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Abstract

Ensuring the safe operation of new supersonic transport aircraft requires understanding
their stability during takeoff and landing. These phases involve flying at subsonic
speeds and high angles of attack, where the aerodynamics are characterized by unsteady
vortical flow. This work assesses the accuracy of Reynolds-averaged Navier—Stokes
(RANS) and delayed detached eddy simulations (DDES) at predicting the vortex-
dominated flow over a delta wing for angles of attack up to and past stall. The delta
wing has an aspect ratio of 2 and is a simplified representation of a supersonic transport
wing. The predicted aerodynamic coefficients are compared with experimental data,
focusing on the shape of the pitching moment curve. In addition, a steadiness metric
is formulated to distinguish between steady and unsteady angles of attack. It is found
that RANS accurately predicts vortex effects in the steady regime but is inaccurate at
high angles of attack where the flow is unsteady. DDES is more reliable in the unsteady
regime, but the computational cost is at least 100 times that of RANS. Predicting the
pitching moment at the highest angles of attack is difficult even with DDES on a 69-
million-cell mesh. These results provide guidelines for choosing the appropriate fidelity
depending on the flow characteristics, the required accuracy, and the computational
budget.

1 Introduction

Supersonic transport (SST) aircraft commonly use thin, highly swept wings to reduce
supersonic wave drag. This design decision also influences the aircraft’s low-speed
aerodynamic characteristics, particularly during takeoff and landing when flying at
high angles of attack. The flow over highly swept wings at high angles of attack
is unsteady, separated, and characterized by leading-edge vortices [1]. Leading-edge
vortices can be advantageous in some cases. The Concorde relied on leading-edge
vortices instead of high-lift devices to generate lift during subsonic flight [2]. On the
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other hand, these vortices can contribute to unstable pitch-up behavior at moderate
to high angles of attack [3], conditions that fall within the aircraft’s flight envelope.
Accurately predicting high-angle-of-attack aerodynamics is essential to designing the
next generation of SSTs.

Historically, numerical methods for the low-speed analysis of supersonic aircraft
have involved vortex lattice methods (VLMs) with empirical corrections for vortex
lift, vortex breakdown, or other nonlinearities [4-6]. Some of the corrections were
based on prior theoretical models [7-9], whereas others were developed specifically for
the method. The shortcoming of these methods is that their predictive capability is
limited. This can be a result of the experimental data used to construct empirical
models, the selection of model parameters, or the generality of the model itself. For
example, Lan and Hsu [4] constructed a vortex breakdown model using a least-squares
fit of delta wing experimental data. The approximate nature of this fit caused the
vortex breakdown behavior of a 70 deg delta wing to be incorrectly modeled as a
cross between 60 and 80 deg wings. Their method was also restricted to slender wings
because of limitations in the leading edge suction analogy [7] used in the method. The
leading-edge suction analogy has since been extended to nonslender delta wings [10].
Another example is the pitch-up estimation model developed by Benoliel and Mason
[6]. Whereas the model accurately predicted pitch-up caused by outboard separation,
it was less reliable for vortex-dominated pitch-up cases. In addition, the model required
the user to specify maximum sectional lift coefficients before the analysis, limiting the
model’s usefulness for design exploration.

VLM-type methods remain an essential tool for rapid design analysis [11]. However,
more recent work has also turned to high fidelity computational fluid dynamics (CFD)
to resolve the underlying physics rather than model them. Numerous papers have dealt
with CFD for delta wings or similar supersonic wing geometries. We focus on studies
that compare unsteady turbulent simulations with experimental data because these are
the most relevant for our purposes. The first three papers we mention study a 70 deg
delta wing at an angle of attack of 27 deg. This is a popular test case because of the
full field experimental data collected by Mitchell et al. [12]. Soemarwoto and Boelens
[13] used unsteady Reynolds-averaged Navier—Stokes (unsteady RANS or URANS) to
study this case. They found that accuracy was hindered by a lack of mesh density
and the inability of URANS to model short time-scale unsteadiness. They suggested
that large eddy simulation (LES) or a hybrid RANS/LES method could provide more
accurate results. Gortz [14] used a hybrid RANS/LES method called detached eddy
simulation (DES) for the same case. They found that sufficiently refined results were
accurate but that the unsteady vortex effects were sensitive to the mesh density and
the time step. Morton [15] also used DES and found the solution to be mesh sensitive.
They showed that adaptive mesh refinement could be used to reduce the computational
cost. Francois et al. [16] considered a 65 deg delta wing at an angle of attack of 8 deg.
They found that URANS was accurate near the wing, but hybrid RANS/LES was
necessary to predict the downstream evolution of the leading-edge vortex.

There has been some CFD work for realistic supersonic configurations at high an-
gles of attack and flight Reynolds numbers. The F-16XL aircraft was the subject of the
Cranked-Arrow Wing Aerodynamics Project, International (CAWAPI) [17]. CAWAPI
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researchers compared high-fidelity CFD predictions to F-16XL flight test data, includ-
ing one subsonic case at an angle of attack of 19.8 deg. We highlight two studies
on this flight condition. The first by Lofthouse and Cummings [18] showed that de-
layed detached eddy simulation (DDES) combined with large meshes could accurately
match the flight test data. The second study by Tomac et al. [19] compared the results
from RANS, URANS, and hybrid RANS/LES models. They found that steady RANS
matched the experimental pressure distributions at parts of the wing where the flow
was steady. The unsteady models matched the flight test data more consistently. They
noted that RANS was reasonably accurate because the flight condition exhibited only
“moderate unsteady aerodynamics”. In separate work, Forsythe et al. [20] considered
the F-15E aircraft at an angle of attack of 65 deg. The flow regime, in this case, is
unlike any of the studies described above. The angle of attack is well past stall, and
leading-edge vortex effects are diminished. The authors found that RANS and DES
predictions were both within 10% of flight test data, with DES being slightly more
accurate. They also reported that the forces were not particularly sensitive to mesh
refinement.

All the studies mentioned above deal with a single angle of attack. There are far
fewer studies at multiple angles of attack, possibly because of the increased computa-
tional cost or a lack of experimental data. One such study by Cummings and Schiitte
[21] used RANS and hybrid RANS/LES models to simulate the flow over a 65 deg
delta wing at angles of attack of 13.3, 18.4, and 23 deg. However, the flow was pri-
marily steady even at the highest angle of attack. As a result, they found that RANS
was similarly accurate to the best hybrid RANS/LES model. Another study by Jeans
et al. [22] found that DDES provides accurate force and moment values for a generic
fighter configuration at angles of attack between 15 and 40 deg. However, they did not
show any solutions between 30 and 40 deg where the breaks in the force and moment
coefficients occur. It is unclear whether DDES captures this trend correctly.

The key contributions of this work are as follows: 1) evaluating the accuracy of
RANS and DDES models at predicting the low-speed aerodynamics of a delta wing over
multiple angles of attack, including angles up to and past stall; and 2) formulating a
metric to quantify how steady the flow is at a given angle of attack. We do not consider
URANS because of its shortcomings in resolving unsteady turbulent effects [13, 16],
which are crucial at high angles of attack. We are particularly interested in capturing
the trends in the force and moment coefficients at high angles of attack because these
are important for the low-speed stability of SSTs. This is similar to the approach taken
by the High Lift Prediction Workshop [23] for conventional transonic wings.

We choose to work with a delta wing for three reasons. First, delta wings are often
the starting point for SST wing designs. Second, the geometry is relatively simple
to generate and mesh. Lastly, experimental force and moment coefficients across a
range of angles of attack are available for our chosen geometry. We further discuss the
geometry and flow conditions in Sec. 2. We then present RANS and DDES results in
Sec. 3 and Sec. 4, respectively.



2 Delta Wing Geometry and Flow Conditions

The geometry and flow conditions are based on the experimental configuration of Jarrah
and Ashley [24], who tested delta wings with aspect ratios of 1, 1.5, and 2. We choose
to work with the aspect ratio 2 delta wing. An aspect ratio of 2 corresponds to a
leading-edge sweep of 63.4 deg. This is representative of a typical SST wing sweep.
For comparison, the Concorde had an average leading edge sweep of 60 deg [2].

Jarrah [25] provides a complete description of the experimental setup. We sum-
marize some important points here. The wind tunnel had a turbulence intensity near
1%, and the test section was divided into channels with plexiglass to minimize inter-
ference effects from actuators. The delta wing flow channel was 690 mm wide. The
aspect-ratio-2 wing’s span was about 44% of the channel width. The dynamic pressure
was corrected for both solid blockage and wake blockage. The angle-of-attack mea-
surements were corrected for static and elastic deformations of the sting, yoke, and
balance. It is unclear whether the aluminum delta wing model was stiff enough to
preclude aeroelastic deflections.

The delta wing (Fig. 1) is a flat plate with a sharp leading edge. The trailing edge
has finite thickness with sharp edges on the upper and lower surfaces. The leading
edge is cut at an angle of 30 deg from the upper surface in the spanwise plane. The
root chord length is 306 mm, and the thickness is 6.4 mm. We give the geometry a
0.5 mm radius of curvature at all edges to avoid mesh quality issues at infinitely sharp
corners. The radius of curvature is defined normal to each edge.

The Reynolds number based on the root chord length is 590,000. We assume
standard sea-level conditions for the rest of the flow properties because they are not
specified in the experimental paper. The Mach number under this assumption is 0.083.
We compare RANS and DDES simulations against the experimental lift, drag, and
pitching moment coefficients at angles of attack from 0 to 40 deg at 5 deg increments.
This range of angle of attack includes the point of maximum lift and the break in the
lift and moment curves that follow immediately afterward. Table 1 lists the reference
quantities and flow conditions. The reference chord is only used in nondimensionalizing
the pitching moment. The listed reference area is for the entire wing. We use a half-
span wing with a symmetry plane at the root for all simulations. All simulations are
fully turbulent. At Reynolds numbers on the order of 10°-10°, laminar-to-turbulent
transition has been shown to affect the secondary separation for delta wings with sharp
leading edges [15, 26]. Approaches to modeling transition for delta wings have included
prescribing the transition point [15] and using implicit LES [27], but these are beyond
the scope of the current work.

The reference point for the pitching moment warrants further discussion because it
is most likely misreported in the experimental paper. In the work of Jarrah and Ashley
[24], the pitching moment is defined as positive nose-up about a point 77% of the root
chord aft of the apex. We instead take the correct definition to be positive nose-down
about a point 23% of the root chord in front of the apex. We justify this decision in
Appendix A.
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Figure 1: Delta wing geometry based on the experimental configuration of Jarrah and
Ashley [24]

Table 1: Reference quantities and flow conditions

Quantity Value

Root chord (Lyef) 0.306 m
Reference chord 0.204m
Reference area 0.046818 m?
Freestream velocity (Uy) 28.16m/s
Reynolds number 590,000
Mach number 0.083

3 RANS Simulations Using ADflow

ADflow [28] is a second-order finite volume flow solver for multiblock and overset struc-
tured meshes. We use ADflow (version 2.2.1) to solve the steady, compressible RANS
equations with the Spalart—Allmaras (SA) turbulence model [29]. The SA implementa-
tion is similar to the “standard” SA model described in the NASA Turbulence Modeling
Resource (https://turbmodels.larc.nasa.gov/spalart.html), except that the production
term is computed using strain instead of vorticity. We use the Jameson—Schmidt—
Turkel scheme with scalar dissipation [30] for inviscid fluxes and central differencing
for viscous fluxes. All solutions are converged to a total residual norm of 1078 relative
to the freestream residual. Using the approximate Newton—Krylov startup strategy [31]
in ADflow allows us to converge highly separated flows to a steady solution efficiently.
Although we expect RANS to be inaccurate at high angles of attack where unsteady
effects are important, we use ADflow to determine the regime where RANS results are
valid and how large the errors are outside this regime.
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3.1 Mesh Convergence Study

We use two different mesh types with ADflow. The first is a multiblock mesh (Fig. 2a).
We generate the mesh in two steps. First, we create a multiblock surface mesh manually
using Ansys ICEM CFD. We then extrude the surface mesh to generate a volume mesh
using pyHyp [32], a hyperbolic mesh generation code based on the method proposed
by Chan and Steger [33]. The second mesh type is an overset mesh (Fig. 2b). We
march the same multiblock surface mesh out a small distance (highlighted in blue in
the figure) and embed this mesh in a background mesh. The background mesh has a
Cartesian refinement region near the wing and is surrounded by a hyperbolic O-mesh.
Using an overset mesh allows us to take advantage of the high-quality boundary-layer
cells produced by hyperbolic meshing and control the refinement in the separated flow
region using Cartesian meshing. For all meshes, the far-field boundary is 20 times the
root chord length away from the delta wing surface.

(a) Multiblock mesh (M1) (b) Overset mesh (C1)

Figure 2: RANS meshes

We generate two mesh families by uniformly coarsening the finest mesh, twice for the
multiblock mesh and once for the overset mesh. Table 2 lists the characteristics for each
mesh. The number of cells for the overset meshes is the number of “compute cells” after
implicit hole cutting [34]. We use these meshes to run a mesh convergence study. We
choose an angle of attack of 5 deg for the study because we expect RANS to resolve the
physics at this condition and consequently converge to a realistic solution as the mesh is
refined. Figure 3 shows the results of the study. We also report the maximum y* from
the mesh convergence solutions in Table 2. The extrapolated drag values (Fig. 3a) differ
by 2 counts, suggesting that the multiblock and overset meshes will converge to nearly
the same solution. The overset meshes provide closer to mesh-converged results with
fewer cells than the multiblock meshes. This is because the overset mesh has more
effective local refinement, particularly in the off-wall direction. The C1 coefficients
differ from the CO coefficients by less than 2%, and the M1 coefficients differ from the
MO coefficients by less than 4% (Fig. 3b). Based on this, we use the C1 and M1 meshes
for the angle-of-attack sweep in Sec. 3.2. Although the M1 mesh provides results that
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are further from mesh-converged than the C1 mesh, we use it to compare the differences
between the multiblock and overset topologies across different angles of attack.

Table 2: RANS mesh characteristics

Mesh type Label  Cells (N) yt
Multiblock MO 65,458,176  0.62

M1 8,182,272 1.29
M2 1,022,784 2.56
Overset Co 15,867,929 1.22
Cl1 1,948,651 1.88
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Figure 3: RANS mesh convergence at a = 5°

3.2 Angle of Attack Sweep

Figure 4 shows RANS results for angles of attack from 0 to 40 deg using the C1 and M1
meshes. The solution for each angle of attack starts from freestream conditions. The
aerodynamic coefficients match the experimental data well up to 20 deg. We show in
Sec. 4.3 that this corresponds to the steady regime. The main advantage of using the
overset mesh is better lift prediction at 15 and 20 deg. However, the pitching moment
at 20 deg is less accurate than the multiblock solution. The accuracy of RANS drops
off sharply once the flow is unsteady. The lift and drag are underpredicted by 10-20%
because RANS does not resolve the forces generated by unsteady vortex effects. In
addition, the break in the pitching moment is not captured.

To visualize the RANS results in the steady regime, we plot the upper surface pres-
sure coefficient and streamlines in Fig. 5. The leading-edge vortex strength increases
with the angle of attack. In addition, the flow moves increasingly in the spanwise di-
rection as the angle of attack increases. This corresponds to the primary reattachment



line moving closer to the wing root, indicating that the leading-edge vortex is becoming
larger. RANS can resolve these large-scale vortices if the flow is steady. This was also
discussed by Cummings and Schiitte [21].
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Figure 4: Comparison of RANS force and moment coefficients with experimental data
from Jarrah and Ashley [24]

4 DDES Using pimpleFoam

For DDES, we use pimpleFoam, a time-accurate, incompressible finite volume flow
solver that is part of the OpenFOAM toolbox [35]. The version of OpenFOAM we use
is OpenFOAM 7, released by the OpenFOAM Foundation. An incompressible solver
is a reasonable choice because we expect the low freestream Mach number to result
in minimal compressibility effects. We use the SA-DDES formulation [36], a hybrid
RANS/LES model that uses the Spalart—Allmaras turbulence model near the wall and
a subgrid scale model away from the wall. We use the second-order backward difference
in time, the Beam—Warming scheme [37] for inviscid fluxes, and central differencing for
viscous fluxes. The resulting discretization is second-order accurate in time and space.



(a) . =5° (b) a = 10°

(c) a=15° (d) a =20°

Figure 5: RANS (C1) upper surface pressure coefficient contours and streamlines



The PIMPLE algorithm used by pimpleFoam is an extension of the Pressure-
Implicit with Splitting of Operators (PISO) algorithm [38]. The most widely used
version of the PISO algorithm solves the discretized equations at each time step by
performing a velocity predictor step followed by two pressure corrector steps. The
PIMPLE algorithm loops over this entire iteration process multiple times at each time
step. This enables the use of larger time steps. Each iteration of the outermost loop is
termed an outer corrector iteration. Unless otherwise stated, we use one outer correc-
tor iteration, which is equivalent to the PISO algorithm. However, using pimpleFoam
lets us test for outer loop convergence, which we discuss in Sec. 4.1.

4.1 Convergence Studies

Assessing what constitutes a converged solution is more involved for DDES than for
RANS. For DDES, we must consider both spatial and temporal discretization errors.
We also look at pimpleFoam’s iterative convergence. We use an angle of attack of 25
deg for all convergence studies in this section for two reasons. First, we expect DDES
to be accurate and convergent at this condition. Second, based on the flow regimes
described by Hummel [39] for a 65 deg delta wing, we expect an angle of attack of
25 deg to be high enough to see unsteadiness caused by vortex breakdown. This will
provide convergence information that is applicable to unsteady cases.

Figure 6 shows the unstructured meshes that we use with pimpleFoam. We use the
cfMesh library to generate Cartesian meshes with nested refinement zones. The meshes
also have off-wall layers extruded from the wing surface to resolve the boundary layer.
Table 3 lists the cell counts for each mesh, and the maximum y* values from the mesh
convergence study discussed later in this section. The 69M mesh is a nearly uniform
refinement of the 12M mesh, including surface refinement. However, the number of
off-wall layers is the same for both meshes, which is why the 69M mesh has only 5.6
times the number of cells rather than 8 times. The 24M mesh adds local refinement
to the 12M mesh in the separated flow region near the wing as a compromise between
the 12M and 69M meshes. The far-field boundary for all meshes is 20 times the root
chord length away from the delta wing surface.

We start by running a time-step refinement study with the coarsest (12M) mesh.
Ashton et al. [40] suggest that choosing the time step such that the Courant number is
less than one in the LES regions provides suitable accuracy for DDES. This equates to
a time step of 1.4 x 10~*s for the 12M mesh. Based on this rule of thumb, we conduct
a time step refinement study with time steps ranging from 2 x 10=%s to 0.25 x 10~ %s.
The force and moment coefficients change less than 1% when refining the time step
from 0.5 x 107*s to 0.25 x 10~*s (Fig. 7a). Based on this, we use a time step of
0.5 x 10~*s for all subsequent results. Running a mesh convergence study shows that
the coefficients change less than 1% from the 24M mesh to the 69M mesh (Fig. 7b).
This suggests that the 24M mesh should be sufficiently fine for angles of attack up to
at least 25 deg.

Lastly, we check for convergence with the number of outer corrector iterations.
Because we are not enforcing a residual tolerance at each time step, it is crucial to
verify that the solution is independent of the iteration settings. The computational
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cost scales linearly with the number of outer corrector iterations. As a result, we use
the 12M mesh to reduce the computational cost of this study. The number of outer
corrector iterations has a minimal effect on the coefficients (Fig. 7c). This justifies using
only one iteration. We expect similar levels of convergence for the more refined meshes
because the outer loop convergence is mainly dependent on the Courant number. With
a time step of 0.5 x 10~*s, the Courant number in the LES region is less than one for
all meshes.

Table 3: DDES mesh characteristics

Label  Cells (N) y

ymax

6OM 69,167,178 0.49
24AM 24,481,833 1.24
12M 12,281,039 1.24

(a) 12M refinement zones (b) 24M refinement zones (c) 69M refinement zones

(d) 12M close-up at apex (e) 24M close-up at apex (f) 69M close-up at apex

Figure 6: DDES meshes

4.2 Angle-of-Attack Sweep

We run DDES with the 24M mesh for angles of attack from 0 to 40 deg. From 25 to
40 deg, we also run DDES with the 69M mesh because these are the most challenging
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flow conditions to resolve accurately. The aerodynamic characteristics near the point of
maximum lift are dominated by unsteady vortex effects, such as vortex breakdown [1].
Figure 8 shows how vortex breakdown causes the vortex structure to become progres-
sively less coherent as the angle of attack increases and the vortex breakdown location
moves closer to the apex.

(¢) a=35° (d) o = 40°

Figure 8: DDES (24M) Q-criterion isosurfaces for Q = 107 at t = 1.2s

To run the angle-of-attack sweep, we initialize the flow from freestream conditions
and run each case for 2.0 seconds in simulation time. We then compute the coefficients
as the time average from 0.5 to 2.0 seconds to avoid including the transients at the
start of the simulation. Figure 9 shows the time histories and cumulative mean of the
moment coefficient for a few representative cases. We find that with this averaging
window, the cumulative mean flattens out by the end of the simulation for all but one
case. For the 40 deg case with the 69M mesh, the cumulative mean has a downward
trend when the simulation ends. It is possible that running this case for longer would
result in a closer match with the experimental data. However, we did not run this
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any further to be consistent with the other results. Increasing the simulation time is
equivalent in some sense to obtaining a more refined solution.

2.24
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Figure 9: DDES time histories are time-averaged to obtain coefficient values

The predicted coefficient values match the experimental data well up to 25 deg
(Fig. 10). There are some discrepancies at higher angles of attack. The lift and drag
at 30 deg are underpredicted by 4-6%. Refining the mesh from 24M to 69M does not
improve the accuracy at this condition. This suggests that the DDES model does not
fully resolve the unsteady vortex effects near the point of maximum vortex strength.
The 40 deg condition is the most sensitive to mesh refinement. The 69M mesh correctly
predicts a break in the pitching moment between 35 and 40 deg, whereas the 24M mesh
does not. The suction predicted by the 69M mesh at 40 deg is lower and more localized
near the wing apex compared to the 24M mesh (Fig. 11). This results in lower lift
and drag, less pitch-down moment, and a better match with the experimental data.
However, DDES does not fully capture the shape of the experimental pitching moment
curve from 30 to 40 deg, even with the 69M mesh.

Figure 10 also shows the unsteady variation of the coefficients, where the variation
is computed as one standard deviation of the unsteady time history. At 25 deg and
lower angles of attack, the unsteady variation is small. This coincides with the regime
where DDES is most accurate. At higher angles of attack, the variation is around
2-3% of the mean value for almost all cases. The one exception is the 40 deg case
with the 69M mesh, which has a variation of 5-6%. This is another indication that
a time-averaging window that is longer or shifted forward in time would give more
accurate results for this case.

More generally, the predicted coefficients could be improved by using high-order
schemes. High-order wall-modeled large-eddy simulations (WMLES) have been used
to accurately capture pitch break for the NASA Common Research Model at transonic
conditions [41]. However, WMLES is more costly than DDES, and the cost of DDES
may already be prohibitive for iterative design. Using 320 Skylake cores on NASA’s
Electra supercomputer, the 40 deg DDES case takes approximately 24 and 81 hours
to run with the 24M and 69M meshes, respectively. This is approximately 100-1000
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times more expensive than RANS in terms of total CPU time. This comparison is
meant to be an order of magnitude estimate, and we acknowledge that there are many
differences between the RANS and DDES solvers that contribute to the cost disparity.

—— Experiment Y

L0 24M 124 m
—e— (G9M
] 1.04
08 UM + 1o 4
Drag 69M + 1o Lift 0.8 /
coefficient 0.6 1 coefficient /
0.61 / .
041 / —— Experiment
' 0.4 24M
/ —— 69M

021 yd 021 / 24M =+ 1o

-~ / 0 69M £ 1o

0.0~ i i i ' 0.0 ' ' ' '
0 10 20 30 40 0 10 20 30 40

Angle of attack, deg Angle of attack, deg
(a) Drag (b) Lift
2.01 4
1.51
Moment
coefficient

1.04

Experiment
24M
—e— (9M

24M =+ lo
/ 0 69M + 1o

0.5

0.0 1
0 10 20 30 10
Angle of attack, deg

(c) Pitching moment

Figure 10: Comparison of DDES force and moment coefficients with experimental data
from Jarrah and Ashley [24]

4.3 Steadiness Metric

In Fig. 9b, we observe that the cumulative mean for the 15 deg case flattens out
quickly. This is because the flow is steady. We now further analyze the time histories
to formalize the difference between steady and unsteady conditions. The time histories
for steady and unsteady conditions have distinct characteristics (Fig. 9a). Steady
time histories are nearly periodic and oscillate about the steady-state solution at a
high frequency. Conversely, unsteady time histories are not periodic and have lower
frequency content. Based on these observations, we can formulate a steadiness metric
as a product of the periodicity and the dominant frequency of the time series. Using
Fisher’s g statistic [42, 43| as an estimate for the periodicity and nondimensionalizing

15



(a) 24M (b) 69M

Figure 11: DDES upper surface pressure coefficient contours and streamlines for
a=40°att=1.2s

the frequency, we define the steadiness metric (SM) as

max b
3 ! meax Lref

SM =
SP o Us

(1)

where P; represents the periodogram of the time series and fp,, is the frequency
associated with the peak of the periodogram. We plot the steadiness metric for the 24M
DDES results in Fig. 12a. The steadiness metric is high from 0 to 20 deg, indicating
that the flow is steady. This corresponds precisely to the regime where RANS is
accurate. The steadiness metric drops off above 20 deg, indicating unsteady flow.
The flow regimes identified using the steadiness metric are consistent with the regimes
described by Hummel [39] for a 65 deg delta wing. This compares favorably to using
the standard deviation as a measure of unsteadiness (Fig. 12b), which would incorrectly
group the 25 deg condition with the steady angles of attack.

The proposed steadiness metric is computed from DDES time histories, which
means that an unsteady analysis must be run to determine whether a case is steady
or unsteady. However, when running multiple cases, the steadiness metric can help
automate which cases to run with a steady method instead of an unsteady method.
For example, consider a DDES angle of attack sweep starting from the highest an-
gle. The steadiness metric is computed after each DDES run is completed. Once a
prescribed threshold for the steadiness metric is crossed, the analysis can switch to a
steady method for the lower angles of attack, decreasing the computational cost of the
sweep. The results in Fig. 12a suggest a threshold value of 1, but this may not be
applicable in general. For a different geometry or solver, a threshold can be identified
by one unsteady analysis on a case that is known to be steady.
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Figure 12: Quantifying unsteadiness at different angles of attack (24M)

5 Conclusions

This work considers the flow over a delta wing with an aspect ratio of 2 at low-speed,
high-angle-of-attack conditions. The accuracy of RANS and DDES at predicting force
and moment coefficients for angles of attack from 0 to 40 deg is evaluated. The main
contribution of this work is looking at the predicted trends in the coefficients for mul-
tiple angles of attack around the stall angle. These trends have not been well explored
in prior high-fidelity work. A steadiness metric based on DDES frequency information
is also proposed to distinguish between steady and unsteady flow conditions.

RANS provides accurate results for angles of attack up to 20 deg. The steadiness
metric is used to show that this corresponds to the steady flow regime. RANS is
inaccurate at higher angles of attack where the flow is unsteady. The lift and drag in
this regime are underpredicted, and the pitching moment trend is incorrect.

DDES is more accurate than RANS at higher angles of attack. The errors in the
lift and drag are within 6% for DDES compared to 20% for RANS. The DDES results
are most sensitive to mesh refinement at the highest angles of attack. At 40 deg, the
69M mesh provides a much closer match with the experimental data than the 24M
mesh, especially for the pitching moment. However, the break in the pitching moment
is not fully captured even with the 69M mesh. For the solvers considered in this work,
the computational cost of DDES is 100-1000 times that of RANS. The ideal solver is
accurate and fast enough to be used in an iterative design or optimization procedure.
RANS satisfies these requirements up to moderate angles of attack, but predicting
high-angle-of-attack characteristics at a computational cost suitable for iterative design
remains a challenge.
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Appendix A: Pitching Moment Reference Point

We compare our computational results against experimental data from Jarrah and
Ashley [24]. Another paper by Jarrah [44] presents results using the same delta wing
model and experimental setup. Both papers show steady coefficient values for angles
of attack from 0 to 90 deg (Fig. 4 in Jarrah and Ashley [24] and Fig. 10 in Jarrah [44]).
The Reynolds numbers for the two angle-of-attack sweeps were 5.9 x 105 and 8.5 x 107,
respectively, but this difference had only a small effect on the coefficients [44]. The lift
and drag between the two papers are similar. However, the moment coefficient values
differ substantially. Both papers report the moment reference point as the 77% root
chord location. We can conclude that there is likely an error in one of the papers. In
Fig. A1, we plot the moment data from both experimental papers and the C1 results
from Fig. 4c¢ with the reported and shifted reference points. Defining the moment as
positive nose-up about 77% root chord matches the data from Jarrah [44]. Defining
the moment as positive nose-down about —23% root chord instead matches the data
from Jarrah and Ashley [24]. We prefer to use the data from Jarrah and Ashley [24]
to avoid ambiguities from the overlapping lines in Jarrah [44].

1.751 —— Jarrah and Ashley 1989
Nose-down, —23%

1.501

1.254

Moment ]

coefficient 100 / Jarrah 1989

0.751 / —e— Nose-up, 77%

0.501 %

0.25 1 /

0.00 1

0 10 20 30 10
Angle of attack, deg

Figure A1l: Comparison of pitching moment definitions

Appendix B: pimpleFoam Instabilities

We find that time step convergence for pimpleFoam depends on the choice of far-field
pressure boundary condition. Using a zero gradient boundary condition results in
unstable solutions as the time step is decreased, shown by the nonphysical jump in the
drag coefficient in Fig. B1. The coefficients converge using a fixed pressure boundary
condition, which we use for all other DDES results in this work. The instabilities are a
result of how the pressure Poisson equation is solved. The Poisson equation is ill-posed
if all boundaries have Neumann boundary conditions [45]. If a solution exists, the
solution plus a constant is also a solution. In such a case, OpenFOAM uses a reference
pressure approach, which avoids nonunique solutions by fixing the pressure at one cell
in the domain. When the time step is large, this works well, and the coefficients are
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identical to the fixed pressure case. However, the reference pressure implementation
in OpenFOAM makes the pressure equation ill-conditioned as the time step is refined.
The implementation details are peripheral to the current investigation, but we mention
it here as a possible pitfall when using incompressible solvers in OpenFOAM.

0.547
L

Fixed pressure
0.521 ,/./
Drag

coefficient 0-507
0.48 1

0.46 1

025 0.50 1.00 2.00
x107*

Time step, s
Figure B1l: Zero gradient pressure boundary conditions cause instabilities for small
time steps
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