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Reynolds-Averaged Navier—-Stokes Simulations
of Airfoils and Wings with Ice Shapes

Jianping Pan* and Eric Loth'
University of Illinois at Urbana—Champaign, Urbana, Illinois 61801-2935

Numerical simulations using the Reynolds-averaged Navier—Stokes equations were conducted to investigate the
effect of simulated ridge and leading-edge ice shapes on the aerodynamic performance of airfoils and wings. A range
of Reynolds numbers and Mach numbers, as well as ice-shape sizes and ice-shape locations, were examined for the
NACA 23012, the NLF 0414, and the NACA 3415 airfoils. The results were compared to experiments completed
recently at NASA Langley and University of Illinois. Additional two thinner airfoil models and a tapered NACA
23012 wing were also studied to investigate ice-shape location effect for various geometries. Comparisons between
simulation results and experimental force data showed favorable comparison up to the stall conditions, with
improved fidelity for forward and smaller ice shapes. At and past stall condition strong separation occurs, and
the aerodynamic forces were typically not predicted accurately for large upper-surface ice shapes. To alleviate
this problem, a lift-break (pseudostall) condition was defined based on the lift-curve slope change. The lift break
compared reasonably well with experimental stall conditions and indicated that the upper-surface critical ice-shape
location tended to be near (and often in between) the location of minimum pressure and the location of the most

adverse pressure gradient.

Introduction

IRCRAFT aerodynamic degradation caused by ice accretion

is a severe problem faced by pilots and is thought to be respon-
sible for many accidents. Ice accretion shapes can form at different
locations on the aerodynamic surfaces under different meteorology
and flight conditions. For example, ridge ice (which forms a span-
wise ridge shape on the upper surface) can form when the deicing
system is activated, and water droplets impinge forming ice accre-
tion after the active portion of deicing system. Rime and glaze ice
tend to respectively form round and horned protrusions near the
leading edge. Those ice accretions can severely deteriorate the air-
foil’s aerodynamic performance.'

The effect of ice accretion on aerodynamics has been experimen-
tally and numerically studied for many years, leading to a catalog
of ice shapes and their effects for a variety of conditions. However,
recent experiments by the University of Illinois’ Icing Group em-
ployed a quarter-round shape on a NACA 23012 airfoil at the NASA
Langley Low Turbulence Pressure Tunnel were the first measure-
ments to systematically study Reynolds- and Mach-number effects
of airfoils with ice shapes over a significant range of conditions. Ad-
ditional measurements were obtained in the University of Illinois
at Urbana—Champaign (UIUC) Low-Speed Wind Tunnel for the
NACA 23012 and other airfoils for ridge ice shapes and leading-edge
ice shapes, which further complement the preceding data set.>~*

Numerical simulations with Reynolds-averaged Navier—Stokes
(RANS) method®~® have often shown trends similar to those ob-
tained by experiments and as such can give guidance at other condi-
tions. However, the complex flowfields associated with iced airfoils
do not always allow robust predictions with conventional RANS
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methodologies, and a comprehensive numerical study on the RANS
fidelity for a large variety of conditions has not been conducted. In
particular, no numerical studies have investigated predictive perfor-
mance in terms of Mach number and Reynolds number, as well as
ice-shape size and location for a variety of airfoils. In addition, no
computational studies have investigated the influence of ice-shape
location on a wing three-dimensional geometry.

Taking advantage of the preceding recent experimental data
set,>~* a parallel numerical investigation on ice-shape effect was
conducted with two goals: 1) to provide a systematic view of the
effect of ice accretion on airfoil and wing aerodynamics for var-
ious Reynolds numbers, Mach numbers, airfoil and wing geome-
tries; and 2) to evaluate the fidelity of conventional RANS using
a large range of experimental data and flow conditions. Additional
details of the present study are available in a recent Federal Aviation
Administration (FAA) report.!°

Computational Methodology

The WIND 4.0 software package supported by the National
Project for Application-Oriented Research in Computational Fluid
Dynamics Alliance is used as the flow solver and for pre- and post-
processing. WIND is a structured, multizone, node-centered finite
volume method solving the full compressible Reynolds-averaged
Navier—Stokes equations with flexible turbulence models.!!

Various one-equation and two-equation turbulence models were
considered because the treatment of turbulent momentum transport
is critical to the RANS flow predictions. In particular, selected iced
airfoil cases were simulated with most popular turbulence mod-
els: the Spalart—Allmaras (S-A) one-equation model, the Baldwin—
Barth (B-B) one-equation model, the shear-stress transportation
(SST) two-equation model, and the k—& two-equation model. The
S-A model was chosen as the baseline turbulence model because
of its good performance in the present comparisons and in previous
studies.>®

In this study transition points for the clean airfoil cases were based
on the most upstream position of two locations: 1) the location of
a trip strip (generally placed at 5% on lower surface and 2% on
upper surface in experiments), and 2) the transition point location
given by the integral boundary layer program of XFOIL.'? For the
iced airfoils the transition points were specified based on the most
upstream position of three locations: 1) the location of a trip strip,
2) the transition point predicted for the counterpart clean airfoil at
an equivalent lift, and 3) the ice-shape location.
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With respect to discretization, a single-block O-type grid is gen-
erated from the airfoil surface to 20 chords length away in all direc-
tions by using the grid-generator software.!> The nondimensional
first grid spacing in the normal direction is set as 2 x 10~°, con-
sistent with a y™ of about one for all flow conditions. Based on
grid-resolution studies (presented in the next section), the baseline
grid include 400 points distributed along the airfoil surface (with
about 100 points along the ice shape) and 100 points assigned in
the normal direction. The grid distribution is clustered in the region
where high flowfield gradients are expected, such as the leading-
edge, trailing-edge, and ice-shape locations. For the simulations of
the NACA 0012 and NACA 23012 wings, a total of 37 spanwise
grid points was employed. A typical computational grid for an iced
airfoil and surface grid for a tapered iced wing are shown in Fig. 1.

For the simulations included herein, a Roe second-order upwind
scheme (specialized for stretched grids) is selected to discretize
the convection terms on the right-hand side of the equations. This
scheme was chosen because it was considered the most robust
scheme with favorable accuracy of those available in WIND. The
steady-state solution was generally obtained with a local Courant—
Friedrichs—Lewy (CFL) number of 1.3 to ensure the numerical sta-
bility as well as to accelerate the convergence. Only fully converged
RANS results are presented, where convergence was recorded when
the norm residue reaches a level 107 or lower. The computations
were completed on both National Center for Supercomputing Ap-
plications SGI Origin 2000 workstation and UIUC Turing Linux
Cluster Systems. Each simulation took approximately 2 s of CPU
time per cycle and approximately 12,000 cycles for convergence.

Methodology Validation

Grid-Independence Study

To evaluate the grid sensitivity and optimization, the WIND code
was first validated for a clean NACA 23012 airfoil at the baseline
NASA Langley low turbulence pressure tunnel (LTPT) experimen-
tal condition of M =0.12 and Re = 10.5 x 10°. In total, four grids
(300 x 100, 400 x 100, 400 x 50, 400 x 200) were tested for this
validation case. Figures 2a and 2b show the lift-curve distributions,
drag, and pitching-moment coefficient distributions for the clean
NACA 23012 airfoil with different grid resolutions as well as the ex-
perimental LTPT results.* In general, the aerodynamic coefficients
were well predicted for all of the grids (except for the 400 x 50
grid, which is not shown). In particular, increasing the grid points
along the streamwise direction from 300 to 400 or increasing the
grid points in the normal direction from 100 and 200 yielded no
significant difference.

To ensure that a400 x 100 resolution was also generally sufficient
for iced airfoils, a particularly challenging ice-shape condition was
chosen for the grid-resolution test. Figures 2¢ and 2d show the lift,
drag, and pitching-moment coefficients for a typical iced airfoil with
x/c=0.10, k/c = 1.39% ice shape on the NACA 23012 airfoil. No
significant difference was found for the simulation results based on
the 400 x 100 and the 600 x 200 grids. As such, the 400 x 100 grid
was deemed to provide grid-independent results and was chosen as
the baseline grid in all of the simulation cases to keep the balance
of the accuracy and computer resource.

Turbulence Model Selection and Lift-Break Definition

As already noted, three representative and commonly used models
(B-B, S-A, and SST) were selected to evaluate their capability, and
all three gave good predictions for clean airfoils. Predictions for
a particularly challenging upper-surface ice shape in terms of lift,
drag, and pitching moment are shown in Fig. 3. As seen in the
figures, the B-B model generally does not provide as good results as
the other two models. Results based on the S-A and SST models are
close to each other for the drag and moment predictions. However
up to the experimental stall angle, the lift predicted with the S-A
model is more representative of the experimental data. This is also
consistent with a previous turbulence model survey conducted with
an unstructured grid flow solver for iced airfoils.® In addition, as
a one-equation model the S-A model generally takes less time to
converge as compared to the two-equation SST model. Therefore,
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a) Far-field view for airfoil

b) Close-up view for airfoil

¢) Surface grid for tapered wing

Fig. 1 Computational grid for iced NACA 23012 airfoil and tapered
wing.

the S-A model was herein selected as the baseline turbulence model
in this study.

However, in this particular example there is no obvious maximum
lift coefficient and stall subsequent behavior for any of the simula-
tions, even though the experimental data shows these two aspects.
This is attributed to the inability of the RANS technique to correctly
predict the rapidly growing nonlinear recirculation bubble aft the ice
shape, especially at higher angles of attack when this bubble domi-
nates the upper-surface distribution.> At these conditions the entire
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Fig. 2 Lift, drag, and pitching moment for NACA 23012 airfoil (k/c =1.39%, x/c = 0.10) at Re =10.5 x 105, M = 0.12 with various grid resolutions:

a, b) clean airfoil and c, d) iced airfoil.

separated region becomes highly unsteady even prior to stall,'* and
the steady-state RANS prediction approach appears unsuitable to
adequately predict the entrainment rate within the separated flow
region and the subsequent downstream boundary-layer recovery.
Because the RANS approach cannot predict a maximum lift co-
efficient for some large ice-shape configurations, a pseudostall con-
dition (based on the break of the lift curve) was defined herein and
used to indicate the experimental stall conditions. To demonstrate
this definition, Fig. 4 shows the lift curve slope at various angles
of attack for the same conditions as Fig. 3. A significant change in
the predicted lift-curve slope Cy, is noted, which occurs near the
experimental stall angle of attack of 3.5 deg. This correlation was
expected because the change in lift-curve slope is generally related
to the rapidly growing flow separation and recirculation bubble on
the upper surface predicted in RANS. Therefore, the lift-curve slope
change can serve as the pseudostall condition. In this study a lift-
break angle of attack oo Was defined as the angle of attack where
Cq 18 50% of Cjy max, Where this maximum lift-curve slope occurs
in the linear range at lower angles of attack (below 0 deg in this
case). In this particular example the maximum C;, at —2 deg is

0.106, so that Cy, at lift-break condition is 0.053 at 4.8 deg, and the
corresponding lift-break coefficient (C; preax) s 0.38.

Wing Validation

To assess ice location sensitivity for a wing, a three-dimensional
validation for the WIND code was conducted for a rectangular
NACA 0012 wing at Re =1.5 x 10° and M =0.12 with both clean
and leading-edge ice-shape conditions. The computational grid has
a normal and streamwise resolution comparable with that of Kwon
and Sankar,” although a finer spanwise resolution was included
herein, that is, 37 vs 25 points. Also note that the Baldwin—-Lomax
one-equation model was applied in Kwon and Sankar’s simulation,
whereas the more robust S-A model was applied herein.

In corresponding to experimental results,'> simulations were con-
ducted at an angle of attack of 8 deg for the clean wing and at 4 deg
and 8 deg for the iced wing. Figures 5a and 5b show the sectional
C; prediction at different spanwise locations for the clean and iced
wings. For the clean wing the performance of the present simu-
lation is reasonable (although there is a slight overprediction near
the tip) and comparable to that of Kwon and Sankar’s predictions.
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Fig. 3 Lift, drag, and pitching moment for iced NACA 23012 airfoil

(klc =1.39%, x/c=0.10) at Re=10.5 x 10°, M =0.12 with various
turbulence models.

For the iced wing at 4 deg, the predicted lift value represents the
experimental data quite well. However, there is somewhat of an
overprediction for the angle of attack of 8 deg (presumably because
it is close to the stall angle of attack). Compared with Kwon and
Sankar’s simulation, the present predictions tend to have a better
performance, especially for the section lift near the root plane at
8 deg. This might be a result of the increased spanwise grid reso-
lution and the improved turbulence model. The pressure coefficient
at the midspanwise is also compared in Figs. 5¢ and 5d. Again
the agreement between WIND prediction and experimental data is
quite good.

In summary, the WIND code with the S-A turbulence model rea-
sonably predicted the section lift and pressure distribution for both
clean and iced NACA 0012 wing configurations, and the approach
can be considered reasonable for investigating effects of ice-shape
location on wing aerodynamics, which will be presented in the later
part of the results with a more realistic (e.g., tapered) wing.
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Fig. 4 Lift-curve slope and lift-break definition for iced NACA 23012
airfoil (k/c =1.39%, x/c = 0.10) using the S-A model.

Results and Discussion

Effect of Reynolds Number

Reynolds-number effects were studied for clean and iced NACA
23012 airfoils at a fixed Mach number 0.12. The results for Reynolds
numbers of 3.5 x 10°, 7.5 x 10°, and 10.5 x 10° were compared
with experimental data obtained in the NASA Langley LTPT wind
tunnel in Fig. 6.

In general, the WIND predictions for the lift coefficients with
different Reynolds numbers on a clean NACA 23012 airfoil exhibit
good comparisons with the experimental data (Fig. 6a). However,
the WIND lift-curve slope includes a slight break at about 5 deg,
yielding small underpredictions of the lift for higher angles of attack.
This can be attributed to the imprecisely predicted transition process.
However, the maximum lift coefficient is well predicted, and stall
angles of attack are predicted to within 2 deg. Both experimental
and numerical results show that both lift coefficient and stall angle
of attack increase somewhat with increasing Reynolds number from
3.5 x 10° to 10.5 x 10°. This small change is attributed to a more
upstream transition point at higher Reynolds number, which in turn
transfers more turbulent energy into the boundary layer to delay the
separation, and so increases the angle at which stall occurs.

As in the prediction of lift, a discrepancy in drag was predicted
for angles of attack above 5 deg as shown in Fig. 6b. The qualita-
tive trend of a modest decrease in drag coefficients with increasing
Reynolds number was reasonably captured by WIND. The pitching-
moment coefficients were also well predicted by WIND, where the
coefficient minor increases show only with the increasing angle of
attack until a drop-off at stall. Both the numerical predictions and
the experimental results show a negligible difference of C,, as the
Reynolds number was varied.

The effect of Reynolds number on an iced NACA 23012 airfoil
is shown in Figs. 6¢ and 6d for a k/c =1.39% quarter-round ice
shape located at 10% chord. The experimental results show that the
stall type changed from a leading-edge stall for the clean case to
thin-airfoil stall for the iced case. However, as noticed before in
Fig. 3, no obvious maximum lift coefficient and stall are predicted
in the numerical results. As such, a lift-break condition was defined
as in Fig. 4, yielding a lift-break angle of attack of 4.8 deg and a
lift-break coefficient of 0.38, which are close to the experimental
stall lift coefficient of 0.35 at 3 deg. The negligible sensitivity of lift
to Reynolds number is found experimentally and computationally
and is attributed to the flow separation being forced to take place
at the ice-shape location, independent of upstream boundary-layer
development.

The predicted drag coefficient (Fig. 6d) is independent on the
variation of Reynolds number for the iced airfoils (whereas small
decreases were noted in the clean-airfoil cases). The drag predic-
tions agree well with experimental data before the lift-break angle
of attack at about 5 deg (beyond which no experimental data were
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Fig. 5 Rectangular NACA 0012 wing simulation at Re = 1.5 x 10%, M = 0.12 showing the following: a) section lift at o = 8 deg for clean wing as a
function of spanwise location, b) section lift at a =4 and 8 deg for iced wing as a function of spanwise location, ¢) midspan pressure distribution at
o =8 deg for clean wing, and d) midspan pressure distribution at o =4 deg for iced wing.

available). The effect of Reynolds number on the pitching moment
is also negligible, both experimentally and computationally. A small
increase of pitching moment can be found in both cases for negative
angles of attack. However, for positive angles of attack the mea-
surements yield a more rapid fall-off than the predictions. This is
attributed to the inability to properly predict details of the pressure
distribution associated with the separation bubble after ice-shape
location (to be discussed later).

Effect of Mach Number

The eftect of Mach number was examined for both clean and iced
NACA 23012 airfoils, at the fixed Reynolds number at 10.5 x 10°
with three different Mach numbers (0.12, 0.21, and 0.28) corre-
sponding to the LTPT experimental conditions in Fig. 7. The trends
of the lift-coefficient features are well predicted except for the con-
sistent slight underprediction of lift-curve slope beyond 5 deg. With
the increment of Mach number, both experimental and numerical
results show a decrease in the maximum lift coefficients and angle
of attack at which stall occurs. Although the slope of the lift curve
increases with Mach-number increase at positive prestall angles of

attack (consistent with the Prandtl-Glauert rule for compressibility
effect), increased Mach number also reduces the stall angles of attack
as it enlarges the laminar region and leads to an earlier separation.
As found previously in the Reynolds-number study, the clean-airfoil
drag (Fig. 7b) is somewhat overpredicted at higher positive angles
of attack while the pitching moment is accurately predicted. The
experimental drag and moment coefficients increase with the com-
pressibility at positive angles of attack, which is consistent with the
increment of lift-curve slope at this region, and the predictions.

Figures 7c and 7d show the compressibility effect on an NACA
23012 airfoil with same ice configuration investigated in Fig. 6. The
results (experiments and predictions) show that the lift coefficients
for Mach number 0.12 are slightly greater than those for Mach
number 0.28, especially near the experiment stall (or lift-break)
angle of attack. Although the experimental data show a thin-airfoil
stall at 3-deg angle of attack, there is again a lack of an obvious stall
in the simulations, although the lift-break angle of attack occurred
about 5 deg.

For drag coefficients the compressibility effect is weak in both
predictions and experiments (as compared to clean airfoils), and in
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Fig. 6 Reynolds-number effect on lift, drag, and pitching moment for NACA 23012 airfoil (k/c =1.39%, x/c =0.10) at M =0.12: a, b) clean airfoil

and c, d) iced airfoil.

general the drag is higher than in the clean case, and the predic-
tions show good agreement (actually better than the clean case).
A weak decrease in moment is found for an increasing compress-
ibility effect, and again the experimental rapid reduction at 0 deg is
only qualitatively predicted. In all cases similar comments regarding
prediction fidelity as in Fig. 6d are also appropriate for the results
shown in Fig. 7d. Therefore, the prediction fidelity is generally not
a function of Reynolds number or of Mach number.

Effect of Ice-Shape Size

The effect of ice-shape size on aerodynamic performance was
considered for the NACA 23012 airfoil and the NLF 0414 airfoil in
Fig. 8. The NACA 23012 airfoil included an upper-surface quarter-
round ice shape at x /¢ =0.10 for k/c =0, 0.83 and 1.39%, whereas
the NLF 0414 includes a leading-edge horn ice shape at s /c =3.4%
for k/c=2.22,4.44, and 6.67%.

Figure 8a shows the effect of upper-surface ridge ice-shape size
on the lift coefficient for the NACA 23012 airfoil at the LTPT exper-
imental Re =10.5 x 10° and M =0.12. The break of the lift-curve
slope indicates that rapid changes in lift occur around 5 deg for

k/c =1.39% ice shape and around 6 deg for k /c = 0.83% ice shape.
For the larger ice shape (k/c = 1.39%) WIND gives reasonable pre-
dictions of the dramatic reductions in the stall/lift-break coefficient
(from 1.82 to 0.35 experimentally and from 1.85 to 0.38 numeri-
cally) and stall/break angle of attack (from about 17.6 to 3.0 deg ex-
perimentally and from 19.0 to 4.8 deg numerically). For the smaller
ice shape with a size 60% of the larger ice shape (k/c=0.83%),
the lift-break coefficient was still dramatically low (0.55 numeri-
cally), and similarly, the break angle of attack was also quite low
(6.2 deg numerically). This indicates a nonlinear reduction of lift
and stall/break angle with changes in the magnitude of ice-shape
size.

Figure 8b shows the drag and pitching-moment predictions.
While at low angles of attack, both WIND and experiments yield a
similar marked increase of drag with ice accretion size, especially
at positive angles of attack. For the low angles of attack before stall,
increment in the ice-shape size also increases the pitching-moment
coefficient. However, for positive angles of attack of the ice-shape
cases the pitching moment drops dramatically. The predicted trends
also indicate a nonlinear change of C,; and C,, with respect to ice-
shape size (k/c).
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Fig. 7 Mach-number effect on lift, drag, and pitching moment for NACA 23012 airfoil (k/c =1.39%, x/c =0.10) at Re =10.5 X 10°: a, b) clean airfoil

and c, d) iced airfoil.

The effects of leading-edge ice-shape size on the NLF 0414 air-
foil are shown in Figs. 8c and 8d. A horn ice shape was attached
to the NLF 0414 airfoil at a leading-edge location corresponding
to s/c =3.4% (a location close to x/c =0.02). All cases were in-
vestigated at the UIUC experimental conditions of Re =1.8 x 10°
and M = 0.185, consistent with the UIUC experimental study.? Fig-
ure 8c shows the lift predictions. With an increment of ice-shape
size at this location, both the stall/break angle of attack and the
maximum/lift-break coefficient decrease significantly. Note that the
predictions do yield a C; .« for the smallest ice-shape size but only
yield a break in the lift-curve slope for the larger ice shapes. There-
fore, the problem of predicting C; max is not as severe as for a typical
upper-surface ice-shape location, but is still significant. Consider-
ing a maximum lift coefficient of 1.35 for the clean NLF 0414,
the lift degradation is modest compared to the quarter-round ridge
ice shapes. The predicted lift-break coefficients for the smallest ice
shape (k/c =2.22%) drops to 0.71 at @ = 5.4 deg, while the mea-
sured C; max similarly drops to 0.72 at « = 5.1 deg. The figure also
shows that the leading-edge ice shapes tend to have a linear reduc-
tion with respect to change in ice-shape sizes.

At low angles of attack (< —5 deg), the difference for the drag is
small, but large increases are noted experimentally and numerically
at larger angles of attack for increasing ice-shape size (Fig. 8d).
The predictions (and experiments) also indicate that higher pitching
moments are associated with larger ice shapes at negative angles
of attack (<0 deg), whereas the reverse is true at positive angles of
attack up to stall. Notably, the largest pitching moment is found a few
degrees in advance of stall/break angle of attack (which decreases
with increasing ice-shape size). In general, Fig. 8 demonstrates that
the lift (especially stall) and pitching-moment prediction fidelity is
highest for the leading-edge ice shapes and for the small ice-shape
sizes.

Effect of Ice-Shape Location

With the ice shape located at different positions, its effect on air-
foil aerodynamics can vary significantly. At a “critical” ice-shape
location the most deteriorated aerodynamics is obtained for a given
ice-shape size. To investigate the ice-shape location effect, simula-
tions were performed for the NACA 23012 airfoil and other airfoil
models with ice shapes, as well as for a NACA 23012 wing.
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Fig. 8 Ice-shape size effect on lift, drag, and pitching moment for a, b) NACA 23012 iced airfoil (x/c = 0.10) at Re =10.5 x 10%, M = 0.12; ¢, d) NLF

0414 iced airfoil (s/c =3.4% ~ x/c =0.02) at Re =1.8 x 10°, M =0.185.

NACA 23012 Airfoil

The effect of ice-shape location on the lift, drag, and pitching-
moment coefficient was studied for the NACA 23012 airfoil
with both leading-edge and upper-surface ice-shape configurations
(Fig. 9). For the upper-surface ice shapes a quarter-round ice shape
with k/c=1.39% was attached at different locations to be repre-
sentative of the two-dimensional ridge ice; for the leading-edge
ice shapes a horn ice shape with a larger k/c =4.4% was attached
at different locations to be representative of glaze ice-shape con-
figurations. Simulations were performed at the LTPT condition of
Re=10.5 x 10° and M =0.12 to be comparable to LTPT experi-
mental results.

In Fig. 9a the k/c =4.44% horn ice shapes were studied at three
leading-edge locations: x/c = 0.0, 0.95, and 1.9%. There is a less
severe reduction (from the clean case) of the lift-curve slope and
maximum lift coefficient for the ice shapes at the immediate leading-
edge location x /¢ = 0.0. In particular, the maximum lift coefficient
is reduced from 1.85 in the clean case to 1.08, and the predictions
show a definite maximum lift coefficient (not just a break) at this
location, though the drop-off is not as mild as was found experi-
mentally. However, for the ice shape at x /c =0.95% the lift-break

coefficient drops more than two-fold (from 1.08 to 0.49). For the ice
shape at x/c =1.9%, the penalty is even more severe as the C; preax
drops to a lower value of 0.39. For the range considered herein, the
most aft position (x/c=1.9%) is thus the most critical ice-shape
location. During this investigation, the predicted results were im-
portant in identifying that the lift from the pressure taps neglected a
significant force on the ice shape itself. The use of the force balance
data showed a result more consistent with the predictions and here
thus used.

Figure 9c shows the lift for ak /¢ = 1.39% quarter-round ice shape
at three upper-surface positions of x/c =0.02, 0.10, and 0.20. A
thin airfoil stall was predicted in x/c =0.02 case with a stall lift
coefficient of 0.53. (This is another case in which a break value need
not be defined.) For the x /¢ = 0.10 case a lower lift-break coefficient
of 0.38 was predicted at about 5 deg (roughly compatible with the
experimental value of 0.35 at o =3 deg). For x/c =0.20 the lift-
break coefficient is 0.52 and occurs at angle of attack about 7 deg.
Thus, the largest reduction in the maximum/lift-break coefficient for
three locations considered is for the x/c =0.10 case. Considering
that this reduction is larger than the x /¢ = 0.02 case (the most critical
location of the leading-edge locations for an even larger ice shape),
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Fig. 9 Ice-shape location effect on lift, drag, and pitching moment for NACA 23012 airfoil at Re =10.5 x 10°, M =0.12: a, b) k/c =4.4% horn ice
shape at leading-edge locations and c, d) k/c =1.39% quarter-round ice shape at upper-surface locations.

the x/c =0.10 is deemed the predicted (and experimental) critical
ice-shape location for the NACA 23012 airfoil.

As shown in Fig. 9b, the drag increased as the ice-shape loca-
tion moved downstream from x/c=0.0 to 1.9% for the leading-
edge ice shapes at positive angles of attack. For the upper-surface
ice-shape cases the largest drag was predicted and measured
for x/c=0.10 cases at the positive angles of attack (Fig. 9d),
which demonstrates that the most deteriorated aerodynamics takes
place with the ice shape at this location (once a fixed size is
considered).

For the pitching moment of the leading-edge ice-shape cases
(Fig. 9b), the negative angles of attack yield increases as the ice
shape is located more downstream. At positive angles of attack, the
reverse trend is found, and the tendency to drop-off is exacerbated
as the ice location move aft to 1.9%. At negative angles of attack,
the x /¢ = 0.0 ice-shape location yielded very low values of C,, that
were not quantitatively predicted. This is attributed to problems
in predicting a lower-surface ice-shape induced separation bubble.
For the upper-surface ice-shape cases (Fig. 9d) the x/c =0.10 for
the ice-shape location yields the earliest drop-off of the pitching

moment (with respect to increasing angle of attack), which is con-
sistent with its poor lift and drag performance. Again, the numerical
performance tended to improve with ice shapes located near the
leading edge and with the smaller ice shapes (e.g., a definite stall
was predicted at the most upstream of the 4.4% ice shapes and at
the most upstream condition of the 1.39% ice shapes).

The pressure distributions and streamline profiles at 0 deg for the
upper-surface ice-shape cases are shown in Fig. 10. In general, the
pressure is well predicted for the lower surface and upper surface
in front of ice shape, which is consistent with excellent predic-
tion of clean airfoil C), distribution. After the ice shape the extent
of the separation region is not well captured, especially with the
x/c=0.10 simulation case. Note that the separation bubble length
for x /c =0.20 is 22% of the chord, whereas for x /¢ = 0.10 it is 23%
of the chord, such that bubble separation length can be a predictor
of critical ice-shape location, but the sensitivity is weak. However,
both the experiments and predictions show that the x /c =0.10 case
indicates the largest change in the pressure coefficient over the ice
shape, which suggests that the upstream C,, distribution might be
more important.
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Fig. 10 Pressure distributions and streamlines for the upper-surface
iced NACA 23012 airfoil at o« =0 deg, Re =10.5 x 10°, M =0.12.

Other Airfoils

The effect of ice-shape location was also studied for four other
airfoils: NACA 3415, NLF 0414, large transportation horizontal sta-
bilizer (LTHS), and business-jet main wing (BJMW). Each included
the same forward quarter-round ice shape (k/c = 1.39%) attached at
different upper-surface or leading-edge locations. The clean geome-
tries and pressure distributions (at C; = 0.5) of these four airfoils and
the NACA 23012 airfoil are shown in Fig. 11. A much more front-
located pressure suction peak is evident for the two thinner airfoils,
the LTHS and the BIMW, whereas the NLF 0414 airfoil yielded no
distinct pressure peak location.

Figure 12 shows the lift curves for each airfoil in the clean status
and with ice shapes attached at different locations. Whereas the lift
slope for the clean NACA 3415 and NLF 0414 airfoils were some-
what overpredicted for positive angles of attack, the lift coefficients
are reasonably predicted up to stall angle of attack for all of the iced
cases (and beyond stall for the x/c =0.02 condition). The critical
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Fig. 11 Five clean airfoils: NACA 23012, NLF 0414, NACA 3415,
LTHS, and BJMW showing the following: a) geometry configurations
and b) pressure distributions at C; =0.5.

ice shape for the NACA 3415 airfoil was found at x /¢ =0.20 with a
lift-break angle 4.5 deg and lift-break coefficient value of 0.43. This
is similar to the experimental critical ice shape at x/c =0.20 with
stall angle of 4.0 deg at a C; ax of 0.32. For the NLF 0414 airfoil
(experimentally and computationally) the critical ice shape moves
downstream further at x /c = 0.30, with a predicted lift-break angle
of 3.4 deg and lift-break coefficient value of 0.51 (similar to the ex-
perimental stall angle of 5.0 deg at a C; ,x of 0.58). In general, the
lift is much less sensitive to x /¢ location for the NLF 0414 airfoil as
compared to that of the NACA 3415 and NACA 23012 airfoils. This
is consistent with the stronger variation of C, along the chord for
the latter two airfoils. The LTHS and BJIMW airfoils were found to
have a much more upstream critical ice-shape location as x /¢ = 0.01
was found to yield the most deteriorated aerodynamics. This can be
expected as these two airfoils are much more front loaded, that is,
their C,, peak is near the leading edge.

The relation between the predicted stall/lift-break coefficients and
the ice-shape locations for different airfoils is shown in Fig. 13a
along with experimental stall values. All of the airfoils showed
strong degradation such that the stall/break C; values were all in
the range of 0.3 to 0.6. Therefore, the most deteriorated aerody-
namic performance occurred when ice shapes were located at 10%
for the NACA 23012, 20% for the NACA 3415, and 30% for the
NLF 0414, respectively. Note that the NACA 23012 did not produce
a distinct lift break at x /¢ =0.3, the NACA 3415 did not produce
a converged solution for x /¢ = 0.3, the experimental stall occurred
sooner at x/c =0.2 than at x/c =0.3, and the NLF 0414 did not
produce a clear C; s Or Cj preak at x /c =0.5. The two other airfoils,
LTHS and BIMW, have a more forward critical ice-shape location
at about 1% of chord length. Thus the thicker airfoils were more
sensitive to upper-surface ice shapes, whereas thinner airfoils were
more sensitive to leading-edge ice shapes.
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The significantly different aerodynamic responses to the ice
shapes for those airfoils can be related to the different aerodynamic
load patterns in their clean models. As seen in Fig. 11b, the suc-
tion peaks of the two thinner airfoils, the LTHS and the BIMW, are
quite close to the leading edge. For the NACA 23012 airfoil the
suction peak is located at around 7% of the chord length. And for
the NACA 3415 airfoil, its at about 18% of chord length. There is
a suction peak for the NLF 0414 airfoil about 50% of chord, but
the C, distribution includes a nearly flat plateau ranging from 5%
to the 65% chord location. Lee and Bragg? suggested that the mea-
sured critical ice shape generally occurs between the locations of
Cpmin (pressure suction peak) and C), .. (most adverse pressure
gradient, i.e., where —dp/dx is greatest) of the clean airfoil case at
a C; value of 0.5. This can be correlated to the fluid physics whereby
one might expect that an ice shape at the highest velocity around the
airfoil (at the C), min) would be detrimental, but also an ice shape at
the most adverse pressure gradient (at the C’p_min) could be critical
as well. Figure 13b shows the relation between the critical ice-shape
locations and their clean airfoil C), iy and C’ locations (corre-

p.min

sponding to C; = 0.5) for both measurements and predictions. The
p.min

critical ice shape is in between the clean C), i, and C locations
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for the NACA 23012 and the NACA 3415, but it is not necessarily
true for the NLF 0414 (where the C, peak is given as a range). For
the LTHS and the BJMW the critical ice-shape location tends to be
aft of both the C), min and C’ min locations, but by a margin of less
than 1% of chord length. Therefore, the critical ice shape is gen-
erally in the neighborhood of the clean C) min and C, . locations
(but not necessarily in between them). Finally, the numerical predic-
tions of all of these locations is quite reasonable once the lift-break
definition is employed.

It is of interest to determine whether the aerodynamic deterio-
ration (in terms of either the magnitude of the stall/lift-break co-
efficient or percent reduction from the clean value) is correlated
with the magnitude of the C), in for the clean case. With the largest
clean airfoil C, mi» among the thick airfoils, the NACA 23012 air-
foil yields the largest lift reduction (80%) at the critical ice-shape
location. However, the NLF 0414 still has a 70% lift reduction al-
though it has a much smaller C,, yi,. In addition the NACA 3415
yields the lowest overall stall/lift-break coefficient. Among the thin
airfoils (which have very high pressure peaks as compared to the
other airfoils) the performance degradation is not as significant,
and in particular the BIMW airfoil is the least affected. Therefore,
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Fig. 14 Simulations for a NACA 23012 wing (k/c =1.39%) at Re =10.5 x 10°, M = 0.12: a, b) comparisons with two-dimensional airfoil lift and drag
(x/c =0.10) and c, d) ice-shape location effect on wing lift and drag coefficients.
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the clean airfoil C,, magnitudes do not strongly correlate with the
reduction with either the magnitudes or relation reduction of the
stall/lift-break coefficient.

NACA 23012 Wing

Because aircraft icing involves wings (and not airfoils), it was
felt important to consider whether the preceding ice-shape location
effect trends are also found for a typical wing configuration. A
tapered NACA 23012 wing was therefore studied with a typical
geometry of an aspect ratio of 5 and a taper ratio of 2, and with a
Mach number of 0.12 with root Reynolds number of 10.5 x 10°. For
the ice location variation a quarter-round ice shape was attached at
x/c=0.02, 0.10, and 0.20, with the local ice-shape size fixed over
the entire span as k /c = 1.39%, that s, the ice-shape size was tapered
from the root plane to the tip.

Figure 14a shows the lift curve for the iced wing and its compar-
ison to the airfoil results with the ice shape located at 10% chord
length. As expected, a slightly lower lift-curve slope is predicted for
the wing compared with the airfoil (caused by finite-span losses),
and the stall is slightly delayed for the wing. Also, the three dimen-
sionality produced a stronger break in the lift-curve slope, nearly
yielding a definitive C; 1. The simulated drag coefficient (Fig. 14b)
for the wing is slightly lower than that of the airfoils, but in general
the dimensionality had little effect on the drag.

Figure 14c shows the lift curve for the clean and iced wings. As
predicted in the two-dimensional simulations, no obvious Cp, max
and o, were predicted for the wings with ice shapes at x /¢ =0.10
and 0.20, though the x/c=0.02 did yield a maximum lift coef-
ficient. With comparison to the lift-break value, the same critical
ice-shape location x/c =0.10 found in the airfoil study was also
found for the wing, though its overall degradation was stronger
for the wing (compare Figs. 9c and 14c), that is, a Cp preax = 0.34
vs a Cjpreak = 0.38. This suggests that critical ice-shape location
trends found for two-dimensional airfoils can be qualitatively (but
not quantitatively) extended to wings at similar conditions. It can
also be noted in Fig. 14d that the iced-wing drag values are much
greater than the clean-wing drag value (similar qualitatively and
quantitatively to the result found for the airfoil in Fig. 9d). As
such, the large drag increase caused by the ice-shape presence
overshadows the increase in induced drag as a result of finite span
effects.

Conclusions

A Reynolds-averaged Navier—Stokes (RANS) methodology was
applied in this study to investigate the ice-shape effect on airfoil and
wing aerodynamics under diverse conditions. For clean airfoils the
effect of increasing Reynolds number (for fixed Mach number) was
to slightly increase the maximum lift coefficient, lift-curve slope,
and pitching moment as well as to slightly decrease the drag co-
efficient. This trend was found to be consistent with experimental
results. Increasing Mach number (for fixed Reynolds number) some-
what reduced the angle of attack at which stall occurred (and hence
reduced the maximum lift coefficient) and also yielded larger drag
coefficients and pitching-moment coefficients. For upper-surface
iced airfoils the variations between Reynolds numbers were effec-
tively negligible for both the experimental and computational re-
sults, and effect of Mach number was also minor.

With respect to upper-surface, ice-shape size on the NACA 23012
airfoil, a nearly two-fold increase in height does not lead to a com-
mensurate reduction in lift coefficient, that is, the change is nonlinear
with respect to ice-shape size. For the leading-edge iced NLF 0414
airfoil the size effect at the leading edge is still significant but not as
large, and in general the variations in lift, drag, and pitching moment
tend to vary more linearly with ice-shape size.

With respect to ice-shape location on the NACA 23012 airfoil,
the maximum lift coefficient and stall angle of attack are lowest at
the critical ice-shape location of x/c =0.10. A similar result was
noted for a NACA 23012 wing. However, because larger ice-shape
heights tend to be found (in experimental accretion studies) near
the leading edge as compared to along the upper surface it might

be important to consider the critical position in the context of the
likely ice-shape size for given chordwise locations (rather than only
examining location sensitivity for a fixed ice-shape size).

The study for ice accretions on different airfoil models shows that
the critical ice location varies with airfoil geometry, and in general
the location tends to be in the neighborhood of (and sometimes
in between) the positions of the maximum pressure gradient and
the minimum pressure of the clean airfoil condition. However, an
increase in the suction peak magnitude for a given lift coefficient
for the clean airfoil condition does not generally corresponded to
larger performance degradation under iced conditions.

With respect to overall fidelity, the RANS method shows reason-
able prediction of the clean airfoil performance and of the iced airfoil
aerodynamics up to stall conditions. However, the stall or poststall
predictions were often unsatisfactory, particularly for the largest
ice shapes and for ice shapes near the critical ice-shape location.
This problem was alleviated to some degree by defining a lift-break
coefficient and angle of attack, which both compared reasonably
well with experimental stall values. This lack of quantitative fidelity
for poststall behavior was attributed to the highly unsteady three-
dimensional nature at the massively separated flows associated with
large ice shapes at the critical location. To obtain a more robust com-
putational capability for iced airfoil aerodynamics, vortex-capturing
Navier—Stokes simulation methodologies (such as detached-eddy
simulations or large-eddy simulations) should be considered.
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