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ABSTRACT

The unsteady laminar separation and subsequent dynamic stall vortex (DSV) formation is investigated on a
NACA 0012 airfoil section subject to a constant pitch rate motion using Delayed Detached Eddy Simulations
(DDES) in NASA’s OVERFLOW 2.3 solver. This study focuses on the complex flow features during the initial
DSV formation and analyzes the distinct mechanisms from which the vortex is formed. It is shown that DDES
accurately predicts the bursting of a laminar separation bubble (LSB), which triggers the onset of a DSV. In
parallel to studying the feasibilty of DDES in terms of capturing distinct flow features compared to Large
Eddy Simulation (LES) results, a turbulence model study is also carried out, analyzing the influence of state-
of-the-art turbulent and transition models on the DSV formation and subsequent stall onset. These include
the fully turbulent Spalart Allmaras (SA) turbulence model and three different transition models: SA Coder
Amplification Factor Transport (AFT), SA Medida-Baeder y — RNegt, and the Shear Stress Transport (SST)
Langtry-Menter y — Reg,. It is found that the Coder SA AFT model provides the closest results with LES and
the SST Langtry-Menter model predicts the earlier onset of the DSV. The fully turbulent model shows an abrupt
development of a turbulent separation bubble and the under-prediction of the lift coefficient at lower angles of
attack. At higher angles of attack, after the collapse of the separation bubble, all the models provide similar

trends with each other and LES results.

INTRODUCTION

Dynamic stall is a complex flow phenomenon that occurs in
the realm of rapid maneuvering fixed and rotary-wing aircraft,
turbomachinery, and wind turbines. It is characterized by a
delay in the onset of boundary layer separation on a blade
subject to transient alterations in angle of attack beyond the
static stall angle, which increases aerodynamic loads consid-
erably larger than those associated with static stall. When
stall itself is onset, there is a massive flow separation on the
upper surface that results in a gradual or abrupt loss of lift,
an increase in drag, and a large nose down pitching moment.
The unsteady loading and vibrations encountered during dy-
namic stall severely hinder the performance, as it restricts for-
ward flight limits and compromises the structural integrity of
the rotor blades. Due to the chaotic nature of this flow phe-
nomenon, it remains a very difficult task to accurately capture
and predict through experimental and computational meth-
ods (Ref. 1). DDES has been widely used in rotorcraft re-
search to predict dynamic stall, and it was found that DDES
predicts the airloads on the rotor blades very well during dy-
namic stall (Refs. 2-5). However, the validity and predictive
capabilities of DDES in terms of capturing the detailed flow
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physics related to the onset of dynamic stall have not been
studied before. Smith (Ref. 6) provided a comprehensive dis-
cussion on the current state of knowledge regarding this flow
phenomenon. Despite the tremendous progress that has been
made in this field of study, further knowledge is still required.
Some of the conclusions/recommendations from (Ref. 6) are
listed:

» Two-dimensional dynamic stall must be solved in three-
dimensional space to capture the separation region.
Purely two-dimensional computations exhibit stronger,
non-physical responses that impact the ability to capture
the onset of dynamic stall.

* Integration of computational studies with coordinated
experimental studies will provide results that are valu-
able for code validation. Combined use of validated
computational results and high-quality experimental re-
sults are likely to yield the greatest advancement in un-
derstanding.

* A better understanding of the timing and impact of dy-
namic stall flow features under different conditions and
combinations of conditions, such as unsteady inflow,
aeroelasticity, wake interactions, boundary layer transi-
tion, and airfoil shape, is needed.



Currently, LES (Ref. 1) has proven to be the most effective
in capturing important flow features during the dynamic stall
process, however the required computational resources make
it impractical for industry use. This paper aims to focus on
understanding the viscous mechanisms from which dynamic
stall is onset using DDES, which provides much faster so-
Iutions than LES. Our research aims to unveil the predic-
tive capabilities of DDES in terms of the detailed and com-
plex flow physics pertinent to the onset of dynamic stall in
addition to airloads predictions at a low Reynolds number
(M =0.1,Re, =200,000). Typically, DDES is several orders
of magnitude faster than LES due to the smaller mesh size and
larger time step. An important questions is whether DDES
can provide a similar accuracy level of numerical solutions as
LES in terms of capturing detailed physical mechanisms re-
garding the onset of dynamic stall with such a small fraction
of computational cost. The events leading up to stall, rather
than the analysis of the stalled flow itself, will be investigated
due to modern-day modeling tools being more so calibrated
for pre-stall. Not only will predictions of aerodynamic loads
and the comparison between DDES and LES be discussed,
but the distinct flow features relevant to the DSV will be stud-
ied to provide a concrete answer to whether complicated flow
features can be realized from an industry oriented CFD ap-
proach. In addition, a detailed comparison and evaluation of
state-of-the-art turbulence and transition models coupled with
DDES will be conducted for the prediction of the onset of the
DSV..

METHODOLOGY

A. Problem Description

In this paper a NACA 0012 airfoil section is studied in detail.
The three mesh resolutions studied are reported in Table 1. To
prevent a sudden ramp-up motion, the pitch rate, ¢, is given
by

o) =y (1—e /") (1)

where * = tU.. /¢ denotes the non-dimensional time, z, = 0.5,
and W is 0.05. This allows the pitch rate to reach 99% of its
asymptotic value, or ", fairly quickly (t, = 0.5). Although
a constant pitch motion is more relevant to fixed-wing fighter
aircraft and wind turbine blades, the underlying viscous flow
physics is still applicable to rotorcraft environment. Based on
studies done by Visbal and Garmann (Ref. 1), a span of 10%
chord was found to be a viable option for capturing three-
dimensional effects at a reasonable computational cost. Prior
to the initial pitch up motion, a well resolved static solution
is first found. The boundary conditions are prescribed as fol-
lows: no-slip adiabatic condition on the airfoil surface, grid
periodicity imposed in the chordwise direction at the trailing
edge, and for keeping a nominal 2D configuration, spanwise
periodic conditions are imposed. This essentially removes
finite three-dimensional effects such as the influence of tip
vortices in this case study, but also allows for the study of

spanwise features and effects within the flow. In regards to
the temporal resolution, a small non-dimensional time step
Ar* = 0.000256 is utilized in this study. This correlates to
35,000 steps during the upstroke motion, and 1300 steps per
angular degree of rotation. This small time step not only en-
sures numerical accuracy, but provides an adequate temporal
resolution for capturing complex flow features. Furthermore,
30 sub-iterations are used for numerical convergence based on
studies conducted in Liggett and Smith (Ref. 7).

B. Grid Generation

The airfoil section is comprised of a single near-body curvi-
linear O-mesh. The NACA 0012 airfoil coordinates are im-
ported into OVERGRID (Ref. 8). The modules HYPGEN,
GRIDED, and SRAP, within the Chimera Grid Tools (CGT)
package were used to generate the grids. CGT provides a
graphical user interface and a unified environment for the vi-
sualization, processing, and diagnosis of the grid. The first 2D
volume grid is generated through the use of HYPGEN, where
a volume grid is created from the NACA 0012 surface coor-
dinates. The marching distance, initial and/or end spacings
are user specified. The leading-edge and trailing-edge chord-
wise spacings are kept at 0.02%c , where c denotes the chord
length, to have a sufficient resolution for capturing the flow
physics. Mesh smoothing parameters are kept at default val-
ues, a process that is standard when considering grids that are
not overly complex (Ref. 8). After a 2D volume grid is gener-
ated, it is duplicated and concatenated in the spanwise direc-
tion to generate the 3D volume grid. The grid stretches 100
chords away from the surface, in accordance with (Ref. 1).
It is replicated in the same manner for this study in order to
make a fair comparison with LES results. Moreover, a major-
ity of the grid points are concentrated within one chord length
away from the airfoil surface, and 50 points are used in the far
field, which provides a large grid stretching and dissipation of
flow variables at the far-field boundary. Although the grid is
stretched rapidly, the stretching ratio was maintained below
1.3 in accordance with OVERGRID best practices (Ref. 8).
For all grids, the average y* calculated from the solution data
is approximately 0.4 across the upper surface of the blade.
This calculation of y™ is done through an iterative process
of adjusting flat plate approximations, and cross referencing
with the solution data. The first grid point is placed within the
boundary layer, approximately 5.19 x 10~ m from the airfoil
surface. General schematics and information of the domain
are found in Figs. 1 and 2.

Table 1. Mesh Properties

Grid Dimensions Nupper/Niower — Az/c
1 511 x 100 x 50 350/150 0.002
2 811 x 200 x 100 600/200 0.001
3 1349 x 400 x 100 900/400 0.001

*Note: Dimensions are reported as (Chordwise x Normal X
Spanwise). Az/c indicates the nominal spanwise spacing.
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Fig. 1. Overview of airfoil section mesh.

Table 2. Wall Units
Grid Axt Ayt At AT AT AT
1 40.0 0463 893 355 0.392 9.49
2 23.1 0488 941 176 0375 722
3 150 0526 104 114 0399 7.69

*Note: Ax",Ay™", and Az indicate the grid spacing at x/c = 0.8.
AxT,AxT,AxT indicate the grid spacings averaged across the airfoil

upper surface.
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Fig. 2. Streamwise (x) and spanwise (z) mesh spacings on
Grid 2.

B. Numerical Procedure

The numerical integration of the unfiltered fluid transport
equations is carried out using NASA’s OVERFLOW 2.3 CFD

code (Ref. 9). It is an implicit structured overset grid Navier-
Stokes solver that is capable of computing time-accurate
and steady state solutions with several options for tempo-
ral and spatial discretization. OVERFLOW was used to
study 2D and 3D dynamic stall, (Refs. 4,10, 11), and re-
cent high-speed rotorcraft simulations, (Refs. 12—14). This
code has a variety of turbulence and transition models avail-
able. The transition models used in this study are the
following: (i) the correlation based two equation Langtry-
Menter transition model (Ref. 15), which is based on the
year 2003 version of Menter’s Shear Stress Transport (SST)
model (Ref. 16) with modifications to account for cross-
flow induced transition; (ii) the correlation based Medida-
Baeder transition model (Ref. 17), which is a reformulation
of the Langtry-Menter Transition model to allow for inte-
gration with the Spalart-Allmaras (SA) Turbulence model,
and (iii) Coder’s Amplfication Factor Transport (AFT) model
(Ref. 18). Furthermore, as previously stated, the fully turbu-
lent SA model (Ref. 19) is also used.

RESULTS
A. Static Validation

Static results are validated against XFOIL and LES results as
a sanity check. These static cases are run continuously un-
til there is stabilization of the aerodynamic loads and resid-
ual values. Figure 3 shows the time and spanwise-averaged
surface pressure and skin friction coefficients with respect to
the three grid resolutions for Coder’s AFT transition model
against LES results (Ref. 1). The purpose of this was to iden-
tify if the natural transition location and the overall surface
pressure and skin friction coefficients are within acceptable
margins. Prior to running the 3D dynamic cases, the mesh and
numerical parameters are also validated via 2D RANS simu-
lations on a 2D surface grid comprised of the same number of
points as Grid 2. The CFD results are compared against ex-
perimental data by (Ref. 20) at a M = 0.10 and Re = 1 x 10°.
The lift, drag, and pitching moment coefficients up until the
static stall inception point can be seen in Fig. 4. Both the 2D
and 3D static predictions show acceptable results to permit
further analysis of the 3D dynamic case.

B. Grid Resolution Study

This section presents an overall overview of the dynamic stall
process using the Coder SA AFT transition model. Figure 5
shows the effect of all the grid resolutions during the upstroke
phase as well as the residual drop across all grids. Similarly
with the static case, validation is done through comparing pre-
dictions of the aerodynamic loads against the LES computa-
tions (Ref. 1). Grids 2 and 3 show relatively similar predic-
tions in the converged aerodynamic loads and stall inception
point during the dynamic stall process whereas Grid 1 shows
an early onset of dynamic stall, which is an expected result
considering the coarse grid resolution. The residual drop con-
firms a numerical accuracy of the solution with all grid resolu-
tions showing close to a two-order drop across each time step.
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Fig. 3. Time and spanwise-averaged a) surface pressure,
C, and b) skin friction, Cy at o0 = 4°.

For all cases the peak lift coefficient is under-predicted com-
pared with LES. However, the predicted aerodynamic loads
are within acceptable margins, permitting the study of flow
physics with respect to Grid 2 (811 x 200 x 100) for the re-
mainder of this study. The parallel computations are made
over computational domains decomposed through OpenMPI.
The elapsed calculation time for Grid 2 was roughly 20 sec-
onds per time step using 192 cores on CPU 3.3 GHz at UC
Davis High Performance Computing Center, which corre-
sponds to about 1,500 total CPU hours. This computational
cost is significantly lower than that of LES as the latter typi-
cally requires several million CPU hours.

C. Dynamic Stall Stages

The dynamic stall process is broken down into various stages
and studied more in depth within this section with respect
to Grid 2 using the Coder SA AFT transition model. These
stages signify the important points during the dynamic stall
process, similar to those described by McCroskey (Ref. 21)
and Visbal and Garmann (Ref. 1), which include an initial
shear layer separation, loss of suction at the leading edge, and
the subsequent formation and propagation of the DSV. It is
important to note that in the following sections, many param-
eters of interest will be spanwise averaged and/or low pass fil-
tered due to the extremely transient nature especially at high
angles of attack. Analyzing a single instantaneous spanwise
cross section is sufficient for attached flows, however, aver-
aging is more suitable to represent the averaged patterns of
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Fig. 4. 2D RANS static validation of a) C;, b) Cp, and c)
Cyr on a NACA 0012 airfoil at M = 0.10, Re = 1 x 10°.

highly fluctuating flows. The different stages during the dy-
namic stall process can be seen in Fig. 6, along with their re-
spective descriptions and flow topologies reported in Table 3.

Figure 7 shows the vorticity magnitude during the various
stages described above during the unsteady pitch up motion.
From stage 1 (o0 = 8°), transition can be seen through the
small vortices present within the boundary layer as the tran-
sition point propagates upstream. Moreover, in the earlier
stages, the formation and presence of a LSB can be seen
through the vorticity magnitude production at the leading
edge. As the angle of incidence increases there is a gradual
increase in the boundary layer thickness that can be seen in
Figs. 7(b)-(e). In Fig. 7(f) the presence of an initial trailing
edge vortex (TEV) is seen through the rapid spatial growth
in vorticity production towards the trailing edge. Even in the
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Fig. 5. Dynamic stall grid resolutions study on a) lift co-
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presence of vorticity production at the trailing edge, the over-
all external flow is not greatly deviated as the lift force contin-
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Fig. 6. Various stages of dynamic stall (Grid 2).

Table 3. Dynamic Stall Stages

Stage

Flow Topology

1(8°)

Boundary layer transition point is propagat-
ing upstream.

2(10.6°)

A laminar separation bubble forming at the

leading edge with initial shear layer separa-
tion and subsequent reattachment as a turbu-
lent boundary layer.

Increase in suction at the leading-edge and
reattachment of turbulent boundary layer
slightly further downstream than the previ-
ous stage. Gradual thickening of the bound-
ary layer over the entire blade section.
Suction still increasing at the leading edge,
however an adverse pressure gradient begins
to have a more pronounced effect on the sep-
aration bubble, as instabilities begin to settle
in, resulting in two reattachment branches of
the boundary layer.

Suction is lost at the leading edge as the lam-
inar separation bubble collapses due to the
strong adverse pressure gradient, causing a
large region of unsteadiness at the leading-
edge. Lift is still increasing linearly.

The separated shear layer following the bub-
ble collapse begins to roll up into a DSV. Sig-
nificant increase in the C; — o slope due to
DSV formation.

DSV is fully formed and is propagating
downstream, up until roughly 50% chord
length where it detaches from the surface.

3(12.99)

4(15.2°)

5(16.9°)

6 (18.6°)

7(21.5°)

ues to increase linearly. This is opposite to static stall, where
flow reversal usually provokes a massive flow separation fol-
lowed by a drastic loss in lift and increase in drag (Ref. 22).
Up until Fig. 7(d) there still exists suction at the leading edge,
however the instabilities begin to settle in, which eventually
causes the collapse of the bubble due to the large adverse pres-
sure gradient induced at higher angles of attack, as shown in
Figs. 7(d)-(e) through the sudden decrease in vorticity mag-
nitude at the leading edge. This is the initial trigger for the
further events correlated with the dynamic stall process. Fol-
lowing the collapse of the LSB, the separated shear layer be-



ings to roll up into a DSV. Further details regarding the shear
layer roll up and DSV formation will be discussed in subse-
quent sections. The suction collapse and successive formation
of the DSV was indicated in the C;, & curve in Fig. 6 through
the sudden increase in the slope of the lift coefficient beyond
the linear region at approximately o = 18.6°. This sudden
change of the lift-curve slope was also documented by Mc-
Croskey (Ref. 23), as well as Visbal and Garmann (Ref. 1).
The nature of the DSV rotation results in entrainment of outer
flow into the boundary layer near the point where the DSV
is still attached to the surface (Ref. 1). This results in a
strong reverse flow region under the DSV, indicated by the
strong signature of vorticity magnitude seen close to mid-
chord in Fig. 7(f). While the DSV continues to take up vor-
ticity, counter-rotating vortices emerge near the airfoil’s sur-
face as a result of increasingly strong interactions between the
DSV and the reversed flow due to entrainment, a feature that
was experimentally captured and described by Mulleners and
Raffel (Ref. 22). The rotating DSV pushes the counter rotat-
ing structures towards the leading edge, thereby forcing itself
to detach; a process that is known as vortex-induced separa-
tion (Ref. 22). In the latter stages close to the lift stall point,
there is the presence of longitudinal vortex sheets downstream
of the DSV indicated by the distinct streaks in the vorticity
magnitude close to the airfoil surface beyond the DSV, which
were also noted by (Ref. 1). These vortex sheets will be visu-
alized and analyzed in more detail in later sections. At stage
7 (¢ = 21.5°) in Fig. 7 (g) the airfoil section is getting closer
to the point of lift stall, as the DSV is still propagating down-
stream. Lift stall is onset just after Fig. 7(h) when the DSV
is shed from the airfoil surface. The overall sequence of the
events described lies in parallel to observations by other re-
searchers (Ref. 1), (Ref. 24), (Ref. 25), and (Ref. 26).

The spanwise averaged surface pressure and skin friction co-
efficients from stage 3 (a = 10.6°) to stage 7 (o = 21.5°) are
seen in Figs. 8(a) and (b). As the angle of attack increases
there is the gradual increase in maximum suction. However,
as the flow begins to get closer to the point of the suction
collapse, the flow near the leading edge starts becoming un-
stable, as indicated by the oscillations in the pressure recov-
ery region for the surface pressure and skin friction coeffi-
cients. This is in line with the findings of (Ref. 27), who found
on 2D static stall experiments that for stronger adverse pres-
sure gradients corresponding to increased suction, the sepa-
rated region lengthened and small oscillations developed in
the skin friction. The two distinct spikes in the surface pres-
sure at stage 4 (& = 15.2°) is due to the unsteadiness of the
flow, causing nearly two reattachment points of the boundary
layer just downstream of the LSB before full pressure recov-
ery. This occurs just prior to suction collapse as the adverse
pressure gradient becomes too strong for the boundary layer
to reattach smoothly.

The surface pressure contour in Fig. 9(a) shows the clear for-
mation of the LSB and the propagation of the DSV. More in-
terestingly, the contour of skin friction, shown in Fig. 9(b),
indicates that this stall process is related with “pressure gradi-
ent bubble bursting” leading-edge stall rather than “turbulent

(a) o =8° (b) a =10.6°
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Fig. 7. Vorticity magnitude during various stages of the
onset of dynamic stall.

leading-edge” stall caused by the rapid upstream propagation
of the reverse flow through the trailing edge. It can be seen
that the reversed flow, indicated by the negative regions of
the skin friction near the trailing edge, does not propagate up-
stream throughout the duration of the prescribed motion. With
some overall flow features pertaining to the dynamic stall pro-
cess being established, a more in-depth analysis into leading-
edge flow features before and after DSV formation is carried
out.

D. Leading-Edge Flow Features

This section will investigate the unsteady flow physics at the
leading edge in more detail, focusing on the process of DSV
formation. The existence of a LSB within this flow regime
is very well known and has been documented in high fide-
ity LES or experiments in (Ref. 1), (Ref. 21), and (Ref. 26).
Even though its highly unsteady nature makes it difficult to
fully grasp, there are some general characteristics which have
been identified regarding the influence of the LSB on the dy-
namic stall process. For example, at high Reynolds num-
bers, it has been documented that the bursting of the LSB
is induced more so by the upstream propagation of the re-
verse flow within the boundary layer, starting from the trailing



6

5 | Suction Increase

Pressure

\
Recovery  LSB Collapse

0 0.2 0.4 0.6 0.8 1

0.02

-0.02

LSB Collapse
LSB Instabilities

0 0.2 0.4 0.6

-0.04

Fig. 8. Spanwise-averaged a) C,, and b) C; during differ-
ent stages in the dynamic stall process.

25
20
=)
(3]
215
10 e Trailing-edge
= separation
===
5 _——
0 0.2 0.4 0.6 0.8 1
x/c
(b)

Fig. 9. Spanwise-averaged contours of a) C, and b) C dur-
ing the dynamic stall process.

edge (Ref. 28). Atlower Reynolds numbers, the LSB collapse
has been documented as a result of pressure gradient-induced
bursting. Initial experiments by Ham and Garelick (Ref. 29)
first linked the formation of the DSV to the LSB prior to airfoil
stall, documenting it on a NACA 0012 airfoil at a Reynolds
number of 300,000. Ham along with a variety of other re-
searchers (Ref. 30), (Ref. 31), (Ref. 32), all documented the
presence of a LSB at the leading edge prior to stall but could
not clearly identify the bursting process and the effect it had
on the overall DSV formation process. Many studies showed
a high sensitivity of dynamic stall behavior to the Reynolds
number, hence accurate conclusions could not be made to the
influence of solely the LSB. McCroskey et al. (Ref. 26) iden-
tified different mechanism in which dynamic stall is onset.
For lower speed applications, the stall process has been doc-
umented by pressure-gradient induced bursting of the lami-
nar separation bubble. They stated that the laminar separa-
tion bubble can remain small, but the turbulent flow over the
bubble can reach a state where the reattachment is no longer
possible, causing a breakdown of the bubble, and producing
”leading-edge bubble-bursting stall.” This section will investi-
gate the feasibility of DDES in terms of capturing the overall
leading-edge boundary layer behavior.

Figure 10 shows the behavior of the LSB at the leading
edge through the representation of the reversed flow. Here,
the formation of the LSB is seen through the presence of a
slightly reversed flow at the leading edge. There is a grad-
ual increase in the reversed flow within this region up un-
til Fig. 10(b) where there is a clear visual of the LSB it-
self. Prior to the collapse of the LSB, the upstream propa-
gation of the bubble is apparent from Figs. 10(c)-(d), where
the reversed flow propagates towards the leading edge be-
tween @ = 12.9° and 13.5°. The profile at @ = 15.2° sug-
gests the claims previously mentioned of instabilities starting
to settle in the flow. The collapse of the LSB is captured at
o = 16.9°, where there no longer exists a concentrated region
of reversed flow at the leading edge, and there is the presence
of a more chaotic velocity distribution. Previous predictions
by Visbal and Garmann (Ref. 1) with a denser grid config-
uration showed a maximum contraction and suction peak at
15.2°, followed by the abrupt collapse of the bubble. From
this current study, although there is a contraction of the bub-
ble seen from o = 12.9° — o0 = 13.5°, prior to the complete
loss of suction, a slight increase in LSB length can be identi-
fied. This indicates that prior to the LSB bursting, the strong
adverse pressure gradient causes slight expansion of the bub-
ble. The expanded LSB profile at o = 15.2° seems to lie in
parallel with the instabilities seen in the surface pressure and
skin friction in Fig. 8. Figure 10(f) shows that the initial stages
of the DSV formation can be seen through the large unsteady
reverse flow region present. The reverse flow profiles indi-
cate that although the separation bubble itself does not lead
to the onset of stall directly and immediately, it does have a
significant influence on the overall stall process, as upon col-
lapse, there is the distribution of unsteady flow downstream
that eventually leads to the formation of a DSV. Moreover,
during these earlier stages, there is not a significant indica-



tion of strong reversed flow near the trailing edge, as shown
in Fig. 10, further indicating that this type of stall is in par-
allel with the description of abrupt leading-edge stall induced
through the LSB bursting through a strong adverse pressure
gradient ( (Ref. 1), (Ref. 24), and (Ref. 33) ) rather than rapid
propagation of reversed flow upstream meeting the LSB.

(2) (b)

(c) (@

Fig. 10. Spanwise-averaged contours of reverse flow dur-
ing DSV formation at o = a) 10.6°, b) 12.9°, ¢) 13.5°, d)
15.2°, ) 16.9°, 1) 17.4°.

Figure 11 shows a clearer representation of the separated shear
layer behavior through the spanwise vorticity. As the an-
gle of incidence is increased, there is a localized region of
the high spanwise vorticity at the leading edge of the airfoil,
indicating the presence of a LSB. With a larger angle of at-
tack, the region of the high vorticity continues to expand, in-
dicated by Fig. 11(c). An interesting observation is that at
a = 15.2° there exists the two distinct reattachment branches
in the flow, that were discussed previously. These reattach-
ment zones present themselves as individual branches of the
vorticity that move towards the surface with a small pocket of
low vorticity in between. The complex nonlinear interactions
in the leading-edge region, just after suction collapse, are what

lead to the eventual formation of the DSV (Ref. 22) as shown
in Figs. 11(d)-(e). The strong interactions between counter-
rotating vortices and the DSV can be seen at the leading edge
from the instantaneous spanwise vorticity in Fig. 11(f). There
are distinct pockets of the negative vorticity interacting with
the positive vorticity prior to the DSV formation. Based on
the spanwise averaged profiles, the instantaneous profile in-
dicates that the negative vorticity contribution is arising from
the separated flow downstream after a suction collapse.
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Fig. 11. Spanwise-averaged contours of spanwise vortictity
during DSV formation at o = a) 12.9°, b) 13.5°, ¢) 15.2°,
d) 16.9°,e) 17.4°,f) 17.4° (instantaneous).

Although researchers posed the question of if the LSB plays a
significant role in the DSV process, after its initial separation,
it does seem to have a significant effect on the dynamics of
the DSV as a majority of the turbulent interactions seem to be
stemming from the separated shear layer and its interaction
with the reversed flow region just downstream after a suction
collapse. As mentioned previously, the bursting of the LSB
is what initially triggers the process. It was found that at a
higher Reynolds number (10°) that through a high frequency
actuation the LSB bursting was suppressed, and the onset of
stall was delayed (Ref. 28). In that case, a gradual upstream
propagation of trailing edge separation was observed rather



than abrupt leading-edge stall. A further investigation would
be required to assess the onset and formation of the DSV at
this low Reynolds number if the bubble is not present or its
bursting is suppressed by a means of flow control.

The time history of the dynamic stall process at x/c = 0.05
is depicted in Fig. 12. Prior to the collapse of the LSB there
exists significant oscillations in the spanwise averaged pres-
sure coefficient, as seen in Fig. 12. These strong oscillations
prior to the realization of the DSV were also noted in an ex-
periment done by (Ref. 34) on a NACA 0012 airfoil, where
they identified similar high frequency oscillations at the lead-
ing edge. Moreover, the difference in instantaneous and low-
pass-filtered pressure in Fig. 12 shows a significant spike prior
to LSB formation, which might be crucial when considering
implementing flow control technologies.
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Fig. 12. a) Instantaneous - low-pass-filtered surface pres-
sure at x/c = 0.05 and b) instantaneous and root-mean-
square surface pressure.

E. Comparison of Transition Models

A more in-depth study is carried out on the second grid con-
figuration (811 x 200 x 100) to analyze the effect of turbu-
lence models on the dynamic stall process, and compare them
to benchmark LES results (Ref. 1). From Fig. 13, it can be
seen that the predicted airloads remain relatively similar be-
tween all three transition models, despite the oscillations that
are seen in the SA Medida-Baeder model at lower angles of at-
tack. The fully turbulent SA model indicates under-prediction
of the lift coefficient at lower angles attack compared to the

transition models. However, at the larger angles of attack
all trends match up well with the LES results. The under-
predictions of the lift coefficient with the fully turbulent SA
Model outlines the deficiency of capturing the flow physics
in this low Reynolds number case. This is investigated more
in detail in the following section. The SST Langtry-Menter
model shows the earliest onset of stall while both SA models
show similar points of stall onset.
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Fig. 13. a) C;, b) Cp, and ¢) Cy; for the four different tur-
bulence models studied.

Figure 14 shows the spanwise-averaged pressure coefficient
distributions depicting DSV formation and propagation using
the three different transition models. It can be seen that the
duration of time from the burst of the LSB to the occurrence
of the DSV stretches approximately over 2° angles of inci-
dence. The bursting of the LSB occurs earlier in the SST
Langtry-Menter model at oo = 15.2°, as shown by the pro-



file of the surface pressure coefficient in Fig 14(b), where
there exists large oscillations in the pressure profile from mid-
chord towards the trailing-edge, and no longer exists a steep
pressure recovery region compared to the Coder SA AFT and
SA Medida-Baeder models. The earlier LSB burst in the SST
Langtry-Menter model is confirmed from a drop in the pres-
sure suction below C, = —4, and the elongated length of the
LSB at o = 15.2°. However, there still exists a distinct pres-
sure peak and steep pressure recovery at & = 15.2° for the
Coder SA AFT and SA Medida-Baeder models as shown in
Fig. 14(a) and (c), indicating the LSB is still intact. Since
the burst of the LSB in the SST Langtry-Menter model oc-
curs earlier compared to the other transition models, this al-
lows the DSV to reach its maximum strength earlier during
the downstream movement, while it was still developing in the
Coder SA AFT and SA Medida-Baeder model. The interest-
ing aspect to note here is that there exists a common ground
for the flow physics post suction collapse, regardless of the
transition model, as seen from the formation of the DSV it-
self. Although some of the flow features between both SA
models and the SST model are different up to the point of the
LSB bursting, including the presence of an elongated bubble
and indication of strong vortices being shed from the surface
prior to the LSB bursting, the events following the loss of suc-
tion are fairly similar, emphasizing the point that the LSB is
the initial trigger for the dynamic stall process, more specifi-
cally, the formation of the DSV. The LSB’s prior history be-
fore collapse seemingly does not have a significant impact on
the overall process of DSV formation. Although there exist
differences in flow features leading up to LSB collapse, after
a = 16.9%, and up to the point of stall onset (o = 23.2°), the
C,p, profiles for all transition models show similarities with one
another.

F. Fully Turbulent Model

Another interesting aspect in the study is the validity of a fully
turbulent model in terms of capturing the flow physics re-
lated to the DSV. Through the contours of spanwise vorticity
shown in Fig. 15(b),(d),(e), the leading-edge flow features in-
dicate the formation of an abrupt turbulent separation bubble.
Contrary to the well-documented process of a laminar separa-
tion bubble formation, which stems from leading-edge lami-
nar separation and subsequent turbulent reattachment, this tur-
bulent separation bubble forms suddenly and abrubtly in the
fully turbulent model. The side by side comparison of the
spanwise-averaged spanwise vorticity in Fig. 15 against the
transition model indicates no signs of significant flow disrup-
tion in the fully turbulent model, especially before o = 15.2°.
Figure 16 shows instantaneous vorticity magnitude contours
at the mid-plane prior to DSV formation. It is seen that the
earlier stages of vorticity magnitude do not indicate signifi-
cant flow features prior to the turbulent separation bubble for-
mation. The turbulent separation bubble is formed abruptly
during o = 14.1° — a = 14.5°. This type of behavior of
the separation bubble has not yet been documented in liter-
ature. Another interesting aspect to note in the fully turbulent
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Fig. 14. Spanwise-averaged C, distributions depicting
DSV formation/propagation for a) Coder SA AFT, b)
SST Langtry-Menter, and c¢) SA Medida-Baeder transi-
tion models.

model is the presence of significant trailing-edge flow separa-
tion compared to the transition models shown in Fig. 7. How-
ever, it does not seem this trailing-edge separation propagates
upstream to cause the separation bubble burst. The results dis-
cussed indicate that the use of a fully-turbulent model in a low
Reynolds number regime may not be optimal, even though the
flow features and overall airloads predictions seem to be sta-
ble in the latter stages of the dynamic stall process.
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CONCLUSION

This paper investigated the feasibility of DDES in terms of
capturing important leading-edge flow physics and predicting
the aerodynamic loads during the dynamic stall process. An
in-depth study of the complex features during dynamic stall
was carried out using NASA’s OVERFLOW code, using a grid
configuration comprising of roughly 16 million grid points
and Coder’s AFT transition model. The key findings pre-
sented lie in parallel with earlier experimental and numerical
studies. DDES accurately captured the overall dynamic stall
process, which comprised of the formation and collapse of a
leading-edge laminar separation bubble (LSB), and the roll up
of an unstable shear layer into a dynamic stall vortex (DSV)
that propagates downstream. Upon investigation of these fea-
tures, it was found that the LSB had a direct impact on the
stall onset itself, as it served as the trigger for the particular
events described leading up to the point of stall, in particu-
lar, the formation of the DSV. Its importance was emphasized
through analyzing the interactions between the separated flow
upon loss of suction, and the separated shear layer emanating
from the leading-edge whose complex nonlinear interactions
lead to the formation of the DSV. It remains to be investigated
how using flow control at this low Reynolds number would
affect the process. Although flow control studies at a higher
Reynolds number (Re, > 10°) suggested stall onset is delayed
through bubble suppression, the mechanism of stall onset was
more from upstream propagation of trailing-edge separation.
The regime of (10* < Re. < 10°) has not been analyzed in
detail. Moreover, the predictions of the surface pressure at
the leading edge showed significant oscillations prior to suc-
tion collapse, which could allow the possibility of flow control
technologies being employed to delay or mitigate the effects
of dynamic stall. These distinct oscillations were in parallel
with earlier findings.

All transition models within OVERFLOW showed a signif-
icant promise in terms of predicting aerodynamic loads as
well as the complex flow physics in comparison with high
resolution LES. The primary takeaway from these findings is
that the use of DDES coupled with state-of-the-art transition
modeling seems to be proficient in capturing the fundamen-
tal viscous mechanisms from which dynamic stall is onset.
The overall behavior of the flow and the complex flow fea-
tures at the leading-edge were able to be captured through
not only the predicted pressure and skin friction profiles but
also through the contours of surface pressure, vorticity, and
reversed flow. Moreover, the turbulence model investigation
also outlined poor performance of the fully turbulent model
in this low Reynolds number and attached flow regime. Al-
though predictions were improved at the larger angles of at-
tack, under-predictions of the lift coefficient at angles of at-
tack up to @ = 17° indicate the necessity of a transition model
to capture the relevant flow physics at lower angles of attack.
It is found that Coder SA AFT model provides the closest re-
sults with LES and SST Langtry-Menter model predicts the
earlier onset of the DSV. After the collapse of the separation
bubble, all the models provide similar trends with each other
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and LES results.

The effect of numerical methods with respect to the various
transition models within OVERFLOW remains to be inves-
tigated in the framework of studying dynamic stall. It is un-
known whether different numerical methods have a positive or
negative effect on the predictions. Furthermore, it is evident
that without the presence of experimental data, the question
of prediction remains open ended. However, with the purpose
of this study focusing on the capabilities of DDES, the vali-
dation of the process against experimental data was not of ut-
most importance, although sufficient experimental validation
should be employed in future work for more accurate studies.
It is also important to emphasize again that the dynamic stall
process is heavily influenced by a variety of factors includ-
ing compressibility, airfoil geometry, as well as the pitching
rate. These factors influence the type of stall that is onset, as
the process can be completely different from the sequence of
events described in this paper.

The numerical study carried out in this report has shown sig-
nificant implications for future design work of the next gen-
eration of rotorcraft, fixed-wing aircraft, and wind turbines,
as simulations on the temporal and spatial order of this study
provide quicker turnaround times than LES, permitting more
large-scale testing covering an array of flow conditions and
design configurations. This research topic remains an open
area of study given its significant complexity. Yet, the promis-
ing results presented in this study can assist in further investi-
gations at a reasonable computational cost.
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