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This paper examines the capability of current computational � uid dynamics (CFD) methods to simulate results
from a two-dimensional aileron effectiveness wind-tunnel test conducted with an aft-loaded airfoil with modest
trailing-edge thickness to investigate Reynolds-number effects on aileron effectiveness characteristics. The results
presented herein are follow on to a previous two-dimensional CFD simulation, which failed to capture measured
Reynolds-number effects. As a result of this earlier study, the interaction of the airfoil � ow� eld with the tunnel
sidewall viscous � ow and sidewall suction used in the test is accounted for in this three-dimensional simulation.
The three-dimensional predictions provide a substantially improved correlation with the experimental results. A
very prominent aspect of the three-dimensional approach is the prediction of � ow separation at the juncture of the
airfoil and tunnel sidewall. This occurs in spite of the application of suction and raises serious doubts about the
validity of scores of previous (and ongoing) CFD investigations, which have presumed that such two-dimensional
airfoil test results were actually two-dimensional.

Nomenclature
Cl = lift coef� cient
Clo = lift coef� cient without aileron de� ection
C p = pressure coef� cient
Cq = suction rate
M = corrected Mach number
Mo = corrected Mach number at zero aileron de� ection
R NC = Reynolds number based on chord
x=c = nondimensional chord station
y=c = nondimensionalnormal coordinate
® = angle of attack, deg
±a = angle of aileron de� ection, deg

Introduction

T HE need to extend state-of-the-art transonic computational
� uid dynamics (CFD) capabilities to be able to reliably pre-

dict the aerodynamiceffectivenessof trailing-edgecontrol surfaces
(ailerons, elevators, etc.) for a wide range of � ight conditions is
well established. This paper is a continuation of work reported
previously.1 The experimental data set used for this study is a rather
unique set of ostensibly two-dimensional test results obtained with
a representativeaft-loadedairfoil con� guration.A detailed account
of the experimental setup and results, as well as the initial two-
dimensional free-airCFD simulation results can be found in Ref. 1.
Therefore, only a brief description will be included here.

The airfoil geometry used in this investigation is an aft-loaded
“supercritical”type design, having a maximum thickness of 12.3%
chord, a peak aft camber of 2.365% chord (located at 82% chord),
and a trailing-edgethicknessof 0.55% chord. The aileron hingeline
is located at 75% chord. Boundary-layercontrol on the mostly solid
sidewalls was providedvia 18 £ 24-in. porous suctionpanels which
surround the 10-in.-chord/15-in.-span airfoil model. A suction rate
Cq ranging from 0.007 to 0.0095 was employed during the test. A
total of eight aileron de� ections (¡5, ¡2, ¡1, 1, 2, 3, 4, and 5 deg)
were provided. Aerodynamic characteristics for this airfoil/aileron
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combination were measured over a range of angles of attack both
with and without the aileron de� ected in order to identify angle-of-
attack, Mach-number, and Reynolds-number in� uences on aileron
effectiveness.At a design cruise Mach number, data were obtained
at chordReynoldsnumbersof 5 £ 106 , 15 £ 106, and 25 £ 106 to de-
� ne basic characteristicsand Reynolds-number in� uences, thereby
enabling quite detailed comparisons with CFD predictions, and a
good understanding of the prevailing � ow physics. This data set
provides some good test cases with a separation problem evident
near the trailing edge when the aileron is de� ected at low Reynolds
numbers at modest airfoil incidence angles that either goes away
at higher Reynolds numbers or is greatly reduced in size. Then,
at the 15 £ 106 , data were obtained at a higher Mach number to
help de� ne and better understand some very sizable reductions in
aileron effectiveness,which occur with increasingfreestreamMach
number.

For trailing-edge-upaileron de� ections the effectiveness is quite
linear. In contrast, with trailing-edge-down aileron de� ections the
effectiveness departs from the linear trend. The cause for this loss
of aileron effectivenessappears to be mainly caused by the trailing-
edge-typeseparationon the upper surface.Measuredresultsindicate
that there is generallya “favorable”(i.e., improvingwith increasing)
Reynolds-numbereffect on aileron effectiveness.Reductions in the
trailing-edge-downaileroneffectivenesscharacteristicsat thehigher
Mach number are also obvious in the test data, which are mostly
associated with a very limited aft movement of the upper-surface
shock as the aileron is de� ected. This, in turn, is certainly related to
the magnitude of � ow separation over the aileron.

Some success was realized previously in duplicating the sub-
ject two-dimensionalmeasured aileron effectivenesscharacteristics
with a two-dimensional free-air CFD approach.1 Relatively good
agreement between the measured and CFD-predicted aileron effec-
tiveness characteristicswas obtained in a number of cases, particu-
larly at the higher Reynolds numbers, higher Mach numbers, and/or
higher angles of attack. However, at the lower Reynolds number
of 5 £ 106 two-dimensional CFD results overpredicted the aileron
effectiveness, thereby failing to capture a very noticeable reduction
in aileroneffectivenessseen experimentally.Related to this overpre-
diction is the disconnect between the measured and CFD-predicted
shock locations, starting with the unde� ected-aileron baseline. It
indicates an erroneous freestream Mach number, which causes sus-
picion that the experimental database may well not be just a two-
dimensional � ow. A three-dimensional CFD simulation that in-
cludes the tunnel sidewalls is necessary in order to capture a really
three-dimensional� ow� eld.
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Fig. 1 Grid topologies.

Three-Dimensional CFD vs Experimental Results
Background

The � ow solver CFL3D (version 5) was employed in this
study. It has the Spalart–Allmaras (one-equation) turbulencemodel
incorporated. At the start of this CFD assessment study, a single-
zone C-grid topology(as illustratedin Fig. 1a) was used in conjunc-
tion with an open-wake modeling approach(see Fig. 1b). A one-to-
one block interface boundarycondition is used for the wake region.
This “open-wake” approach was adopted at the start of this study
based on results of previous studies of three-dimensional wings
with thick trailing edges where CFD-predicted pressures obtained
this way closely matched correspondingexperimental results in the
trailing-edge region. Computational requirements are also notice-
ably less with this approach. Later on when some of the anoma-
lies between CFD predictionsand test results emerged, particularly
when � ow separation was involved, it was suggested that perhaps
a closed-wake modeling approach would be more appropriate.The
closed-wake modeling subsequently implemented, as illustrated in
Fig. 1c, utilizes the addition of a wake block together with a local-
ized increase in (chordwise) grid density. Transition locations on
both the upper and lower surface of the airfoil for the CFD predic-
tions were speci� ed to match either where transition was tripped
in the test, or where it was known to occur in the test. At 5 £ 106

Reynolds-number, transition was speci� ed at 15 and 28% chord
for the upper and lower surface respectively.At 15 £106 Reynolds
number, the locations were at 10 and 15% chord respectively, and
then, at 25 £ 106 , transition was speci� ed at the leading edge.

Two methods of incorporating the three-dimensional effects of
the tunnel walls (� oor, ceiling, and sidewalls) in the computational
analysis/modelingof the subjecttest setupwere considered.Speci� c
modeling of the sidewall viscous characteristics,including the pres-
enceof the sidewall suctionsystemused in theexperimentto provide
a healthier sidewall boundary layer around the model less prone to
separation, was an essential part of both because of the perceived
importance of these effects. The difference between the two meth-
ods was in how the effects of the porous � oor and ceiling were to be

accounted for. The two options considered for incorporating these
effects involvedeither speci� callymodeling these (porous) surfaces
in the CFD analysisor applyingthe standardMokrycorrections2 and
ending up with a three-dimensional free-air assessment. The latter
option was selected because there is a very strong belief that three-
dimensional effects caused by the sidewall viscous characteristics
rightaroundtheairfoilmodelaremuch,muchgreaterthanany three-
dimensionaleffectsimposedon themodelby the more remote tunnel
� oor and ceiling. Also, knowing that the computational modeling
of the (more important) sidewall in� uence was an approximation,
taking into account some of the likely limitations of the turbulence
models being employed for some of the � ow situation involved,and
consideringsome of the uncertaintiesinvolved in deciding just how
to best model the airfoil trailing-edgethickness, further re� ning the
in� uenceof the (more remote) porous � oor and ceiling did not seem
to be prudent (which would also involve an approximation).

Speci� cs as to how to model the sidewall boundary layer, in-
cluding the suction panel that surrounds the model, were guided
by previous studies,3; 4 which examined how to match empty tunnel
sidewallboundary-layerthicknessat the model locationvsReynolds
number and suction level. For the results shown in this study, the
turbulent boundary layer was assumed to originate at x=c D ¡14,
and suction rates were speci� ed to match corresponding experi-
mental measurements.At the nominalMach number suctionrates of
¡0.007, ¡0.0085,and ¡0.0095 were used at 5 £ 106 , 15 £ 106, and
25 £ 106 Reynolds numbers, respectively.A suction rate of ¡0.008
was used at the higherMach-numberconditionat 15 £ 106 Reynolds
number. Although these variations, i.e., increasing with increasing
Reynoldsnumber, anddecreasingwith increasingMach number,are
the opposite of what would normally be desired, these suction rates
are largely dictated by the static pressure level in the test section at
these conditions.

Most of the CFL3D computationsfor this three-dimensionalfree-
air assessment were obtained using the Spalart–Allmaras (S–A)
turbulence model. However, a few cases were studied using the
Mentor’s shear stress transport (SST) model, and Wilcox’s k–!
model. As will be seen, the basic airfoil characteristics obtained
using the Wilcox k–! model deviated from the experimental re-
sults noticeably more than others, and as a consequence it was
quickly dropped from further consideration. Mentor’s SST model
was, however, used more extensively. Even though the results ob-
tainedusing it were, as was the case in the previoustwo-dimensional
study (Ref. 1.), very similar to those obtained with the S–A model,
it did have the advantage of having slightly better convergence
characteristics for cases involving signi� cant � ow separation at the
model/sidewall juncture.

Basic Airfoil Characteristics

Becausepredictionsand/ormeasurementsof aileroneffectiveness
characteristics are typically cast in terms of increments or changes
relative to the aerodynamic characteristicsof the basic airfoil/wing
with unde� ected ailerons, the ability to accurately/adequately pre-
dict these baseline characteristics is clearly a prerequisite for suc-
cessfully predicting the characteristics with the aileron de� ected.
Comparisonsof the three-dimensionalCFD predictionsusingopen-
wake modeling and the corresponding experimental lift curves for
5 £ 106, 15 £ 106, and 25 £ 106 Reynolds numbers at the nominal
cruise Mach number are presented in Fig. 2. It can be seen that the
correlation is superb at 25 £ 106 Reynolds number, still very well at
15 £ 106, and not that bad at 5 £ 106. Some notable results include
the noticeablypoorercorrelationobtainedat 5 £ 106 Reynoldsnum-
ber with the Wilcox k–! model and the very close agreement seen
between predictions obtained using the S–A and SST turbulence
models.

An assessment of the relative advantages and disadvantages of
open- vs closed-wake modeling of the thick trailing edge was also
done as part of this three-dimensional free-air study of the basic
airfoil characteristics.At the nominal cruise Mach-number condi-
tion closed-wake predictions using the S–A model were made at
both 5 £ 106 and 15 £ 106 Reynolds numbers for comparison with
the corresponding open-wake predictions. In addition, a couple of
cases were also studied at 5 £ 106 using the Mentor’s SST model.
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Fig. 2 Comparisons of Reynolds-number effects on baseline lift char-
acteristics predicted by CFL3D with the test data at 0.73 Mach number.

The resulting comparisons are shown in Fig. 3. As can be seen,
at 5 £ 106 Reynolds number the closed-wake predictions obtained
using the S–A model produce a slightly higher lift than predicted
with the open-wakeassessment, resulting in a slightlypoorer corre-
lation with the experimental results. A different trend is seen in the
comparisons obtained using Mentor’s SST model. There is essen-
tially no differencebetween the open- and closed-wake predictions
(at least for the two angles of attack addressed). Contrary to the
trend seen at 5 £ 106, at 15 £ 106 Reynolds number using the S–A
model, the closed-wake predictions provide an improved correla-
tion with the test results. The improvement is most apparent at the
higher angles of attack, as shown in Fig. 3b, which results in a better
prediction of the lift-curve slope.

The predicted airfoil (centerline) pressure distributions at
15 £ 106 Reynolds number and angle of attack of ® D 2:04 deg are
shown in Fig. 4. By comparing these results with the corresponding
two-dimensional free-air predictions (see Fig. 13 in Ref. 1), a few
improvements are apparent. Most obvious is the excellent duplica-
tion of the measured upper-surface rooftop shape/level and shock
locationachievedwith the three-dimensionalanalysis.It can also be
seen that the improved correlation achieved with the closed-wake
modeling at this condition is, in addition, a direct consequenceof a

Fig. 3 Comparisons of lift characteristics between the test data and
CFD predictions with different wake grid topologies at Mach = 0:73,
±a = 0 deg.

Fig. 4 Comparisons of pressure distributions predicted by CFL3D
(S–A) at RNC = 15 £ £ 106 with different wake grids.

more accuratepredictionof the shock locationandaft-upper-surface
pressure level. The resulting correlation achieved in this case is so
good that the closed-wake CFD predictionshave the appearanceof
being a fairing through the test results.

A corresponding comparison at 5 £ 106 Reynolds number is
shown in Fig. 5, where it can be seen that the correlation is not
quite as good as at 15 £ 106 . The overprediction of the lift seen
in Fig. 3a is caused by a combination of a slight overprediction of
the rooftop suction pressure levels ahead of the shock, a predicted
shock location which is slightly too far aft, and a small overpredic-
tion of the lower-surface contribution to the aft loading. Although
the aft-upper-surface pressure level is again more accurately pre-
dicted with the closed-wake modeling, this improvement is largely
offset by a predicted aft movement of the shock, placing it even fur-
ther aft of the experimentalresults.A potentialcause for much of the
relativelypoorercorrelationobtainedat 5 £ 106 Reynoldsnumber is
a less representativepredictionof the � ow separationcharacteristics
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Fig. 5 Comparisons of pressure distributions predicted by CFL3D
(S–A) at RNC = 5 £ £ 106 with different wake grids.

Fig. 6 Particle traces on airfoil upper surface for RNC = 5 £ £ 106,
Mach = 0:73, Cq = ¡ ¡ 0:007, ±a = 0 deg.

existing in the model/sidewall juncture region. Such an occurrence
would not come as a big surprise, however, because predictions of
initial separation onset/progression characteristics remains as per-
haps the largestchallengefor modern CFD (i.e., Reynolds-averaged
Navier–Stokes), and this is probably particularly true for juncture
� ows.

To permit some understandingof the magnitudeof the (predicted)
juncture � ow separations involved in the foregoing cases, particle
traces on the airfoil upper surface and tunnel/sidewall have been
examinedat both 5 £ 106 and 15 £ 106 Reynoldsnumbersand® D 1
and2 deg.The particle tracesfor 5 £ 106 Reynoldsnumber cases are
illustratedin Fig. 6. Apparent from thesepredictionsis the existence
of juncture-�ow separation at both conditions, with a pronounced
growth in the size of the predicted separation region as the angle of
attack is increased.

The corresponding predictions for 15 £ 106 Reynolds number
are displayed in Fig. 7, which indicates that increasing Reynolds
number (and sidewall suction rate) does reduce the size of the (pre-
dicted) separated � ow regions as anticipated. Although there is a
legitimate concern regarding the accuracy of these juncture-�ow-
separation predictions, the excellent correlation seen previously in
Fig. 4 at 15 £ 106 Reynolds number does strongly suggest that the

Fig. 7 Particle traces on airfoil upper surface for RNC = 15 £ £ 106,
Mach = 0:73, Cq = ¡ ¡ 0:0085, ±a = 0 deg.

a)

b)

Fig. 8 Particle traces on the airfoil upper surface at RNC = 15:21 £ £
106 , Mach = 0:7264, ® = 2:042 deg, and ±a = 0 deg: a) without suction
and b) with suction.

predictions at R NC D 15 £ 106 shown in Fig. 7 are, most likely,
reasonably representative.

The importance of having had sidewall-boundary-layer suction
capability available and operating during this test program cannot
be overstated, even though the maximum suction rates possible (at
least at 5 £ 106 and 15 £ 106 Reynolds numbers) are not suf� cient
to eliminate (predicted) juncture-�ow separationfor some of the test
conditions.A good indicationof theeffectivenessand importanceof
having sidewall suction can be seen by comparing predicted parti-
cle traces at the suction rate employed during the testing with those
predicted without any suction. One such comparison at 15 £ 106

Reynolds number and ® D 2:04 deg is shown in Fig. 8. Even though
the suction rate possible (i.e., ¡0.0085) at this Reynolds number
is indicated to be not quite adequate to completely eliminate the
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Fig. 9 Pressure distributions predicted by CFL3D (S–A) with and
without suction; Cq is the suction rate.

Fig. 10 Comparisons of lift characteristics predicted by CFL3D with
the test data at higher Mach number.

juncture-�ow separation, it does provide a very large reduction in
the size of separated� ow region, which would have existed without
suction. As clearly indicated by the pressure distribution compar-
isons in Fig. 9, results obtained without any sidewall suction would
be neither representativenor very meaningful.

A similar trend is observed for 5 £ 106 Reynolds number cases.
There is, however,one important difference,and that is in the size of
the predicted juncture-�ow separationsat the experimentalsidewall
suction rates. The predicted separation area is noticeably larger at
the lower Reynolds number. Although some portion of this differ-
ence is caused by the reduced suction rate available at the lower
Reynolds number, it is not the major cause for the difference. Most
of it appears to be a predicted Reynolds-number effect, but just
how accurate this predicted difference is remains the issue. Quali-
tatively, it is probably appropriate. Unfortunately, the accuracy of
the ensuing three-dimensionalpredictionsof Reynolds number and
angle-of-attack in� uences on control surface effectiveness will be
strongly dependent upon the accuracy of these juncture-�ow sepa-
ration predictionson the baselinecon� guration, as well as the accu-
racy of such predictions when the aileron is de� ected. This is not a
comfortingthought.Neither is theprospectthatmanyanalysesof so-
called two-dimensionaltest resultscarriedout in the past were likely
misguided because of unaccounted-for sidewall and juncture-�ow
viscous effects, independent of whether sidewall suction was used
or not in the experiments.

Similar improvementsin the comparisonof CFD predictionswith
the test results for the baseline airfoil were also obtained with the
three-dimensionalpredictionsat thehigher-Mach-numbercondition
(at 15 £ 106 Reynolds number), but the same concerns regarding
the accuracy of juncture-�ow separation predictions are de� nitely
present in this case as well, particularly at higher angles of attack.
The comparisonof thepredictedlift curveswith the test resultsat this
condition is shown in Fig. 10. The predictionsat ® D 1:5 deg start to

Fig. 11 Comparisons of pressure distributions predicted by CFL3D
with different wake grid topologies for RNC = 15 £ £ 106 , Mach = 0:76,
±a = 0 deg.

Fig. 12 Particle traces on airfoil upper surface for RNC = 15 £ £ 106,
Mach = 0:76, ±a = 0 deg.

show the earlier roundover. Examining the predicted and measured
pressure distributions shown in Fig. 11 at ® D 1 and 1.5 deg can
identify the source of this earlier roundover. The predicted shock
locations are noticeably further forward of the measured location.
Convergence dif� culties prevented obtaining any adequately con-
verged CFD solutions at angles of attack above 1.5 deg.

Predicted particle traces for this higher-Mach-number test con-
dition are shown in Fig. 12, and the partially-converged solution
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Fig. 13 Aileron effectiveness—three-dimensional free-air CFD vs
measured at RNC = 15 £ £ 106 , M0 ¼ ¼ 0:73.

obtained at ® D 2 deg (with Mentor’s SST model) indicates a very
dramatic increase in the size of the juncture-�ow separation as the
angle of attack is increased from 1.5 to 2 deg. This behavior likely
explains the convergence dif� culties encountered. Again, this pre-
dicted trend (from 1.5 to 2 deg) is likely qualitatively appropriate,
but themagnitudeof the change indicatedmay not be representative.

Aileron Effectiveness Characteristics

Comparisons of CFD-predicted and measured aileron effective-
ness characteristics in this section are performed in each case at
their respective angle of attack for consistent/selected unde� ected-
aileron lift levels. This is necessary in order to provide meaningful
comparisons because of the offset between the CFD-predicted and
measured lift curves for the unde� ected-aileronreference case (see
Fig. 2). The predictedtrailing-edge-downaileroneffectivenesschar-
acteristicsfor the nominal cruiseMach numberat 15 £106 Reynolds
number for the low and intermediate lift levels are summarized in
Fig. 13 and compared with the correspondingexperimental results.
At the lower lift level where sidewall juncture-�ow separation has
a reduced impact, the predictions are in excellent agreement with
the experimental results, and there is little difference between the
open- and closed-wakepredictions.However, at the intermediatelift
levelwhere sidewall juncture-�ow separationis more of an issue the
aileron effectiveness is underpredicted.

Understandingof the reasons behind the excellentagreement be-
tween the test results and the CFD predictionsat the lower lift level,
as well as the underpredictionof the aileron effectivenessat the in-
termediate lift level, can be gainedby examiningthe comparisonsof
the predicted-and measured-pressuredistributionsshown in Fig. 14
for aileron de� ections of 4 deg. At the lower lift level the predicted
shock location is slightly forward of the measured location, but the
resulting underprediction of the lift is offset by a small overpre-
diction of the suction pressure level aft of the shock. On the other
hand, at the intermediate lift level the shock location discrepancy
is a bit larger, and there is less of an offset from the overprediction
of the suction pressures aft of the shock, resulting in the noticeable
underprediction of the aileron effectiveness at this condition. It is
also of signi� cance to note the excellent agreement between the
measured and predicted upper-surface pressure distributions near

a)

b)

Fig. 14 Comparisons of Cp distributions between CFD predictions
and test data at RNC = 15 £ £ 106 , M = 0:73, ±a = 4 deg: a) Clo = 0:61 and
b) Clo = 0:75.

the trailing edge seen in Fig. 14. This is in contrast to the premature
(or excessive) predictionof � ow separationapproachingthe trailing
edge seen previouslywith the two-dimensionalfree-air predictions1

at the intermediate lift level, thereby clearly illustrating that there
is likely some three-dimensional relief provided by the juncture-
� ow separation in the CFD predictions (at the model centerline).
Some of this three-dimensionalrelief can also be brought about by
a more-forward-predictedshock location in the three-dimensional
predictions, where the predicted shock location is slightly forward
of the measured location rather than further aft as was the case with
the two-dimensionalpredictions at this condition.

Turning next to the CFD predictions of aileron effectiveness
characteristics at the 5 £ 106 Reynolds number and nominal cruise
Mach-number condition, comparisons of the predicted and mea-
sured aileron effectiveness characteristicsare illustrated in Fig. 15.
The correlation between predicted and measured characteristics is
quite good. At the lower lift level, where closed-wake solutions are
also obtained, the open- and closed-wake predictions tend to strad-
dle the experimentalresults.A couple of interestingobservationsre-
garding these low-Reynolds-numberpredictionscan be made by ex-
amining the comparisons of measured and CFD-predicted pressure
distributions shown in Fig. 16. At the lower lift level the compar-
ison with the open-wake modeling is clearly better than that with
the closed-wakemodeling approach.These results indicate that the
reasonablyclose (integrated) predictionof the measured aileron ef-
fectivenesscharacteristicsobtained with the closed-wakemodeling
approach can well be a bit more fortuitous than the similar agree-
ment obtained with the open-wake modeling approach. However,
the big question mark in all this is just how good (or bad) are the
predicted juncture-�ow separation characteristics.The second, and
perhapsmore importantobservation,is the disconnectseen between
thepredictedandmeasuredindicationsof theextentof upper-surface
� ow separationapproachingthe trailing edge as the ailerons are de-
� ected trailing edge down. It can be seen in Fig. 16 at both lift
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Fig. 15 Aileron effectiveness—three-dimensional free-air CFD pre-
dictions vs measured at RNC = 5 £ £ 106 and M0 ¼ ¼ 0:73.

a)

b)

Fig. 16 ComparisonsofCp distributionsbetween CFD predictionsand
test data at RNC = 5 £ £ 106, M = 0:73, ±a = 4 deg: a) Clo = 0:648 and b)
Clo = 0:75.

Fig. 17 Particle traces on the airfoil upper surface at RNC = 5 £ £ 106,
M = 0:73, Cq = ¡ 0:007, ±a = 4 deg.

conditions that the predicted � ow deterioration (i.e., separation) in
this area is de� nitely not as adverse as the measured results indi-
cated. Although the failure in this case to predict the extent of the
trailing-edgeseparationmay well not have a real large impact on the
aileron effectiveness level, experience (i.e., DC-10, etc.) has shown
that such separationscan, in some cases, lead to quite major reduc-
tions in aileron effectiveness.5 Hence, the present inability to accu-
rately predict the onset/progression of such separations is a major
limitation. However, in all fairness it should be recognized that this
particularset of experimentalresults is a real tough test case because
of the presence/in� uenceof sidewall juncture-�ow separation.And,
there is not a high degree of con� dence in the absolute accuracy
of the present predictions of this juncture-�ow region, especially
predicted Reynolds-number effects. But, as already indicated, the
predicted trends are representative.

With regard to the predicted juncture-�ow separations,predicted
particle traces for a trailing-edge-down aileron de� ection of 4 deg
at both the lower and intermediate lift level at this lower Reynolds
number are provided in Fig. 17. Predicted trends are very similar to
those at 15 £ 106 Reynoldsnumber, i.e., the size of the juncture-�ow
separation increases a bit as the lift level is increased,while the size
of the trailing-edgeseparatedregion at the centerlineshrinks a little.
However, at this Reynolds number even though the trends appear
to be consistent with the experimental results the magnitude of the
centerline � ow separation is not. How much of this disconnect is
attributableto fundamental turbulencemodeling limitations,or how
much is attributable to an inaccuratepredictionof the juncture-�ow
separation, remains an open question. Lastly, the comparisons of
the measured and CFD-predicted variations in aileron effectiveness
with changes in Reynolds number are examined. These compar-
isons, for both 2- and 4-deg trailing-edge-downaileron de� ections
at the two lift levels, are shown in Fig. 18. For the smaller de� ec-
tion angle it can be seen that the reduction in aileron effectiveness
observedexperimentallyas the Reynolds number is decreased from
15 £ 106 to 5 £ 106 is captured very well by the three-dimensional
predictions. But, at the higher de� ection angle only about half of
the measured reduction is captured. However, this is a signi� cant
improvementover the two-dimensionalfree-air predictions,1 where
less than one-fourthof the reductionwas captured.Hence, it is quite
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Fig. 18 Reynolds-number effects on aileron effectiveness—three-
dimensional CFD predictions vs measured at M0 ¼ ¼ 0:728.

Fig. 19 Particle traces on the airfoil upper surface at RNC = 15 £ £ 106,
M = 0:73, ±a = 4 deg.

clear that (at least) a signi� cant part of the Reynolds-numbereffects
observed in this test program were attributable to tunnel sidewall
viscous effects/interactions.

With regard to the inability to predict more of the experimentally
observed Reynolds-number effect at the larger aileron de� ection
angle, it would not be at all surprisingif inaccuraciesin the predicted
Reynolds-number effect of the sidewall juncture-�ow separation
were the major culprit. Although, as can be seen by comparing the
particle traces at 15 £ 106 Reynolds number shown in Fig. 19 with
the correspondingone at 5 £ 106 Reynolds number in Fig. 17b, the
predicted region of juncture-�ow separation is clearly smaller at
R NC D 15 £ 106 than it is at R NC D 5 £ 106 , it remains a question
whether this predicted difference is either correct, too large, or too
small.

Conclusions
Experimental data from a wind-tunnel test of a two-dimensional

airfoil with de� ectable trailing-edge aileron covering a fairly wide
rangeofReynoldsnumbershavebeenused to assess/calibratetheca-
pabilitiesof the current state-of-the-artReynolds-averagedNavier–
Stokes methods for predicting aileron effectivenesscharacteristics.
Conclusions reached as a consequenceof this study are as follows:

1) Although the airfoil model was two-dimensional,the resulting
� ow aroundthe airfoil in this ostensiblytwo-dimensionaltest turned
out to have some very signi� cant three-dimensionalfeatures arising
from the viscous � ow on the tunnel sidewall. This is believed to be
a widespread malady with most purported two-dimensional airfoil
tests.

2) Complete three-dimensionalCFD modeling using the Spalart–
Allmaras turbulence model, including the viscous � ow on the tun-
nel sidewall (with suction applied), provided a much better match
with theexperimentalmeasurementsthan the two-dimensionalCFD
modeling in general, but some speci� c accuracy issues/questions
still remain unresolved.

3) Considering the strong three-dimensional viscous effects
present with these experimental results, centered on very-hard-
to-reliably-predict� ow separation in the model-to-tunnel sidewall
juncture region, these results turned out to represent a very (overly)
complex test case rather than the relatively simple one intended.

4) The 0.55%-chord-thick trailing-edge geometry of the airfoil
used in this study led to some options regarding how to best model
it in the CFD studies. Both closed- and open-wake modeling con-
ceptswere used.The closed-wakeapproachdoesappearto providea
better representationof the � ow physics,but it does carry the burden
of increased computational time and poorer convergencecharacter-
istics. However, even though the closed-wake approach appears to
be a better approach it still has some shortcomings. Consequently,
it would not be realistic to believe that CFD with known turbulence
models can accurately predict the drag of such thick-trailing-edge
geometries.
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