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We evaluate two leading-edge-based dynamic stall-onset criteria (namely, the maximum magnitudes of the leading-
edge suction parameter and the boundary enstrophy flux) for mixed and trailing-edge stall. These criteria have been
shown to successfully predict the onset of leading-edge stall at Reynolds numbers of ~©O(10%), where the leading-edge
suction drops abruptly. However, for mixed/trailing-edge stall, leading-edge suction tends to persist even when there
is significant trailing-edge reversed flow and stall is underway, necessitating further investigation into the
effectiveness of these criteria. Using wall-resolved large-eddy simulations and the unsteady Reynolds-averaged
Navier-Stokes method, we simulate one leading-edge stall and three mixed/trailing-edge stall cases at Reynolds
numbers of 2 x 105 and 3 x 10°. We contrast the progression of flow features such as trailing-edge separation and
vortex formation across different stall types and evaluate the stall-onset criteria relative to critical points in the flow.
We find that the criteria nearly coincide with the instance of leading-edge suction collapse and are reached in advance
of dynamic stall vortex formation and lift stall for all four cases. We conclude that the two criteria effectively signal
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dynamic stall onset in cases where the dynamic stall vortex plays a prominent role.

I. Introduction

YNAMIC stall is a topic of great interest in unsteady aerody-

namics due to its severity compared to static stall [1]. It occurs
over aerodynamic surfaces undergoing large-amplitude transient
motion or unsteady maneuvers, for example, over wind turbine or
helicopter rotor blades. The large unsteady aerodynamic loads that
are incurred due to dynamic stall can lead to structural damage or
failure. This has led to several studies on flow control using leading-
edge blowing [2,3], plasma actuation [4,5], synthetic jets [6], etc.
However, the timely application of these control efforts is important
because they are most effective before the formation of the dynamic
stall vortex (DSV) [7], which is a coherent vortex structure that is a
characteristic feature of “deep” stalls [1]. Characterizing stall onset is
of crucial importance for these control efforts to be deployed in a
timely manner.

Various criteria for dynamic stall onset based on the unsteady
aerodynamic coefficients have been explored to formulate first-order
semiempirical, dynamic stall models [8,9]. However, our interest is in
narrowing down the identification of the stall onset point to a finer
degree. Currently, the leading-edge suction parameter (LESP), which
ameasure of the chordwise suction force near the leading edge [10], is
widely used for identifying dynamic stall onset [11-14]. It was used
in a low-order model to trigger leading-edge vortex shedding when a
predetermined [from computational fluid dynamics (CFD)] critical
value was reached. Recent work using the statistics of pressure
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distributions over the airfoil surface [15,16] has indicated critical
points in the motion, including laminar separation bubble (LSB)
initiation, DSV initiation, and DSV detachment. Narsipur et al.
[17] presented an approach to calculate the LESP from CFD as a
scaled force in the camber direction, with a dynamic pressure scaling
based on the relative velocity of the airfoil. While several of the
aforementioned works have used a pressure-based approach to iden-
tifying stall onset, Sudharsan et al. [18] proposed a vorticity-based
criterion. They demonstrated that the boundary enstrophy flux
(BEF) signals leading-edge stall onset by reaching its maximum
magnitude earlier than the LESP, based on wall-resolved large-eddy
simulations (LES) at chord-based Reynolds numbers Re,. of 2 x 103
and 5 x 10°.

In the present work, we consider the max(LESP) and max(|BEF|)
criteria to study the effectiveness of leading-edge-based parameters
in signaling mixed and trailing-edge stall. We anticipate that the DSV
initiation point obtained from C,, statistics is likely to lie close to the
maxima of |BEF| and LESP because it captures the leading-edge
suction collapse; therefore, we do not consider it here. Detailed
descriptions of different stall types have been well documented in
the literature [19-21]. The use of the LESP for different Re, and
kinematics has been explored as well [10,17]. However, the com-
parison of stall criteria applied specifically to each type of stall is a
novel contribution from the present work. Sudharsan et al. previously
compared the BEF parameter to the LESP for leading-edge stall [18].
The results of preliminary investigations into the effectiveness of the
max(LESP) and max(|BEF)) criteria in signaling mixed and trailing-
edge stall have been presented in a conference paper [22]. The current
work presents those results and builds on them to examine the
effectiveness of the two criteria in indicating dynamic stall in DSV-
dominated flows with significant trailing-edge separation. The con-
clusions from this study can enable the judicious use of LESP and
BEF in dynamic stall models.

II. Problem Description

We begin by describing the flow characteristics of different stall
types to illustrate why significant trailing-edge separation poses a
challenge for leading-edge-based stall criteria.
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Fig.1 Schematics showing conventional understanding of leading-edge, mixed, and trailing-edge stall. Figure 1a was adapted from Ref. [19].

Figure la represents the conventional understanding [19,23] of
leading-edge stall as being relatively abrupt in the variation of
aerodynamic coefficients, with trailing-edge stall being more gradual
and mixed stall having characteristics of both. The peak in C; is
rounded for the trailing-edge stall case, and the subsequent dropoff
occurs gradually. In contrast, C; drops abruptly for leading-edge stall
due to the formation of a stronger and more compact DSV [20,24]
moving away from the airfoil surface. Finally, a mixed stall case
could have either a rounded peak with an abrupt dropoff or a sharp
peak with a gradual drop in C;, as shown in the figure. The former
might occur when trailing-edge reverse flow moves slowly upstream,
leading to the rounding of the lift curve, but culminates in an abrupt
stall due to leading-edge flow breakdown. The latter could occur
when trailing-edge reverse flow moves upstream abruptly, leading to
a relatively sharp peak [23], although the subsequent drop in lift is
less abrupt as compared to leading-edge stall. These variations are
also reflected in the other unsteady aerodynamic coefficients, such as
the coefficients of the drag C,; and moment C,,. In general, DSV
formation is expected closer to the leading edge for leading-edge stall
and further aft for trailing-edge stall.

Figure 1b shows the loci of the most upstream points of boundary-
layer flow reversal over the airfoil suction surface with increasing a
for different stall types, as previously identified by McCroskey et al.
[21]. In a classic leading-edge stall [21], the collapse in leading-edge
suction (instance of max(|C ,|) near the leading edge) is accompanied
by the bursting of the LSB and leads to the formation of a DSV
close to the leading edge with little or no trailing-edge separation.
Flow reversal propagates downstream from the leading edge, as
shown by the green curve in Fig. 1b. However, a trailing-edge stall
[25] occurs due to instabilities arising in the reversed flow moving
upstream from the trailing edge (red curve in Fig. 1b). Leading-edge
suction persists even after a large region of reverse flow has formed
downstream [23]. DSV formation occurs when the trailing-edge
reverse flow reaches the leading edge. This is a significantly different
sequence of events as compared to leading-edge stall. Therefore, in a
purely trailing-edge stall, there is no distinct leading-edge boundary-
layer separation [21]. From their recent experimental work, Kiefer
et al. [26] observed gradual trailing-edge dynamic stall, with con-
tinually attached leading-edge flow, for a NACA 0021 airfoil at Re,.
ranges of 0.5 X 10°—5 x 10%. This poses a challenge for stall-onset
criteria focused on the leading-edge region because stall onset might
not be indicated until the trailing-edge reverse flow reaches
the leading edge: by which time, lift stall might have occurred.
Boundary-layer separation can also exhibit characteristics of both
leading- and trailing-edge stall. In such a “mixed” stall scenario, two
distinct boundary-layer disturbances occur, both near the leading

edge and the trailing edge, with their subsequent merging/interaction
[21]. This would be reflected in the C + distribution with negative
values over the entire airfoil suction surface during the time of their
interaction. Benton and Visbal [27] found for a pitching NACA 0012
airfoil at Re, = 10° that LSB bursting is initiated when turbulent
separation from the trailing edge reaches the bubble. Similar obser-
vations were made by Sharma and Visbal [28] for the much thicker
NACA 0018 airfoil at Re, = 2 x 10°. Alternately, a disturbance first
occurring near midchord could propagate both upstream and down-
stream. The blue curves in Fig. 1b represent these two variations of
mixed stall. In the present work, we classify the type of stall using the
locus of initial boundary-layer flow reversal as a guide.

Our objective is to evaluate the two stall-onset criteria, max(LESP)
and max(|BEF|), for mixed and trailing-edge stall. We have used the
maximum LESP as a proxy for the critical LESP value because
max(LESP) is a standalone criterion that can be evaluated without
a priori knowledge of the critical LESP value. Note that this
assumption is valid for the Re_. under consideration but will not hold
for Re, < O(10*), based on results from Narsipur et al. [17]. Addi-
tionally, the present study is limited to incompressible flows. We
evaluate the aforementioned criteria relative to the instance of critical
points such as DSV formation and lift stall. We also describe the
progression of flow events for different stall types based on the four
cases considered. As the dynamics of the vortex are harder to control
once it has rolled up, a key point of interest is to ascertain if the two
parameters reach their maximum values before DSV rollup occurs so
that effective control measures can be deployed. We consider only
those cases where the DSV plays a dominant role in the stall process
in the presence of significant trailing-edge separation. We identify
DSV formation from streamlines, as well as C), and C distributions
over the airfoil surface (appendix B of Sudharsan et al. [18] provided
adetailed description of DSV identification). The effectiveness of the
stall-onset criteria is evaluated by comparing the times when the
criteria are reached relative to the instant of DSV formation.

The following section (Sec. III) details the CFD methods used, the
cases considered, and the LESP and BEF parameters. Section IV
presents and analyzes the results from the current investigations, and
Sec. V summarizes the conclusions drawn.

III. Methods and Details
A. Computational Methodology
Our results are based on two types of numerical simulations:
wall-resolved LES and unsteady Reynolds-averaged Navier—Stokes

(URANS). LES was carried out using the compressible flow solver,
FDL3DI [28,29], where the effect of subgrid-scale (SGS) stresses is
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Fig.2 Mesh used for LES with every fifth and every fourth points in the radial and circumferential directions shown: a) full domain; b) zoomed-in view
near airfoil, identifying radial éf and circumferential é,, directions; and c¢) zoomed-in view showing trailing-edge geometry.

modeled implicitly by spatial filtering at each time step to remove
energy at unresolved scales. Spatial discretization uses a sixth-order
compact difference scheme, whereas time integration is carried out
using an implicit, approximate factorization technique. The implicit
LES approach has been shown (see, e.g., Refs. [30,31]) to give results
of quality equal to the traditional LES approach of explicitly model-
ing SGS stresses.

The spatial domain is discretized using a single-block O mesh
around the airfoil, which is repeated with uniform mesh spacing
along the span. The O grid in the physical space (x,y, z) maps to
an H grid in the computational domain (&, 7, {). Figure 2 shows the
overall computational domain and zoomed-in views of the mesh
around the airfoil and in the trailing-edge region. The following
orientation is used: é; points radially out, é, is in the circumferential
direction, and é; (obtained following the right-hand rule) is in the
span direction.

Freestream conditions are prescribed at the outer boundary, which
is about 99 chords away from the airfoil. The filtering procedure
removes all perturbations as the mesh becomes coarse away from the
airfoil to the far-field boundary. Periodic boundary conditions are
imposed at the span boundaries. The span of the airfoil model is equal
to 10% of the airfoil chord, which has been shown to be sufficient for
dynamic stall simulations by Sharma and Visbal [28].

Based on the grid sensitivity study presented in Appendix A.1, we
used a grid having 410, 1341, and 134 grid points in the radial,
circumferential, and spanwise directions, respectively. The chosen
mesh is highly refined over the suction surface to capture small-scale
viscous flow features. A statistically stationary solution was first
obtained for a static simulation with the angle of attack « fixed at
4 deg. C,, and Cy distributions over the airfoil were compared with
XFOIL (a program to design and analyze subsonic isolated airfoils)
and found to be in good agreement. Next, the dynamic pitching
motion was simulated through grid motion, with a ramp function
that smoothly transitions to the required pitch rate. The results
presented are based on two-dimensional (2-D) flowfields obtained
by span-averaging the three-dimensional solution. Details on the
solver, grid, and verification of results were discussed extensively
by Sharma and Visbal [28].

The URANS simulations were performed using the REACTMB-
INS code, which solves the time-dependent incompressible Navier—
Stokes equations using a finite volume method. The governing
equations are written in the arbitrary Lagrangian/Eulerian form,
which enables the motion of a body-fitted computational mesh in
accord with prescribed rate laws. Spatial discretization of the inviscid
fluxes uses a low-diffusion flux-splitting method valid in the incom-
pressible limit [32]. This method is extended to higher-order spatial
accuracy using piecewise parabolic method interpolations of the
primitive variables [p, u, v, w]” and the transported variable for the
Spalart—Allmaras model o. Viscous terms are discretized using
second-order central differences. A dual time-stepping method is
used to integrate the equations in time. An artificial compressibility
technique, discretized in a fully implicit fashion and solved approx-
imately using Incomplete Lower and Upper (ILU) factorization, is
used to advance the solution in pseudotime. Typically, eight subiter-
ations per physical time step were needed to reduce the residuals by
two orders of magnitude. The Spalart—Allmaras model [33] as imple-
mented by Edwards and Chandra [34] is used for turbulence closure.
A two-dimensional body-fitted O grid containing 140,400 cells was
generated for the URANS simulations. A grid sensitivity study,
carried out to ensure grid convergence, showed that decreasing the
wall y* to one-tenth of that used in the final grids does not alter the
results noticeably; a summary of the grid sensitivity study is pre-
sented in Appendix A.2. The current URANS methodology has been
validated against data from wind- and water-tunnel experiments for
various unsteady airfoil motions in Refs. [10,11,35].

B. Datasets Used

Details on the cases discussed in the current paper (airfoil geom-
etries, Re ., kinematics, etc.) are listed in Table 1. We simulated airfoils
pivoted about the quarter-chord point undergoing either a constant-rate
pitch-up (LE and MX cases) or a pitch-up—return motion generated
using Eldredge et al.’s [24] canonical formulation [mixed/trailing-edge
(MXTE) and TE cases; see the work of Narsipur et al. [17] for details].
The ramp cases (LE and MX) were carried out using a LES at a
moderate Re,. of 2 X 10°, whereas the pitch-up—return cases (MXTE
and TE) were simulated using URANS at a higher Re, of 3 x 109.

Table 1 Datasets used in present work®

Case Airfoil Re, Simulation type

Kinematics Stall type

LE NACA 0012 2x10° LES and URANS Constant pitch-up, q,.« = 26 deg, K = 0.025

Constant pitch-up, o,,x = 30 deg, K = 0.025 Mixed
Pitch-up—return, a,,x = 45 deg, K = 0.075  Mixed/trailing edge
Pitch-up—return, a,,x = 45 deg, K = 0.025

MX NACA 0018 2 x 10° LES
MXTE NACA 0012 3 x 10° URANS
TE NACA 0012 3 x 10° URANS

Leading edge

Trailing edge

“The pivot location of the pitching motion is at x = 0.25¢ for all cases, and Ma = 0.1 for all LES cases.
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A ramp function Q7 (¢) defined by Eq. (1) was used for the LES
cases to smoothly transition the pitch rate from zero at t* = 0 to its
final value of 0.025 at t* = ¢, (details are in Ref. [28]). For t* > 1,
the airfoil continues to pitch up at a constant rate of 0.025. Note that s
is a scaling parameter that determines the steepness of the ramp
function. Also, s = 2.0 and 7, = 0.35 were used for the simulations:

€))

tanh(s(2(¢/1y) — 1)) + tanh(s))

@rn = K( 1 + tanh(s)

The pitch-up—return motions, generated for the URANS cases, were
defined using a smoothing function G(7) as a function of time ¢ as [24]

_, [cosh(aUy(t — 1))/ c) cosh(aU(t — 11) / c)
G0 =t |:cosh(aU°o(t —1,)/c)cosh(alU(t — t3)/c)] @

where a is a smoothing parameter from Ref. [36] given by

2

a= B S (3)
2aamp(l - U)
where a,p,, is the amplitude of the pitching motion, and K is the
nondimensional pitch rate (K = ac/2U,,). The symbols ¢, to 74 are
defined as follows: #; is the time from reference O until the start
of the ramp, t, = t; + Amp/2K, t3 = t) + Amp /4K — Aymp /2K,
and #4, = 3 + Qump/2K. The variation of pitch during the motion is
then given by

G(1)

a(t) = Ay max(G(1) C))

Each case is referred to using an acronym representing the type of
stall it undergoes. Case LE is a leading-edge stall case, presented
mainly to distinguish its flow characteristics from mixed/trailing-
edge stall. We additionally simulated case LE using URANS to make
comparisons with LES, and we present those results in Appendix B.
Case MX undergoes a mixed stall. One case that could be classified as
either mixed or trailing-edge stall (MXTE) and one case that clearly
undergoes trailing-edge (TE) stall are also presented. The NACA
0012 airfoil is used for all cases, except for case MX, where we used
the NACA 0018 airfoil. It can be observed from Table 1 that with
increasing Re, and decreasing pitch rate, the tendency is toward
trailing-edge stall. Similarly, an increase in thickness tends to lead
to trailing-edge stall [28]. We carried out one other case with a
maximum pitch rate that was one-fifth that of the TE. At such a
low pitch rate, we found that there was no DSV formation, and
therefore have not included the results here.

Figure 3a compares the kinematics of all the cases. The variation in
a is plotted with nondimensional time, t*(= tU,/c), and scaled
using the convective time scale of the flow. The nondimensional pitch
rate K, which is defined as the maximum value of (1/2)da,,q/dt*
for each case (where a,,4 is @ in radians), represents the level of
unsteadiness or phase lag between the pitching and fluid motions
[25]. Cases LE, MX, MXTE, and TE have moderate to high K values
(0.025 < K £0.075). The freestream flow Mach number Ma is
0.1 in the LES. For reference, we have also shown time scaled using
kinematics (Fig. 3b) for the high-Re, cases using the transformation
f = 1*/tecate — tofises Where feae is a scaling factor equal to max
(*)/2 for each case and g, is chosen such that a,,,, lies at 7 = 1.

C. LESP and BEF Definitions

The LESP, which is a measure of the suction at the leading edge,
can be calculated from CFD or experimental results using surface
pressure data [17]. The approach is rooted in the fact that, when the
stagnation point is not at the geometric leading edge of the airfoil, the
flow is forced to travel around the rounded leading edge. This flow
curvature gives rise to a low-pressure region near the leading edge.
The net force acting on the leading edge is resolved into components
acting along and normal to the direction of the camber line at the
leading edge. The component of force along the camber line is a
“suction” force acting in the forward direction. The leading-edge
force on the airfoil, obtained by integrating the surface pressure on the
forward portion of the airfoil from the leading edge to the x/c for the
maximum-thickness location [denoted by (x/c¢) .« ], is then split into
its suction and normal components. When these components are
nondimensionalized by the net dynamic pressure (¢, = pU%/2,
where p is the freestream density) and chord, we obtain the coef-
ficients of suction CzefLE and normal force C™*{ ; on the leading edge:

CrceiE = Fy1B/qeC )

C;zefLE = Fy1e/dC (6)

As shown by Ramesh et al. [37], thin-airfoil theory gives the relation-
ship between C™*f ; and LESP as

Cviy = 2a(LESP)? @)

The sign of the LESP is set to be the same as that of the C'®! ; so that
positive C™f ;. is assumed to correspond to a flow with stagnation
point on the lower surface, and vice versa. Additionally, to ensure
compatibility with theory, the CFD/experiment-derived LESP is set
to zero at the few time instants when the C'{ ; has a negative value.

M Ml e X X ks
I / X T4 W
1 7 TN g 7%
i / \ 1 \
30 L3 ! \ 30 ! W
|| l‘ / \. ‘f!r \Il \_
- i . \ o !4 %
20 [ vy \ 20 I W
: .ll / \ / ;f 'a\ \
i v \ /i v\
104 ! /‘\ \ 10 _/- / YA
:ll ./ "'\ \- ‘f :; \\ ‘\‘
I ] a2 5 P .0 \"---_. i) 0 __.....-:.‘.i” \~>;&___
0 10 20 30 40 50 60 70 80 0.00 025 050 075 100 125 150 175 2.00
t E=t" tocate — torrset
—— Case LE, K =0.025 + Case MX, K= 0.025
=== (Case MXTE, K=0.075 —+= Case TE, K =0.025 === Case MXTE, K=0.075 —-=- Case TE, K=0.025
a)a vs 1 b)avsi

Fig.3 Variation of a with a) ¢* and b) transformed time 7, centering the kinematics of the pitch-up-return cases at high Re,.


https://arc.aiaa.org/action/showImage?doi=10.2514/1.J062011&iName=master.img-002.jpg&w=499&h=196

Downloaded by Iowa State University on October 6, 2023 | http://arc.aiaa.org | DOI: 10.2514/1.J062011

SUDHARSAN, NARSIPUR, AND SHARMA 1185

(x/c)s

<

(XIC)p

Fig.4 Schematic showing limits of integration for calculating BEF and
LESP. x/c for BEF set to 0.01 based on prior results [18]; x/c for LESP
set to location of maximum airfoil thickness [17].

Thus, the LESP is calculated from C™f ;. and C%f ;. as

Cref
LESP — Sgn(cl;zeiE) 2.]1;57 for Crve{E > 0 (8)
0, for C"*f <0

Next, we define the second parameter under consideration,
namely, the boundary enstrophy flux. Enstrophy is the square of
the vorticity magnitude |@|?. This simplifies to w?, which is the
square of the spanwise vorticity, for 2-D flow. We consider the
integral of its flux from the wall, i.e., d(w?/2)/on = w(dw/on), as
defined in Eq. (9). The spanwise vorticity @ has been normalized by
U, /c, and the normal and tangential directions to the airfoil surface
(n and s, respectively) have been normalized by c. A factor of 1 /Re,.
is included so that the BEF can be viewed as a product of the vorticity
 and boundary vorticity flux defined as (1/Re.)0w/dn. The integral
is carried out between x/c on the pressure side to x/c on the suction
side, as shown in Fig. 4:

1 x/c)y 0
BEF = / 02 ds 9)
REC (x/c),, on

The BEF can be thought of as the integral of the product of
vorticity and streamwise pressure gradient, due to the proportional
growth of the vorticity flux and the streamwise pressure gradient at
the wall: that is, (1/Re.)ow/on ~ (1/p)dp/0s for small tangential
surface acceleration. Therefore, large contributions to the BEF arise
only from regions of high vorticity combined with large pressure
gradients. Recent work on leading-edge dynamic stall onset [18]
has shown that the dominant contribution arises from the laminar
leading-edge region where there is large favorable pressure
gradient/clockwise vorticity as flow accelerates around the leading
edge. Due to this property of the BEF, it is nearly independent of
integration length, as long the region very close to the leading-edge
is included. Therefore, the integral for BEF is carried out over 1%
chord (thatis, from 0.01c¢ on the pressure side to 0.01¢ on the suction
side). The BEF increases in magnitude as the favorable pressure
gradient at the leading edge grows. When the favorable pressure
gradient drops with LSB burst, the BEF magnitude also drops after
reaching a maximum. Because the bursting of the LSB occurs
before DSV formation in leading-edge stall, the BEF reaches its
maximum magnitude before DSV formation and effectively signals
stall onset. However, in trailing-edge stall, leading-edge suction
tends to persist for longer [23], even with the prevalence of large
regions of reverse flow downstream. It is therefore expected that the
peak magnitude of the BEF (and the LESP) would occur later. This
necessitates further investigation into the applicability of these stall
criteria to mixed/trailing-edge stall.

In the following section, we first present the method used to
classify stall across cases. We then compare flow features across
cases representing different stall types and investigate the applicabil-
ity of the max(LESP) and max(|BEF|) criteria as indicators for
dynamic stall onset.

IV. Results and Discussion
A. Stall Classification

Following Ref. [1], we differentiate between leading-edge, mixed,
and trailing-edge stall based on the propagation of flow reversal
boundaries over the suction surface. Figure 5 shows the loci of these

a (deqg)

— IE

— MXTE — TE

10 4
0.0 0.2 0.4 0.6 0.8 1.0

x/c

Fig. 5 Flow reversal boundaries for different stall (URANS) cases.

boundaries for three URANS cases (LE, MXTE, and TE), represent-
ing leading-edge, mixed/trailing-edge, and trailing-edge stall. The
solid curves represent points on the suction surface where Cy first
goes to zero. The regions where C; values have a very small magni-
tude (less than 1 x 10™*) are identified by the enclosing shaded
bands. For case LE, flow reversal originates near the leading edge
and propagates downstream with increasing angle of attack. For the
trailing-edge stall case, flow reversal originates at the trailing edge
and moves upstream. The curve corresponding to case MXTE illus-
trates the reason for its classification in between mixed and trailing-
edge stall. Based on the solid curve, it could be classified as under-
going trailing-edge stall. However, if the upper boundary were
considered, it could be considered mixed stall because flow reversal
around x = 0.15¢ seems to move downstream and merge with the
flow reversal propagating upstream from the trailing edge. The faster
rate of reverse flow propagation at the trailing edge for the higher
pitch-rate case (MXTE) is also seen from Fig. 5.

B. Comparison Between Leading-Edge and Mixed Stall from LES
Results

Space-time contours of the friction coefficient C; on the suction
surface of the airfoil are used to elucidate the sequence of flow events
that occur as the unsteady motion progresses. Figure 6a shows the
space—time diagram on the suction surface for the NACA 0012 airfoil
undergoing a constant-rate pitch-up motion at Re, = 2 x 10°. This
corresponds to case LE in Table 1. The x axis represents the chord-
wise distance on the suction surface and the y axis represents the
angle of attack, with relevant flow events marked in the figure. As
the airfoil pitches up, the transition point moves upstream, with the
eventual formation of an LSB due to laminar separation and turbulent
reattachment of the boundary layer [38]. As « increases, at a certain
point, the LSB fails to reattach due to the insurmountable adverse
pressure gradient downstream of the suction peak, and it breaks down
or bursts. After the bursting of the LSB, flow characteristics are
dominated by the DSV, for which the imprint on the airfoil surface
(shown in blue) is seen convecting downstream. Although some flow
reversal is seen at the trailing edge, it is insignificant.

On the contrary, in a mixed stall, as shown for the NACA 0018
airfoil for the same maneuver and Re,. (case MX) in Fig. 6b, the flow
reversal at the trailing edge is predominant and interacts with the
leading edge. We find that a large region of trailing-edge reverse flow
is present before the collapse of leading-edge suction (around
a = 22.7 deg) for this case. There is boundary-layer breakdown at
the leading edge from the bursting of the LSB as well as upstream
propagation of trailing-edge separated flow, with their subsequent
merging. When these flows interact around at around 23 deg, there is
negative C; over the entire airfoil suction surface (compare with C,
contours for case LE in Fig. 6a, where this never happens). This
behavior agrees with the definition of mixed stall by McCroskey et al.
[21]. The DSV is seen convecting downstream after the interaction
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constant-rate pitch-up maneuver. Flow reversal originating from trailing edge is much more significant for mixed stall (Fig. 6b) as compared to leading-
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Fig.7 C, profiles on the suction side at a few a showing features of a) leading-edge stall and b) mixed stall.

between leading- and trailing-edge separated flows. The larger thick-
ness of the NACA 0018 airfoil has the effect of postponing the point
of stall onset along the time axis because the adverse pressure
gradient following the suction peak at the leading edge is lower.
Figure 7 shows C, profiles at a few a for the two cases, contrasting the
flow features between leading-edge and mixed stall. The leading-
edge suction collapse is less abrupt for case MX, with the presence of
significant trailing-edge reverse flow regions.

For pure trailing-edge stall, the reverse flow region propagating
upstream from the trailing edge tends to dominate flow dynamics as
the airfoil pitches up. In general, trailing-edge-type stall is expected
for thicker airfoils and/or higher Re.. Due to the large computational
expense of LES, particularly at higher Re., we have used URANS
simulations to study cases evincing unsteady mixed/trailing-edge
stall. Appendix B compares LES and URANS results for case LE,
demonstrating that the trends match closely.

Next, we examine the effect of the more significant trailing-edge
separation observed for case MX relative to case LE on the stall
criteria under consideration. Figures 8a and 8b show the variation in
the LESP (black) and |BEF| (green) with time for cases LE and MX,
respectively. The vertical dashed lines signify the location of their
maxima. The instances of DSV formation (solid orange) and lift stall
(dashed—dotted red) are also marked. The top panel within each
figure shows the variation of a with time for reference. We will
evaluate the LESP and BEF criteria against whichever point occurs

earlier (DSV formation or lift stall) for each case. Clearly, both
parameters exhibit critical behavior (i.e., reach their maximum mag-
nitudes) in the vicinity of stall onset. For case LE, both parameters
reach their maxima in advance (between 0.1 and 0.4 Ar* ahead,
where Ar* = AtU, /c) of DSV formation. The BEF reaches its
maximum magnitude about 0.3Ar* earlier as compared to the
LESP, mimicking the trend of the favorable pressure gradient at
the leading edge. Lift stall follows well after DSV formation in the
leading-edge stall case due to the strong DSV that remains over the
airfoil surface, contributing to vortex-induced lift. A similar trend is
observed for case MX, with both parameters reaching their maximum
magnitudes about 0.7Ar* ahead of DSV formation. An interesting
point to note is that the delay between DSV formation and lift stall has
narrowed considerably due to the significantly larger trailing-edge
separation present in case MX relative to case LE. DSV formation
occurs 3Ar* before lift stall for case LE while occurring just 0.6A¢*
before lift stall for case MX. The trailing-edge separation in case MX
covers over 50% of the airfoil chord (see Fig. 6b), resulting in a loss of
circulation and lift stall, despite the vortex-induced lift contributed by
the DSV. For both cases, LE and MX, the LESP and BEF parameters
signal stall onset in advance of DSV formation.

C. URANS Results for Higher-Re, Cases

The higher-Re, cases (MXTE and TE) carried out using URANS
are discussed in this section to further investigate the effect of
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unsteady trailing-edge separation on the stall-onset predictive
capability of the max(LESP) and max(|BEF)) criteria.

1. Case MXTE: NACA 0012, Re, = 3 X 10°, and K = 0.075

Case MXTE corresponds to the NACA 0012 airfoil undergoing a
pitch-up—return motion at a nondimensional pitch rate of 0.075,
pivoted about the quarter-chord point.

Figures 9a—9c show the variation of the coefficient of lift C;, drag
C,, and moment C,, about the quarter-chord point, respectively, with
t*. Figure 9d shows the variation in the maximum magnitude of C),
near the leading-edge (up to 5% chord on the suction surface) with *.
The variation of a with time is coplotted with C; in Fig. 9a for
reference. Note that Figs. 9a-9c show the unsteady aerodynamic
coefficients that are integrated quantities, whereas Fig. 9d shows the
variation of max(|C,|) near the leading edge, which is a point
quantity. We observe three instances between ¢* of 13 and 20 where
C,, diverges: the first of which is located at * = 13.6 and signifies
moment stall. The gradual variation of C,, can initially be attributed
to the gradual growth in the extent of the trailing-edge reverse flow.
The moment stall point is approximately marked to represent the
noticeable negative divergence of C,,. Moment stall is also accom-
panied by a large increase in C; as the reverse flow region grows.

Leading-edge suction collapses next, at around * = 14.3. Lift stall
then follows, at around * = 14.7.

The space-time contours of —C,, and C; shown in Figs. 10a and
10b point out some of the features observed during the unsteady
motion of the airfoil. A sequence of vorticity contours overlaid with
streamlines is presented in Fig. 11. As the airfoil pitches up, reverse
flow from the trailing edge moves upstream, as shown in Fig. 10b.
The expanding region of reverse flow leads to the divergence in C,,
observed in Fig. 9c. The reverse flow interacts with the leading-edge
flow, resulting in the formation of a strong DSV around 0.2¢, which is
pointed out in the C, space-time contours. Because it is hard to
determine if the trailing-edge reverse flow has reached all the way up
to the leading edge before DSV formation, we have classified this
case as being in between the mixed and trailing-edge stall. The
imprint of the DSV (in yellow in Fig. 10a) can be seen moving
downstream in the C), contours. The downstream convection of the
DSV further contributes to negative C,,. The DSV also contributes to
increased lift (note increased lift slope in Fig. 9a) over the airfoil
surface. A lift stall results when the DSV convects away from the
airfoil surface. The flowfield at the lift stall point is shown in Fig. 11b.
Because a continues to increase beyond the lift stall point, there is
vortex shedding from the trailing edge (Fig. 11c). Although the

3.0 Lift stall /
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Fig. 9 Unsteady aerodynamic coefficients (Figs. 9a—9c¢) and maximum leading-edge suction (Fig. 9d) for case MXTE.
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trailing-edge vortex (TEV) contributes only to a small increase in lift, it
induces a large pitch-down moment due to the longer moment arm
(trailing edge to quarter-chord point). This explains the second
deviation in C,, in Fig. 9c. By this point, the angle of attack has begun
to decrease, and the TEV is shed. A clockwise vortex develops (as
shown in Fig. 10b) as the TEV sheds, contributing to a further increase
in lift. The formation and downstream propagation of this vortex
explain the third deviation in C,,. Around * = 20.6 (Fig. 11e), with
decreasing a, this vortex detaches from the leading edge and moves
away from the airfoil surface.

Figure 12 shows the variation of the LESP and BEF for case
MXTE. Despite the larger extent of flow separation, we observe
that the parameters reach their maximum magnitudes about 0.3Ar*
before DSV formation. Lift stall follows closely (0.2A¢*) after DSV
formation. Therefore, the two criteria effectively signal stall onset for
case MXTE. For the higher-Re,. cases with pitch-up-return motion
[the current case (MXTE) as well as case TE, discussed in
Sec. IV.C.2], where leading-edge suction recovers to some extent
as a decreases during the pitch-down part of the motion, the LESP
reaches a second peak. Because the LESP represents a camberwise
force (same as the chordwise force for symmetric airfoils), leading-
edge suction recovery rotates the force vector toward the leading
edge, resulting in an increase in the chordwise component. The BEF
does not show significant secondary peaks for any of the cases. This
simply reflects the much lower magnitude of C), of the secondary
peaks relative to the first. The ratio of the C,, magnitude of the second
peak relative to the first for case MXTE (identified from Fig. 9d) is
about 0.14. The leading-edge suction magnitude as the flow reestab-
lishes during pitch-down is much weaker. This is doubly reflected in
the favorable pressure gradient and the clockwise vorticity at the
leading edge, which is captured by the BEF. Therefore, there is a
larger disparity in BEF magnitudes between the first and second
peaks as compared to the LESP.

2. Case TE: NACA 0012, Re, = 3 x 10°, and K = 0.025

Case TE has similar kinematics to case MXTE, except at a lower
pitch rate. Figures 13a—13c show the variation in unsteady aerody-
namic coefficients with #*, and Fig. 13d shows the variation in
max(|C,|) near the leading edge. Moment stall, leading-edge suction
collapse, and lift stall occur in quick succession in that order, around
t* = 30. As will be explained shortly, the subsequent oscillations in
the aerodynamic coefficients are due to vortex shedding. Figures 14a
and 14b show the space—time contours of —C), and Cy. As seen from
the Cy contours, boundary-layer flow reversal begins at the trailing
edge at about * = 25. Due to the lower pitch rate, the upstream
propagation of flow reversal is much more gradual. As the reverse
flow region grows in extent, moment stall occurs at r* = 28.
Leading-edge suction collapses shortly afterward at * = 29.9. A

DSV develops around the quarter-chord point, and its downstream
propagation is marked in the C, contours. Lift stall follows at
t* = 30.7, when the DSV is shed. As a continues to increase beyond
lift stall, the airfoil acts like a bluff body, leading to vortex shedding
alternately from the leading and trailing edges at a nondimensional
frequency (f* = fc/U,) of about 0.2. This is clearly seen from the
contour plots in Fig. 14 and is reflected in the oscillations in the
aerodynamic coefficients in Fig. 13. The TEVs subsequently cause
several large deviations in C,, due to the longer moment arm. The
duration of vortex shedding and the strength of the shed vortices are
higher compared to case MXTE. This is explained as follows. Lift
stall occurs at a lower a for case TE compared to case MXTE on
account of the pitch rate for case MXTE being three times as high.
Therefore, a,,,, is reached sooner after lift stall and flow recovery
commences earlier for case MXTE. In contrast, there is about 15 deg
of pitch-up motion remaining when lift stall occurs for case TE,
thereby delaying flow recovery induced by the decreasing the angle
of attack. The vortex shedding continues until shortly after a,,,, is
attained and the angle of attack reduces. Once flow begins to reattach
with reduction in «, there is circulation recovery over the airfoil
surface. The lift recovers and then reduces as a goes to zero.

Figure 15 shows vorticity contours overlaid with streamlines for
different points in the motion. Figures 15a—15¢ show the flowfield
around the times of moment stall, leading-edge suction drop, and lift
stall. Figures 15d and 15e show the vortex shedding that occurs after
lift stall is reached, and Fig. 15f shows the reestablished attached flow
at low-a during pitch-down.

The variations of the LESP and BEF with ¢* for the current case are
shown in Fig. 16. The observed trend remains similar to the other
cases with significant trailing-edge separation. Both parameters
reach their maximum magnitudes approximately 0.7At* before
DSV formation. Lift stall follows closely (0.2Ar*) after DSV for-
mation. Thus, we conclude that both criteria are effective stall-onset
indicators for the current trailing-edge stall case.

In summary, we find that the max(LESP) and max(|BEF]|) criteria
signal leading-edge, mixed, and trailing-edge stall in advance of DSV
formation, based on cases LE, MX, MXTE, and TE. We attribute this
to leading-edge suction collapsing before DSV formation for all the
cases under consideration (this will be corroborated further in
Sec. IV.D). We also note a smaller delay between DSV formation
and lift stall as trailing-edge separation becomes more significant.

D. Comparing Leading-Edge, Mixed, and Trailing-Edge Stall

Figure 17 provides a timeline showing the stall criteria relative to
the occurrence of relevant events such as trailing-edge separation,
moment stall, leading-edge suction collapse [max(|C,,|)], DSV for-
mation, and lift stall. The top two panels are for the LES ramp cases at
the lower Re., whereas the bottom two panels are for the URANS
pitch-up-return cases at the higher Re,.. Although we make some
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motion; contour legend shown in Fig. 11a). Events shown are a) leading-edge suction drop, b) lift stall, c—d) subsequent vortex shedding, e) clockwise vortex

leading to lift recovery, and f) attached flow at low a.

general comments on the trends, direct comparisons are possible only
within each group, with the caveat that they include very few data
points. The line marking the stall-onset criteria is at their average
location because they are close, especially for the cases with larger

trailing-edge separation. The point marking trailing-edge separation
is plotted at the a when reverse flow from the trailing-edge reaches
0.95¢. Max(|C,|) marks the instance of maximum magnitude of the
pressure coefficient near the leading edge.
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‘We note that the sequence of events goes as follows:

trailing-edge separation — moment stall — max(|C,|)

— DSV formation — lift stall

for cases MX, MXTE, and TE. For case LE, the preceding
sequence varies, in that moment stall occurs after DSV formation.
Therefore, moment stall is clearly due to the downstream propa-
gation of a coherent DSV in case LE, whereas the expanding
region of trailing-edge reverse flow causes C,, to diverge early
in the other cases and is not solely attributed to the DSV. For all
cases, the leading-edge stall criteria [max(LESP) and max(|BEF])],
shown with black lines, occur very close to the instance of suction
collapse [max(|C,|)] at the leading edge (purple diamond sym-
bols). Another general trend is the narrowing gap between leading-
edge suction collapse and lift stall as trailing-edge separation
becomes more significant.

The ramp cases at lower Re,. (top two panels of Fig. 17) vary only
in the airfoil used. Trailing-edge separation occurs earlier for case
MX, which consists of a thicker NACA 0018 airfoil, in comparison to
case LE, which consists of an NACA 0012 airfoil. All other events are
postponed for the thicker airfoil, which experiences, at a given a, a
lower adverse pressure gradient at the leading edge due to the larger
radius of curvature. However, they occur closer together compared to
case LE.

The pitch-up—return cases at higher Re,. (bottom two panels of
Fig. 17) vary only in their pitch rates. Case MXTE has a higher pitch
rate as compared to case TE. Trailing-edge separation and all the
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Fig. 14 Space-time contours of a) —C,, and b) C for case TE.
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pitch-down.

subsequent events occur at a lower « for case TE due to smaller time-
lag effects. The gap between max(|C,|) and DSV formation is
smaller for case TE. We note again that these observations are to be
taken with caution because they involve limited data points. Lift stall
occurs closer to the maximum « of 45 deg for case MXTE relative to
case TE, resulting in a smaller duration of vortex shedding. A
stronger DSV is formed for the larger pitch rate case MXTE, which
is consistent with observations from the literature [39]. Additional

cases may need to be analyzed to make remarks on more general
trends across different stall types.

Finally, the stall-onset criteria nearly coincide with the leading-
edge suction collapse or instance of max(|C,,|) near the leading edge
for all cases. For all four cases involving a DSV in the stall process,
the criteria are reached before DSV formation. This is attributed to
leading-edge suction collapse occurring before DSV formation for all
these cases. Based on the cases analyzed, we find the max(LESP) and


https://arc.aiaa.org/action/showImage?doi=10.2514/1.J062011&iName=master.img-014.jpg&w=499&h=568

Downloaded by Iowa State University on October 6, 2023 | http://arc.aiaa.org | DOI: 10.2514/1.J062011

1192 SUDHARSAN, NARSIPUR, AND SHARMA

|BEF|

0 10 20 30 4.0 50 60 70 a0

Max |[BEF| - - - Max LESP DSV formed —-— Lift stall

Fig. 16 Variations of LESP (black) and BEF (green) for Case TE that
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Fig. 17 Timeline (in terms of @) of important events for all cases. Top
two panels show LES ramp cases at lower Re., whereas bottom two
panels show URANS pitch-up-return cases at higher Re,.

max(|BEF]) criteria to be effective indicators of stall onset where the
DSV plays a prominent role.

V. Conclusions

The objective of the present study was to evaluate two leading-
edge-based stall-onset criteria, namely, max(LESP) and max(|BEF)),
for mixed and trailing-edge stall. The LESP is the camberwise force
near the leading edge, which is a pressure-based parameter. The BEF
is a vorticity-based parameter that represents the product of vorticity
and streamwise pressure gradient near the leading edge. Both param-
eters have been previously demonstrated to effectively signal onset in
leading-edge stall for Re, ~ O(10°), where there was an abrupt
collapse in leading-edge suction. In the present work, the max(LESP)
and max(|BEF)) criteria were evaluated for mixed and trailing-edge
stall, where there was significant trailing-edge separation. The key
point of interest was to verify if the criteria were reached in advance of
critical points such as DSV formation and lift stall under these
conditions. Mixed/trailing-edge stall was generally expected to occur
at higher Re_. and/or for thicker airfoils. Four cases of airfoils under-
going unsteady pitching motion were considered, with varying
extents of trailing-edge separation, with DSV formation playing an
important role in the stall process. These cases were simulated at a
moderate Re,. of 2 X 103 using wall-resolved LES, and at a high Re,
of 3 x 10° using unsteady RANS. Using the definitions and charac-
teristics of leading-edge, mixed, and trailing-edge stalls from the
literature, the features of the different cases were contrasted in detail.
The LESP and BEF parameters were evaluated for each case repre-
senting a specific stall type, and it was observed that they reached
their maximum magnitudes in advance of DSV formation for all of
them. Lift stall followed DSV formation, with smaller delay as the
study moved toward more trailing-edge-dominated stall. Based on

the cases analyzed, it is concluded that the leading-edge stall criteria,
max(LESP) and max(BEF), are effective even for cases with signifi-
cant trailing-edge separation where the DSV plays a prominent role.

Appendix A: Mesh-Sensitivity Studies
A.l. LES

A mesh-sensitivity study is carried out for static as well as dynamic
simulations for flow over a NACA 0012 airfoil at Re, = 2 x 10°.
Four mesh sizes are evaluated. Static simulations are performed with
the airfoil at angle of attack of « = 4 deg. For the dynamic simu-
lations, a constant-rate pitch-up motion about the airfoil quarter-
chord point is considered. Three mesh sizes are evaluated. The overall
grid dimensions and first cell size in wall units (Ax*, Ay*, Az ") for
the static simulation are presented in Table Al. The values of x*, y*,
and z* are well below the values recommended in the literature
for LES.

Figure Al plots the results of the mesh refinement study for
static-airfoil simulations using LES. Spatial distributions of the
aerodynamic pressure coefficient C,, and skin-friction coefficient
Cy, are compared. All four grids capture the transition location
(at x/c = 0.45) on the suction surface. The coarse grid shows a
slightly shorter laminar separation bubble, as seen by inspecting
the C; plot (Fig. Alb). Furthermore, the medium, fine, and finest
grids show an extended transition region as compared to the coarse
grid. The difference between the medium, fine, and finest grids
is small.

Figure A2 plots the time histories of the sectional lift and drag
coefficients, ¢; and c,, respectively. The differences between the
coarse grid and the other three grids are more apparent in the dynamic
simulation results. But, the medium, fine, and finest grids exhibit very
similar time histories. Based on this study, the fine grid was selected
for the simulations.

A.2. URANS

A mesh-sensitivity study for the URANS model was conducted
using the NACA 0012 airfoil. The baseline grid, which is used in the
present work, has a y* of 1.0 at Re, = 3 x 10°. Two additional grids
were generated with y* of 5.0 and 0.5. The wall-normal grid spacings
in wall units y* are listed in Table A2 for the three grids used in this
study: at Re, = 30,000 and 3 x 10°.

The three grids were used to study the aerodynamic behavior,
especially the LESP, of the NACA 0012 airfoil for two extreme ends
of the parameter space: 2) pitch rate and K = 0.05 with pivot at the
leading edge, and 2) K = 0.60 with pivot at the trailing edge. This
study was conducted for both values of Reynolds number Re
(= 30,000 and 3 x 10°). Figure A3 shows the max(LESP) values
[corresponding to leading-edge vortex (LEV) initiation] for the
NACA 0012 airfoil for these three grids at the two Re,. It is seen
that the change in max(LESP) between the three grids is small and is
close to the error in the LESP. This error, indicated by the error bar in
Fig. A3, is the typical difference in the LESP between the successive
time instants at which CFD output is used to calculate the LESP.

Table A1 Grid dimensions and nondimensional cell sizes in wall
units (Ax*, Ayt, Az+)?

Ayt Ax*t Azt
(average (average (average
Grid Ne X N, X Nb maximum) maximum) maximum)
Coarse 395 x 643 x 51 0.36, 0.94 22.0,55.1 17.0, 63.9
Medium 410 x 995 x 101 0.18,0.47 14.3,85.2 8.5,32.4

Fine 410x 1341 x 134 0.19,0.50 10.6,87.2 7.0,24.5
Finest 615x1490x 150  0.12,0.32 9.6, 56.7 57217

“Averages and maximum values of cell sizes are over the entire airfoil; the suction side of
the airfoil is more refined than the pressure side.

Y &, N,, and N refer to the number of points in the radial, circumferential, and span
directions, respectively.
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Fig. A2 LES mesh-sensitivity study results for dynamic simulations for a constant-rate pitch-up maneuver. Time histories of a) ¢; and b) ¢, are plotted as
functions of angle of attack a.

Table A2 y* values for the grids used for URANS

mesh-sensitivity study

y spacing at y* at y*at
Grid wall, m Re = 30,000 Re, =3 x10°
1 5.17x 1073 0.069 5.0
2 (baseline) 1.03 x 1073 0.014 1.0
3 5.17x 1076 0.0069 0.5
0.5

—A— K =0.05, LE pivot
0.4 —@—— K =0.60, TE pivot

0.3
0.2

A A
0.1

I Error in max(LESP)

0
0 0.02 0.04 0.06 0.08

+

a) Re. = 30,000

Appendix B: Comparison of LES and
for Case LE

URANS Results

Figure B1 compares the unsteady aerodynamic coefficients

between LES (black solid) and URANS (pink

dashed) for case LE.

We see that the peak values of the coefficients occur slightly later for
URANS. For example, lift stall (peak in C;) is shifted by about
0.4 deg aft. Also, finer variations in the coefficients due to small-
scale structures that are generated are not captured in URANS, as

0.5
0.4 -
max(LESP) | W%
0.3
02 —&— K =0.05, LE pivot
0.1 K =0.60, TE pivot
1 Error in max(LESP)
0
0 1 2 3 4 5
+
y

b) Re, =3 x 10°

Fig. A3 Max(LESP) variation with grid y* at LEV initiation for a) Re, = 30,000 and b) Re = 3 x 10°.
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5.0 7.5 10.0 12.5 15.0 17.5 20.0 225 25.0

Fig. B1 Comparison of unsteady aerodynamic coefficients between
LES and URANS for case LE.

expected. However, the overall match in terms of magnitudes and
trends of the aerodynamic coefficients is quite good.

Figure B2 compares the variation of the LESP and |BEF| between
LES and URANS. For both parameters, URANS overpredicts the
maximum value and shifts it aft in time; so, we present their variation
normalized by the maximum value of each. For the LESP, this shift is
about 0.7 deg; whereas for BEF, it is closer to 1 deg. The maximum
value is overpredicted by 4% for the LESP and 10% for BEF. These
larger discrepancies for the BEF could be because its calculation
involves higher-order derivatives at the wall as opposed to the LESP,
which uses C,. Small errors in mean quantities such as C,, are
amplified with higher-order derivatives. Also, higher-order wall-
normal gradients are captured far more accurately by LES. However,
our primary interest is in capturing the trend of the variation, which is
achieved by URANS. Therefore, for our purposes [i.e., identifying
the max(LESP) and max(|BEF|) criteria relative to DSV formation],
we only consider their peak locations in time. The slight shifts in the
peaks of the quantities between LES and URANS are acceptable
because there is a corresponding aft shift in time for all other events,
such as DSV formation and lift stall. We therefore use URANS for
evaluating the aforementioned criteria for higher-Re,. cases.

Figure B3 compares the space~time contours of Cy between LES
and URANS. The contours corresponding to LES capture small-scale
features, whereas the URANS results are smoothed out because
such features are not captured. However, features such as DSV
propagation and trailing-edge separation and reattachment are
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Fig. B2 Comparison of a) LESP and b) | BEF| from LES and URANS normalized by their maximum values for case LE.
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Fig. B3 C/ space-time contours from a) LES and b) URANS for case LE.
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broadly captured well, although there is a slight shift aft in a for the
URANS cases. We find this to be acceptable for the purpose of
relative comparisons of the stall-onset criteria with the critical points
such as DSV formation and lift stall.
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