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This paper investigates control surface reversal in the transonic � ight regime. Surface-pressure distributions on
a rigid and deformable wing are presented using linear and nonlinear aerodynamic methods, which incorporate
the effects of surface shocks and viscosity with an interactive boundary layer. Transonic small-disturbance (TSD)
aerodynamics is used to determine reversal of a typical � ghter wing to study the interactions among control surface
de� ections, structural � exibility, and embedded shocks in a � ow� eld where signi� cant viscous effects can exist.
Pressure distributions on the wing are examined, and control surface reversal calculations are presented. The
results show that the reduction of the reversal dynamic pressure can be as much as 30% when an aerodynamic
method capable of representing a shock is used. A limited number of Euler computational � uid dynamic (CFD)
results are presented for the purpose of comparison with transonic small disturbance results. The adequacy of
using TSD theory in reversal prediction as compared to that obtained from either Euler or Navier–Stokes CFD
aerodynamics is discussed. It is suggested that the inviscid transonic small disturbance aerodynamic provides a
capability of representing shocks with only a modest increase of computer time beyond that necessary with the
linear surface panel method. It is recommended that the inviscid version of TSD be incorporated in the preliminary
design of aircraft operating at transonic speeds.

Nomenclature
A; B; E; = coef� cients in the transonic small disturbance
F; G; H equation
CM = rolling-moment coef� cient produced by aileron

de� ection
C p = pressure coef� cient
M1 = freestream Mach number
° = ratio of speci� c heatsD 1.4
1C p = surface-pressurecoef� cient differential
±a = aileron de� ection
" = control surface effectiveness
’ = small disturbance velocity potential

Subscripts

t = time differentiation
x; y; z = space differentiation

Introduction

T O perform structural design of � ight vehicles, ef� cient and
accurate maneuver loads predictions are required. Currently,

there are many well-established techniques available to determine
steady aerodynamic loads and static aeroelastic responses in sub-
sonic and supersonic� ight. These methodsare also oftenused in the
transonic region. Because these methods are based on linear aero-
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dynamic theory, they are ef� cient but not consideredaccurate in this
regime. The transonic � ow condition is a mixture of subsonic and
supersonic � ow with embedded shocks; therefore, to accuratelyde-
scribethe transonic� ow� eld,nonlinearpartialdifferentialequations
must be solved.

Until recently, little effort has been expendedto includenonlinear
aerodynamicloads in the preliminarystructuraldesign environment
becauseof the large computationalcost associatedwith the solution
of thenonlinearequations.The inclusionof viscouseffectsdemands
even more resources. However, with advances in nonlinear aero-
dynamic � ow solvers and computer hardware, nonlinear airloads
including viscous effects are now available at computational costs
that make the problem tractable.

The intent of this research is to develop an ef� cient and accu-
rate analysis method that is capable of determining the aeroelastic
response of a lifting surface with an articulated control surface in
viscous and transonic � ow. This method is then applied to the anal-
ysis of a simple � ghter type wing to determine the signi� cance of
includingviscouseffects.Of particularinterest is the control-surface
effectivenessof a liftingsurface in transonic� ow. This studyinvesti-
gates the impact of includingviscosity,aerodynamicnonlinearities,
and structural � exibility in determining the control-surfacereversal
dynamic pressures.

Background
Aeroelastic analysis of � exible aircraft structures in the tran-

sonic � ight regime is a relatively recent endeavor. In the late
1980s research was conducted in the prediction of steady and un-
steady airloads in the transonic region through the use of classical
transonic small-disturbance theory and the transonic full-potential
equation.1;2 Although both of these efforts included the effects of
articulated control surfaces in the analysis, the effects of structural
� exibility were not taken into account.

Currently, there is considerable interest in the U.S. Air Force in
employing lightweight, reduced stiffness wing structures to affect
maneuver performance. A rigid analysis is not suf� cient in cases
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where a � exible structure deforms under the generated airloads.
This issue was addressed under an Air Force contract with Rock-
well International.3 The study considered the effects of structural
� exibility under the in� uence of airloads created by a de� ected
control surface. Degradation of rolling moment with increased dy-
namic pressure was shown for a limited range of Mach numbers.
However, an in-depth investigation into the effect of varying Mach
number and the interactionbetweenshocksand controlsurfaceswas
not undertaken.

In 1991 transonic small-disturbance theory was used to predict
dynamicand steadyaeroelasticphenomenaconcerningthe F-15 and
F/A-18 aircraft.4 Although rolling-moment coef� cients were not
directly computed, prediction of control-surface reversal dynamic
pressure was given at a single transonic Mach number based on
examination of the behavior of the computed lift coef� cient.

More recently, a study was undertaken that focused on a detailed
examinationof aeroelasticeffects caused by control-surfacede� ec-
tions in transonic� ow.5 Emphasiswas placedon accurateprediction
of pressuredistributionsand steady aeroelasticphenomena.Rolling
moments and control-surfacereversal points were examined as the
Mach number was varied from subsonicto supersonicvalues. It was
discovered that inclusion of nonlinear aerodynamics signi� cantly
affected pressure distributions and steady aeroelastic behavior in
the transonic regime.

The present study expands upon the previous paper (Ref. 5) by
includingthe effectsof a viscousboundarylayer.Control-surfacere-
versaldynamicpressuresare calculatedforboth viscousand inviscid
analyses, and the effects of including� ow viscosity are considered.

Approach
Transonic Small-Disturbance Theory

Because � ow in the transonic region is characterized by the oc-
curance of surface shocks, the analyses in this regime must include
a technique for describing accurately the shocks. The method em-
ployed in this study was transonic small-disturbance(TSD) theory.
Although one of the simplest methods of nonlinear aerodynamics,
TSD theory is capable of determining the strength and location of
weak shocks,and becauseof its ef� ciency, it is generallyconsidered
appropriate for preliminary design.

The aeroelastic calculations were performed by the NASA Lan-
gley code CAP-TSD.6 Using the � nite difference method, the
program solves the general frequency modi� ed transonic small-
disturbance potential equation, given here in differential form as

@ f0

@t
C @ f1

@x
C @ f2

@y
C @ f3

@z
D 0 (1)

where

f0 D ¡AÁt ¡ BÁx ; f1 D EÁx C FÁ2
x C GÁ2

y

f2 D Áy C HÁx Áy ; f3 D Áz (2)

The coef� cients A, B, and E are de� ned as

A D M 2
1; B D 2M2

1; E D 1 ¡ M 2
1 (3)

Within CAP-TSD there are a numberof optionsfor specifyingthe
coef� cients F , G, and H , depending upon the assumptions used in
deriving the transonicsmall-disturbanceequation.For the nonlinear
analyses the coef� cients are

F D ¡ 1
2
.° C 1/M 2

1; G D ¡ 1
2
.° ¡ 3/M2

1; H D ¡M 2
1
(4)

and for the linear cases

F D G D H D 0 (5)

Viscous Effects

The effectsof viscosityare includedthroughthemodelingof a vis-
cous boundary layer on a � at plate. Solution of the lag-entrainment
boundary-layer equations yields the momentum thickness, shape
factor, and entrainment coef� cient for the boundary layer as a func-
tion of distance along the chord.

Within CAP-TSD the solution technique is based upon the im-
plementation by Howlett of interactive boundary-layer modeling
(IBLM).7 IBLM treats the complete dynamic system as two cou-
pled portions, the outer inviscid� ow and the inner viscous� ow. The
amount of coupling error between the two systems is minimized
as the edge velocities of the inner-� ow and outer-� ow regions are
matched.

In general, both attached and separated boundary-layer� ows are
treated throughan inverse solution scheme. This is necessaryas the
boundary-layerequationsbecome singularwhen the � ow separates.

It is beyond the scope of this work to fully describe the develop-
ment of the viscous CAP-TSD code, CAP-TSDV, or the numerical
solution of the boundary-layer equations. For further description
Ref. 8 should be consulted.

Euler ComputationalFluid Dynamics

To compare inviscid CAP-TSD results with a higher-order
computational � uid dynamics (CFD) code, a number of Euler
CFD runs were made with the ENS3DAE (Euler/Navier–Stokes
Three-Dimensional Aeroelastic) CFD software. Like CAP-TSD,
ENS3DAE is a method for the computation of inviscid and vis-
cous � ows about � exible aircraft structures. The CFD method is a
central difference,multiblock, approximate factorizationalgorithm
for the implicit time integrationof the Euler or Navier–Stokes equa-
tions. It is second-orderaccurate in both space and time. ENS3DAE
has been extensively applied and modi� ed since its delivery to Air
Force Wright Laboratory (now Air Force Research Laboratory, Air
Vehicles Directorate) by the then Lockheed Aeronautical Systems
Company. Further details of the methodology, including applica-
tions to practical con� gurations, are provided in Refs. 9–11.

Steady Aeroelastic Analysis

Aeroelasticanalyses in CAP-TSD and ENS3DAE are carried out
in generalized modal coordinates. Required mode shapes were ob-
tained through an eigenvalue analysis in which the stiffness and
mass of the system were represented by the � nite element method.
Structuraleigenvalues,eigenvectors,andgeneralizedmass and stiff-
ness were determined using the Automated Structural Optimiza-
tion System.12 The structural eigenvectors were then splined to the
aerodynamic degrees of freedom, represented by the CAP-TSD or
ENS3DAE computational mesh, using the in� nite-plate spline.13

With the splinedmode shapesand generalizedmass and stiffnessthe
static aeroelastic analysis was performed using appropriate bound-
ary conditions in CAP-TSD or ENS3DAE. These analyses yielded
the velocitypotentialsand pressurecoef� cients at the computational
mesh modes.Finally, the pressurecoef� cientswere integratedto ob-
tain the necessaryaerodynamiccoef� cientsandstabilityderivatives.

Because steady-state roll performance was the subject of this
study, an appropriate rolling maneuver performance parameter was
employed.Control-surfaceeffectiveness" is givenby the following:

" D
CM±a � exible

CM±a rigid

(6)

where the numerator and denominator are respectively the � exi-
ble and rigid derivatives of the rolling-moment coef� cients with
respect to control-surfacede� ection at a given � ight condition.As-
suming a constant angle of attack, control-surface de� ection, and
Reynolds number, the rigid rolling-moment coef� cient varies with
Mach number only. For the aeroelastic condition this coef� cient
varies with Mach number and dynamic pressure as structural � exi-
bility is included in the analysis.

A steady aeroelastic phenomenon of interest, control-surfacere-
versal, occurs when " becomes zero. Determination of control-
surface effectiveness at various Mach numbers and dynamic pres-
sures yields the control surface reversal points. A plot of " against
dynamicpressuregives the reversalpoint for a particularMach num-
ber. This procedure can be carried out for both viscous and inviscid
analyses. Doing so allows the signi� cance of viscous effects in the
predictionof control-surfaceeffectiveness and reversal points to be
quanti� ed.
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Analysis Model

This analysis procedure was carried out on a model of a generic
� ghter type aircraft, taken from Ref. 14. The structural model of
the wing was a fully built-up � nite element model with a stiff-
ness representativeof stiff, low-aspect-ratio� ghter wing. A NACA
0004 airfoil was used to represent the wing thickness. A single in-
board trailing-edge control surface, or � aperon, was utilized. The
full TSD computational mesh for this model was a 154 £ 46 £ 80
grid (chord£ normal £ span). One-hundredchordwiseand23 span-
wise grid points were used on the aerodynamic surface. The plan-
form geometry and CAP-TSD aerodynamic mesh of this wing are
depicted in Fig. 1.

For the ENS3DAE analysis of the thin wing in this study, a two-
zoneH-H grid topologyis used.A planformviewof thegrid is shown
in Fig. 2. Each zone is comprised of 120 points in the streamwise
direction, 50 points normal to the wing, and 59 spanwise points,
leading to a complete grid of 708,000 points. On the wing surface
61 points are distributed in the streamwise direction and 45 in the
spanwise direction. Grid-point clustering is maintained along the
� aperon hinge line and along the leading and trailing edges. Di-
mensions of the computational domain are identical to those spec-
i� ed for the CAP-TSD analysis. This aeroelastic de� nition has the

Fig. 1 Fighter wing planform and CAP-TSD small-disturbancemesh.

Fig. 2 ENS3DAE Euler computational mesh.

Fig. 3 Fighter wing � nite element model.

advantage of providing structural modeling consistency between
CAP-TSD and ENS3DAE.

The � nite element model of the wing structure consisting of 10
spars and 4 ribs is shown in Fig. 3.

Results
CAP-TSD Analyses

Three types of analyses were performed on the wing model.
For baseline comparison a linear inviscid analysis was performed.
A nonlinear inviscid analysis was then performed to determine
changes in pressure distribution caused by nonlinear aerodynam-
ics. Finally, a complete nonlinear viscous analysis was performed
to observe the effects of a viscous boundary layer. These analyses
were done over a range of Mach numbers varying from 0.70 to
0.97. Both rigid and � exible analyses were performed to illustrate
the effects of structural � exibility in the transonic regime.

To gain a basic understanding of the aerodynamics associated
with shock and viscous effects without the in� uence of structural
� exibility,rigid analyseswere � rst performed,and resultantpressure
coef� cient distributionswere computed. Results for these analyses
are shown in Figs. 4–6 for Mach numbers of 0.70, 0.94, and 0.96.
At Mach 0.70, as Figs. 4a–4c illustrate, there were few qualitative
differences among the results of the three analyses. As expected,
no shocks developed on the wing at this subsonic Mach number,
resultingin littledifferencebetweenthe linear inviscidandnonlinear
inviscid analyses (Figs. 4a and 4b).

Results of the nonlinear inviscid and nonlinear viscous analyses
are presented in Figs. 4b and 4c. At this � ow condition qualitative
differences between the two cases are again minor. Quantitatively,
the effects of viscosity lead to a decrease in the magnitude of the
pressure spike at the control-surfacehinge line.

Flow nonlinearitiesbecome signi� cant at higher Mach numbers.
This is illustrated at Mach 0.94 in Figs. 5a–5c. In the linear analysis
(Fig. 5a) the only pressure rise predicted is at the control-surface
hinge line. When nonlinear aerodynamics are included, however, a
second pressure rise is generated (Fig. 5b). At this transonic Mach
number shocks form on both upper and lower surfaces of the wing
upstreamof the control surfacehinge line. Because of the de� ection
of the control surface, the positions of the shocks are altered so that
the shock on the upper surface is further downstreamthan the shock
on the lower surface.

At this transonic Mach number the effects of viscosity are in-
cluded and result in a general chordwise smoothing (reduction in
shock strength) of the pressure � eld (Fig. 5c). As with the case at
Mach 0.70, the magnitude of the pressure spike at the hinge line
is reduced. In this case, though, the difference is greater. Further-
more, the pressure rise in the region of the shocks is also reduced
as viscous effects near the shocks are taken into account.

At a slightly higher Mach number of 0.96, the differences be-
tween the linear and nonlinearanalyses remain signi� cant (Figs. 6a
and 6b). Again, shocks form on the surface of the wing and dramat-
ically change the pressure � eld when aerodynamic nonlinearities
are included. At this Mach number the location of the shocks are
shifted downstream, and the shock on the upper surface now falls
aft of the control-surfacehinge line.

When viscous effects are included (Fig. 6c), the effects are even
more signi� cant than those seenat the lowerMachnumbers.As with
the prior cases, the general trend is a lowering of the magnitude of
the pressure rises in the region of the shocks and at the control-
surface hinge line. The smoothingof the pressure � eld is signi� cant
and results in lower chordwise pressure gradients than predicted by
the inviscid analysis.

Structural � exibility was included in the analyses at Mach 0.94.
The resultant pressure coef� cient distributions are shown in
Figs. 7a–7c. The consequences of a � exible structure become evi-
dent as the leading edge of the wing twists downward in response to
the pressure rises aft of the structural elastic axis. This leads to neg-
ative resultantpressuresnear the leading edge. At a certain dynamic
pressure the result is control-surface reversal, the point at which
a control surface is completely ineffective at generating a rolling
moment.
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Fig. 4a CAP-TSD rigid linear inviscid resultant pressure coef� cient distribution at Mach 0.70.

Fig. 4b CAP-TSD rigid nonlinear inviscid resultant pressure coef� cient distribution at Mach 0.70.

Fig. 4c CAP-TSD rigid nonlinear viscous resultant pressure coef� cient distribution at Mach 0.70.
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Fig. 5a CAP-TSD rigid linear inviscid resultant pressure coef� cient distribution at Mach 0.94.

Fig. 5b CAP-TSD rigid nonlinear inviscid resultant pressure coef� cient distribution at Mach 0.94.

Fig. 5c CAP-TSD rigid nonlinear viscous resultant pressure coef� cient distribution at Mach 0.94.
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Fig. 6a CAP-TSD rigid linear inviscid resultant pressure coef� cient distribution at Mach 0.96.

Fig. 6b CAP-TSD rigid nonlinear inviscid resultant pressure coef� cient distribution at Mach 0.96.

Fig. 6c CAP-TSD rigid nonlinear viscous resultant pressure coef� cient distribution at Mach 0.96.
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For the linear inviscidcase the only adversetwistingof the wing is
causedby thepressurerise at the control-surfacehinge line (Fig. 7a).
In the nonlinear case there is a second contribution caused by the
pressure rise in the regionof the shocksas seen in Fig. 7b. This leads
to a greater twisting of the wing and, consequently, lower reversal
dynamic pressures.

Inclusion of viscous effects (Fig. 7c), as seen in the rigid analy-
ses, leads to a general reduction in the magnitude of pressure rises.
This effectively lessens the moment acting to twist the wing. As a
result, inclusion of viscosity in this study generated higher reversal
dynamic pressures than predicted by an inviscid analysis.

Fig. 7a CAP-TSD aeroelastic linear inviscid resultant pressure coef� cient distribution at Mach 0.94.

Fig. 7b CAP-TSD aeroelastic nonlinear inviscid resultant pressure coef� cient distribution at Mach 0.94.

Comparison of TSD and Euler Analyses
An important aspect of this work is the determination of the ad-

equacy of TSD theory in predicting the pressure distribution on a
lifting surface with a de� ected control surface in transonic � ow. To
gain some insight into this issue, a number of ENS3DAE analyses
were made so that the CAP-TSD (nonlinear, inviscid) results could
be compared against the higher-order results generated by Euler
CFD.

The � rst of these comparisons is presented in Fig. 8. The plot
shows a chordwise pressure coef� cient distribution predicted by
CAP-TSD and ENS3DAE for the rigid case at a subsonic Mach
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Fig. 7c CAP-TSD aeroelastic nonlinear viscous resultant pressure coef� cient distribution at Mach 0.94.

Fig. 8 Chordwise rigidpressure coef� cientdistributionfor no-control-
surface de� ection.

number of 0.70 and a transonicMach numberof 0.93.The spanwise
station is at approximately the midspan of the control surface. To
obtain a baseline comparison, the control surface was not de� ected.
At this symmetric condition the upper and lower surface-pressure
coef� cients collapse to the same values. The results generated by
the two codes are in close agreement.

The next comparison concerned the prediction of the pressures
generated at the control-surface hinge line caused by a one-deg
downward control-surface de� ection. The results for a rigid sub-
sonic analysis at Mach 0.70 are shown in Fig. 9. Again, the pre-
dicted pressure distributions are in close agreement for both upper
and lower surfaces. The rolling-moment coef� cients are in agree-
ment within 15% with a value of 0.0127 predicted by CAP-TSD
and 0.0108 by ENS3DAE.

The same analysis for a one-deg control-surface de� ection was
performed at a Mach number of 0.94. The upper and lower surface
pressurecoef� cients for this case are plotted in Fig. 10. At this tran-
sonic Mach number there is a clear discrepancy between the CAP-
TSD and ENS3DAE results in the prediction of the strength and
location of the shocks on the surface of the wing. This results in

Fig. 9 Chordwise rigid pressure coef� cient distribution for 1-deg
control-surface de� ection at Mach 0.70.

Fig. 10 Chordwise rigid pressure coef� cient distribution for 1-deg
control-surface de� ection at Mach 0.94.
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a signi� cant difference in the calculated rigid rolling-moment co-
ef� cient. CAP-TSD yielded a value of 0.0200, whereas ENS3DAE
predicted a value of 0.0157. The difference in shock location and
strength remains signi� cant for the � exible condition as shown in
Fig. 11.

To obtain a clearer qualitative comparison between CAP-TSD
and ENS3DAE results, three-dimensional carpet plots of the pres-
sure coef� cient distribution caused by a one-deg control-surface
de� ection were generated for the rigid case using both codes. The
results at Mach 0.70 are shown in Figs. 12a and 12b. The corre-
sponding results for Mach 0.94 are illustrated in Figs. 13a and 13b.
As seen in the preceding chordwise pressure plots, the results from
the codes agree well for the subsonic case. At the transonic Mach
number, however, a difference in the pressure rise in the region of
the shocks is apparent.

The in� uence of aerodynamic nonlinearities and � ow viscosity
on the variation of reversal dynamic pressure with Mach number is
shownin Fig. 14. In additionto trendresultsgeneratedby CAP-TSD,

Fig. 11 Chordwise aeroelastic pressure coef� cient distribution for
1-deg control-surface de� ection at Mach 0.94.

Fig. 12a CAP-TSD resultant pressure coef� cient distribution at Mach 0.70.

reversalpoints at Mach0.93,0.94,0.95, and0.96were calculatedus-
ing ENS3DAE and are also shownin Fig. 14. Consistentwith the ob-
servations made from the resultant pressure distributionspredicted
by CAP-TSD, the nonlinear inviscid reversal dynamic pressuresare
lower than the linear inviscid reversal pressures.The nonlinear vis-
cous reversaldynamicpressuresare approximately10% higher than
the nonlinear inviscid results and are in fact higher than the linear
inviscid reversal pressures except at Mach numbers beyond 0.96.

Assessment of Computer Requirements

The goal of this investigation is to develop ef� cient and accurate
aerodynamicmethodscapableof determiningcontrol-surfacerever-
sal in the transonicregime.Further, the aerodynamicmethodsare to
be used in a preliminary design environment where many analyses
are required, and the computer time for a single analysis must be
kept at a minimum. The computer time requiredfor the predictionof
controlsurfacereversalwith variousaerodynamicmethods is shown
in Table 1. The time shown in Table 1 represents the normal time
required for reversal determination as computed on an SGI-Octane
workstation.

Fig. 12b ENS3DAE resultant rigid pressure coef� cient distibution at
Mach 0.70.
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Fig. 13a CAP-TSD resultant rigid pressure coef� cient distribution at Mach 0.94.

Fig. 13b ENS3DAE resultant rigidpressure distributionat Mach 0.94.

Fig. 14 Control-surface reversal dynamic.

Table 1 Time required for reversal determination

Aerodynamic method Time, ha

Linear (surface paneling) 0.1
Inviscid linear (CAP-TSD) 1.0
Inviscid nonlinear (CAP-TSD) 1.2
Viscous nonlinear (CAP-TSDV) 20
Inviscid nonlinear (Euler) 20
Viscous nonlinear (Navier–Stokes) 50

aTime as computed on a SGI-Octane workstation.

As shown in Table 1, the linear surface paneling method yields
the least time requirement and is a well-establishedtechnique used
in preliminary design. But the paneling and the inviscid, linear
CAP-TSD, requiring 10 times the time necessary for the panel-
ing methods, are not accurate in the transonic regime because of
the inability of representing surface shocks. The nonlinear inviscid
CAP-TSD does represent surface shocks but with an increase of
computing time of 12 times the paneling method time. The nonlin-
ear, viscous CAP-TSDV and the inviscid, nonlinear Euler methods
both represent surface shocks but require 200 times as much com-
puting time as does the paneling method. The nonlinear, viscous
Navier–Stokes representsan increaseof computer time by 500 times
beyond that necessary for the paneling method.

It appearsfromTable1 that thenonlinear,inviscidCAP-TSD does
provide a capability of representing surface shocks with a modest
increaseofcomputingtime beyondthe time requiredfor thepaneling
method. The increaseof computing times seems to be an acceptable
cost when this aerodynamic prediction method is included in the
preliminary design of vehicles operating at transonic speeds.

Conclusions
The aeroelastic analyses of the wing model demonstrates that

the presence of viscosity has an impact on the steady aeroelastic
characteristics of the wing. Examination of pressure distributions
indicates that viscous effects reduce the magnitude of the resul-
tant pressure rise in the region of the wing aft of the structural
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elastic axis. This serves to delay control-surface reversal and in-
creases the dynamic pressure at which this aeroelastic phenomena
occurs.

Because the overall objective of this research is to developanaly-
sis techniques suitable for preliminary design of aircraft structures,
the � ndings of this research should be viewed in this context. The
results of this study indicate that it would not necessarily be bene-
� cial to use a viscous analysis over the entire transonic regime to
determine structural loadings for design purposes. As in the case
considered in this work, use of the nonlinear inviscid results would
result in a more conservativedesign without resorting to expensive
viscous analyses.

The results of this research are considered preliminary and by
no means exhaustive.During this study, separated � ow was not en-
countered; therefore, no observations can yet be made concerning
the impact of separated � ow on reversal dynamic pressure. Fur-
thermore, the upper Mach number explored was 0.97. Beyond this,
stable solutions were not obtained. Until a more complete picture
of the reversal behavior in the complete transonic regime can be
completed, it would be premature to suggest that viscous effects
need never be accounted for in the preliminary design of aircraft
structures subject to transonic � ow conditions.

To gain a more complete understanding of the in� uence of vis-
cosityon steadyaeroelasticphenomena,further researchneeds to be
conducted.As alreadystated, effectsof viscosityshouldbe explored
over the complete transonic regime. Separated � ow, particularly at
the base of the shocks should also be investigated. Navier–Stokes
CFD analyses should be made in ENS3DAE to correlate the effects
of viscosity predicted with this higher � delity scheme to those ob-
tained from transonicsmall-disturbancetheorywith boundary-layer
corrections.
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