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must be the case because both Eqs. (7) and (18) provide the same
solution.
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Introduction

T HE disastrous effects of ice accumulation on aircraft are well
known. However, for preventative measures to be designed

and implemented, the problem must somehow be quanti� ed and
various deicing techniques tested. Numerical simulations provide
us with a relatively inexpensive way of gathering information on
theperformancedegradationand� ow� eldcharacteristicsassociated
with various airfoil/ice accretionshape combinations.Furthermore,
they also offer the means by which the effectiveness of deicing
methods can be ascertained.

Althoughresearchrelatingto aircrafticingdatesbackto the1920s
and early 1930s, most modern data have been acquired under a
NASA initiative of concurrent experimental and computational re-
search that began in 1978.Speci� cally,with regard to aircraftperfor-
mance and � ow� eld evaluation, the most signi� cant experimental
work conducted under this program has been due to Bragg. Begin-
ning his investigationsin theearly1980s,Bragghasmade use of two
distinct shapes known as rime and glaze ice. The former develop
at low temperatures and are aerodynamically shaped. Hence, the
main consequenceof their presence is increaseddrag due to surface
roughness and early boundary-layer transition. On the other hand,
glaze accretions, which form at temperatures at or near freezing,
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are highly irregular and signi� cantly effect the aerodynamicsof the
� ow causingprematurestall and excessivedrag.Bragg’s work spans
two decades and includes data on both iced airfoils and iced wings.
(see Bragg and Coirier,1 Bragg and Khodadoust,2 and Khodadoust
and Bragg3 ). It is highly regardedand often used to validatevarious
� ow solvers.

Numerical studies have also been performed in the hope that one
day highly detailed, reliable information will be available quickly,
promoting a thorough analysis of the icing problem and the sub-
sequent development of effective deicing systems. Along this vein
there have been two major players to date. The � rst is Cebeci who
used an interactiveboundary layer method to evaluate performance
losses of a NACA-0012 airfoil with a simulated leading-edge ice
shape.4 Comparison of his results with experimental data indicate
goodagreementof globalpropertiesup to stall.Second,Potapczuk,5

using the thin-layer Navier–Stokes solver ARC2D, predicted aero-
dynamic lossesbeyondstall for the same ice shapeandobtaineddata
suggesting that the � ow is unsteady with periodic vortex shedding
at angles of attack above 7 deg.

Additionally,Kwon and Sankar6,7 have used a three-dimensional
Navier–Stokes code in an effort to analyze an entire wing with
leading-edge ice accretion at two different angles of attack.
Although the resolution in the boundary layer was quite coarse, the
predicted coef� cients of lift and pressure were in good agreement
with experimental data for an angle of attack of 4 deg. At 8 deg,
however, results were poor and prompted further examination. It
was then found that modeling of the splitter plate used in the wind
tunnel improved results to the point of qualitative agreement.

The present study is a comprehensive effort involving the devel-
opment and validation of a � nite difference-based Navier–Stokes
solver and its subsequent use to explore thoroughly the problem of
performance degradation due to leading-edge ice accretion. It is a
complete study8 encompassing analysis of both two-dimensional
and three-dimensionalcon� gurations with the same code. Compu-
tations are performed within a three-dimensional parametric space
and account for compressibility and variations in Reynolds num-
ber. Furthermore, the solver developed is extremely robust. Results
obtained from the simulations agree with all previouslyestablished
experimental and numerical data. Additionally, grid convergence,
grid sensitivity,and iterationconvergencehave been exploredguar-
anteeing that the results obtained are valid and can be reproduced
on any appropriate mesh.

In this Note, the resultsof a speci� c numericalanalysisperformed
to ascertain the aerodynamics of a wing altered by a leading-edge
glaze ice accretionarepresented.The wing,madeupofNACA-0012
sections, is untwisted and untapered and has an aspect ratio of � ve.
The ice shape employed was the simulated shape used in Refs. 2
and 3, hence facilitatinga one-to-onecomparisonwith experimental
data and previous computational results.

Computational Methodology
Governing Equations

The governingequationsare the completeunsteady,three-dimen-
sional Reynold’s-averaged Navier–Stokes equations. To simplify
application of the boundary conditions and enhance the overall ac-
curacy of the numerical solution a body-� tted or curvilinear coor-
dinate transformation9 has been applied to the governingequations.
The necessary metrics associated with this approach are computed
from the grid using central differences for the interior nodes and
second-orderone-sided differencesat the boundaries.

A two-layer algebraic turbulencemodel10 was employed for this
research with the eddy viscosity given as

m T = l2
mix j ! j , li = j y[1 ¡ exp( ¡ y + / A)]

lo = C1 d , lmix = min(li , lo) (1)

The constants j and A+ are the von Kármán constant and the van
Driest damping coef� cient and are taken as 0.41 and 26, respec-
tively. The closure coef� cient C1 is set to 0.089, j ! j is the magni-
tude of the vorticity vector, and y + is de� ned as y( j s w j / q w )1/2 / m w .
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Although more sophisticated turbulence models exist they require
much greater computational effort and have not shown any signi� -
cant advantageswhen applied to stalled� ows.11 Hence, the use of an
algebraic model is not only practical but well justi� ed as evidenced
by its widespread use in the literature for aircraft icing problems.

Numerical Algorithm

The algorithm used to solve the governing equations is
MacCormack’s explicitmethod.12 MacCormack’s scheme was cho-
sen despite the availability of more modern implicit schemes be-
cause it approaches its ultimate solution in a time-accurate manner
unhampered by the in� uence of implicit (second-order) damping.
The only term added is fourth-orderexplicit smoothingnecessaryto
suppress high-frequencyoscillations.Because this type of damping
is of a higher order than the truncation error associated with the
algorithm, the formal accuracy of the numerical algorithm is not
compromised by its addition.

To offset the substantial amount of computationaleffort necessi-
tatedby this approach,the codehas been fullyvectorized.It achieves
a sustained performance of 700–800 million � oating-point opera-
tions on a Cray T90. Furthermore, computational effort is reduced
by using an approximate inviscid solution (instead of uniform � ow)
as the startingpoint for all computations.This is accomplishedwith
no loss of accuracy because the algorithm used is time accurate
and, therefore, will approach the same solution regardless of initial
starting point.

A well-posed problem not only requires the applicationof a good
numerical solver but, even more important, complete and accurate
speci� cation of appropriate boundary conditions. For the present
research, no slip was enforced at the solid surface, which was also
assumed to be adiabatic and have a negligible pressure gradient.
At the in� ow boundaries, located approximately10 chords from the
wing surfacein thenormaldirectionand2.5chordlengthsfromwing
tip in the spanwise direction, freestreamconditionswere held � xed.
Zero-order extrapolationwas used at the out� ow 8 chord lengths aft
of the trailingedge,andanaveragingwas used to ensurecontinuityin
the wake region. Last, at the wing root plane, a symmetry condition
was imposed.

Results and Discussion
A semispan rectangularwing of aspect ratio � ve, made of NACA-

0012 sections altered by the simulated leading-edge ice accretion
used in Refs. 2 and 3, was employed for this research. The mesh
on which computations were carried out was formed by linking to-
gether a series of C grids created through the use of a hyperbolic
grid generator. It contained 177 points in the streamwise direction
(107 on the wing itself, 28 de� ning the ice shape, and 42 in the
wake region), 57 points in the normal direction, and 29 points in
spanwise direction (19 on the wing). These � gures were the result
of a careful grid sensitivity analysis8 and consideration of the cost
of the computations. Also, pursuant to the aforementioned numer-
ical analysis, it was determined that a spacing normal to the wing
surface of 4.0 £ 10 ¡ 5 chord lengths or less was required to resolve
the boundary layer accurately. This is consistent with the spacing
of 2.0 £ 10 ¡ 5c used by Potapczuk in a two-dimensional study that
utilized the same ice shape.5

Global Results

To facilitate comparison with experimental data the simulation
was performed at M 1 =0.2 and Rec =1.5 £ 106 . Angles of attack
of 4 and 8 deg were analyzed. As Fig. 1 shows, the solver quite
accurately predicted the variation of section lift with spanwise dis-
tance for both angles of attack. In contrast to previous numerical
studies,6,7 the section lift did not need to be augmented through
the use of a solid wall boundary condition designed to compensate
for the effects of the splitter plate. The only discrepancy with ex-
perimental results,2,3 was that the simulation slightly delayed the
sharp decrease in lift that occurs at outboard stations. Also, due to
mesh re� nement in the boundary layer, the solver was able to ob-
tain changes in the section drag coef� cient. At 4-deg AOA, there

Fig. 1 Coef� cient of lift as a function of spanwise location for the iced
wing at 4- and 8-deg AOA.

Fig. 2 Streamlines revealing the size and shape of the recirculation
bubble at spanwise locations of 0, 41, 72, 82, 94, and 99%, respectively,
for a 4-deg AOA.

is little variation (less than 5%) in section drag (Cd ¼ 0.078) until
the actual wing tip is reached. This is because, although the skin
friction increases due to the onset of a spanwise � ow as outboard
stations are approached, the size of the recirculationbubble just aft
of the icing horn decreases and causes a correspondingreduction in
form drag. At 8-deg AOA, however, the bubble diminishes in size
more rapidly. Hence, the overall drag coef� cient decreases from a
maximum of 0.13 at the wing root plane to a minimum of 0.1 at a
location approximately 5% inboard of the wing tip where it begins
to rise sharply.

Local Results

At � rst glance, there appears to be little spanwise variation in
the � ow� eld for the 4-deg case. Closer scrutiny, however, discloses
some subtle details. As can be seen in Fig. 2, examination of the
streamlinesparallel to the wing’s cross section reveals that the pres-
sure recoveryaftof the separationbubbleconsistentlybecomesmore
pronounced as the wing tip is approached. Initially the tail of the
bubble quickly disappears. Although this does not signi� cantly af-
fect the overall size and strength of the bubble, it results in a more
sharplyde� ned regionof reverse� ow. Then, at approximatelythree-
quarters span, the recirculatingregion begins to dwindle as does the
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Fig. 3 Streamlines indicating the � ow patterns predicted by the simu-
lation at a distance of 0.001 chord lengths normal to the surface for the
8-deg AOA case.

rapid thickening of the boundary layer associated with it. This co-
incides with the onset of a notable spanwise � ow.

Even more interesting is the 8-deg AOA case. As can be seen in
Fig. 3, the � ow is highly three dimensional in nature and unlike the
4-deg AOA case cannot be construed from two-dimensional data.
Indeed the lift coef� cient at the centerline is 20% higher than for
an in� nite wing.5,8 Moreover, despite the complexity of the � ow,
the simulation was still able to capture accurately a large amount of
detail including variations in surface pressure and boundary-layer
thickness. Future analysis of these data and additional poststall re-
sults should provide useful insight into the mechanisms of stall for
an icedwing.This in turnwill help researchersworkingon the devel-
opment of ice protection systems focus their efforts in a worthwhile
manner.

Conclusions
A numerical investigation into the performance degradation and

� ow� eld evaluation associated with a � nite rectangular wing al-
tered by glaze ice has been carried out. Results for the section lift
and pressurecoef� cients at both 4- and 8-deg AOA are in very good
quantitativeagreementwith experimentaldata.Becauseof adequate
mesh re� nement in the boundarylayer, it was also possibleto obtain

accurate data regarding the variation of section drag with spanwise
position.

These and other details captured by the simulation indicate that
at 4-deg AOA the effects of the spillage of high pressure into low-
pressure regions at the wing tip do not unexpectedlyalter the � ow.
The usualdecreasein lift as outboardstationsare approachedoccurs,
as does a decrease in the size of the separation bubble and a drag
rise at the wing tip. In contrast, at 8 deg the � ow is inherently
three dimensional in nature and cannot be inferred from in� nite
wing analysis. Hence, more research at angles greater than 8 deg
is needed to accurately determine at what point stall occurs for this
iced wing and to further explore its poststall behavior.
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