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Detached Eddy Simulations for Iced Airfoils

Jianping Pan* and Eric Loth'
University of lllinois at Urbana—Champaign, Urbana, Illinois 61801-2953

To improve the predictive ability of the stall behavior for iced airfoils, computations using the detached eddy
simulation (DES) approach were conducted. The WIND code with the DES methodology was first validated
with a well-documented flow past a circular cylinder. The validation results were in good agreement with the
experimental and previous numerical results for the time-averaged aerodynamic forces, as well as for the unsteady
flowfield pattern. DES computations were then performed for a series of angles of attack (around the stall angle)
for NACA 23012 and natural laminar flow (NLF) 0414 airfoils with a simulated (two-dimensional) ice shape on
the upper surface. The spanwise domain for these simulations was scaled based on the expected height of the
separation region, consistent with previous blunt-body large eddy simulation and DES. The DES for both iced
airfoils provided the maximum lift coefficients and stall angles that were qualitatively consistent with experiments
[whereas Reynolds-averaged Navier—Stokes (RANS) simulations of the same cases failed to provide either such
behavior]. However, the DES approach was much more computationally intensive, and even higher grid resolution
within the separated flow region is suggested to improve the predictive performance for this technique.

Introduction

IRCRAFT aerodynamic degradation due to significant ice ac-
cretion is a severe problem faced by pilots and has caused many
accidents. Ice accretion alters the airfoil geometry, and its induced
early flow separation can severely reduce the lift, increase the drag,
change the pitch and hinge moments, and lead to loss in control effec-
tiveness. Although aircraft icing and its resulting hazards have been
noticed and studied for a quite long period, it is still a contributing or
casual factor in approximately 10% of all weather-related accidents
among general aviation aircraft in recent years.! Further understand-
ing of the ice accretion’s aerodynamic effects is important to help
assess the aircraft’s potential capability during ice conditions.
Numerical simulation has become common in the last two
decades and is now playing an important role because it is often a less
expensive alternate investigation tool. With the dramatic progress of
computer speed and memory in recent years, numerical simulations
of iced airfoils have made significant improvements in predictive
performance. Most of the studies have been based on Reynolds-
averaged Navier—Stokes (RANS) methodology due to its moderate
computer resource requirement. In the RANS method, the viscous
turbulent effects are resolved using time-averaged closure models.
The RANS methodology has allowed much in the prediction of mean
flow properties and the integrated aerodynamic forces for clean and
iced airfoils. It is a common technique because it allows efficient
predictions for a wide variety of flows and configurations.?
However, RANS cannot robustly capture the nonlinear detach-
ment process associated with ice-shape vortex shedding and, thus,
has difficulty in predicting iced airfoil aerodynamics, especially
near stall conditions.”~* In particular, it is often unable to repro-
duce experimentally determined stall angles and stall behavior. This
lack of accurate prediction has motivated examination of other ap-
proaches. Two available methodologies that can capture aspects of
the unsteady vortex structures that govern stall separation are direct
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numerical simulation (DNS) and large eddy simulation (LES). In
DNS, flow patterns for all of the turbulence scales (down to the
Kolmogorov scales) are directly solved through the full unsteady
Navier—Stokes equations. However, due to the limitation of current
computational power, DNS has only been applied in low Reynolds
number flows with simple boundary conditions. In airfoil flows, the
typical Reynolds number is often more than 10°, which is far be-
yond the capability of DNS. LES is a methodology that is in between
RANS and DNS in terms of resolving the turbulence field and the
required computational resources. In LES, vortices larger than the
grid size are directly solved by the filtered Navier—Stokes equations,
whereas only the subgrid-scale turbulent structures are empirically
modeled. As a result, LES can be applied in separated (free-shear)
flow regions for a reasonable range of Reynolds numbers. However,
for high Reynolds number wall-bounded flows without separation,
the dominant eddy structures near the wall are extremely small.
Therefore, the grid resolution required for the attached boundary
layers is intensive, such that LES is impractical for airfoils because
at least some of the boundary layer is attached even in stalled condi-
tions. As such, hybrid methodologies that combine LES and RANS
approaches have been developed especially for these kinds of flows.

Detached eddy simulation (DES) is a recently developed hybrid
LES-RANS methodology with the aim of robustly predicting high
Reynolds number massively separated wall-bounded flows.> In the
DES methodology, LES is implicitly combined with RANS by al-
tering the length scale in the conventional RANS turbulence model.
Unlike the zonal method where the RANS and LES regions are ex-
plicitly specified by the user, DES simply modifies the wall-normal
length scale d in the wall destruction term to d = min(d, CpgsA),
such that the method adapts to the wall distance and the grid resolu-
tion. In this definition, A is the maximum local grid spacing, that is,
A = max(Ax, Ay, Az), and Cpgs in an empirical constant of order
unity. Thus, the DES technique is a nonzonal approach for treating
the unsteady three-dimensional separated flows at high Reynolds
numbers. In the boundary-layer region where A far exceeds d, the
Spalart—Allmaras (S—A) model rules because d =d. In the mas-
sive flow separation region, where d = CpgsA, the DES turbulence
model turns into a simple one-equation subgrid-scale (SGS) model,
thus yielding an LES approach. If the momentum-carrying turbu-
lent eddies are not much smaller than the scale of the geometry, then
the separated flow might be well resolved with only moderate grid
refinement.

In recent years, DES has been successfully applied to a range of
massively separated flows and has provided promising predictions.
This has included the studies on clean airfoils at various angles of
attack® and cylinders, sphere, and forebody flows under sub- and
supercritical Reynolds number conditions.”~ Whereas the limited
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DES studies to date are for rather simple configurations, Kumar
and Loth!® presented some preliminary DES results for an iced
natural laminar flow (NLF) 0414 airfoil with a k/c =6.67% ice
shape at a leading-edge location. The results indicated that three-
dimensional flow structures were well represented when different
spanwise planes were examined. However, in this preliminary study
only two angles of attack were considered with a low-resolution grid
and the mean aerodynamic forces were not examined for a statisti-
cally long period. As such, the authors suggested that a detailed set
of simulations be conducted with comparison to experimental data
to investigate the potential improvements in the prediction accuracy
of DES (as compared to RANS) for iced airfoil simulations with
significant flow separations. In this study, such DES simulations
were performed for iced NACA 23012 and NLF 0414 airfoils with
typical leading-edge and upper-surface ice shapes. The results were
compared to the low-turbulence pressure tunnel (LTPT) and Uni-
versity of Illinois Urbana—Champaign (UIUC) experimental data
conducted by the UIUC Icing Group and also to the previous RANS
simulation results.

Computational Methodology

A structured Navier-Stokes equation solver WIND!! was primar-
ily applied in this study. Although WIND 5.0 includes various one-
equation and two-equation turbulence models for its RANS compu-
tations, its DES method is based on the S—A one-equation model.
This DES method was chosen herein as the hybrid LES-RANS
method also because the S—A model yielded good performance in
comparison to other turbulence models for RANS predictions of
iced airfoils (see Refs. 2—4).

In the conventional (S—A) model'? turbulent viscosity u, is solved
by a partial differential equation as follows, where d in the wall
destruction terms is the distance to the closest wall:
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In the DES method, the length scale d is replaced by d = Cpgs A.
With this altered length scale, the S—A RANS approach will be
applied in the region close to wall because the wall distance d is small
and Ax or Azinthe stretched RANS grid s large in comparison such
that d = d. However, the wall distance above the boundary layer is
much larger than its local grid size, which yields d = CpgsA. As
such, the conventional S—A model turns out to be a one-equation
model for an SGS eddy viscosity:
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The algebraic Smagorinsky subgrid stress model, in which
U =CpSA?, can be recovered from this equation if the production
term and wall destruction terms are balanced out as
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As in the Smagorinsky SGS model, there is one grid-related
parameter constant that needs to be set. The constant value of
Cpgs = 0.65, set via validation with homogeneous turbulence by
Shur et al..® is used in this study. Other values were also examined,
but the influence was generally not significant for values between
0.2 and 1. The DES method combines the strength of RANS in the
wall-bounded region (modeling the average properties of attached
flow turbulence) and LES in the free vortex shedding region (re-
solving eddies larger than the local grid size). Therefore, like LES,
the DES methodology is unsteady and three dimensional because

it seeks to describe (low-frequency) aspects of turbulent dynamics.
However, in consideration of the computational cost for paramet-
ric studies, two-dimensional DES simulations were first conducted
to investigate time-dependence and grid resolution aspects with a
pseudospanwise grid spacing specified. In two-dimensional DES,
a constant Az, with the same value as in three-dimensional grid
configurations, was specified when determining the LES/RANS in-
terface. Although this restricts any streamwise vorticity (and, thus,
is not physical in terms of emulating large-scale turbulence), it al-
lowed similarity to a three-dimensional simulation for the resolution
tests but with much less computational burden (though dependence
on Az and spanwise domain length would need to be determined
via full three-dimensional simulations).

A single-block O-type structured grid was generated from the
airfoil surface to 20 chords length away in all directions by using
the grid generator software Gridgen. The nondimensional first grid
spacing in the normal direction was set as 2 x 10~°, consistent with
a y* of about (or less than) one for the simulated flow conditions. In
general, 400 points were distributed along the airfoil surface (with
about 100 points along the ice shape), and 100 points were assigned
in the normal direction. The grid distribution was clustered on the
region where high flowfield gradients were expected, such as the
leading-edge, trailing-edge, and ice-shape locations. Though sim-
ple, the use of a single block for the grid generation was attractive
because it avoids complexities when dealing with ice-shape protu-
berances. For three-dimensional simulations, about 30 points were
evenly distributed along the span.

The boundary conditions were specified through a grid pre-
processor program included in WIND software package, GMAN.
All cases included a viscous wall boundary condition on the airfoil
surface and freestream boundary condition on the far-field bound-
ary. For the three-dimensional DES simulations, a periodic bound-
ary condition was specified along the spanwise direction. Because
a three-dimensional calculation requires large computer resources,
it is efficient to run such simulations in parallel with small divided
zones. CFSPLIT, a WIND utility program, was, thus, used to split
the whole grid into fractions. On the interface between different
split zones, a zonal coupled boundary was specified. A more de-
tailed DES methodology description applied in this study can be
found in Ref. 13.

DES Results and Discussion

Validation for Cylinder

To examine its capability, the DES methodology (via the WIND
code) was first validated with a well-documented cylinder flow. The
applied numerical scheme for spatial discretization was a second-
order upwind scheme. Higher-order schemes were desired, but were
not used because they produced instabilities with WIND unless a
very small (impractical) time step was used. For temporal discretiza-
tion, a two-layer implicit MacCormack scheme was employed be-
cause it allowed a substantially larger time step compared to the
explicit schemes, such that the total CPU time for a given physical
time integration was significantly reduced. The current simulation
results were compared with experimental data'*'> and previously
reported computational results.’

Computations were performed for the cylinder flow with several
different Reynolds numbers, 5 x 104, 1.4 x 10°,and 3.0 x 10° based
on the freestream speed Uy, and the cylinder diameter D. Herein,
the 3.0 x 10° results are presented because this Reynolds number
is most relevant to the iced airfoil flow because it yields turbulent
boundary-layer separation under this condition. This was also com-
putationally convenient because one could assume that transition
occurs so quickly that the entire boundary layer from the stagnation
point can be considered turbulent.

In the two-dimensional DES simulations, a viscous wall bound-
ary condition was used on the cylinder and a freestream condition
was used on the outer boundary at about 15 diameters away from
cylinder. Grid-resolution and time-step dependence studies were
first performed with two-dimensional DES simulations because
fewer computer resources were required. These results were used
to construct three-dimensional DES conditions where the spanwise
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Fig. 1 Computational grid for cylinder flow simulations with inner
block of 150 x 36, wake block of 74 x 36, and outer block of 59 x 30,
with spanwise direction of 42: a) block schematic, b) overall grid, and
¢) grid near rear of cylinder.

grid resolution was the same as that used by Travin et al., which
had 42 points over a spanwise length of two diameters.” In the
three-dimensional DES simulation, the spanwise dimension em-
ployed periodic boundary conditions. Figure 1 shows the three-
zone grid applied in the three-dimensional study. The inner block,
wake block, and outer block have dimensions of 150 x 30 x 42,
37 x 74 x 42, and 75 x 37 x 42, respectively. The inner block and
wake block had finer grid resolutions because the main flow structure
mostly formed within those regions. A grid aspect ratio of around
unity was kept in the wake zone because the vortex structures are
assumed to be relatively homogeneous in all three directions.

In the three-dimensional DES case, simulations were completed
with a nondimensional time step (At* = AtU. /D) of 0.01. This
was found to provide time-independent statistical results in two-
dimensional DES investigations (as shown in Table 1). Each com-
putation cycle in the three-dimensional case took approximately
5 s per CPU with 27 clustered workstation processors running in
parallel. The total integration time 7, was long enough to ensure
statistically stationary time-averaged results.

Table 1 shows the predicted C, and C; ., with different grid
resolutions and time steps for two-dimensional cases and a sin-

Table 1 Summary of circular cylinder results, M =0.3
and Re =3 x 10°

Case Grid At* T:n Cy Cl.rms

300 x208  0.0025 75 0.879  0.866

Two-dimensional DES 150 x 104  0.005 100 0.880  0.822

Two-dimensional DES 150 x 104 0.01 400 0.896 0971

Three-dimensional DES 150 x 104 x 42 0.01 150 0.722 0.359

Two-dimensional 150 x 104  0.01 200 0.864 0.969
URANS

Experiment —_—

Two-dimensional DES

— —— 0.5-0.8 0.05-0.13

gle three-dimensional case. The values were obtained by averaging
the unsteady aerodynamic data after an initial transient period, typi-
cally from #* = 0 to 20, where nondimensional time #* was scaled by
D/ Us. When two-dimensional DES results based on the 300 x 208
grid and the 150 x 104 grid were compared, it was found that there
was some grid-resolution influence and that improved resolution
tends to give better predictions. Similarly, decreasing the time step
from 0.01 to 0.005 gave an improvement as well, especially for the
unsteady aspects. However, because the three-dimensional equiva-
lent runs were intensive, the 150 x 104 grid with Ar* =0.01 was
chosen for the three-dimensional DES case. Note that this is very
similar to the resolution used by Travin et al. with the same time
step.

Figure 2 shows the instantaneous vorticity shedding structures.
The three-dimensional vortex isosurface is shown in Fig. 2a,
whereby one can clearly note the Kelvin—Helmholtz vortex shed-
ding structures, as well as the streamwise vorticity features, denoted
at low Reynolds number conditions as “vortex tubes” by Lasheras
and Choi.'® Figures 2b-2d show the vorticity contours at several
different spanwise locations (z/Zaom = ¢, 3. and 2), where signifi-
cant three-dimensional variation can be found. Compared with the
two-dimensional vorticity contours shown in Fig. 2e, a finer vortex
structure was resolved in the three-dimensional results. This was
attributed to the inclusion of streamwise vorticity interactions.

Figure 3 shows the histories of the lift and drag coefficient for
two-dimensional and three-dimensional DES cases (150 x 104 and
150 x 104 x 42). The predicted Strouhal number Sr(fUy /D) is
about 0.25 for both cases, which was within the range from 0.2
to 0.28 given by the experimental data. Thus, the unsteady fre-
quency was reasonably represented by both cases. However, the
three-dimensional DES result was more stochastic (complex) and
exhibited smaller amplitudes in the lift fluctuations. Both of these
characteristics were more in line with experimental results for C; s
as shown in Table 1, which is expected because the turbulent mixing,
even at large scales, is sensitive to three dimensionality. As such,
completion of two-dimensional DES is only recommended for in-
vestigating time-step and two-dimensional grid-dependency issues,
but three-dimensional DES is needed for proper simulation.

Figure 4 shows the pressure distribution around the cylinder pre-
dicted by the three-dimensional DES and two-dimensional DES
simulations. Compared to the experimental results, the C, pro-
file was well predicted by the three-dimensional DES, whereas the
two-dimensional DES predicted a lower C,, especially in the re-
gion where separation occurs. This indicates that, like the LES and
DNS methods, DES requires a three-dimensional description of the
vortices.

As shown in Table 1, the average drag coefficient of 0.72 predicted
by three-dimensional DES fits reasonably in the range from 0.5 to
0.8 of the experimental results,'*!> whereas a one-third higher drag
was predicted by the two-dimensional DES. The similar prediction
trend between the two- and three-dimensional DES cases was also
found in the DES results by Travin et al.” Finally, note that two-
dimensional unsteady Reynolds-averaged Navier—Stokes (URANS)
is similar to two-dimensional DES for the same time step and grid
resolution, indicating that the detailed nature of the subgrid stress
model might not be critical for these flows in terms of predicting lift
and drag forces.

The preceding results indicate that the WIND three-dimensional
DES code reasonably predicted the main aerodynamic features
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Fig. 2 Instantaneous vorticity contours for cylinder flow at * =120:
a) three-dnmensnonal DES vorticity isosurface, b) three dimensional
DES at z=¢ Zd,,m, c) three dimensional DES at z= 3 Zdom, d) three-
dlmensmnal DES atz=2 Zdom’ and e) two- dlmensmnal DES.

associated with a turbulent separated circular cylinder flow after
careful comparison to experimental data and previous numerical
predictions. This gave encouragement to apply DES in the iced
airfoil simulations considering similarities between unsteady iced
airfoil flow separation and the cylinder flow separation.

Assessment of Two-Dimensional DES on Airfoils

To assess DES performance for iced airfoil simulations, a series
of numerical studies, including a grid resolution study, a time-step
study, and a DES-region sensitivity study, were first investigated for
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Fig. 4 Surface pressure distribution on circular cylinder with turbu-
lent separation.

a selected iced airfoil case. Because the full three-dimensional cal-
culation required large computer resources, those aspects of the nu-
merical studies were mainly performed with two-dimensional DES,
as was done for the cylinder case. The chosen airfoil configura-
tion was a quarter-round ice shape with k/c = 1.39% located on the
NACA 23012 airfoil at 10% of chord length.

Simulations were performed at a Reynolds number of 2.1 x 10°
and Mach number of 0.21. Those conditions were chosen because
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Fig. 5 Computational grid for iced NACA 23012 airfoil: a) around
airfoil and b) closeup near leading edge.

there are experimental results by Broeren et al.'? available for com-
parison. In addition, these conditions were comparable to the cylin-
der validation case, and again the boundary layers were assumed to
be turbulent everywhere for computational convenience.

A grid dimension of 400 x 100 was found reasonable in previous
RANS studies for the iced airfoils.? To check if this grid resolution
was also suitable for the DES methodology, grid-independence stud-
ies were performed for the selected iced airfoil case at a 7-deg angle
of attack. A typical computational grid for the iced airfoil is shown
in Fig. 5 (around the airfoil and close up near the leading edge).
This grid was slightly adjusted from the grid used for the RANS
simulations to keep a unit grid aspect ratio in the upper surface flow
separation region.

Three different grid resolutions (500 x 125, 400 x 100, and
300 x 75) were selected for the two-dimensional DES calculation.
Table 2 shows the averaged C; and C, results, as well as RANS
values and available experimental data. Significant differences were
found between the results based on the coarsest grid and on the other
two finer grids, whereas between the two finer grid predictions, the
difference was not significant, especially for the lift predictions.
The significant discrepancy within the results indicates that DES
methodology is much more grid sensitive than the RANS method-

Table 2 Grid study for iced NACA 23012 at av=7 deg

Case Grid At* T.:t C Cy

Two-dimensional DES 300 x 75 1x10~* 15 0.148  0.105
Two-dimensional DES 400 x 100 1 x 1074 24 0.308 0.133
Two-dimensional DES 500 x 125 1 x 10~* 20 0.309 0.129
Experiment —_— e — 0330 —
RANS 400 x 100 —_ —— 0453 0.125

Table 3 Time-step study for iced NACA 23012 at o =5 deg

Case Grid At* Ty C Cy

Two-dimensional DES 400 x 100 1 x 1074 15 0274 0.118
Two-dimensional DES 400 x 100 5 x 10~* 40 0.276 0.110
Two-dimensional DES 400 x 100 1 x 1073 70 0277 0.111
Two-dimensional DES 400 x 100 2 x 1073 120 0.300 0.106
Experiment —_— e — 0301 —
RANS 400 x 100 —_— ——  0.379  0.096

ology, in which the differences would not be as great. This is because
the DES methodology is sensitive not just to gradients in the flow
(as is the RANS methodology) but to the resolution of specific vor-
tex structures. Thus, the eddy cascade and turbulent mixing in the
separated flow regions are a strong function of the grid.

Compared to RANS predictions, the average C; predictions from
two-dimensional DES with the two different fine grids were closer
to the experimental result. Drag coefficients predicted with two-
dimensional DES were somewhat higher than for RANS, which
was consistent with what was found for the two-dimensional DES
validation cases for the cylinder flow. The drag coefficient sensitiv-
ity to grid resolution between the two finer grid results indicates that
different types of flow patterns may develop with different grid res-
olutions. However, practical CPU limitations for three-dimensional
DES discouraged the use of even high grid resolution. Thus, the
400 x 100 RANS-type grid was applied in the following three-
dimensional DES simulations.

Time-dependent characteristics were also studied for the iced
NACA 23012 under the same conditions as earlier with the
400 x 100 grid at a 5-deg angle of attack. Four different nondimen-
sional time steps (At* = AtUy/c) of 1 x 10745 x 107, 1 x 1073,
and 2 x 1073 were used in the simulations. Note that time steps of
1 x 1072 and 5 x 1073 (which were used in the cylinder simula-
tions when nondimensionalized with diameter) were also tested but
were found to be numerically unstable. This was because the ice-
shape size (not the chord length) controls the flow separation, and
it was much smaller than the chord length (k/c =1.39%). As such,
the time steps applied here were all from about one to two orders
less than those used in cylinder case, which was consistent with the
cylinder’s flow separation scaling with the entire diameter, whereas
it was an order of magnitude less than the airfoil chord.

As shown in Table 3, when the time step increased from 1 x 107*
to 1 x 1073, the effects of different time steps were modest for both
the lift and drag predictions. However, when the time step was in-
creased from 1 x 1073 to 2 x 1073, the change in lift predictions was
significant. Thus, At* =1 x 107> was seen as a reasonable maxi-
mum and, thus, was chosen as the baseline time step within this
study for the three-dimensional simulations. Compared to lift, drag
predictions were less sensitive to the time-step variations, and all of
the two-dimensional DES predictions of drag were higher than the
RANS predictions as shown before.

DES Spanwise-Domain Grid Consideration

As noted for the cylinder case, DES is a three-dimensional com-
putational methodology. The separated flowfield’s three dimension-
ality should be well represented within the whole DES domain.
Thus, the minimum Z-domain size in the simulation should be re-
lated to the physical separation bubble size to capture the separation
characteristics. However, for the iced airfoil, the separation bubble
size varies strongly with angle of attack. To solve this problem,
we assumed a linear relationship between the maximum separation
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Table 4 Spanwise domain size vs separation bubble height
in previous studies

Researchers Case  Zdom/¢ Zdom/Hsepr N A, deg
Travin et al.” DES 2 ~2 42 0 (cylinder)
Squires et al.’ DES 3 ~2-4 151 10 (~cylinder)
Schmidtetal.'®  LES  0.05 ~1 42 12
Dahlstrom and LES 0.05 ~0.7 33 13.3
Davidson'®
Cokljat and Liu*¥ DES  0.03 ~1 16 133
Shur et al.® DES 1 ~1 26 45
Present DES  Varies ~2 31 Varies

height H,.,, for a given separation bubble and spanwise-domain size
Zgom- That is,

Zdom/Hsepr = const

This ratio should be large enough to allow three-dimensional
structures to be representative of overall vortex dynamics, but it
should also be as small as possible due to computer CPU constraints
if a specific Az resolution were needed. Table 4 shows a range
of nondimensional spanwise-domain sizes applied in the previous
clean airfoil and cylinder studies and shows the typical number of
spanwise grid planes, where N, = Zyon/Az. There was a variety
of spanwise domains and resolutions in these studies, but typical
values were Zgom/ Hyepr of about 2 and N of about 30.

A total of 31 grid points was specified along the spanwise di-
rection for resolving the flow quantities in present study, consistent
with previous studies listed in Table 4. In this study, we also chose
the Zgom/ Hyepr ratio to be 2.0 because iced airfoil separation is more
like cylinder flow separation than clean airfoil separation. The Az
based on this selection was about the same order as Ax and Ay in
the separated flow regions.

Note that if Hy,r =0 (attached flow), then the Z-domain size is
also 0, which leads to RANS as the appropriate technique. Also, if
Hgep, is very small compared to the object, we may not be able to
afford to use DES with high resolution within the separation region
while still resolving all features of the flow around the object; thus,
again, the suggested approach is to use RANS. As such, a flowfield
with a significant separation bubble size compared to the body is
generally desired if one would employ DES. In this study, a criterion
of Hgpr/c > 5% for iced airfoils was used for applying the DES
computation. Because Hy.,r Was not measured in the experiments or
known a priori, RANS predictions of the separation height Hyepr rans
were applied for each angle of attack. Therefore, all of our angle-
of-attack simulations used the following prescription:

Zdom/I—Isepr,RANS =2.0

Three-Dimensional DES for Iced Airfoils

To examine the capability and accuracy of the DES methodology
on iced airfoil simulations, the full-domain three-dimensional DES
simulations were performed at a series of angles of attack for both
the iced NACA 23012 airfoil and the iced NLF 0414 airfoil. The
results were compared to the experiments and RANS predictions.

Based on the two-dimensional DES grid and time-step studies, the
applied grid had a resolution of 400 x 100 x 31, and the time step
was At* =1 x 1073, Periodic boundary conditions were applied
along the spanwise direction. The Courant—Friedrichs—Lewy num-
ber was about 0.1 in the LES region with the selected grid configura-
tion and time step. Computations were performed on an IBM AIX
system at the National Center for Supercomputing Applications.
Grids were divided into eight zones and run in parallel. It took about
9 s of CPU time per cycle, and about 70—100 nondimensional time
units were calculated to get averagely converged statistical results.

Three-Dimensional DES for Iced NACA 23012 Airfoil

Full-domain three-dimensional DES simulations were performed
at a series of angles of attack for the iced NACA 23012 airfoil at
Re=2.0x10° and M =0.21. As discussed earlier, the spanwise-
domain size was set as twice the maximum separation bubble height
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Fig. 6 RANS-predicted separation bubble height of iced NACA 23012
airfoil.

as predicted in RANS (Hpr rans) at the same angle of attack. The
grid spacing increased with angle of attack due to larger separation
bubble sizes. Figure 6 shows the separation bubble height at differ-
ent angles of attack for the iced NACA 23012. The spanwise grid
spacing was on the order of 1% of the chord length. This balanced
out the grid spacing along the other two directions because Ax and
Ay were also about 1% of the chord length in the separated flow
region above the airfoil. According to our criterion of Hep/c > 5%,
DES computations should be performed for angles of attack no less
than 3 deg. Note that for angles below 3 deg, the flow separation
region was small and previous RANS studies showed reasonable
predictions.

An instantaneous three-dimensional vorticity isosurface at 1* =
50 at @ =5 deg is shown in Fig. 7a. Whereas the flow is predomi-
nantly two dimensional on the lower surface and along the upper sur-
face in the region of the ice shape, three-dimensional flow structures
dominate the flow downstream of the separation region. Figures 7b—
7d show the spanwise vorticity contours at the same time as earlier.
With strong vortex shedding after the ice-shape location, the varia-
tion at the spanwise locations also indicates a well-developed three-
dimensional flow structure. An equivalent two-dimensional DES
vorticity contour at the same angle of attack is shown in Fig. 7e for
comparison. In general, the three-dimensional DES case predicted a
much finer and more irregular vortex structure that was not captured
in the two-dimensional DES case. (The same trend was found for
the cylinder flow.) Figure 8 shows the time evolution of midspan
vorticity for the iced NACA 23012 at « = 5 deg. The vorticity
shedding from the ice shape diffuses and forms more chaotic vortex
structures when moving downstream. The strength and position of
the shedding vortices changed at different time frames, which led
to the variation of lift and drag in their history profiles.

Figure 9a shows the lift history profile at angles of attacks of 5 deg.
Unlike the cylinder case, there was no clear primary frequency found
from the instantaneous lift coefficients. Note that the lift fluctuations
were substantial, which was qualitatively consistent with experi-
ments by Gurbacki for iced airfoils.?! The time-averaged lift results
are also shown where the statistical values were integrated after the
initial transient of 20 normalized time units. In general, the aver-
age lift and drag converged statistically in about 60 nondimensional
time units. Figure 9b shows the averaged pressure distributions com-
pared to the experimental and RANS results. On the upper surface
before the ice shape and on the lower surface, there was no sig-
nificant difference in pressure between the three-dimensional DES
and RANS predictions. Both the three-dimensional DES and RANS
simulations predict a higher pressure on the lower surface compared
to experimental values. The pressure plateaus after the ice shape
were predicted much better with three-dimensional DES (as com-
pared to RANS), although the pressure levels above the airfoil were
lower compared to the experiments. This indicated that the three-
dimensional vortex flow patterns were reasonably captured with
three-dimensional DES. Two additional simulations at this angle
of attack were run to check influences of AZ and Z-domain size.
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d)

-

e

Fig. 7 Instantaneous vorticity contours for iced NACA 23012 att* =50
and o =5 deg: a) vorticity isosurface, b) three-dimensional DES at z =
Zdom, ¢) three-dimensional DES atz = % Zgdom, d) three-dimensional DES
atz= % Zdom, and e) two-dimensional DES.

N -

The results were not conclusive, but indicated significant potential
for AZ influence and possible for Z-domain size influence. Further
studies on these two effects are much needed. More DES results on
this iced airfoil can be found in Ref. 13.

Figure 10 shows the lift comparisons between RANS and DES
predictions. A set number of simulations at « =3, 4, 5, 6, 7, 10,
and 14 deg were performed. The calculated values were compared
with the Broeren et al. LTPT experimental results.'” Whereas the
predicted lift was generally larger than experimental values around
the experimental stall, the DES predictions showed an obvious stall
behavior that was not explicitly captured by RANS. Compared to
the experimental stall angle of 4 deg, the present three-dimensional
DES simulations predicted a 5-deg stall followed by a more severe
drop in lift.

d)

e)
Fig. 8 Midspan spanwise vorticity at different times for iced NACA
23012 with three-dimensional DES at o =5 deg: a) t* =50, b) t* =50.5,
¢) t* =51.0, d) * =51.5, and e) t* =52.0.

Three-Dimensional DES for Iced NLF 0414 Airfoil

DES simulations were also performed for an iced NLF 0414 air-
foil for a range of angles of attack around stall. The iced NLF 0414
airfoil has an ice shape of k/c = 6.67% at a leading-edge location of
s /¢ =3.4%. The simulations were performed under the condition of
a Mach number of 0.185 and a Reynolds number of 1.8 x 10°. The
numerical predictions were compared to the UIUC experimental
results.??

Because of the large ice shape applied in this study (k /c = 6.67%),
the typical separation bubble usually had a height greater than 5% of
chord length than was applicable for the DES simulations. As in the
earlier study, only a few angles of attack were considered due to the
large computational resources involved. For the NLF 0414 airfoil,
four angles of attack of 0, 1, 3, and 5 deg were simulated with the
400 x 100 x 31 grid resolution. These angles were selected because
they were close to the experimental stall angle of attack of 1 deg.
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Fig. 9 Time-dependent behavior for iced NACA 23012 at o =5 deg for
a) three-dimensional DES instantaneous and time-averaged lift and b)
three-dimensional DES time-averaged pressure distribution with com-
parison to experimental and RANS results.
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Fig. 10 Three-dimensional DES time-averaged lift coefficient for iced
NACA 23012 with comparison to experimental and RANS results.

Figure 11 shows the vorticity isosurface and contours at an in-
stantaneous time frame of r* =50 at « = 3 deg. Compared with the
NACA 23012 airfoil with a smaller ice shape of k/c=1.39% at
a =5 deg, the vorticity isosurface shown in Fig. 11a is distributed
over a larger area because of the larger ice shape. Figures 11b—11d
show the vorticity contours at different spanwise locations. Signif-
icant variance of the shedding vortex in those planes indicates that
the flow three dimensionality was well developed, especially after
one-half of the chord length. Perhaps due to a larger distance from
the airfoil surface, the shear layer formed after the ice shape was

b)

c)

d)

Fig. 11 Instantaneous vorticity contours for iced NLF 0414 flow at
tt= SOIand o =3 deg: a) vorticity isosurface, b) three-dimensional DES

at z=¢ Zdom, ¢) three-dimensional DES at z= % Zdom, and d) three-

dimensional DES at z = % Zdom-

more stable than that with the NACA 23012 airfoil with a smaller
ice shape. It was also seen that there was a stronger trailing-edge
vortex structure existing in the wake.

Figure 12a shows the time-dependent lift behavior of the iced NLF
0414 airfoil at angles of attack of 3 deg. The averaged lift coefficients
were integrated from nondimensional time units from 20 to 65 and
are also shown. The averaged pressure comparisons are shown in
Fig. 12b. The RANS and DES predictions were similar to each other
on the lower airfoil surface (consistent with the flow being attached
in that region). However, for the upper surface, the RANS predicted a
shorter separation bubble and the DES predicted a longer separation
bubble (as compared to the experiments). Further research is needed
to understand the issues associated with flow separation, recovery,
and reattachment predicted by the DES technique. In particular, the
effect of spanwise domain and grid resolution (which were explored
herein) should be considered.

Figure 13 shows the lift comparisons among experimental results,
RANS, and DES numerical predictions. The stall behavior was pre-
dicted by DES at o = 1 deg, the same as the experimental stall angle
(whereas RANS results did not indicate a stall). However, as found
in the NACA 23012 case, the DES predicted lift values were signif-
icantly larger than the experimental data and then dropped off more
severely. Again, studies with a finer grid resolution and increased
spanwise domain might be needed to resolve this problem.
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Fig. 12 Time-dependent behavior for iced NLF 0414 at o« =3 deg for
a) three-dimensional DES instantaneous and time-averaged lift and
b) three-dimensional DES time-averaged pressure distribution with
comparison to RANS and two-dimensional DES results.
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Fig. 13 Three-dimensional DES time-averaged lift coefficient for iced
NLF 0414 with comparison to experimental and RANS results.

Summary

The DES methodology was applied in this study to improve flow
prediction for the massively separated iced airfoil flow at high an-
gles of attack around stall. The methodology adopted in WIND was
first validated with a supercritical separated cylinder flow. The three-
dimensional DES results indicated that the flow was substantially
three dimensional with much finer vortex structures than those seen
in the two-dimensional DES results. The integrated drag and sur-
face pressure for turbulent separated cylinder flow predicted with

three-dimensional DES was in good comparison to the experimental
result (and better than that of the two-dimensional DES predictions,
which were primarily suited for time-step and two-dimensional grid-
resolution studies). The frequency of the time-dependent lift history
was also reasonably simulated in three-dimensional DES because
the Strouhal number was predicted within the experimental range.
This confirmed the importance of three dimensionality for DES.

DES simulations were then applied to typical iced NACA 23012
and NLF 0414 airfoils. To form a systematic view of three-
dimensional DES on iced airfoils, the simulations were performed
for a series of angles of attack for both iced airfoils. Compared to
the two-dimensional DES predicted results at the same angles of
attack, the vorticity contours shown in the three-dimensional DES
provided a much finer flow structure, which is consistent with the
cylinder simulations. From the time evolution of vorticity contours
at midspan, it is clear that eddies generated at the ice shape diffuse
and interact with other eddies when moving downstream. Unlike
the cylinder case, there was no obvious frequency for the iced air-
foils lift history that is qualitatively consistent with experiments. In
addition, the DES predicted lift curve shows an obvious stall behav-
ior consistent with experiments (an aspect that was not predicted
with RANS). However, there were significant differences between
the DES lift value predictions and the experimental values. Within
the comparisons of pressure distributions, the flat plateaus after the
ice shape are qualitatively captured in the three-dimensional DES
simulation, but at a lower magnitude. On the lower airfoil surface
where the flow is attached, the difference between DES and RANS
was negligible.

Although DES showed its potential for improving iced airfoil
flow simulations, spanwise domain and grid resolution for three-
dimensional conditions were not studied in detail due to the large
computer resource requirements of DES. A finer grid resolution
within the separated flow region is expected to capture the small
eddy structures better and the associated flow unsteadiness. Also,
adaptive grid techniques and higher-order schemes may improve the
fidelity of the resolved eddy aspects of DES.
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