyro-
scopic stability effect" from Knight et al., Spalart et al. proposed a measure of the extra influence on
the turbulence of rotating shear layer flows or curved boundary layers [18, 19]. Smirnov et al. adapt
this rotation-curvature correction to the shear stress transport model [20]. A streamline curvature
correction (SARC) approach by multiplying the production term in the original Spalart—Allmaras (SA)
turbulence model by a rotation function is introduced by Shur et al. [16]. Wilcox et al. generalize
the second-order closure scheme developed by Wilcox and Traci for curved streamline flows [21].
Two approaches, the "Modified coefficients approach" and the "Bifurcation approach," are explored
by Arolla et al. to account for the effects of rotation and curvature [22]. The majority of available
rotation corrections are defined while preserving the globality of the fundamental turbulence model.
Moioli et al. implement additional source terms into the one equation SA turbulence model [23, 24].
These added terms are controlled by model coefficients and a "so-called" switch factor, which limits
the influence of the additional terms only to vortex-dominated flow regions and switches them off in
unaffected areas of the flow.

This work will assess the performance of the adaptive turbulence model by Moioli et al. for the two test
cases of a generic double and a generic triple delta wing configuration [23]. With the primary objec-
tive of improving aerodynamic coefficients such as lift, drag, and moment coefficients, this adaptive
turbulence model contributes to a more efficient and effective aerodynamic design process by refin-
ing the calculation of forces and moments acting on structures at a relatively low cost compared to
higher order numerical tools or experimental investigations.

The improvements of the RANS simulation results increased the accuracy of aerodynamic data. Flow
field representation will be elucidated by comparing the results of numerical simulations based on the
original Spalart-Allmaras turbulence model, high-fidelity Delayed Detached Eddy Simulation (DDES),
and experimental wind tunnel data.
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2. Generic Multiple Swept delta wing Platform

The following investigations will consider a double and a triple delta wing configuration with sharp
leading edges. The configurations are part of a generic wing-fuselage delta wing platform subject to
a joint research program in cooperation with Airbus Defence and Space and the German Aerospace
Center. They are embedded in the NATO AVT-316 task group [25]. Several experimental and numeri-
cal studies have been conducted for various configurations [13, 14, 26, 27]. The physical wind tunnel
models have a fuselage and interchangeable flat plate wings, where each configuration type is also
equipped with deflectable control surfaces, e.g., levcons for triple delta wings and slats for double
and triple delta wings.

The two configurations included in this study are described by F2 xx7552 STLong LV0OO0 SLOO for the
double delta wing and F3 527552 STLong LV0O SL0OO FLOO for the triple delta wing, respectively. The
most critical geometrical parameters of the two configurations are listed in Table 1. Additionally, the
planforms of the configurations are depicted in Figure 1. The designation of the configurations follows
the initial convention developed by Airbus Defence and Space. E.g., the platform F3 527552 STLong
LVOO SLOO FLOO describes a triple delta wing (F3) with a 52.5° levcon sweep angle ¢, a 75° strake
sweep angle ¢, and a main wing sweep angle of ¢; = 52.5°. STLong designates the long strake
section of the two possible values for I, in Table 1, whereas STShort would designate the shorter
version. The abbreviations LV, SL, and FL, followed by the number 00, describe the zero deflection
angles for the different available control surfaces: levcon (LV), slat (SL), and flap (FL).
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Figure 1 — Generic multiple swept delta wing planforms with corresponding geometrical properties
listed in Table 1. (a) Generic double delta wing. (b) Generic triple delta wing.

Table 1 — Geometrical properties for the generic double and triple delta wing configurations (Figure 1).

Double Delta Triple Delta
¢, [m] 0.625 0.689
5/2[m] 0.366 0.417
Syef [m?] 0.266 0.329
Al—] 2.02 2.1
Lior [m] 1.16 1.16
Iy [m] 0.426 0.468
Li/er[—] - 0.125
L/cr|—] 0.475 0.35
L/c,[—] 0.35 0.35
o1 [°] - 52.5
¢ [°] 75 75
03 [°] 52.5 52.5
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3. Numerical Setup

All simulations are performed with the TAU-Code (triangular adaptive upwind) developed by DLR as
the flow solver. Representing not one simple code but a modern software system to compute inviscid
and viscous flows at various flow velocities for simple and complex geometries, the DLR TAU-Code
is widely accepted in the aviation industry and provides a tool to run complex flow simulations on
structured and unstructured hybrid grids. The TAU system comprises different modules and libraries
to allow for the easier development, maintenance, and reuse of the code or parts of it. Inter-module
communication and interaction with a running simulation is enabled by Python scripting [28].

Flow calculations are based on the dual grid approach, which gives good results for three-dimensional
hybrid grids. The Runge-Kutta dual time stepping method or a backward Euler implicit scheme is used
as a time-marching method to solve three-dimensional Navier-Stokes equations with LU-SGS (lower-
upper symmetric Gauss-Seidel) or SGS iterations. The optimization process described in Section 5.

is coupled with TAU via a Python framework (Python 3.8.16).

All simulations are set at a Mach number of M., = 0.15 and a Reynolds number of Re = 3-10° to
resemble the experiments conducted in the wind tunnel of the Chair of Aerodynamics and Fluid
Mechanics at the Technical University of Munich by Pfnir et al. [14]. All numerical grids have been
designed as hybrid unstructured grids with prism layers, incorporating hexa- and tetraeders with the
ANSA pre-processor.

Figure 2 presents the results of the conducted grid study concerning the double delta wing config-
uration (Figure 1a). Simulations at the angles of attack o = 8°, 16°, 24°, 32° have been run for five
different grid resolutions ranging from ~ 3.4 - 10° grid points for the very coarse (vc) to ~ 36.5-10° grid
points for the very fine (vf) grid. Figure 2a indicates that all grid resolutions represent the experi-
mentally obtained lift coefficient rather well. The results of the pitching moment coefficient depicted
in Figure 2b show that the deviations from the reference coefficients increase for an increasing angle
of attack a. Compared to the other grid resolutions, the fine grid shows an outlier for the pitching
moment coefficient in Figure 2b. The source of this pitching behavior of the fine grid could not be
discovered. Still, it is noticeable that the outlier is present for all angles of attack except o = 8° and is
not present in the lift coefficient characteristics.

Considering the results of the grid study, the coarse grid resolution was selected. This grid level has
~ 5.6-10° grid points.

4. Adaptive Turbulence Model

Equation 1 gives the enhanced turbulence model formulation based on the original one-equation
Spalart-Allmaras Turbulence Model [23, 24]. The additional source terms are controlled by model
coefficients and the switch factor & (i —vii in Equation 1), which is only effective in vortex-dominated
flow regions and switches off the added source terms in the unaffected areas of the flow.
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Among all influences, the vortex identifier switch quantity £ is the most essential control quantity in the
adaptive turbulence model. Following the findings of Truesdell and Jeong et al., the vortex identifier
quantity is based on the definition that a vortex can be defined as the region where the kinematic
vorticity number N; is greater than one [29, 30]. From the definition Ny = @/S and the addition of a
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Figure 2 — Gridstudy for the double delta wing configuration (F2 xx7552 STLong LV0OO SLO0O0) at
Mach number of M.. = 0.15, Reynolds number of Re = 3- 10° and angles of attack of
o = [8°,16°,24°,32°]. (a) lift coefficient C;.. (b) pitching moment coefficient Cy,.

small number ¢ to avoid numerical overflow in the case the strain rate takes on values close to zero,

the vortex identifier is computed by [23]:
®
((572) ) ’0‘0] o=l @

The coefficient ¢,; offsets the resulting fraction and is needed to remove the influence of £ in the
boundary layer. The combination of model coefficients, vortex identifier and additional field vari-
ables (i — vii in Equation 1) enable the additional source terms to specifically target different vortex-
dominated flow subdomains.

& = max

Coefficient ¢,y (i in Equation 1) controls the term which is most similar to the original coefficient ¢,
and is only combined with the vortex identifier £ to introduce additional sources in vortical flow fields.
More model flexibility is achieved by introducing two exponentials to & (ii —iv in Equation 1). The
term ¢y is coupled with a sublinear dependence on & by /2, whereas ¢;,; embodies a superlinear
dependency by £2. The radial-wise influence of the terms is further extended by adding a negative
exponent in ¢,y4 to achieve inverse radial influence. Coefficient ¢y, (v in Equation 1) is combined
with the normalized helicity A. Expressing the alignment of velocity and vorticity vectors, the helicity
H =V - o takes on higher values in regions of fully developed vortices since the unburst part of a
vortex shows high axial and rotational velocities, where the vorticity is increased along axial direction
[31]. Thus, the source term c;,,1EAV acts in regions of fully developed vortices. To prevent the
turbulence model from acting differently for right and left-rotating vortices, it is important to use the
absolute value of the helicity since the quantity also considers the vortex’s chirality [32, 33]. To non-
dimensionalize all added quantities, the absolute value of helicity is normalized by the free-stream
velocity, resulting in a final non-dimensional helicity 4 = (V - ®)/U... The flow regions downstream of
vortex breakdown are influenced by an inverted helicity-based term and the coefficient ¢;,;,. Caused
by abrupt changes in rotational and axial velocities, regions of high-velocity gradients can enclose
vortex breakdown [8]. Thus, the coefficient ¢,y;, combined with the velocity gradient tensor and the
vorticity direction, mainly influences regions near vortex breakdown. Figure 3 shows the influence of
three additional turbulence model coefficients for an exemplary double delta wing configuration.
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Figure 3 — Influence regions of the additional turbulence model coefficients. (a) ¢,y acts on fully
developed vortices upstream of vortex breakdown. (b) ¢,y influences mainly regions downstream
of the vortex breakdown. (€) ¢,y acts in proximity the vortex breakdown.

5. Optimization of Additional Turbulence Model Coefficients

The additional model coefficients (i — vii in Equation 1) can be determined by a gradient descent-
based optimization process [23]. The iterative algorithm minimizes the L-1 norm between numerical
and experimental data & (x), which is defined as

Zk 121 1 [gexz) Wfi”
mn ():;”:1 wé})
Where k is the number of design points, e.g., angles of attack, and [ is the number of experimen-
tal coefficients, e.g., the lift coefficient C; and pitching moment coefficient Cy,. ee(x represents the

deviation of numerical from experimental coefficients with the weighting factors wfil), controlling the
influence of the experimental reference values [23].
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Figure 4 — Flowchart of the coefficient optimization process.

In Figure 4, the optimization process is depicted as a flowchart. First, the user defines a set of
start coefficients xy and the increments per model coefficients Ax. Each iteration consists of a first
base iteration, after which a simulation with the added coefficient increment is restarted for each
active model coefficient. Parallel, a second base simulation is restarted to have a consistent base
solution throughout the optimization process. Once all simulations of the current iteration have been
concluded, the errors between numerical and experimental reference data can be computed. Based
on these errors, the gradients and descent directions are defined and a new set of coefficients is

6
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determined by

) = 70 4 oA (), X

Where a = 0.5 is used as a relaxation factor to avoid overshooting during the optimization. If the
determination of the additional turbulence model coefficient reaches a valuable level of convergence,
the optimization concludes with the new set of model coefficients. If the objective function has not
converged, the optimization loop is restarted with the recently computed model coefficients as input
for the next iteration.

Following this flowchart, in Figure 5, the graph of an optimization run for the double delta wing con-
figuration at oo = 24° can be seen. In the top part of the figure, the objective function &(x) is plotted
against the optimization iterations. The history of the three active model coefficients of interest is
plotted in the lower part of Figure 5.
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Figure 5 — Sample chart of an optimization process.

6. Results

In the following paragraphs, the results for the double delta wing configuration F2 xx7552 STLong
LVOO SLOO and the triple delta wing configuration F3 527552 STLong LV0OO SLOO FLOO (Figure 1 &
Table 1) are presented. The results are compared between RANS simulations based on the original
SA turbulence model with Ewards-modification (SAE), the introduced adaptive turbulence model with
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optimized coefficients (SAopt), high-fidelity DDES as well as Particle Image Velocimetry (PIV) wind
tunnel results.

Reference PIV data was obtained in the wind tunnel of the Chair of Aerodynamics and Fluid Me-
chanics at the Technical University of Munich by Pfnir et al. [14]. Already existing high-fidelity DDES
results by Sedlacek et al. are taken as further reference [34]. Time-averaged variables are presented
for a proper comparison with quasi-steady RANS simulations. For example, the pressure coefficient
Cp corresponds to the mean pressure coefficient Cp.

In Table 2, the final set of optimized turbulence model coefficients are listed per angle of attack a and
configuration. Since the optimization process is an inherently local approach, this set of coefficients
may represent a local rather than a global optimum [23]. Multiple optimization runs with varying
starting values would be needed to learn about the local and global minima.

Table 2 — Results of the optimized set of turbulence model coefficients per configuration (DD - double
delta wing, TD - triple delta wing).

configuration Cpvil Chvhl Chvi2 Chvb
o — 24° DD 0.103 0.105 -0.088 0.089
- TD -0.099 0.134 0.004 -0.022
o — 30° DD 0.273 0.5 0.127 0.515
o TD 0.533 0.393 0.25 0.386

6.1 Double delta wing - F2
6.1.1 Aerodynamic Coefficients

In Table 3, the total aerodynamic coefficients are listed for the wind tunnel results and the two dif-
ferent RANS turbulence models. Generally, RANS turbulence models show more problems correctly
representing the pitching moment coefficient Cy; than the lift coefficient Cy, [26].

Comparing the lift coefficient C, at an angle of attack of a = 24°, it can be seen that both RANS
turbulence models underestimate the absolute lift coefficient. The adaptive turbulence model SAopt
improves the error about 1.7%, but both models are relatively close in accuracy. The results for the
pitching moment coefficient show that the adaptive turbulence model reduces the percentage error
by about 7%.

At an angle of attack of o = 32° the resulting lift coefficient improves with the adaptive RANS model,
which reduces the error about 4% to nearly 0. Shown by Pfniir et al., the double delta wing con-
figuration exhibits an aggressive and abrupt effect of vortex breakdown, including a severe pitch-up
tendency [14]. With a measured maximum lift coefficient at o, = 33°, the used design point o = 32°
represents the sign change from nose-down to nose-up pitching moment in the pitching moment
slope. At this stage, from a flight dynamics view, critical area of interest, the adaptive RANS reduces
the deviation of the pitching moment coefficient by roughly 430%.

6.1.2 Surface Pressure Distribution
The surface pressure distributions on the wing upper side in Figure 6 highlight each simulation result’s
near-wall flow characteristics.

Comparing the Cp distributions for a = 24° (Figure 6a - Figure 6¢) it can be deducted, that SAopt
slightly reduces the suction peak at the 75° swept strake section. Further, the suction peak area
on the main wing is extended downstream when compared to the DDES result in Figure 6¢c. These
changes in the surface pressure distribution contribute to the reduced nose-down pitching moment
coefficient discussed in Section 6.1.1
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Table 3 — Comparison of the aerodynamic coefficients of experimental and numerical data for the
double delta wing configuration at Mach number of M., = 0.15, Reynolds number of Re = 3 - 10° and
angles of attack of o = [24°,32°].

CL ACL[%)] Cu ACy[%]
experimental 1.30487 - -0.03682 -
o = 24° SAE 1.23112 565 | -0.03318 9.87
SAopt 1.2537 3.92 | -0.03776 2.56
experimental 1.40816 - 0.00264 -
o =32° SAE 1.47157 450 | -0.01042 495.22
SAopt 1.3972 0.78 0.00419  58.86

At a = 32° (Figure 6d - Figure 6f), the suction peak is shifted downstream from left to right. While the
DDES result only shows a moderate negative surface pressure coefficient in the area around the wing
kink, both RANS models further extend the negative surface pressure zone downstream on the main
wing. Figure 6b shows that the surface pressure coefficient for SAopt gradually rises downstream,
while Figure 6a shows that the SAE model results in another distinct suction peak downstream of the
kink on the main wing.

Cp -3 -25 2 -1.5 -1 -0.5 0 0.5 Cp -3 25 2 -1.5 -1 -0.5 0 0.5 Cp -3 -25 2 -1.5 -1 -0.5 0 0.5

| - _amm e

(a) SAE at o = 24° (b) SAopt at o = 24° (c) DDES at o = 24°

Y

-- -- --
"‘ AT

Cp -1 -05 Cp -1 -05 -1 -05

DDES

(d) SAE at o = 32° (e) SAopt at @ = 32° (f) DDES at o = 32°

Figure 6 — Surface pressure distribution Cp at Mach number of M., = 0.15, Reynolds number of
Re = 3-10% and angles of attack of a = [24°,32°]. (a) & (d) SA with Edwards-modification SAE. (b) &
(e) adaptive turbulence model SAopt. (c) & (d) averaged high-fidelity DDES.

6.1.3 Vortex Systems

In this subsection, the vortical flow field is examined using an isosurface that represents a 2% total
pressure 0SS (p; — prw)/pre- This is shown in Figure 7 for the angles of attack of a = 24° and
o = 32°. The isosurface is colored according to the non-dimensional axial velocity u/U... Consistent
with the previous section, SAE is pictured on the left-hand side, SAopt in the middle, and DDES on
the right-hand side.

Comparing the results for a = 24° of both RANS models with the DDES, it can be seen that both
delay the expansion of the jet-type vortex core to a wake-type vortex, where SAopt slightly moves
the expansion upstream. Further, the inboard vortex (IBV) is more compressed and carries higher

9
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axial core velocities for SAopt. Additionally, the development of the mid-board vortex (MBV) is more
pronounced for SAopt and thus alters the interaction on the wing upper side with the IBV.

The a = 32° simulation results show similar behavior of the RANS turbulence models. Both models
overestimate the strength of the IBV at the strake section. It is to highlight that contrary to Pfnir et al.
findings, the DDES predicts the onset of vortex breakdown too far upstream since experimental data
suggest that the IBV breaks approximately at the kink [14]. Both RANS models show an expansion
of the jet-type vortex around the kink. Still, due to the additional turbulence model coefficients, SAopt
better represents the abrupt change of high axial velocities and shows a quick expansion.

i — &
U -05 0 05 1 15 2 25 U -05 0 05 1 15 2 25 U -05 0 05 1 15 2 25
SAE SAopt DDES

(b) SAopt at o = 24° (c) DDES at o = 24°

L U

u U u

U 05 0 05 1 15 2 25 Uw -05 0 05 1 15 2 25 U -05 0 05 1 15 2 25
SAE

(d) SAE at a = 32° (e) SAopt at a = 32° (f) DDES at o = 32°

Figure 7 — Vortex flow system visualization by an isosurface of 2% total pressure 0SS (p; — pr.cs)/ Pt oo
at Mach number of M., = 0.15, Reynolds number of Re = 3 - 10° and angles of attack of o = [24°,32°].
(a) & (d) SA with Edwards-modification SAE. (b) & (e) adaptive turbulence model SAopt. (¢) & (d)
averaged high-fidelity DDES.

6.1.4 Non-dimensional Axial Vorticity Distribution

In the following, the interaction of the different vortices (IBV & MBV) will be analyzed utilizing the non-
dimensional axial vorticity distributions ./, /U in selected YZ-cross-section. Simulation results for
SAE (left) and SAopt (mid) will be compared with PIV results (right) in the cross-sections positioned
downstream of the apex at x/c, = [0.317, 0.475, 0.592, 0.708], where x/c, = 0.475 represents the wing
kink from the 75° swept strake section to the 52.5° swept main wing.

In Figure 8, data for a = 24° is depicted. Looking at the first two cross-sections at x/c, = 0.317 and
x/c, = 0.475, SAopt shows similar levels of non-dimensional axial vorticity for the IBV like the PIV
results. Especially at the position at the wing kink, SAE shows strongly diminished levels of axial
vorticity. Moving downstream of the kink to x/c, = 0.592, the development of the MBV can be seen.
The SAE model still shows lower axial vorticity levels at this cross-section compared to PIV data. In
contrast, the SAopt model shows higher dissipation than the experimental data, resulting in lower
non-dimensional axial vorticity levels than the two upstream cross-sections.

10
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Figure 8 — Cross-section planes of non-dimensional axial vorticity w,/, /U.. at Mach number of
M., = 0.15, Reynolds number of Re = 3-10° and angle of attack of o = 24°. (a), (d), (g) & (j) SA with
Edwards-modification SAE. (b), (e), (h) & (k) adaptive turbulence model SAopt. (c), (f), (i) & (1)
averaged quantity of experimental PIV.

At a = 32° (Figure 9), both RANS models show similar non-dimensional axial vorticity levels com-
pared to the PIV data in the cross-section at x/c, = 0.317. Progressing downstream to x/c, = 0.475, the
already discussed behavior of overestimating the IBV for SAopt is visible in detail. While experimental
data showed that the IBV breaks slightly upstream of the kink at x/c, = 0.475, SAopt still indicates a
high rotational axial vorticity profile, mispredicting the downstream position of vortex breakdown. The
SAE model also shows some rotational flow patterns, but the level of the non-dimensional axial vortic-
ity is comparably lower than for the SAopt model. The cross-section x/c, = 0.592 shows that the MBV
of SAopt develops at similar axial vorticity magnitudes compared to the PIV MBV, but since there
is still a weak IBV present the MBYV is influenced by the vortex and moves upwards in the positive
z-direction, contrary to the PIV MBV-position. Although the position of the MBV for the SAE model
is similar to PIV, the strength of the vortex exceeds experimental data. The most downstream cross-
section at x/c, = 0.708 shows for all three datasets that the MBV experienced vortex breakdown, and
no rotational flow field is present at the downstream part above the main wing.
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Figure 9 — Cross-section planes of non-dimensional axial vorticity w,!,/U.. at Mach number of
M., = 0.15, Reynolds number of Re = 3-10° and angle of attack of o = 32°. (a), (d), (g) & (j) SA with
Edwards-modification SAE. (b), (e), (h) & (k) adaptive turbulence model SAopt. (c), (f), (i) & (1)
averaged quantity of experimental PIV.

6.1.5 Vortex Breakdown

A more detailed view of the differences in the vortex breakdown behavior is given in Figure 10. The
rotational flow field is visualized following the definition of Hunt et al. and Kolar et al. that a vortex
can be defined as the connected fluid region where the second invariant of the velocity gradient is
positive [35, 36].

In Figure 10, isosurfaces of the non-dimensional Q-criterion Q* = (Q-lﬁ)/Uw =50 are shown in green,
including stagnating or reversed flow indicated by a red isosurface representing u/U. < 0. For o =24°
it was shown in Figure 8 that both RANS models indicate similar behavior to the experimental data
and in Figure 10 it can be seen that also the DDES data shows more or less the same breakdown
position.

At a = 32°, it can be seen that for the DDES, the red-colored retarded flow region reaches upstream
the natural breakdown position at the kink. Further, both RANS models show similar reversed flow
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structures at comparable positions. Due to the increased vorticity for the SAopt model, the 1BV
interacts with the nose vortex and pushes it downwards, where it follows a path across the main wing
towards the 52.5° swept leading edge similar to the DDES result.

DDES
(c) DDES at a = 24°

SAopt DDES

(d) SAE at o = 32° (e) SAopt at @ = 32° (f) DDES at o = 32°

Figure 10 — Vortex breakdown visualization utilizing an isosurface non-dimensional Q-criterion
o= (Q-lﬁ)/Uw = 50 (green) and an isosurface of the non-dimensional axial velocity u/U.. < —0.05
(red) at Mach number of M.. = 0.15, Reynolds number of Re = 3 - 10° and angles of attack of
o = [24°,32°]. (a) & (d) SA with Edwards-modification SAE. (b) & (e) adaptive turbulence model
coefficients SAopt. (c) & (f) averaged high-fidelity DDES.

6.2 Triple delta wing - F3
Similar to the previous sections, the results for the triple delta wing configuration F3 527552 STLong
LVOO SLOO FLOO are presented and discussed.

6.2.1 Aerodynamic Coefficients

Table 4 presents the total aerodynamic coefficients for the wind tunnel results and the two distinct
RANS turbulence models.

When comparing the lift coefficient C; at o = 24°, it is evident that both RANS turbulence models
accurately capture the absolute lift coefficient. The adaptive turbulence model SAopt improves the
error by approximately 1%, though the accuracy of both models is quite similar. However, the adaptive
SAopt model increases the deviation from the experimental value by about 1.5% for the pitching
moment coefficient Cy.

At o = 32°, the results differ significantly. The adaptive RANS model substantially improves the lift
coefficient, reducing the error by over 4% to nearly zero. Additionally, the pitching moment coefficient
of the SAopt model closely matches the experimental target, while the SAE model shows a significant
deviation, with an error of about 12.5%.

6.2.2 Surface Pressure Distribution

Examining the surface pressure distributions on the upper side of the wing in Figure 11, the Cp
distributions for o« = 24° (Figure 11a - Figure 11c) indicate that the SAopt model effectively reduces
the intensity of the suction peaks near the junction between the 75° swept strake and the 52.5° swept
main wing. The pressure distribution obtained with the SAopt model is more closely aligned with the
DDES results than the SAE models.

At o = 32° (Figure 11d - Figure 11f), the differences between the two RANS models become more
pronounced. The SAopt model exhibits a surface pressure distribution very similar to the DDES
result. In contrast, the low-pressure zone for the SAE model extends further downstream across the
main wing. Overall, the SAopt model reduces the suction peak across the 52.5° levcon and the 75°
swept strake, leading to a reduced nose-up pitching moment, as seen in Table 4.
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Table 4 — Comparison of the aerodynamic coefficients of experimental and numerical data for the
triple delta wing configuration at Mach number of M.. = 0.15, Reynolds number of Re = 3-10° and
angles of attack of o = [24°,32°].

CL ACL[%)] Cu ACy[%]
experimental 1.28056 - 0.11349 -
o = 24° SAE 1.29672 1.26 0.10765 5.15
SAopt 1.2846 0.32 0.1060 6.60
experimental 1.4988 - 0.151012 -
o =32° SAE 1.5677 460 | 0.170023 12.59
SAopt 1.4934 0.36 0.1503 0.47

Cp -3 -25 2 -1.5 -1 -05 0 0.5 Cp -3 -25 2 -1.5 -1 -05 0 0.5 Cp -3 -25 2 -15 -1 (Jo 0 0.5

- .
SAE - ' SAopt » | — I

(a) SAE at o = 24° (b) SAopt at o = 24° (c) DDES at o = 24°

Y

Cp -3 -25 -2 -15 -1 -05 0 0.5 Cp -3 -25 -2 -15 -1 -05 0 0.5 Cp -3 -25 -2 -15 -1 -05 0 05

v — . —_—
DDES V-

(d) SAE at a = 32° (e) SAopt at a = 32° (f) DDES at o = 32°

Figure 11 — Surface pressure distribution Cp at Mach number of M., = 0.15, Reynolds number of
Re = 3-10° and angles of attack of o = [24°,32°]. (a) & (d) SA with Edwards-modification SAE. (b) &
(e) adaptive turbulence model SAopt. (¢) & (d) averaged high-fidelity DDES.

6.2.3 Vortex Systems

In this subsection, the vortical flow field is analyzed using an isosurface representing a 2% total
pressure 0SS (p; — pi)/pr- This is illustrated in Figure 12 for angles of attack of o = 24° and
o = 32°. The isosurface is colored based on the non-dimensional axial velocity u/U... Following the
previous sections, the results for SAE are shown on the left, SAopt in the middle, and DDES on the
right.

Comparing the results for a = 24° of both RANS models with the DDES, it is evident that both models
closely align with the high-fidelity DDES results. The induced IBV for all three numerical simulations
exhibit a similar structure and axial velocity distribution. A slight difference is noted in the MBV devel-
opment, which is more pronounced in the SAopt model, where the onset of shear layer separation at
the 52.5° swept main wing is visible.

For the o = 32° simulations, the results, as shown in Figure 11, reveal the already observed differ-
ences between the two RANS models. The structure and axial velocity distribution of the IBV for
the SAopt model closely match the DDES results. In contrast, the SAE model displays a more com-
pressed jet-like vortex flow with higher axial velocity distribution downstream. Similar to the findings
of Pfnir et al., where the MBV travels roughly Ax/c, ~ 0.1 before bursting, the MBV in the SAopt
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model shows only starting development before merging into the burst IBV region. In contrast, the
SAE model exhibits a strongly developed MBV with high non-dimensional axial velocities, extending
further downstream towards the rear part of the main wing.

B - B O e .
Us -05 0 05 1 15 2 25 U -05 0 05 1 15 2 25 U -05 0 05 1 15 2 25
SAE SAopt DDES

(b) SAopt at o = 24° (c) DDES at o = 24°
N [ | N [ - n N o |
Us -05 0 05 1 15 2 25 Us -05 0 05 1 15 2 25 Us -05 0 05 1 15 2 25

SAE DDES

(d) SAE at a = 32° (e) SAopt at a = 32° (f) DDES at o = 32°

Figure 12 — Vortex flow system visualization by an isosurface of 2% total pressure loss
(Pt — Preo)/ Pr oo @t Mach number of M.. = 0.15, Reynolds number of Re = 3 - 10° and angles of attack
of a = [24°,32°]. (a) & (d) SA with Edwards-modification SAE. (b) & (e) adaptive turbulence model
SAopt. (¢) & (d) averaged high-fidelity DDES.

6.2.4 Non-dimensional Axial Vorticity Distribution

The interaction of different vortices (IBV and MBV) will be discussed using the non-dimensional axial
vorticity w.l, /U in selected YZ cross-sections. The simulation results for SAE (left) and SAopt
(middle) will be compared with experimental PIV results (right) in the planes positioned downstream
of the apex at x/c, = [0.242,0.475,0.592,0.708], where x/c, = 0.475 marks the transition from the 75°
swept strake to the 52.5° swept main wing.

Figure 13 shows the data for o = 24°. At the first cross-sections located at x/c, = 0.242, it is observed
that SAopt exhibits similar levels of non-dimensional axial vorticity for the IBV as seen in the PIV
results. At the same time, the SAE model displays higher vorticity levels, indicating a stronger IBV. At
the next position, x/c, = 0.475 at the wing kink, both SAopt and PIV show significantly reduced levels
of axial vorticity, with the SAE model also showing diminished levels, closer to the experimental
data. Moving downstream to x/c, = 0.592, both RANS models exhibit a similar rotational strength
for the IBV compared to the PIV results. The development of the MBV is evident, with its strength
increasing from left to right. Both RANS models underestimate the MBV, but the SAopt model aligns
more closely with the experimental data. At the furthest downstream position, x/c, = 0.708, the axial
vorticity distribution is similar across the models. Although SAopt represents more accurately the
experimental data, it still underestimates the strength of the MBV.
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Figure 13 — Cross-section planes of non-dimensional axial vorticity ./, /U.. at Mach number of
M., = 0.15, Reynolds number of Re = 3-10° and angle of attack of o = 24°. (a), (d), (g) & (j) SA with
Edwards-modification SAE. (b), (e), (h) & (k) adaptive turbulence model SAopt. (c), (f), (i) & (I)
averaged quantity of experimental PIV.

At o = 32° (Figure 14), the PIV data and the SAopt model in the cross-section at x/c, = 0.242 exhibit
already reduced levels of non-dimensional axial vorticity, whereas the SAE model shows higher vor-
ticity levels. As seen in Figure 12, the IBV has already burst at the position x/c, = 0.475. The SAE
model is closer to the other two datasets at this location but still shows a slight rotational flow field.
In the cross-section at x/c, = 0.592, the SAE model shows some highly rotational MBV, while the
SAopt model develops a similar axial vorticity profile to that of the PIV MBV. The most downstream
cross-section at x/c, = 0.708 indicates that, in all three datasets, the MBV has undergone vortex
breakdown, and no rotational flow field is present in the downstream region above the main wing.
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Figure 14 — Cross-section planes of non-dimensional axial vorticity ./, /U.. at Mach number of
M., = 0.15, Reynolds number of Re = 3-10° and angle of attack of o = 32°. (a), (d), (g) & (j) SA with
Edwards-modification SAE. (b), (e), (h) & (k) adaptive turbulence model SAopt. (c), (f), (i) & (I)
averaged quantity of experimental PIV.

6.2.5 Vortex Breakdown

Similar to previous analyses, the differences in vortex breakdown behavior are depicted in Figure 15
using isosurfaces of the non-dimensional Q-criterion Q* = (Q-1;)/U.. = 50 in green, and a red isosur-
face representing stagnating or reversed flow u/U.. < 0.

All three numerical models exhibit similar vortical structures across the wing for o = 24°. Both the
SAopt and DDES models display a small reverse flow bubble at the rear part of the wing, which is
scarcely present in the SAE model. At o = 32°, it becomes evident that in the DDES and SAopt
models, the red region indicating retarded flow extends upstream towards the apex. This observation
is consistent with the findings of Pfnlr et al. [14]. Additionally, both models demonstrate similar vortex
breakdown positions around the junction between the strake and the main wing, whereas the SAE
model shows a delayed breakdown position, extending further downstream.
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SAopt

(b) SAopt at o = 24° (c) DDES at o = 24°

SAopt DDES

(d) SAE at a = 32° (e) SAopt at a = 32° (f) DDES at o = 32°

Figure 15 — Vortex breakdown visualization utilizing an isosurface non-dimensional Q-criterion
Q" = (Q-13)/U~ = 50 (green) and an isosurface of the non-dimensional axial velocity u/U.. < —0.05
(red) at Mach number of M.. = 0.15, Reynolds number of Re = 3 - 10° and angles of attack of
o = [24°,32°]. (a) & (d) SA with Edwards-modification SAE. (b) & (e) adaptive turbulence model
SAopt. (c) & (d) averaged high-fidelity DDES.

7. Conclusion

This study has extensively evaluated an adaptive turbulence model specifically designed to address
the limitations of conventional eddy-viscosity models for simulating leading-edge vortex flows in high-
agility aircraft with mid to low-aspect-ratio wings. Built upon the one-equation SA turbulence model,
the adaptive turbulence model has been assessed through numerical simulations of generic dou-
ble and triple delta wing configurations at different angles of attack, with the results benchmarked
against high-fidelity datasets from delayed-detached-eddy simulations and empirical data including
aerodynamic coefficients and PIV measurements. The findings demonstrate that the adaptive turbu-
lence model significantly enhances the accuracy of CFD simulations for vortex-dominated flow fields,
especially at high angles of attack or flight conditions with pronounced vortex breakdown above the
wing. The model effectively captures the complex flow phenomena associated with leading-edge vor-
tices, critical to the aerodynamic performance of low aspect-ratio wings, and addresses deficiencies
observed in traditional Boussinesg-based eddy-viscosity models.

A vital advantage of the adaptive turbulence model is its ability to provide enhanced predictive capa-
bility without the computational burden typically associated with higher-order numerical techniques
such as DDES. This balance of improved accuracy and computational efficiency makes it a viable
and practical alternative for aerospace design applications, where it is essential to evaluate a vast
array of aerodynamic conditions, including varying angles of attack, sideslip, and control surface
deflections at distinct Mach numbers. The comparative analysis with the baseline Spalart-Allmaras
model and high-fidelity methods confirms the adaptive model’s superior performance in capturing the
nuanced behavior of leading-edge vortices. This advancement offers a robust framework for improv-
ing the fidelity of CFD simulations, thereby supporting the development of more effective and reliable
aerodynamic designs.

In conclusion, the adaptive turbulence model represents a significant step forward in turbulence mod-
eling for aerospace applications, providing a more accurate and computationally feasible approach
for simulating complex flow fields around low aspect-ratio wings. Future research will aim to extend
the applicability of this model to a broader range of aerodynamic conditions and configurations, fur-
ther enhancing its utility in the iterative process of aircraft design and optimization. Another aspect of
the author’s research deals with implementing machine learning frameworks to precondition the co-
efficients of the adaptive turbulence model to add flexibility and scalability. Integrating such advanced
turbulence models holds promise for advancing our understanding of aerodynamic phenomena and
improving next-generation aircraft overall performance and efficiency.
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