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Ice Shapes on Airfoil Aerodynamics
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The objective of this research was to study numerically the effects of simulated spanwise-step-ice accretions
(resulting from supercooled large-droplet icing conditions) on subsonic aircraft aerodynamics. The investigation
was performed with a high-resolution full Navier–Stokes code with a solution-adaptiveunstructured grid for both
non-iced and iced con� gurations.The airfoil investigatedwas a modi� ed NACA 23012with a simple � ap. Simulated
ice shapes were tested on the airfoil to determine the sensitivity of ice shape size on airfoil performance and control.
Predictions of sectional aerodynamic characteristics for quarter-round ice shape heights of 0.0083 and 0.0139
chords are presented and compared with experimental data. Signi� cant reductions in lift were noted for these
relatively small protuberances, which were consistent with experimental � ndings. The results also indicate good
predictive performance for drag, pitching-moment, and hinge-moment variations.

Introduction

T HE crash of an ATR-72 commuter aircraft near Roselawn,
Indiana, on October 31, 1994, has led to much reevaluationof

our current understandingof aircraft icing. The accident is thought
to have occurred because of the presence of freezing drizzle, which
consistedof droplet sizes much larger than those in the FAR Part 25,
Appendix C icing envelopes. Dow provided an excellent overview
of the accident and its causes in his 1995 article.1

Ice accretions caused by supercooled large droplets (SLDs) can
occur on the upper surface behind the active portion of the deicing
system boot and can lead to a spanwise-step type of ice accretion
protuberance.2 This can result in changes in the lateral control and
the associatedhingemomentsof theaircraftby alteringthe � ow over
the ailerons. It is this degradation in aileron control that is thought
to have led to the Roselawn accident.However, the problemis more
general since this type of ice accretioncan also occur in supercooled
dropletcloudsof AppendixC size dropletswhen the air temperature
is near freezing. In this case, the accretion occurs behind the boot
because of surface water runback and not because of impingement
in this region. Also, spanwise-step-ice accretion is not limited to
the wing and aileron, but could also occur on the horizontaland the
vertical tails and affect other control surfaces including the elevator
and rudder, respectively.

In 1996 Bragg3;4 reviewed the aerodynamic effects of large-
droplet ice accretion on aircraft aerodynamics and lateral control
based in part on horizontal tail stall data. The spanwise-step-iceac-
cretion, thought to be typical of SLD ice, was shown not only to
degrade lift and drag, but also to affect adversely the aileron hinge
moment. This hinge-moment effect was traced to the change in the
airfoil pressure distribution caused by the separation induced by
the ice accretion.Recently, detailed experimentalaerodynamicdata
were obtained for spanwise-step-ice accretions by Lee et al.5 This
study examined lift, drag, pitching moment, and hinge moment for
SLD ice shapes and found profound changes compared with those
of a clean airfoil.

Similar to experimental studies, previous computational studies
of aircraft icing have primarily concentrated on the more com-
mon leading-edge ice shapes. Potapczuk6 used a structured mesh
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� ow (ARC2D) code with an algebraic turbulence model to study a
leading-edge glaze-iced NACA 0012 airfoil. Potapczuk compared
with experimental results and found reasonable prediction � delity
for lift, drag, and moment curves. The detailed � ow� eld was also
well reproduced. Recently, Caruso and Farshchi7 used an unstruc-
tured mesh � ow code and demonstrated high resolution of the de-
tailed � ow� eld around a leading-edge iced airfoil. Although sev-
eral calculations were performed, the study focused primarily on
the grid-generationprocedure and no comparisonswith experiment
were given.

A limited amount of computational modeling of upper-surface
spanwise-step-iceaccretions has been conducted. In one of the few
relevant studies, Wright and Potapczuk8 used the ARC2D code to
predict the � ow over airfoils with simulated SLD shapes from tun-
nel measurements,LEWICE computational results, and the generic
quarter-round shape. The ice accretion caused a large separation
bubble that resulted in either a large leading-edge separation or
an early trailing-edge separation. The � ow was often unsteady at
high angles of attack. Recently, Dompierre et al.9 reported results
of computations about an iced NACA 0012 airfoil by using adap-
tive � nite-element methods. One of the ice shapes considered was
a quarter-round shape similar to a SLD ice accretion. Although
� ow� elds and a lift curve were plotted, no experimental data were
available for comparison.

None of these studies of airfoils with upper-surface spanwise-
step-iceaccretionsexaminedthe aerodynamicdistributionsand mo-
ments as are considered herein. In particular, this paper presents a
computational study of the aerodynamic effects of forward-facing
quarter-round simulated ice shapes (with heights of approximately
1% of the chord length) on airfoil lift, drag, pitching moment, and
hinge moment.

Computational Methodology
Using unstructured adaptive grids is one option to handle ef� -

ciently the complex geometries and separation regions associated
with multielement iced airfoils. Such grids are typically made up of
triangularelements,which can readilyconformto surfacevariations
and adapt to local � ow gradients.The NSU2D code10 was designed
for treatingmultielementhigh-liftairfoilswith complexshapes.The
code has been successfullyapplied to a non-iced three-elementair-
foil by Valarezo and Mavriplis,11 in which experimental surface
pressure and lift at high angle of attack were well reproduced. The
NSU2D code was chosen for the present study to compute steady-
state solutions.

The NSU2D code uses a Galerkin-based � nite-element dis-
cretization of the fully compressible Reynolds-averaged Navier–
Stokes equations (without a thin-layer assumption). Second- and
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fourth-order arti� cial dissipation are applied to ensure numerical
stability. The steady-state convergence was accelerated by use of
local time stepping, residual smoothing, and an algebraic multigrid
algorithm(AMG). In addition,theunstructuredgridmethodologyof
the NSU2D code can easilyadapt to multi-elementairfoils,complex
ice shapes, and regions of high � ow� eld gradients. It can thus pro-
vide high resolutionin regionsof separated� ow, which is necessary
to make predictionsfor the spanwise-step-iceaccretionsconsidered
herein.

The code supports both laminar and turbulent � ow. The turbu-
lent � ow was modeled with the Spalart–Allmaras model,12 which
has been shown to reproduce free-shear-layer and boundary-layer
behavioraccurately.The transitionpoint must be user speci� ed and
was herein predicted a priori by use of the integral boundary-layer
program of XFOIL.13 This program incorporates an en-type ampli-
� cation formulation for determining the transition location. To ac-
count for variations in the predicted lift of XFOIL, a lift-corrected
angle of attack was used when the transition point was being com-
puted. For the cases with a boundary-layertrip placed on the airfoil,
the transition was assumed to occur at whichever came � rst: the trip
location or the transition location predicted by XFOIL.

Validation with Non-Iced Airfoils

To determine grid sensitivity/optimizationand predictionrobust-
ness, the code was validated with some canonical experimentalsets
for a non-iced NACA 0012 airfoil. For these simulations, the com-
putational domain was a square region, 40 £ 40 chords, with the
airfoil in the center. Far-� eld boundary conditionswere used on the
outer boundary. The high-resolutiongrid contained approximately
50,000 nodes and 600 points on the airfoil surface. In the direction
normal to the airfoil surface, there were approximately 50 nodes
within the boundary layer with the � rst node approximatelyat a y=c
of 2 £ 10¡6 and a 15% successive increase in grid size away from
the wall (where c is the airfoil chord length).

The predictions obtained from the NSU2D code are � rst com-
pared with the experimental data of Harris.14 This data set was
chosen becauseof its accepted reliability15 and becauseof the abun-
dance of other computational� uid dynamics (CFD) validationsthat
have used the data.16 The data were collected for a Mach number of
0.3 and a Reynolds number of 3 £ 106 with transition trips placed
at the 5% chord location on the upper and the lower surfaces. The
experimental data were corrected by use of the linear method for
simulating wall interference provided by Harris.

Figure 1 shows the normal force coef� cient Cn as a function
of angle of attack ®, drag coef� cient Cd , and moment coef� cient
about the quarter chord Cm . The computational results are reported
for only those angles that demonstratedconvergence.Typically, the
maximum converged angles correlated with the maximum lift con-
ditions. The computational results for normal force were in good
agreement with the experimental Harris data for each angle of at-
tack up to the maximum lift point. The results for normal force vs
drag coef� cient also compared reasonably well. The results at the

Fig. 1 Aerodynamic coef� cients for a NACA 0012 airfoil.

lower angles of attack matched the experimental data within a few
percent. The code somewhat underpredicted the drag at the higher
angles of attack, potentially because of the dif� culties associated
with selecting a transition location once transition moved forward
of the transitiontrip. The code also predictedthe moment coef� cient
for the range of angles.

The pressure coef� cient distribution along the airfoil surface is
plotted in Fig. 2 for an angle of attack of 11.90 deg. The code accu-
rately reproduced the airfoil surface-pressure � elds, including the
pressure spike at the airfoil’s leading edge. Detailed grid resolution
studies were conducted to note effects of various grid-generation
parameters and determine values required for accurate resolution.
Studies in which the number of nodes was increased by fourfold
yielded less than 2% change in the lift, drag, or any part of the pres-
sure distribution. Therefore the solution is considered reasonably
grid independent.

The secondset of validationcalculationson the NACA 0012were
intended to assess the ability of the code to predict chord Reynolds
number Re and freestream Mach number M effects by comparing
them with the data of Ladson.17 The results for � xed Mach numbers
of 0.15 and 0.30 for Reynolds numbers of 2 £ 106 , 4 £ 106, and
6 £ 106 are given in Fig. 3. For both Mach numbers, the code was
able to predict the slight increases in both the lift curve slope and
the maximum lift for increases in Reynolds number. However, in
all cases there was a slight overprediction of the lift, especially at
the lower Mach number. Comparison of the two � gures reveals that
the computations successfully predicted both the slight increase in
slope and the signi� cant decrease in maximum lift for an increase
in Mach number. Therefore the code was generally able to predict
trends that were due to both Mach number and Reynolds number
variations for the lift curve slope and for the maximum lift of the
non-iced NACA 0012 airfoil.

Fig. 2 Surface-pressure distribution for a NACA 0012 airfoil at ® =
11.90 deg.

Fig. 3 Lift curve for a NACA 0012 airfoil at Mach numbers of 0.15
and 0.30.



838 DUNN, LOTH, AND BRAGG

Validations with Backward-Facing Step

The ability to predict separating and reattaching shear � ows is
critical for accurately predicting iced-airfoil aerodynamics. The
backward-facing step is one of the least complex geometries that
provides this type of � ow. Because of the extensive amount of ex-
perimental and computational research that has been conducted on
step � ows, it is an obvious choice for validation. An important as-
pect of an iced-airfoil � ow� eld is the associated adverse pressure
gradient throughoutthe separationregion. To simulate this pressure
gradient effect while keeping the simple geometry of the backstep,
the channel wall opposite to the step can be diverged. The exper-
imental data of Driver and Seegmiller18 are of this form and were
used herein for comparison.

Because the NSU2D code was designed to solve compress-
ible � ows around airfoils, conventional methods of setting up the
backward-facingstepproblemare inconvenient.Thereforethe back-
step was modeled with an enclosedsolid surface placed within a di-
vergentchannel.The surfacewas shapedto provideanupper-surface
backstep (as well as a lower-surface backstep for � ow symmetry)
with long upstream and downstream extensions for boundary-layer
development and reattachment. The upstream length was deter-
mined such that the resulting boundary-layer pro� le at the top of
the step matched the experimentaldata. The surface of the backstep
was modeled with no-slip (Navier–Stokes) boundary conditions,
and the opposite wall was modeled with slip (Euler) boundary con-
ditions in order to reduce the number of grid points required in the
simulation.

Reattachmentlengthwas examinedforprediction� delitybecause
it is a sensitive parameter of the � ow behavior. Figure 4 plots the
reattachment length vs the top-wall de� ection angle ±. Along with
the experimental data, the NSU2D predictions are also compared
with computationsusingmodi� ed versionsof the k–² and algebraic-
stress turbulencemodels (ASM)presentedbyDriverandSeegmiller.
Overall, the NSU2D code appears to have reproduced the experi-
mental reattachment lengths reasonably well, including the trend
of increasing with greater pressure gradient. However, the NSU2D
code slightly underpredicted the reattachment length as the de� ec-
tion angle was increased. It should be noted that modi� cation of the
Spalart–Allmaras turbulence model to include rotational terms has
been found to have a negligible impact on the separated backstep
predictions.19

Figure 5 plots the variation in pressure coef� cient past the back-
step for top-wall de� ection angles of 0 and 6 deg. Although the
simulations showed reasonable � delity, the predictions for both an-
gles initiallyunderestimatedthe pressurejust after the step, followed
by a slightly faster pressure recovery than the experiment.The pres-
sure far downstream of reattachment for both angles was slightly
overpredicted by the NSU2D code. This is attributed to the Euler
boundaryconditionsusedalong the topwall since thepresenceof the
boundary layer on this wall in the experiments effectively reduced
the de� ection angle and therefore reduced the downstreampressure.

Figure 6 shows the experimental and the computational mean
velocity pro� les for a variety of streamwise positions. Results for

Fig. 4 Reattachment length past a backward-facing step.

Fig. 5 Pressure distribution past a backward-facing step.

Fig. 6 Mean velocity pro� les past a backward-facing step.

top-wall de� ection angles of 0 and 6 deg are shown. The bound-
ary layer ahead of the step was reasonably reproduced, indicating
that the computational setup was appropriate for this problem. The
general shape of the velocity pro� les after the step was also well
predicted.As mentionedby Driver and Seegmiller, the velocitypro-
� les compared with the measured reattachment locations indicate
that in the downstream portion of separation the � ow reversal was
con� ned to a long, thin region that couldnot be resolvedexperimen-
tally. This thin region of reverse � ow was predicted by the current
computations.Far downstreamof reattachment,the edge velocityof
the computationswas less than the edge velocityof the experiment,
especially in the 6-deg de� ection case. Once again, this was due
to the higher numerical downstream pressure caused by the Euler
boundary condition on the upper wall. Overall, the NSU2D code
was able to predict reasonably the reattachment and the � ow� eld
for the backward-facingstep with a mild pressure gradient.

Iced-Airfoil Results
In this section, we consider the aerodynamic in� uence of a

quarter-round ice shape computationally by varying its maximum
height. In addition, a case with no ice shape that includes only the
boundary-layer trip is used as a reference condition. The experi-
mental data of Lee et al.5 are used for comparison. The data were
taken for M D 0:2 and Re D 1:8 £ 106 by use of a modi� ed NACA
23012 airfoil. The modi� ed airfoil geometry is described in the ex-
perimental data set of Lee et al.5 As above, the code was run for all
experimental angles but only conditions that were fully converged
are reported in the � gures.

Numerical Implementation

The presenceof the quarter-roundice shapeon theairfoil required
additionalconsiderationfor the predictionmethodology.The protu-
berancecan causea large separationbubble that initiatesat the top of
the shape becauseof its sharp corner. This con� guration fortunately
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eliminates the problemof predictingthe separationpoint of the free-
shear layer, which can be dif� cult to simulate accuratelyon smooth
surfaces. For entrainment along the free-shear layer itself, the � ow
can be consideredas fully developed turbulent in a small fractionof
a step height downstream of the separation point for the Reynolds
numbers considered herein.20 Therefore the entire free-shear layer
and reattachment regions were modeled as turbulent.

All experimental results consideredherein used trip strips placed
at 5% chord.Therefore,forall positiveanglesofattack,the transition
point for the iced airfoilwas always takenas the trip location.This is
becausethe iced case was limited to low lift coef� cientssuch that the
lift-correctednon-icedXFOIL transitionwas neverfurtherupstream
than the trip location. Computations for which the trip location was
altereddidnotchangethe resultssigni� cantly.However,for negative
angles of attack, the transition location on the lower surface moved
forward of the transition trip. Therefore the transition position for
the lower surface was taken at the leading edge for all negative
angles of attack.

The condition of the � ow through the � ap gap (laminar, turbu-
lent, or transitional) was also dif� cult to judge because it contained
two thin channels surrounding a cavity and could be subjected to a
variety of pressure differencesand Reynolds numbers. Fortunately,
no signi� cant changes were found if the gap was modeled as tur-
bulent or laminar for cases with no � ap de� ection. Therefore the
region was always modeled as fully turbulent. However, it was
noted that there was signi� cant sensitivity of the � ow solution to
the width of the thin channel, where velocities of more than one
half of the freestream velocity can be found. This was unfortunate
because the experimental setup made accurate measurement of the
gap thicknessdif� cult and theremay havebeen some spanwisevari-
ation that was due to loading as well. Therefore it is expected that
some of the variation between the clean-airfoil predictions and the
experimental data was caused by an inaccurate geometry de� ni-
tion around the � ap gap. However, this is not expected to have a
large effect on the iced-airfoil predictions as the pressure gradient
across the � ap gap was very small compared with that of the clean
airfoil.

It was also desired to use a grid that formally includedtunnel-wall
effects. Therefore the present iced-airfoilpredictionswere based on
the upper and the lower tunnel walls directly modeled within the
computation by assuming slip (Euler) boundary conditions at these
surfaces. To validate this approach for the NSU2D code, simula-
tions were conductedwith free boundary conditions in the far-� eld
along with simulations in which the tunnel walls were modeled
directly. The simulations with tunnel walls were theoretically cor-
rected a posteriori to an in� nite domain by use of the theory of Rae
and Pope21 and compared with the predictions by use of far-� eld
boundaryconditions.In general,therewere insigni� cant differences
(e.g., less than 1%) between these two methods for predictionof the
lift and the drag.

Because of the presence of the ice shape and � ap, a much � ner
grid was used for the iced-airfoil calculations than was used in the
validation calculations. The initial grids contained approximately
100,000 nodes and 1300 points along the airfoil surface. The grid
points were clusteredaround the ice shape and within the separation
region.The spacingof the � rst grid pointnormal to theairfoilsurface
was 1 £ 10¡6 chord lengths with a 15% successive increase in grid
size away from the wall. A portionof the grid surroundingthe airfoil
geometry is shown in Fig. 7.

Figure 8a shows a closeup of the initial grid generated by the
NSU2D code near the ice shape for ® D 0 deg. Although this grid
was highly re� ned, it was deemed insuf� cient with respect to the
resolutionof the resultingfree-shearlayer.Thereforegrid adaptivity
was used with a technique similar to that of Mavriplis.22 However,
in the presentmethodologythe grid re� nement was based on a � ow
variable gradient within a particular triangle, whereas Mavriplis
based it on the gradient along an edge. The present adaptation tech-
nique essentially subdividesany element for which gradients in the
chosen parameter exceed a certain tolerance level. In addition, the
presentcomputationsincludeda modi� cation to allow interpolation
of the original-grid � ow� eld results onto the adapted-grid domain

Fig. 7 Grid surrounding the airfoil geometry.

for furthercomputation.Figure 8b shows the grid resultingfromone
adaptationbased on gradients in absolute velocity.Figure 8c shows
the corresponding velocity contours of the initial solution for this
angle. Note that additional grid points have been clustered around
the separation point and along the high-velocity gradients of the
downstreamfree-shear layer. The adaption increased the number of
grid points by approximately25%. All iced computationspresented
here used this same adaption strategy. Using additional re� nement
and adaption was also investigated, but there were no signi� cant
differences in � ow prediction.

The computations were completed on both the Aeronautical and
Astronautical Engineering Department’s SGI workstations and the
NCSA (National Center for Supercomputing Applications) SGI
Power Challenge Array and Origin 2000. Iced-airfoil calculations
on the SGI Origin 2000 with three multigrid levels took approxi-
mately 20 s of CPU time per cycle for each angle. Iced calculations
required approximately 1000 cycles for convergence.

Force and Moment Results

The lift curves of airfoils with k=c D 0:0 (non-iced), 0:0083, and
0:0139 quarter-roundice shapes located at x=c D 0:10 are shown in
Fig. 9. In general, the NSU2D predictions for the non-iced case ex-
hibited goodcomparisonwith the experimentalresults, although the
slope of the lift curve and the maximum lift coef� cient were over-
estimated, similar to the predictions of the low Reynolds number
cases computationalvalidationsof Fig. 3. A portion of this discrep-
ancy can be attributed to the slight difference in � ap gap geometry
for the experiment and the computations. The signi� cant reduction
in lift curve slope and the dramatic reductions in maximum lift co-
ef� cient and maximum lift angle caused by the ice shape presence
were predicted reasonably well by the NSU2D code. However, the
NSU2D predictionsexhibited a weaker break in the lift curve slope
than that shown by the experiments. Also, no noticeable maximum
lift condition was seen in the NSU2D predictions. This can proba-
bly be attributed to possible large-scaleunsteady separationbubble
behavior in the measurements at high angles of attack, which the
steady-state calculations cannot predict.

Figure 10 shows the drag predictions. The trends that were due
to the presence and the height change of the ice shape were well
predicted by the NSU2D code. Considering the large amount of
separation occurring for the iced-airfoil � ows, the performance of
the simulations was quite encouraging. The slight underprediction
of the drag coef� cient at higher lift conditions of the non-iced case
was consistent with the validation computations (Fig. 1).

Figure 11 shows the pitching-moment coef� cient distribution
with angle of attack. The NSU2D code predicted the strong dropoff
in moment at positive angles of attack as the ice shape increased
in size. However, the computations did not predict the increase in
moment coef� cient for anglesof 7 deg or more.The non-iced-airfoil
case showed large deviations from the experiment of the order of
0.02.Once again, this was due to a combinationof small differences
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a) Original grid near simulated ice shape

b) Adapted grid near simulated ice shape

c) Absolute velocity contours for original grid

Fig. 8 Effect of grid adaption near the ice-shape.

in the pressure distributionboth on the forward upper surface of the
quarterchordandon the lower surfaceaft of the quarterchordcaused
by insuf� cient mass � ow through the � ap gap.

Perhaps the most important aerodynamiccoef� cient with respect
to aircraft control is the hinge moment. The comparison between
computation and experimentof this sensitive parameter is shown in
Fig. 12. Again the NSU2D code successfully predicted the qualita-
tive trends resulting from the presence and change in height of the

Fig. 9 Effect of ice shape height on lift.

Fig. 10 Effect of ice shape height on drag.

Fig. 11 Effect of ice shape height on pitching moment.

ice shape. In particular the increased dropoff in Ch at high angles of
attack was reproduced.

The above results indicate that the NSU2D code correctly pre-
dicted the trends of all the major aerodynamic features associated
with the ice shape for these experimental conditions. In addition,
the quantitativecomparisonwas reasonable for many of the present
conditions.

Flow� eld Details

In this subsection we consider some of the aerodynamic details
responsible for the integratedquantities discussed above. The pres-
sure distributions for k=c D 0:0, 0:0083, and 0:0139 quarter-round
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Fig. 12 Effect of ice shape height on hinge moment.

a) k/c = 0.0

b) k/c = 0.0083

c) k/c = 0.0139

Fig. 13 Effect of ice shape height on pressure distribution at ® = 3 deg.

ice shapecon� gurationsat ® D 3 deg are plotted in Fig. 13. The non-
iced pressure distribution (Fig. 13a) shows a small overprediction
of the suctionpressureon the forward upper surface and an overpre-
diction of the aft lower surface pressure.This was mentionedabove
with respect to the de� ciency of the moment coef� cient predictions
of Fig. 11. It is expected that the � ap gap geometry was largely
responsible for this discrepancy. The plots show that the presence
of the ice shape (Figs. 13b and 13c) caused an increase in pressure
at the leading edge, i.e., the suction peak was reduced. This created
a much more rear-loaded airfoil with a subsequent change in the
pitching moment and loss in lift. Also, the pressure along the lower
surface decreased as the ice shape size was increased, resulting in a
further loss in lift. In the following paragraphs additional details of
the � ow� eld along with the � delity of the computational results are
addressed for the k=c D 0:0083 ice shape.

Figure 14 plots selected velocity vectors within the separation
bubble aft of the k=c D 0:0083 ice shape for ® D ¡6 deg. Note that,
if all the velocityvectorswere plotted, the � gure would be too dense
to be clear (recall the mesh detail given in Fig. 8b). The velocity
vectors show the large aft separationbubble extending from the top

Fig. 14 Velocity vectors at sample locations around a NACA 23012m
at ® = ¡ 6 deg with k/c = 0.0083 ice shape.

Fig. 15 Reattachment locations of the aft-ice separation bubble for an
ice shape with height k/c = 0.0083.

of the ice shape with an initial expansionupward. At this low angle
of attack, the separation region was quite thin and remained fairly
close to the airfoil. The small recirculation region upstream of the
ice shape showed a vertical extent that was less than the top of the
ice shape, a result that is consistentwith the buff-bodyexperiments
of Winkler.23

Figure 15 plots the reattachment length for the separation bub-
ble aft of the ice shape verses the airfoil’s angle of attack for the
k=c D 0:0083 ice shape. Although no experimental � ow visualiza-
tion was performed for this case, reattachment lengths obtained
throughanalysisof the experimental pressure distributionsare plot-
ted for comparison. The computational reattachment lengths were
determined by use of the predicted skin friction along the airfoil
surface. The � gure shows that the bubble has almost exponential
growth, as the reattachment length grew slowly at the low angles
then quickly at the larger angles until the bubble reached the trailing
edge. The computationspredicteda somewhat shorter reattachment
length at the low angles, which is consistent with the backward-
facing step results in Fig. 4. Between 2 and 3 deg the computations
showedveryrapidbubblegrowthand thepredictedseparationregion
reached the trailing edge before the experimentalbubble.This is the
expected reason for the earlier break in the hinge-moment predic-
tions. The predictive differences found between the experimental
and the computational reattachment lengths at the higher angles are
attributed to unsteady effects at the high angles and dif� culties in
predicting the � ow through the � ap gap.

Figures 16–18 plot the pressuredistributionalong the airfoil with
the k=c D 0:0083 ice shape for ® D ¡6, 0, and 6 deg, respectively
(recall Fig. 13b for ® D 3 deg). Computationally predicted stream-
lines are also shown for each angle as a reference for the bubble
behavior. For each of these plots, the NSU2D code accurately pre-
dicted the pressureover the majority of the airfoil surface.The code
gave excellent agreement in the nonseparatedregions of the airfoil,
i.e., along the lower surface and along the upper surface in front of
the ice shape. This is especially noticeable in the ® D ¡6 deg case
(Fig. 16) in which the pressurespike at the leading edgeof the lower
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Fig. 16 Streamlines and surface-pressure distributions for a NACA
23012m at ® = ¡ 6 deg with k/c = 0.0083 quarter-round ice shape.

Fig. 17 Streamlines and surface-pressure distributions for a NACA
23012m at ® = 0 deg with k/c = 0.0083 quarter-round ice shape.

surface was well predicted.The code accuratelypredicted the pres-
sure increase in the stagnationregion ahead of the ice shape, as well
as the magnitude of the suction peak occurring downstream of the
ice shape. However, similar to the results for the backward-facing
step (Fig. 5), the NSU2D code displayed a much faster pressure
recovery than the experimental data in the large separation region
aft of the ice shape. This discrepancy in the separation region be-
came more severe as the angle of attack was increased. This error

Fig. 18 Streamlines and surface-pressure distributions for a NACA
23012m at ® = 6 deg with k/c = 0.0083 quarter-round ice shape.

in pressure recovery is thought to be due to the turbulence model’s
inadequatelypredicting the amount of entrainment within the shear
layer. This is an area that should be investigated further and may
require modi� cation of the current turbulence model.

Comparisonsof thepressuredistributionat higherangles(Fig. 18)
reveal a similar level of discrepancy despite having a fully sepa-
rated � ow. This is attributed to the fact that the reattachment point
had become � xed at the trailing edge for both the experiments and
the computations (a reattachment condition more easily predicted).
It is remarkable that in all of these cases, the differences in the
pressure distribution did not signi� cantly affect the aerodynamic
moment coef� cients. This was because the pressure discrepancies
were centeredprimarilyaroundthe quarter-chordlocationand there-
fore tended to cancel themselves out once levered about the hinge
line.

Analysis of the aerodynamic coef� cients, reattachment lengths,
pressure distributions, and � ow� eld plots indicates three general
regimes of � ow phenomena that can be isolated: linear, nonlinear,
and fully separated. The linear regime is associated with low an-
gles of attack (approximately less than 0 deg in this case). Here
the separation bubble remains close to the airfoil surface, and the
chordwisegrowth of the bubble as the angle of attack is increased is
fairly slow. At higher angles of attack (at approximately 0–4 deg),
the airfoil displays the behavior of the nonlinear regime, yielding
a break in the aerodynamic forces and moments. Here the bubble
displaysrapid growth over a relativelysmall range of angleof attack
(Fig. 15). Unsteady � ow behavior is expected to start developing in
this regime. Once the separationregion reaches the trailing edge the
airfoil is in the fully separated regime (® > 4 deg). Here the bubble
quickly begins to extend away from the airfoil and into the outer
� ow� eld. With this type of bubble, large-scale vortex shedding is
more likely to occur. This type of unsteady phenomenon cannot be
captured with the current steady-state computational strategy, and
therefore the computationalresults are questionableat these angles.
As such, further improvements of the NSU2D prediction accuracy
may be realized by use of an unsteady simulation procedure sim-
ilar to that used by Potapczuk.6 Modi� cation of the code to allow
unsteady � ow and examinations of the effect of ice shape location
and � ap de� ection in� uence are subjects of current research for
this ongoing investigation.In addition,future researchwill consider



DUNN, LOTH, AND BRAGG 843

additional airfoil geometries, Reynolds number dependence, and a
more detailed study of the � uid dynamics.

Conclusions
The NSU2D code was successfully validated with several non

iced-airfoil experiments, including effects of Reynolds number and
Mach number and a backward-facing step. The computational re-
sults for the iced-airfoil experiments indicate that the NSU2D code
correctly predicted the trends of all the major aerodynamic features
associated with the ice shape presence. In particular, the NSU2D
code gave predictions of pitching moment and hinge moment that
were well correlated with the experimental data for both the non-
iced airfoil and the iced airfoil. This is important since prediction
of the ice shape effect on hinge moment is critical to forecasting the
possible in� uence of SLDs on aileron or rudder control.The lift and
drag predictionswere also quite reasonableup to the point at which
the � ow was fully separated over the airfoil.
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