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Abstract
The capabilities of modeling complex rotor aeromechanics, principally via Computational Fluid Dynamics -
Computational Structural Dynamics (CFD-CSD) coupling, have significantly improved with advancements in
both computational hardware and software. Of particular interest is the accurate turbulence modeling for ro-
tating blades in a variety of conditions, which remains the primary uncertainty in the prediction of rotorcraft
aeromechanics. Recent collaborative investigations where different solvers and turbulence models are applied
have yielded for some flight conditions dissimilar results while in other flight conditions, they produce compara-
ble results. An investigation to further elucidate the root causes of this behavior has been undertaken with the
series of two-equation models based on the Kok k-ω and Menter k-ω SST equations. The role that Delayed De-
tached Eddy Simulation (DDES) plays when added to these turbulencemodels is also of interest. These studies
have been performed for both rotating and nonrotating configurations, applying a common solver, mesh, and
time step. Both prescribed motion and aeroelastic applications have been examined for rotor flight conditions
where the dichotomy between the two models was previously observed. Results indicate that the differences
in the models occur when separated flows are present. Purely aerodynamic differences observed with rotor
prescribed motion are compensated with structural dynamics when fully trimmed aeroelastic predictions are
computed. The Kok k-ω turbulent eddy viscosity exhibited numerical growth that resulted in solver instability
when large separation was encountered. The addition of the SST correction mitigated this growth, but DDES
did not. Thus for these two turbulence models, if the same options (SST and/or DDES) are applied, differences
can be attributed to the solvers, solver options, and/or meshes used in the simulation.

1. NOTATION
c Chord, m
CL/σ Rotor lift coefficient
CT Rotor thrust coefficient, T/

(
ρΩπR3

)
k Turbulent kinetic energy, (m/s)2

Mtip Rotor tip Mach number
M2Cn Section normal force coefficient in

the local airfoil frame
M2Cm Section pitching moment coefficient in

the local airfoil frame
r Local radial location, m
R Rotor radius, m
uj Velocity vector components, m/s
U∞ Freestream velocity, m/s
xi Cartesian direction components
xsep Normalized location of separation

on chord, (Xlocation/c)
y+ Nondimensional normal mesh spacing

at wall

αq Rotor shaft angle, negative is
forward tilt, deg

β1C Longitudinal flapping angle, deg
β1S Lateral flapping angle, deg
θ0 collective pitch angle, deg
θ1C lateral cyclic pitch angle, deg
θ1S Longitudinal cyclic pitch angle, deg
ρ Fluid density, kg/m3

µ Fluid viscosity, cP
µt Turbulent eddy viscosity coefficient
σ Rotor solidity, Nbc/πR
τij Reynolds stress tensor, kg/(ms−2)
ψ Blade azimuth, deg
ω Specific turbulent dissipation, 1/s
Ω Rotor angular velocity, rad/s

2. INTRODUCTION
The aeromechanics of rotors in flight are highly
complex, defining the rotor performance, vibratory



loads, and aeroacoustics. Solution of the unsteady
Reynolds-averaged Navier-Stokes (uRANS) equa-
tions form the basis of high-fidelity computational fluid
dynamics (CFD) solution that, when coupled with
computational structural dynamics (CSD) methods
hold the promise to accurately resolve these complex
physics. Their numerical solution requires that the en-
gineer make optimal decisions from a plethora of vari-
ables, such as turbulence closure, transition model-
ing, time step, and solver algorithm options. This is in
addition to the development of a mesh where the gov-
erning equations are solved. These selections play
an important role in the accuracy of the solution, in
particular if unsteady flow separation and interactional
aerodynamics are present.

The continuing enhancement and development of
best practices of these aeroelastic (CFD-CSD) solvers
to predict various aspects of rotor aeromechanics has
been a focus of numerous studies and collaborative
efforts over the past decade (including, but not limited
to Refs. 1–6). Significant progress has been made,
in particular due to the efforts of the UH-60A Airloads
and the HART-II Workshops, described in review ar-
ticles by Yeo and Ormiston (Refs. 7, 8) and Smith et
al. (Ref. 9), respectively. Other efforts have focused
on issues of dynamic stall (for a review, see Ref. 10)
and transition (e.g., Refs. 11, 12). In addition to the
multinational HART-II rotor tests (Ref. 13), which was
primarily focused on aeroacoustics, the US UH-60A
(Ref. 14) and the French 7A rotor (Ref. 15) wind tunnel
campaigns with their significant instrumentation pro-
vide high-quality wind tunnel tests to support compu-
tational validations of rotors in forward flight.

In one of these collaborations, a joint effort be-
tween the United States and France, the four-bladed
fully-articulated 7A and UH-60A rotors were evaluated
computationally to assess the capabilities of high-
fidelity uRANS CFD and CFD-CSD solvers to pre-
dict complex separation phenomena and add insights
into the underlying physics driving these phenomena
(Refs. 16, 17). The collaborators applied the struc-
tured Navier-Stokes code elsA (Ref. 18), using the
Kok k-ω with SST correction (Refs. 19, 20) with com-
parable (though not exact) meshes and simulation op-
tions as the structured Navier-Stokes code OVER-
FLOW (Ref. 21), applying the Menter k-ω SST tur-
bulence model with DDES (Ref. 20). While in some
cases the results were almost identical, in other in-
stances they varied significantly from one another.
Further, computational correlations with wind tunnel
results were not consistent, where one computational
prediction was observed to be more accurate than
the other, but less accurate in other flight conditions.
While these studies allowed each collaborating part-
ner to assess and compare their state-of-the-art pro-

cesses independently, the role of the different tur-
bulence modeling approaches and their significance
in defining the best practices of rotor aeromechanics
predictions remains unresolved.

(a) Test Point 293 moderate dynamic stall occurring at µ =0.3,
θ0=8.4◦, and Mtip =0.646

(b) Test Point 405 deep dynamic stall occurring at µ =0.42,
θ0=12.6◦, and Mtip =0.616

Figure 1: Regions of separated flows on the 7A rotor,
as defined by Richez (Ref. 22).

Figure 2: Schematic of rotor separation regions (Ref.
16).

The flight conditions where the most prominent dif-
ferences in predictions were observed occurred in the



presence of separated flows, observed for both for the
7A and UH-60A rotors. Richez (Ref. 22) has identified
multiple regions of separated flows for differing flight
conditions for the 7A rotor, as illustrated in Fig. 1. The
regions of flow separation is identified by the extent of
separation, where xsep = 1.0 denotes fully attached
flow and xsep = 0.0 is fully separated flow. These ro-
tor maps were extended and generalized by Grubb et
al. (Ref. 16) when additional approaches (solvers, tur-
bulence models, transition) were explored, defined in
Fig. 2. These distinct regions of separation have been
related to the causal physics, and similar regions were
identified under comparable conditions.

Using the schematic in Fig. 2 as a reference, the
causal physics can be elucidated. These regions vary
in extent, magnitude, and even their presence, de-
pending on the flight conditions for the 7A and when
extended to other rotors. FS1 denotes the flow sep-
aration emanating from increasing trailing edge sep-
aration, located primarily on the retreating side of the
rotor. FS2, occurs from a more abrupt leading edge
separation. These have both been identified as em-
anating from blade vortex interactions (BVI), where
FS1 tends to occur from less severe BVI, while FS2
results from strong, prolonged oblique rotor-vortex in-
terchanges. The influence of BVI on rotor separation
and dynamic stall has been additionally explored by
Castells et al. (Ref. 23) and Grubb et al. (Ref. 6).

FS3 was not observed in experiments, but ap-
peared only in computational results on the outer
blade in the latter portion of the fourth quadrant (near
ψ =360◦). The cause of this region was explored fur-
ther (Ref. 16), and it was determined to be an artifact
of the CFD-CSD coupling. This region can be charac-
terized by a high angle of attack which can verge on
the edge of rotor stall. Thus, the comprehensive code
coupling appears to drive this region, as a collective
trim variation of a degree or less determines the stall
characteristics. This region may also be influenced by
the significant wake created by the fuselage and rotor.
The blade elasticity (torsion) controls the extent of the
FS3 region. The most significantly variability among
approaches was observed in the definition and behav-
ior of this region.

At higher loading conditions, a new region, FS4, can
be defined. This separation region, which can result in
dynamic stall, is characterized by the rotor kinematics
rather than BVI. Thus, this region is the embodiment
of the definition of classic dynamic stall. Likewise, the
presence of the FS3 and FS4 regions typify the per-
formance limitation defined in the literature introduced
by dynamic stall.

Under some conditions observed for the 7A and
UH-60A rotors, a fifth flow separation region, FS5, in

the first rotor quadrant (advancing side) was present
from shock-boundary layer interaction near the rotor
tip, typically without inducing a dynamic stall event
(Refs. 16, 17). For the 7A rotor, Grubb et al. (Ref.
16) noted that uRANS predictions were more accurate
on the advancing rotor disk, but the addition of De-
layed Detached Eddy Simulation (DDES) enhanced
airloads predictions on the retreating side of the ro-
tor disk. Overall the one-equation Spalart-Allmaras
turbulence model was less accurate than the two-
equation counterparts evaluated, and thus only two-
equation models were carried forward in the UH-60A
studies (Ref. 17).

To explore the uncertainty between the two two-
equation turbulence models, the Kok k-ω turbulence
model has been implemented into OVERFLOW to
permit direct comparison of the turbulence models un-
der identical operating conditions. The role of De-
layed Detached Eddy Simulation (DDES) is separated
from the underlying unsteady uRANS turbulence clo-
sure. The aerodynamic influence is isolated using pre-
scribed motion first, followed by the full aeroelastic
computations to identify their role in CFD-CSD cou-
pling.

3. TURBULENCE MODEL GOV-
ERNING EQUATIONS

3.1. Wilcox k-ω Turbulence Model

The original two-equation k-ω of Wilcox (Refs. 24, 25)
is defined as:

(1)
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In Equations 1-2, the Reynolds stress tensors τij (Ref.
24) have the form

(3) τij = 2µt

(
Sij −

1

3

∂uk
∂xk

δij

)
− 2

3
ρkδij

(4) Sij =
1

2

(
∂uj
∂xi

+
∂uj
∂xi

)

In the Wilcox formulation, the turbulent mixing en-
ergy and specific dissipation rate are needed to define



the eddy viscosity coefficient µt

(5) µt = γ∗
ρk

ω

The turbulence closure coefficients in the Wilcox
model applied in the study are
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9
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1

2
σ∗ =

1

2

3.2. Menter k-ω SST Turbulence Model

The Menter k-ω SST model sought to leverage the
robustness and accuracy of the Wilcox k-ω model in
the near wall region and the freestream independence
of the k-ϵ model in the outer part of the boundary
layer, as described in Menter (Ref. 20). This approach
required transforming the k-ϵ model into a k-ω for-
mation, which introduces an additional cross-diffusion
term that appears in the ω equation. The Menter k-ω
SSTmodel multiplies the original Wilcox k-ω model by
a function F1 and the modified k-ϵ model by (1− F1),
and the sum of the two models is then applied. The
function F1 is a blending function which equals one
in the near wall region, activating the Wilcox k-ω
model, and should equal zero in the wake region of the
boundary, triggering the modified k-ϵ model. This for-
mulation results in the following equation set known as
the Menter k-ω SST model, defined in Menter’s 1994
publication (Ref. 20):
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The blending function F1 is

(8) F1 = tanh
(
arg41
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The eddy viscosity coefficient in the Menter k-ω SST
model

(11) µt =
a1ρk

max (a1ω,ΩF2)

also uses a blending function F2, where Ω is the ab-
solute value of the vorticity. The blending function F2

is

(12) F2 = tanh
(
arg22

)

(13) arg2 = max

( √
k

0.09ωy
,
500ν

y2ω

)

Computing the turbulence closure constants for the
Menter k-ω SSTmodel requires computing a weighted
sum of the Wilcox and k-ϵ turbulence closures. An ar-
bitrary turbulence closure parameter, ϕ, is computed
using ϕ1, the closure quantity from the Wilcox model,
and ϕ2, the turbulence closure quantity from the k-ϵ
model:

(14) ϕ = F1ϕ1 + (1− F1)ϕ2

The turbulence closures from the Wilcox model are
modified to obtain the Shear-Stress Transport (SST)

σk1 = 0.85 σω1 = 0.5 β1 = 0.0750 a1 = 0.31

β∗ = 0.09 κ = 0.41 γ1 =
β1
β∗ − σω1κ

2

√
β∗

The turbulence closures from the k-ϵmodel, applied
in this analysis, are

σk2 = 1.0 σω2 = 0.856 β2 = 0.0828

β∗ = 0.09 κ = 0.41 γ2 =
β2
β∗ − σω2κ

2

√
β∗

OVERFLOWuses an updated version of theMenter
SST model (Refs. 21, 26) in its implementation of the
turbulence model, which has only a few minor differ-
ences to the original 1994 Menter SST model. These
updates are also detailed in the NASA Turbulence
Modeling Resource (Ref. 27).



3.3. Kok k-ω Turbulence Model
A limitation of the Menter k-ω SST model is that
the wall distance is needed to compute the blending
function. Wilcox later proposed including the cross-
diffusion term without a blending function which would
switch off when in the near-wall region to not affect the
behavior of the k-ω model (Ref. 28). Kok proved that
themodel coefficients used byWilcox for his model did
not resolve the freestream dependency and proposed
a difference set of turbulence closure constants to re-
solve this issue (Ref. 19). The Kok k-ω model from his
2000 work is:
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In Equations 15 and 16, the production terms Pk and
Pω and cross-diffusion term CD take the following
forms

(17) Pk = τij
∂uj
∂xi

(18) Pω = αωω
Pk

k

(19) CD = σd
ρ

ω
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, 0

)

The Kok k-ω model defines the eddy viscosity co-
efficient using the original Wilcox k-ω model given in
Equation 5, where γ∗ = 1. The Kok k-ω model has six
turbulence closure coefficients:

β∗ = 0.09
β∗

β
= 6

5 κ = 0.41

αω =
β

β∗ − σω
κ2√
β∗

σω = 0.5 σk =
2

3
σd = 0.5

3.4. Kok k-ω Model with SST Correction

The origin of the questions leading to the analysis per-
formed in this paper applied the elsA solver. The im-
plementation of Kok k-ω model in elsA uses the 1994

Kok k-ω model with the SST correction (Refs. 19, 20).
This formulation uses the turbulence equations and
turbulence closures from the Kok model with the def-
inition of the eddy viscosity coefficient from the SST
model previously defined in Equations 11 through 13.

3.5. Delayed Detached Eddy Simulation
(DDES)

This study also examined the influence of applying
the DDES approach for the three-dimensional rotating
cases. The existing DDES implementation in OVER-
FLOW is applied here with the Menter k-ω SST and
Kok k-ω models (Ref. 29).

4. TECHNICAL APPROACH

To test the influence of two-equation turbulence mod-
els, the different options were all implemented into a
single solver, if they were not already present. For
consistency, all simulations were resolved using iden-
tical meshes and numerical options.

The solver selected for this study is OVERFLOW
(Ref. 30), a NASA-developed structured, overset
methodology that is a standard for engineering analy-
sis in both the fixed-wing and rotorcraft communities.
OVERFLOW includes high-order spatial-differencing
schemes to accurately preserve vorticity and pressure
fluctuations, important for aeromechanics. Flexibility
to model complex geometries is achieved through its
ability to overset meshes. Its rotorcraft capabilities
are extended via coupling with other industry standard
analysis tools, such as RCAS (Ref. 31) and ANOPP2
(Ref. 32) for aeroelastic and aeroacoustic predictions,
respectively. OVERFLOW is also a near-body solver
in the DoD HPCMP CREATE™-AV Helios suite (Ref.
33), extending its capabilities even further.

The Menter k-ω SST turbulence model, along with
the DDES capability was extant in OVERFLOW prior
to this study. The Kok k-ω turbulence model, along
with the SST correction and DDES capability were
added to the solver for this study.

To verify the functionally of the Kok k-ω turbulence
model and to further understand its comparability with
the Menter k-ω model, two-dimensional airfoil cases
were analyzed, with a brief summary of the results in-
cluded herein. In addition, a non-rotating wing was
examined. The Kok k-ω SST and Kok k-ω DDES vari-
ations were not evaluated on the non-rotating cases.

A rotor including both prescribed and trimmed
aeroelastic simulations were examined to differentiate
pure aerodynamic behavior and to understand the im-



pact of an aeroelastic analysis. Two rotor conditions,
applying various versions of the Kok and Menter two-
equation turbulence models were evaluated.

4.1. Two-Dimensional Airfoil Validation

After implementation of the Kok k-ω model, the verifi-
cation and validation of its base functionality was re-
quired. A NACA 0012 and a NACA 4412 were ex-
amined, utilizing well-documented experimental data
(Refs. 34, 35). A C type structured mesh was gener-
ated with a mesh 249 points in the streamwise and 59
points in the normal directions. The normal mesh en-
sured the standard y+ of 1 was maintained for accu-
rate boundary layer predictions. The evaluation was
performed at a freestream Mach number of 0.15 for
four angles of attack from 0◦ to 16◦ in approximate in-
tervals of 4◦, performed in accordance with the NASA
turbulence modeling resource (Ref. 27). Integrated lift
and drag, as well as the Cp distribution over the airfoil,
were compared.

4.2. Three-Dimensional Finite Wing

A three-dimensional wing was evaluated to iden-
tify aerodynamic predictive differences between the
Menter k-ω SST and Kok k-ω models before adding
the complexity of rotation. Included as a test case
in the OVERFLOW package is the three-dimensional
NASA NLF(2)-0415 wing, hereafter referred to as the
Sickle wing (Refs. 21, 36). In this case, the wing
root is adjacent to one of the vertical faces of the do-
main, and the wing near-body structured mesh con-
sists of two blocks: the main wing and the wing tip
cap. The meshes were generated using the Chimera
grid tools, with a total point count of roughly 17.56
million near-body points and 400,000 off-body points,
with the same meshes used for both the Menter k-ω
SST and Kok k-ω models (Ref. 37). The near-body
mesh can be seen in Figure 3. The comparisons for
the Sickle wing are done at a Mach number of 0.16
for angles of attack of -2.6◦, 9◦, and 14◦, and were
run for 10,000 iterations with 40 subiterations. Inte-
grated lift and drag, as well as the Cp distribution at
various spanwise stations are compared for the Kok
k-ω and Menter k-ω SST models.

4.3. Aeroelastic Rotor with Prescribed
Motion

This rotor evaluation focused on identifying the aero-
dynamic differences between the different models,
without aeroelastic effects. The computational anal-
ysis mirrors experimental tests on the 7A rotor per-
formed by ONERA (Ref. 15). The rotor was examined
experimentally in high-speed and high-thrust condi-
tions that induce dynamic stall using a variety of mech-

Figure 3: Sickle wing surface with near-body normal
mesh.

anisms (Refs. 16, 17). Two cases were selected that
result in moderate dynamic stall (Test Point 293) and
deep dynamic stall (Test Point 405) (Ref. 16).

The computational configuration included the na-
celle and rotor blades, represented via structured
near-body meshes. The meshes were provided and
adapted from previous efforts (Ref. 16). The nacelle
is modeled by a single block, while each rotor blade
consists of three structured blocks, one each for the
blade root, main blade, and blade tip. The blade mesh
is constructed for only one blade and then mirrored
about the center of rotation to place the remaining
three blades. The near-body mesh extends 150mm
(≈1.1c) from the blade surface and 250mm (≈1.8c)
from the nacelle surface. A constant fine spacing re-
finement region is centered around the rotor rotational
axis and extends approximately 1.5R in both stream-
wise and spanwise directions. It extends 1.5R in neg-
ative blade normal direction and approximately 0.5R
in the positive blade normal direction. This region has
a constant spacing of less than 0.1c. The far-field
mesh extends over 20 rotor radii in every direction.
Further mesh details are provided in Tab. 1 and is il-
lustrated in Fig. 4. Simulations were performed for
five rotor revolutions with quarter degrees rotation per
timestep. Sixty subiterations at each time step, pro-
viding a minimum convergence of one order of mag-
nitude.

To evaluate the differences in the turbulence mod-
els, prescribed motion computed from previous com-
putational simulations (Ref. 16) was applied. This pre-
scribed motion dictates the blade deformations over
the entire rotor blade at each azimuthal position. This
setup mimics the effects of aeroelasticity that are
found on a traditional helicopter rotor, but permits a
direct comparison of the aerodynamics by removing
the influence of the CFD/CSD coupling process.



Characteristic Quantity

Wall Spacing 0.0017(Nacelle)
0.000947(Blade)

y+ 1
Normal Points 104
Leading Edge
Refinement

0.161 (0.22 c%)

Trailing Edge
Refinement

0.0386 (0.054 c%)

Total Near Body
Points

16.2 Million

Total Off-Body Points 164 Million (SAMCart)
199 Million

(OVERFLOW)

Table 1: 7A Rotor Mesh Statistics.

(a) Near-body structured mesh

(b) Off-body Cartesian mesh

Figure 4: Computational meshes for the 7A rotor.

4.4. Trimmed Aeroelastic Rotor

The aeroelastic (CFD-CSD) ONERA 7A simula-
tions were resolved within the CREATE-AV Helios
(Refs. 33, 38) framework which couples OVER-
FLOW with Rotorcraft Comprehensive Analysis Sys-
tem (RCAS) (Ref. 38). Helios uses a dual mesh
paradigm, using a Cartesian off-body mesh solver,

SAMCart (Ref. 33). The SAMCart solver generates
the off-body Cartesian mesh for the coupled cases,
using a fifth order central differencing in space and
second order backwards differencing in time (Refs.
33, 39, 40)

The aerodynamic loads from the CFD near-body
solver are transferred to RCAS to compute the blade
deformations and determine the target trim state
based on user inputs. The blade deformation and
trim state are then transferred back to the aerody-
namic solver where the rotor blade is deformed, and
the collective is modified to reflect the new trim con-
dition. The aeroelastic analyses employs loose CFD-
CSD coupling first introduced by Potsdam et al. (Ref.
41) and previously applied to the 7A rotor (Ref. 4).
The CFD-CSD exchange occurs every 90 degrees
azimuth after the first rotor revolution, where the ex-
change occurs every 180 degrees.

The aeroelastic rotor flight conditions and meshes
applied in this portion of the analysis replicate those
performed by Grubb et al. (Ref. 16). To observe
how the turbulence models behave in rotor conditions
where differences were previously observed (Refs.
16, 17), two conditions that include moderate and
deep dynamic stall (DS) events were examined, per
Tab. 2.

Moderate DS Deep DS
αq -6.7 -11.65
θ0 8.4 12.6
θ1c 3.16 3.7
θ1S -3.51 -5.9
Mtip 0.646 0.616
µ 0.3 0.42

CL/σ 0.100 0.095
CX/σ 0.0046 0.0085

Flapping Law β1S = 0
β1C + θ1S = 0

β1S = 0
β1C + θ1S = 0

Table 2: Rotor conditions for the coupled CFD-CSD
7A cases

5. RESULTS

5.1. Two-Dimensional Airfoil Validation

As previously introduced, the implementation of the
Kok k-ω model was validated for the NACA 0012 and
NACA 4412 test cases documented in the NASA Tur-
bulence Modeling Resource (Ref. 27). The NACA
0012 test case was performed for five angles of at-
tack in the attached and near-stall regimes. Figure
5(a) illustrates the variation of the lift coefficient with
the angle of attack, where the predicted lift coefficient



from the Kok k-ω and Menter k-ω SST models track
well (within 0.02) with experimental data and one an-
other. The difference between the two models in-
creases with angle of attack as a second-order poly-
nomial. At larger angles of attack, the Kok k-ω model
predicts the lift coefficient closer to the Ladson exper-
imental data compared to the Menter k-ω SST model,
at ~2% and ~5%, respectively. The drag polar predic-
tions in Fig. 5(b) indicate that both turbulence models
increasingly over predict the drag coefficient as angle
of attack increases. The differences in the two mod-
els is relatively constant until the effects of the incip-
ient stall are apparent. As stall effects become ap-
parent, the differences between the two models and
their ability to predict the drag increase substantially.
As previously noted for the lift, the Kok k-ω model is
closer to the experimental data than the Menter k-ω
SST model. While there are not experimental pitching
moment data, the differences between the two turbu-
lence model pitching moment predictions are similar
to those observed for the drag.

For further insight, the pressure coefficient distribu-
tion at an angle of attack of 10◦ was compared in Fig.
5(c) including experiment (Ref. 34). The pressure co-
efficient for the Kok k-ω and Menter k-ω SST turbu-
lence models are coincident almost entirely, confirm-
ing the agreement between the two turbulence mod-
els. A very small difference between the two models
makes an appearance over the last 10% of the chord.
As the differences increase above this angle of attack
with the onset of stall, the model behavior at the trail-
ing edge indicates that the differences in the two mod-
els is likely related to flow separation.

5.2. Three-Dimensional Finite Wing

The three-dimensional non-rotating wing was evalu-
ated primarily via the distribution of the pressure coef-
ficient on the surface, which provides insight into the
behavior of the two turbulence models. These evalu-
ations, not shown due to paper length, indicated virtu-
ally identical pressure coefficients at all span stations
for the low angle of attack analyzed (-2.6◦). For the
higher angles of attack evaluated (9◦ and 14◦), the
only noticeable difference in pressure coefficient (≈
5%) occurs at the wing finite tip, y/L = 1.

Integrated aerodynamic quantities confirmed the
pressure coefficient observations. Differences be-
tween lift, drag and pitching moment coefficients for
the Mentor k-ω SST and Kok k-ω models were con-
fined primarily to the third decimal place for all three
angles of attack analyzed. For values not close to zero
where percentages are disproportionately large, dif-
ferences were typically within 2%–3%, verifying the
implementation of the Kok k-ω in OVERFLOW and

(a) Sectional lift coefficient (Cl) variation with angle of at-
tack (α) data

(b) Drag polar

(c) Pressure coefficient distribution at 10◦ angle of attack

Figure 5: Comparison of NACA 0012 airfoil simulation
results using the Menter k-ω SST and Kok k-ω turbu-
lence models and experimental data (Ref. 35)



confirming comparable behavior for attached flows.

5.3. Aeroelastic Rotor with Prescribed
Motion

The simulations with prescribed aeroelastic motion
were evaluated after five rotor revolutions (solution is
periodic) of the 7A rotor using the integrated forces
and moments, as well as the separation location com-
puted during the final revolution. For the moderate
stall case, turbulence models evaluated were Menter
k-ω SST, Menter k-ω SST DDES, Kok k-ω, Kok k-ω
DDES, and Kok k-ω with SST correction models. For
the deep stall case, the Kok k-ω and Kok k-ω DDES
simulations exhibited some issues with convergence
and are thus not included. The sectional normal force
and pitching moment coefficients have been extracted
at various radial stations where experimental data are
available (Ref. 15).

5.3.1. Moderate Dynamic Stall

Figures 6 and 7 render the normal force and pitch-
ing moments for the different turbulence models af-
ter convergence. It is evident, given the superposi-
tion of the predictions that, over most of the rotor rev-
olution, the turbulence models exhibit almost identical
behavior for both the normal force and pitching mo-
ment coefficients. The largest differences between
the turbulence models are consistently observed over
the retreating section of the rotor disk at outboard ra-
dial stations, extending into the early portion of the first
quadrant as the two methodologies synchronize after
the flow reattaches. The largest excursions are ob-
served in solutions from the Kok k-ω with DDES simu-
lations. Inspection of this behavior appears to be due
to a large growth in the turbulent viscosity, µt, of the
Kok k-ω model, but further analysis is underway.

From approximately 270◦ to 10◦, the prescribed
motion defines the control angles and the blade tor-
sion at 12◦–14◦, initiating separated flow conditions
on the outer half of the rotor blade. Correspondingly,
between 270◦ and 45◦, some variation between the
models occur. The influence of the SST correction ap-
plied to the original Kok k-ω model, moves the predic-
tions closer to that of the Menter k-ω SST, outside of
dynamic stall events. The addition of the SST correc-
tion, appears to constrain the large growth of the Kok
k-ω model’s µt previously noted. This is most readily
observed from 360◦–340◦ at r/R = 91.5% for pitching
moment and r/R = 82.5% for the normal coefficient.
This location corresponds to the FS3 region that was
attributed primarily to the coupling and susceptible to
rotor stall conditions, indicating that the aerodynamic

model can also contribute to the sensitivity of the com-
putations.

There are also some differences during dynamic
stall, which are exacerbated as the rotor tip is ap-
proached. The normal force stall that occurs at ap-
proximately 280◦ is predicted comparably by all mod-
els at r/R = 70% (Fig. 6b)), but are significantly (ap-
proximately 15%) different in magnitude with a minor
phase difference (Kok leads Menter by 2◦) by r/R
= 91.5% (Fig. 6d)). Notably DDES has minimal im-
pact on the prediction of the normal force dynamic stall
event.

A moment stall leads the force stall for this condi-
tion, occurring just prior to 270◦ at r/R = 50%, shift-
ing aft to ~280◦ by r/R = 91.5% (Fig. 7). As noted
by Grubb et al.(Ref. 16), the variation between turbu-
lence models was greater for pitching moment than
normal force, and that is observed here, even when
the CFD-CSD coupling is not part of the simulations.
Unlike the Menter models, where DDES had little in-
fluence on the predictions, the Kok k-ω DDES model
did modify the original model predictions. However,
the differences in between the DDES and uRANS Kok
models were inconsistent. There was a large devia-
tion during the stall event at r/R = 50% (Fig. 7a)),
but for no other radial stations. Differences were ob-
served for the three stations at r/R = 81.5% and out-
board, after the stall event between approximately
320◦ – 360◦.

Integrating the sectional loads over the blade (Tab.
3), the rotor lift coefficient (CL/σ) confirms the obser-
vations of the radial stations. The Menter k-ω SST
and Kok k-ω SST models are only 0.59% apart. The
addition of DDES is also confirmed to be negligible
with a difference of 0.04% and 0.01% for the Menter
and Kok models with and without DDES. However,
the implementation of the SST correction with the Kok
k-ω model indicates a significant difference, as dis-
cussed previously for the rotor loads. The difference
between the Menter and Kok rotor lift coefficient de-
creases from 0.59% to 0.001%.

Rotor maps of the separation locations were com-
pared in Fig. 8. It is evident in comparing the uRANS
(with SST) (Fig. 8(a)) and DDES (Fig. 8(b)) im-
plementations of the Menter model that the predic-
tion separation is almost identical. The Kok model
with SST Fig. 8(e)) is also comparable to the Menter
model. Comparing the three Kok models, the incon-
sistent deviations observed by the DDES (Fig. 8(d))
model are evident in the intersecting region of FS1-
FS2-FS4 and difference in areas of FS3. The original
Kok model has a greater extent of FS5 than its SST
and DDES counterparts, as well as a slower recovery
from the FS1 region.



For this 7A rotor flight condition, the Menter and
Kok models with the SST corrections are almost iden-
tical. DDES corrections do not improve the rotor air-
loads predictions with the applied numerical options
and given mesh.

Turbulence Model CL/σ
Menter SST 0.10363

Menter SST DDES 0.10367
Kok k-ω 0.10424

Kok k-ω SST 0.10346
Kok k-ω DDES 0.10328

Table 3: Rotor lift coefficient (CL/σ) computed us-
ing different turbulence models for moderate dynamic
stall case with the prescribed aeroelastic motion.

5.3.2. Deep Dynamic Stall

The same metrics were examined for the deep dy-
namic stall case using prescribed motion. Again, the
prescribed motion was extracted from Grubb et al.
(Ref. 16). Given the influence of the SST correction
on the Kok k-ω model when compared to the Menter
k-ω SSTmodel, only the Kok k-ω SSTmodel was eval-
uated. In addition, the inconsistencies observed in the
Kok k-ω and Kok k-ω DDESmodel translated to stabil-
ity issues for the deep stall case. This is under further
investigation.

Figures 9 and 10 depict the azimuthal variation in
the sectional normal force and pitching moment co-
efficients at various radial locations. Once again, the
models predict the same force and pitching moment
on the advancing rotor disk. On the retreating rotor
disk, differences appear once angles at and beyond
the onset of stall are introduced. These differences
are much more significant than those observed for
the moderate dynamic stall case. For this deep stall
case, the rotor blade angles exceeds 12◦ between az-
imuthal angles of 190◦ – 50◦, exceeding 20◦ between
azimuthal angles of 260◦ – 350◦, with a maximum
value of 22◦ around 310◦. These angles are con-
sistent across the entire outer half of the blade radius.

Differences in the normal force are observed be-
tween the Menter k-ω SST model and the Kok k-ω
SST model in the region of Ψ=270◦ – 360◦ with the
most prominent differences at r/R=70% (Fig. 9(b))
and r/R=91.5% (Fig. 9(d)). No clear trend between
the two models can be ascertained as larger varia-
tions are predicted by each model at different loca-
tions. This is borne out by the computation of the rotor
lift coefficient (CL/σ), which yielded differences be-
tween the Kok and Menter models of less than 1%.
For the Menter k-ω SST model, the addition of DDES

is observed to be insignificant as with the moderate
stall case.

For the pitching moments (Fig. 10), overall simi-
lar behavior is observed with a few caveats. The Kok
k-ω SST model introduces moment stalls that are sig-
nificantly stronger than those predicted by the Menter
k-ω SST model. This behavior is observed across all
radial locations, though the differences in magnitudes
are exacerbated at the outer radial stations. Both the
Menter k-ω SST DDES and Kok k-ω SST models pre-
dict an additional moment stall at 270◦ at r/R=91.5%
that is not observed in experiment or Menter k-ω SST.
The Kok k-ω SST model also does not predict the mo-
ment recovery for r/R=97.5% between 280◦–360◦.
The difference in this area was also observed for the
moderate dynamic stall case, albeit without the large
excursions noted here.

Figure 11 maps the separation locations for the dif-
ferent models over the rotor disk. If these are mapped
to the separation regions defined by Fig. 2, the differ-
ent flow separation (FS) zones are not longer distinct
as show in the schematic and observed for the mod-
erate dynamic stall case (Fig. 8) as leading edge sep-
aration dominates the outer blade radius over most of
the rotor disk.

Within these maps, subtle differences are found be-
tween all simulations, with slight deviations seen in the
size and location of separation regions. The dominant
regions of separation are effectively the same. The
size and extent of FS5 region (outboard most region
of 30◦–90◦) is the most obvious difference between
the Kok and Menter models.

5.4. Trimmed Aeroelastic Rotor

The results from the prior section (Sect. 5.3.) was in-
strumental in determining the actual aerodynamic dif-
ferences for the 7A rotor without the influence of an
external CSD solver. However, the solutions in the
prior section are not indicative of the actual predictive
capabilities of the turbulence models for an aeroelas-
tic rotor as the CFD and CSD codes interactive to pro-
vide an accurate solution. Therefore, the final analy-
ses were performed for OVERFLOW+RCAS to eluci-
date how the aerodynamic differences in these mod-
els impact the aeroelastic rotor predictions.

Because of issues encountered in the stability of the
Kok k-ω model with DDES (the SST correction has
not yet been integrated with DDES), only the mod-
erate dynamic stall case was examined. However,
this case provides excellent insight into the question
posed herein.



CFD-CSD coupled simulations were performed via
the comprehensive solver RCAS, where the coupling
parameters matched those previously by Grubb et al.
(Ref. 16). The evaluations were performed for the
baseline uRANS Menter k-ω SST and Kok k-ω turbu-
lence models.

5.4.1. Moderate Dynamic Stall

When examining the coupled normal forces (Fig. 12)
and pitching moments (Fig. 13) at the experimentally
instrumented radial stations, the influence of aeroe-
lastic coupling clearly reduces the impact of the aero-
dynamic differences observed in Figs. 6 and 7, re-
spectively. The structural dynamic forces respond to
the differences in aerodynamic forces by compensat-
ing in the deflection of the blade and the control an-
gles. Both the normal force and pitching moments are
almost coincident over the range of azimuth and radial
stations. The most prominent difference is observed
in Fig. 13(e). Both models predict a double mo-
ment stall just after 270◦, but Menter k-ω SST uRANS
model predicts a significantly larger magnitude for the
second stall event than the Kok k-ω model. This mag-
nitude difference is attributed to the addition of the
SST correction, as Fig. 7(e) confirms that with pre-
scribed motion that the SST correction increases the
second stall event magnitude for the Kok k-ω model.

There are some significant differences observed
between the OVERFLOW/RCAS results presented
here when compared to the OVERFLOW/RCAS re-
sults in Grubb et al. (Ref. 16), even though the same
mesh and numerical options were applied. While
the exact turbulence model implementations evalu-
ated here were not examined in Grubb et al., the con-
sistency of all of the results, regardless of approach,
particularly over the advancing rotor disk, indicates
that the coupling here deviates, though the reason is
currently not known at this time. However, even with
these differences, as the simulations for the two tur-
bulence models evaluated here were performed iden-
tically, relevant conclusions can be drawn.

The separation maps (Fig. 14) indicate that the in-
fluence of the two models over the rotor disk is more
significant than indicated by the normal forces and
moments. Compared with the original elsA/HOST
Kok calculations performed by ONERA (Ref. 22), the
separation maps are similar (Figs. 1(a) and 14(b)),
even though the SST correction was not applied here.
The extents of the FS1–FS3 regions are moderately
smaller in the computations here, and the magnitudes
tend to be larger, in particular in the fourth rotor quad-
rant. The Menter k-ω SST model here (Fig. 14(a)) in-
dicates a slightly earlier and outboard extended start
to region FS1, and the FS2 region is not captured.

The FS3 region is also smaller than its Kok k-ω coun-
terpart. The Menter k-ω SST model predicts an FS5
region, also observed in Grubb et al., while the FS5
region is absent from the Kok k-ω model predictions.

A final correlation can be made by examining the
control angles resulting from the aeroelastic trim. The
angle of the rotor disk, αq as well as the collective an-
gle of the blades θ0, the lateral and longitudinal cyclic,
θ1c, θ1s are all outcomes from the aeroelastic simula-
tion. Table 4 presents the control angles from the orig-
inal experiment and prior aeroelastic coupling analy-
ses performed in Grubb et al. (Ref. 16), along with the
predictions from these simulations.

Comparing the predicted angles from the two tur-
bulence models in this study, the differences in the
control angles occur in the second decimal place and
are likely well within any measurement error for these
angles. The observed differences in the coupling re-
sults between this work and Grubb et al. are seen
in the cyclic angle predictions, as might be expected.
There is minor to no change in the rotor shaft an-
gle αq predictions, which remain well below 5% when
compared to experiment. Differences in the collective
angle θ0 remain within 0.2◦-0.3◦ of the experimental
value. The predictions here fall below the experimen-
tal value, while the prior predictions from Grubb et al.
are above the experimental value. The cycle angle
variations are approximately 0.5◦-0.6◦, but havemuch
larger error values given the smaller angular values.

αq θ0 θ1c θ1s

Experiment1 -6.7◦ 8.4◦ 3.16◦ -3.51◦

elaA/HOST1

(Kok SST)
-6.46◦ 8.59◦ 3.3◦ -3.69◦

OVERFLOW/
RCAS1 (Menter
SST DDES)

-6.54◦ 8.81◦ 2.77◦ -4.21◦

Menter k-ω SST -6.54◦ 8.19◦ 2.46◦ -4.03◦

Kok k-ω -6.58◦ 8.14◦ 2.45◦ -4.00◦

Table 4: Trim control angles for 7A moderate dynamic
stall trimmed aeroelastic analysis. 1Results extracted
from Grubb et al. (Ref. 16)

6. CONCLUSIONS

The Kok k-ω turbulence model, along with SST Cor-
rections and DDES variants, has successfully been
implemented in the OVERFLOW solver and validated
for a series of two- and three-dimensional cases.



Based on the analyses performed, the following ob-
servations can be made:

• The Kok k-ω and Menter k-ω SST models pro-
vide similar aerodynamic results when flow is at-
tached. Differences arise when the flow begins
to separate. In particular the turbulent viscos-
ity was observed to grow significantly in dynamic
and separated cases for the Kok k-ω model, re-
sulting in poor correlations. The problem is exac-
erbated for strong or large regions of separation
and can result in numerical instabilities. The ad-
dition of the SST correction reduced this problem,
but additional evaluation for aeroelastic rotors are
still warranted.

• For prescribed motion simulations, the Kok and
Menter uRANS results are largely identical for all
variables examined. The predicted thrust coef-
ficient varied by less than 1%. Minor variations
were observed over small azimuth intervals of on
the retreating side of the rotor disk, primarily be-
yond 80% of the blade radius. The extent and
magnitude of the separation zones were mildly
affected, with the largest difference observed in
the prediction of the FS5 zone on the advancing
side. The SST correction added to the Kok k-ω
model reduced the observed differences between
the models.

• The addition of DDES has minor impact on the
aerodynamic blade loads and rotor loads with
prescribedmotion, for either for moderate or deep
dynamic stall conditions.

• Coupled aeroelastic simulations of the rotor in
moderate dynamic stall conditions reduces the
minor differences observed in the prescribed mo-
tion cases. Thus, the aeroelastic coupling with
the CSD solver compensates for at least some of
the aerodynamic differences between the mod-
els. The largest differences occur near the rotor
blade tip during pitching moment stall events. In-
tegrated rotor values are within 1% for the two
models evaluated. Some differences exist in the
separation rotor maps, in particular for the fourth
and first quadrants.

Current and planned studies are examining the
cause of the differences in the coupling analyses with
the prior cited work to understand the sensitivities
given the same inputs for the study. In addition, the
SST correction for the Kok k-ω model with DDES will
be implemented and evaluated given the instabilities
observed with the Kok k-ω model.
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Figure 6: Azimuthal variation of the sectional normal force coefficient (Cn) at various radial stations for the
moderate dynamic stall cases with prescribed aeroelastic motion
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Figure 7: Azimuthal variation of the sectional pitching moment coefficient (Cm) at various radial stations for the
moderate dynamic stall cases with prescribed aeroelastic motion



(a) Menter k-ω SST (b) Menter k-ω SST DDES

(c) Kok k-ω (d) Kok k-ω DDES

(e) Kok k-ω SST

Figure 8: Normalized flow separation location on the blade across the rotor disk for the moderate dynamic stall
case with prescribed aeroelastic motion.
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Figure 9: Azimuthal variation of the sectional normal force coefficient (Cn) at various radial stations for the deep
dynamic stall cases with prescribed aeroelastic motion
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Figure 10: Azimuthal variation of the sectional pitching moment coefficient (Cm) at various radial stations for
the deep dynamic stall cases with prescribed aeroelastic motion



(a) Menter k-ω SST Model (b) Menter k-ω SST DDES Model

(c) Kok k-ω SST Model

Figure 11: Normalized flow separation location on the blade across the rotor disk for the deep dynamic stall
case with prescribed aeroelastic motion
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Figure 12: Azimuthal variation of the sectional normal force coefficient (Cn) at various radial stations for the
moderate dynamic stall cases with CSD coupling
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Figure 13: Azimuthal variation of the sectional pitching moment coefficient (Cm) at various radial stations for
the moderate dynamic stall cases with CSD coupling



(a) Menter k-ω SST (b) Kok k-ω

Figure 14: Normalized flow separation location on the blade across the rotor disk for the moderate dynamic
stall case with CSD coupling.


