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Control-Surface Reversal in the Transonic Regime

G. Andersen* and R. Kolonay†
U.S. Air Force Research Laboratory, Wright– Patterson Air Force Base, Ohio 45433-7542

and
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University of Dayton, Dayton, Ohio 45469

A method of predicting control-surface reversal trends in the transonic � ight regime is presented.
Linear and nonlinear rigid and aeroelastic analyses are performed to examine the effects of including
� ow nonlinearities in the prediction of this aeroelastic phenomenon. Transonic small disturbance theory
is employed in the analysis of a simple rectangular wing and a typical � ghter-type wing to study the
interactions among control-surface de� ections, structural � exibility, and embedded shocks in the � ow� eld.
Pressure distributions on the wings are examined. Rigid rolling moment calculations are presented, fol-
lowed by control-surface effectiveness and control-surface reversal trends as the Mach number is varied
from a subsonic value, through the transonic regime, into the supersonic region. Results indicate the
importance of including aerodynamic nonlinearities in the steady aeroelastic analysis and design of lifting
surfaces with de� ected control surfaces subject to transonic � ow conditions.

Nomenclature
CM = rolling moment coef� cient
CMd

= derivative of rolling moment coef� cient with respect
to control-surface de� ection

Cp = pressure coef� cient
c = root chord length
M = Mach number
q = dynamic pressure
x = chordwise location
g = ratio of speci� c heats
DCp = resultant pressure coef� cient, 2C Cp pl u

« = control-surface effectiveness

Subscripts
f = quantity is associated with an analysis that includes

structural � exibility
l = quantity is associated with the lower surface of the

wing
u = quantity is associated with the upper surface of the

wing
r = quantity is associated with an analysis that does not

include structural � exibility
` = freestream condition

Introduction

T O perform the structural design of � ight vehicles, ef� cient
and accurate maneuver load predictions are required. Cur-

rently, there are many well-established techniques available to
determine steady aerodynamic loads and static aeroelastic re-
sponses in subsonic and supersonic � ight. These methods are
also currently used in the transonic region. Because these tech-
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niques are based on linear aerodynamic theory, they are ef� -
cient but not considered accurate in this regime. The transonic
� ow condition is a mixture of subsonic and supersonic � ow
with embedded shocks; therefore, to accurately describe the
transonic � ow� eld, nonlinear partial differential equations
must be solved.

Until recently, little effort has been expended to include non-
linear aerodynamic loads in the preliminary structural design
environment because of the large computational cost associ-
ated with the solution of the nonlinear equations. With ad-
vances in nonlinear aerodynamic � ow solvers and computer
hardware, nonlinear airloads are now available at a reasonable
computational cost. The intent of this research is to develop
an ef� cient and accurate analysis that is capable of determining
the steady aeroelastic response of a lifting surface with an
articulated control surface in transonic � ow. Of particular in-
terest is the rolling performance of a lifting surface in transonic
� ow including aeroelastic effects. This study will investigate
the impact of using nonlinear aerodynamics to determine the
control-surface effectiveness values and reversal dynamic pres-
sures as compared to those found using linear aerodynamics
in the transonic � ight regime.

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
unsteady airloads in the transonic region through the use of
classical transonic small disturbance (TSD) theory,1 and by
employing the transonic full-potential equation.2 Although
both of these efforts included articulated control surfaces in
the analysis, the effects of structural � exibility were not taken
into account.

In 1991, TSD theory was utilized to predict dynamic and
steady aeroelastic phenomena for the F-15 and F/A-18 air-
craft.3 Although rolling moment coef� cients were not directly
observed, the prediction of control-surface reversal dynamic
pressure was offered at a single Mach number through ex-
amination of the behavior of the computed lift coef� cient for
a lifting surface.

Recently, there has been considerable interest in the U.S. Air
Force in employing reduced stiffness wing structures to effect
maneuver performance. A rigid analysis is not suf� cient in
cases where a � exible structure deforms under the generated
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Fig. 1 Aerodynamic planform and CAP – TSD computational
mesh for rectangular wing analyses.

airloads. This issue was addressed under a U.S. Air Force con-
tract with Rockwell International Corporation.4 The study con-
sidered the effects of structural � exibility under the in� uence of
airloads created by a de� ected control surface. Degradation of
rolling moment with increased dynamic pressure was shown for
a limited range of Mach numbers. However, an in-depth inves-
tigation into the effect of varying Mach number and the inter-
action between shocks and control surfaces was not undertaken.

The present research effort focuses on a detailed examination
of aeroelastic effects resulting from control-surface de� ections
in transonic � ow. Emphasis is on the prediction of pressure
distributions and steady aeroelastic phenomena including the ef-
fects of shocks located on the wing surface. Rolling moments
and control-surface reversal points are examined as the Mach
number is varied from subsonic to supersonic values.

Approach
Transonic Small Distrubance Theory

Because � ow in the transonic region is affected by shocks,
effective analyses in this regime must include these nonline-
arities. The method employed in this study was TSD theory.
Although one of the simplest forms of nonlinear aerodynamics,
the TSD theory is capable of determining the strength and
location of weak shocks and is generally considered adequate
for preliminary design.

The aeroelastic calculations were performed by the NASA
Langley code, CAP– TSD.5 Using the � nite difference method,
the program solves the general frequency modi� ed TSD po-
tential equation, given here in differential form as

­f ­f ­f ­f0 1 2 3
1 1 1 = 0 (1)

­t ­x ­y ­z

where

2 2f = 2Af 2 Bf , f = Ef 1 Ff 1 Gf0 t x 1 x x y
(2)

f = f 1 Hf f , f = f2 y x y 3 z

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

2 2 2A = M , B = 2M , E = 1 2 M (3)` ` `

Within CAP– TSD there are a number of options for speci-
fying the coef� cients F, G, and H, depending upon the as-
sumptions used in deriving the TSD equation. For the nonlin-
ear analyses, the coef� cients were

1 2 1 2 2– –F = 2 (g 1 1)M , G = 2 (g 2 3)M , H = 2M2 ` 2 ` `

(4)

and for the linear cases

F [ G [ H [ 0 (5)

Steady Aeroelastic Analysis

Aeroelastic analyses in CAP – TSD are performed in gener-
alized modal coordinates. Required mode shapes were ob-
tained through an eigenvalue analysis in which the structural
stiffness and mass of the system were represented by the � nite
element method. Structural eigenvalues, eigenvectors, gener-
alized mass, and generalized stiffness were determined using
the automated structural optimization system (ASTROS).6 The
structural eigenvectors were then splined to the aerodynamic
degrees of freedom, represented by the CAP – TSD mesh, using
the in� nite plate spline.7 With the splined mode shapes and
generalized mass and stiffness, the static aeroelastic analysis
was performed using appropriate boundary conditions in
CAP – TSD. This analysis yielded the velocity potentials and
pressure coef� cients at the mesh nodes. The CAP – TSD code

was modi� ed to include integration of the pressure coef� cients
to calculate a rolling moment.

Because steady-state roll performance was the subject of this
study, a parameter used in the investigation of roll perfor-
mance, control-surface effectiveness, was employed. De� ned
as the � exible to rigid ratio of the rolling moment stability
derivative produced by a control-surface de� ection at a given
� ight condition, control-surface effectiveness is given by the
following equation:

« = C /C (6)M Md, f d,r

where the numerator and denominator are, respectively, the
� exible and rigid derivatives of the rolling moment coef� cients
with respect to control-surface de� ection. Assuming a constant
angle of attack and control-surface de� ection, the rigid rolling
moment coef� cient varies with Mach number only; however,
this coef� cient varies with Mach number and dynamic pressure
as structural � exibility is included in the analysis.

The steady aeroelastic phenomenon of interest, control-sur-
face reversal, occurs when « passes through zero. The deter-
mination of control-surface effectiveness at various Mach
numbers and dynamic pressures yields the control-surface re-
versal points. A plot of « against dynamic pressure gives the
reversal point for a particular Mach number. Doing this for a
range of Mach numbers generates a curve indicating the be-
havior of the reversal dynamic pressure as the Mach number
is varied. This procedure is carried out with both linear and
nonlinear aerodynamic force calculations. Doing so allows the
difference between the use of nonlinear and linear aerodynam-
ics in the prediction of control-surface effectiveness and re-
versal points to be quanti� ed.

Analysis Models

This analysis procedure was carried out on two independent
wing models. The � rst, a rectangular wing, was originally used
to demonstrate transonic � utter predictions,8 and was modi� ed
for steady aeroelastic analyses. The structure is a beam model
consisting of eight equal-length beam elements spanning the
wing. The torsional stiffness and bending stiffness of the wing
are 2.39 3 106 lbf ft2 and 23.66 3 106 lbf ft2, respectively.
The beam axis was positioned such that the elastic axis was
at the 1/3-chord location. Wing thickness was modeled with a
4% thick parabolic airfoil. A single trailing-edge control surfce
was added for this study and spanned the outboard half of the
wing. The applied small disturbance mesh consisted of a 60
3 41 3 30 grid on a rectangular coordinate system with the
x axis oriented streamwise and the y axis oriented out the span
of the wing. The aerodynamic planform contained 39 chord-
wise and 33 spanwise grid points. The planform geometry and
computational mesh of this wing are shown in Fig. 1.

The second wing model investigated was that of a generic
� ghter-type aircraft.9 The structural model of the wing was a
fully built-up � nite element model with a stiffness represen-
tative of stiff, low-aspect-ratio � ghter wings. A NACA 0004
airfoil represented the wing thickness. A single inboard trail-
ing-edge control surface or � aperon was utilized. The full com-
putational mesh for this model was a 96 3 50 3 70 grid.
Forty-six chordwise and 34 spanwise grid points were used on
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Fig. 2 Aerodynamic planform and CAP – TSD computational
mesh for � ghter wing analyses.

Fig. 3 Variation of rigid rolling moment coef� cient with Mach
number of rectangular wing.

Fig. 4 Rigid linear resultant pressure distribution for rectangu-
lar wing.

Fig. 5 Rigid nonlinear resultant pressure distribution for rectan-
gular wing.

the aerodynamic surface. The planform geometry and com-
putational mesh of this wing are depicted in Fig. 2.

Rigid and � exible aeroelastic analyses were performed to
obtain control-surface effectiveness values using both nonlin-
ear and linear aerodynamics. Additional linear analyses were
performed in ASTROS for the rectangular wing. Boundary
conditions for both wings were identical and consisted of a
cantilevered wing root, 0-deg initial angle of attack, and 1-deg
downward control-surface rotation.

Plots of « against dynamic pressure were generated at var-
ious Mach numbers. For the rectangular wing, q ranged from
0 to 350 psf and M varied from 0.7 to 1.5; q ranged from 0
to 80 psi for the � ghter model, whereas M varied from 0.7 to
1.10. All analyses were performed retaining a constant sea-
level density while matching velocity with dynamic pressure.
Pressure coef� cients refer to the difference, 2 , unlessC Cp pl u

otherwise noted.

Results
Rectangular Wing

Figure 3 plots the rigid rolling moment coef� cients against
Mach number for analyses using linear ASTROS, linear
CAP – TSD, and nonlinear CAP – TSD representations of the
steady aerodynamics. This � gure indicates that the ASTROS
and CAP– TSD linear methods compare well and produce rigid
rolling moments that increase with Mach number in the sub-
sonic region and decrease with Mach number at supersonic
conditions. The nonlinear CAP– TSD results compare well
with the linear CAP – TSD results for Mach numbers up to
approximately 0.85 in the subsonic region and then diverge
rapidly. The nonlinear method predicts a much larger rigid
rolling moment in the region between Mach 0.85 and 0.95.
The rigid nonlinear rolling moment then drops off suddenly
relative to the linear case.

Figures 4 and 5 show the rigid resultant pressure coef� cients
for the linear CAP– TSD aerodynamics and the nonlinear
CAP – TSD aerodynamics at Mach 0.90. From these � gures it
can be seen that the de� ected control surface produces a con-
siderable increase in resultant pressure on the wing for the
nonlinear analysis. This increase in pressure is responsible for
the large increase in rigid rolling moment.

Investigation of the effects of structural � exibility began
with the determination of control-surface effectiveness «. Fig-
ure 6 shows the ratio of � exible to rigid rolling moment co-
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Fig. 6 Variation of control-surface effectiveness with dynamic
pressure for rectangular wing.

Fig. 7 Control-surface reversal dynamic pressures for rectan-
gular wing.

Fig. 8 Aeroelastic nonlinear resultant pressure distribution for
rectangular wing.

Fig. 9 Aeroelastic deformation of rectangular wing because of
control-surface de� ection.

ef� cient at a Mach number of 0.90 with a dynamic pressure
ranging from 0.0 to 350.0 psf. Results are again shown for
linear ASTROS, linear CAP – TSD, and nonlinear CAP – TSD
analyses. An important observation is that the plot of the non-
linear CAP – TSD effectiveness values has less curvature than
either of the curves resulting from a linear analysis.

The change in reversal dynamic pressure with respect to
Mach number is shown in Fig. 7. This plot indicates that for
linear aerodynamics the reversal dynamic pressure decreases
with an increase in the Mach number for subsonic conditions
and increases with the Mach number in the supersonic regime.
The nonlinear results indicate similar trends at subsonic Mach
numbers below 0.85 and supersonic Mach numbers above 1.10.
At approximately Mach 0.90, however, the nonlinear reversal
dynamic pressure decreases rapidly, reaching its lowest value at
Mach 0.95, and then begins to increase. This behavior is sig-
ni� cantly different than that predicted by the linear analysis.

Some explanation for the drop in reversal dynamic pressure
can be found in Fig. 8, which is the resultant pressure distri-
bution for a postreversal aeroelastic analysis at a Mach number
of 0.90 and dynamic pressure of 250 psf. From Fig. 8 it can
be seen that the downward twisting of the wing produced by

the de� ected control surface (shown in Fig. 9) has signi� cantly
altered the pressure distribution from that of the linear case
(Fig. 5). At the wing root, the sign of the pressure rise has
changed, resulting in a lower � exible rolling moment.

Fighter Wing

Examination of results for the � ghter wing model begins
with the chordwise pressure distributions illustrated in Figs. 10
and 11. Four distinct cases are shown in each plot and include
pressures for rigid nonlinear, rigid linear, aeroelastic nonlinear,
and aeroelastic linear analyses. These pressures are located at
60% of the wingspan. Dynamic pressures for the aeroelastic
analyses were chosen to be slightly below the reversal dynamic
pressure at the prescribed Mach number. Figure 10 shows pres-
sure distributions at Mach 0.70. The dynamic pressure for the
aeroelastic analyses was 60 psi. Figure 11 displays pressures
at a transonic � ight condition where the Mach number is 0.94.
In this case the dynamic pressure for the aeroelastic analyses
was 30 psi.

Examination of these pressure distributions obtained from
the four analyses reveals the importance of including structural
� exibility and � ow nonlinearities in the analysis. For � ight
conditions where the Mach number is low enough to ensure
no shocks form on the wing surface, differences between the
linear and nonlinear cases are negligible (Fig. 10). At Mach
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Fig. 10 Chordwise resultant pressure distribution for � ghter
wing at subsonic conditions.

Fig. 11 Chordwise resultant pressure distribution for � ghter
wing at transonic conditions.

Fig. 14 Aeroelastic nonlinear pressure distribution for � ghter
wing.

Fig. 13 Rigid nonlinear pressure distribution for � ghter wing.

Fig. 12 Rigid linear pressure distribution for � ghter wing.

numbers where transonic conditions exist, however, the effects
of aerodynamic nonlinearities become pronounced as the pres-
sure distributions in Fig. 11 illustrate. It should be noted that
the effects of structural � exibility in the aeroelastic analyses
are signi� cant even with the relatively stiff structure used in
this model.

A more qualitative examination of the effects of structural
� exibility and � ow nonlinearities can be observed in Figs. 12 –

15. These � gures depict resultant pressure distributions resulting
from a 1-deg downward control-surface de� ection for a tran-
sonic � ight condition at a Mach number of 0.94 and dynamic
pressure of 30 psi. Figure 12 shows the pressure distribution for
a rigid linear analysis. In this case, the only large chordwise
pressure gradient predicted is caused by the control-surface de-
� ection and is located at the control-surface hinge line.

A markedly different pressure distribution is obtained when the
effects of transonic aerodynamics are included in the analysis, as
illustrated in Fig. 13. In addition to the effects on the pressure
distribution caused by the control-surface de� ection, the effect of
the shocks becomes apparent in the form of a pressure rise near
the shocks on the upper and lower surface of the wing.

Figures 14 and 15 show the effects of including structural
� exibility in the analysis. Here, negative pressure coef� cients
are found near the leading edge. As expected, this occurs as

the de� ected control-surface aeroelastically twists the wing
leading edge downward (Fig. 15). Comparison of Figs. 13 and
14 reveals another aeroelastic effect. As increased camber is
generated by the de� ection of the control surface, the location
of the additional pressure spike is shifted upstream, particularly
near the root of the wing.

The results presented in the preceding � gures indicate the
importance of including structural � exibility and � ow nonlin-
earities in the transonic regime. Effects of the shocks, control-
surface de� ection, and structural � exibility on the pressure dis-
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Fig. 15 Aeroelastic deformation of � ghter wing because of con-
trol-surface de� ection.

Fig. 16 Chordwise rigid pressure coef� cients for � ghter wing be-
cause of 1-deg downward control surface de� ection.

Fig. 17 Variation of rigid rolling moment coef� cient with Mach
number for � ghter wing.

tribution are interdependent and are most accurately obtained
through a nonlinear aeroelastic analysis.

The mechanism leading to the pressure rise near the shocks is
illustrated in Fig. 16. The chordwise pressure coef� cient distri-
bution on the wing with no control-surface de� ection is shown
for the rigid case (solid line). At this condition a shock forms at
approximately 60% of the chord. Because of symmetry, the upper
and lower surface pressure distributions are identical. De� ection
of the control surface alters this distribution. The lower surface
pressure distribution (short dashed line) and the upper surface
distribution (dashed and dotted line) are shown for a 1-deg down-
ward control-surface de� ection. The de� ection of the control sur-
face alters the location and the pressure gradient across the
shocks. The higher pressure on the lower surface weakens the
shock, allowing the pressure � eld to propagate farther upstream
than on the upper surface. The result (long dashed line) is a region
between the upper and lower shocks, where DCp is substantially
increased. Because of this effect, it is clear that the locations of
the shocks in the presence of control-surface de� ections are an
important factor in the aeroelastic analysis of wing structures sub-
ject to transonic � ow conditions.

Because the focus of this research was on rolling maneuver
performance in the transonic regime, results measuring this
performance were generated. To examine the baseline rolling
behavior in the transonic regime, the rolling moment coef� -
cient caused by a 1-deg downward control surface rotation was
calculated for the rigid case and is shown in Fig. 17. The
signi� cance of including nonlinear aerodynamics are apparent
in the Mach number range of 0.92– 1.10. Although both linear
and nonlinear analyses predict a rise in the rolling moment at
high Mach numbers, the effect is magni� ed by the presence
of the shock. Interaction between the shock and control surface
is clearly shown beginning with Mach 0.92 and lasting until
Mach 0.96. Between Mach 0.96– 0.98, the nonlinear rolling
moment decreases rapidly. This is most likely caused by the
shocks, particularly the shock on the lower surface, nearing
and then moving downstream of the control-surface hinge line.
When this occurs the shocks no longer constrain the forward
propagation of the pressure � eld as shown in Fig. 16 and the
pressure rise between the shocks no longer occurs. As ex-
pected, the linear analysis does not capture any of these effects,
maintaining a purely subsonic trend up to Mach 1.0 and su-
personic behavior beyond.

The in� uence of structural � exibility is quanti� ed through
the control-surface effectiveness value. Figure 18 plots «
against q for Mach numbers of 0.70, 0.94, and 1.05 for both
linear and nonlinear analyses. At Mach 0.70, the � ow is en-
tirely subsonic and, as expected, the linear and nonlinear re-
sults are in close agreement. For the supersonic case, the linear
and nonlinear analyses yield similar trends, although the non-

linear predictions are higher. In the transonic region, a signif-
icant qualitative difference is noted. While the linear results
maintain subsonic characteristics, as indicated by a nearly
straight plot, the nonlinear plot more closely resembles the data
obtained from the supersonic analyses, particularly at higher
dynamic pressures beyond reversal. The nonlinear analysis
more completely models the interactions between the shocks
and control surface and yields the shown difference between
the linear and nonlinear transonic results.

To obtain control-surface reversal points, curves of « against
q were generated for a range of Mach numbers. At each Mach
number of interest, the corresponding curve was examined and
the dynamic pressure at which the curve crossed zero was noted.
The reversal dynamic pressure was interpolated from piecewise
linear � ts between data points obtained from these analyses.The
resulting plot of control-surface reversal dynamic pressures
against Mach number is given in Fig. 19 for both the linear and
nonlinear aeroelastic analyses. Again, there is a difference be-
tween the linear and nonlinear analyses, particularly in the tran-
sonic region from approximately Mach 0.90 to Mach 1.10. The
nonlinear analysis predicts lower reversal dynamic pressures for
subsonic freestream Mach numbers while predicting higher re-
versal points for supersonic freestream conditions.
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Fig. 18 Variation of control-surface effectiveness with Mach
number for � ghter wing.

Fig. 19 Variation of control-surface reversal dynamic pressure
with Mach number for � ghter wing.

The difference between the reversal points for the linear and
nonlinear cases in the transonic region is consistent with the
differences in the pressure distribution observed between the
analyses. In the linear analysis the pressure � eld produced by
the de� ection of the control surface twists the wing leading
edge downward. This was expected because the large pressure
spike at the hinge line is aft of the elastic axis. This aeroelastic
deformation produces negative pressures at the leading edge
of the wing, resulting in reduced roll effectiveness.

This effect is magni� ed when the aerodynamic nonlineari-
ties caused by the shock are included. As the pressure spike
between the shocks moves aft of the elastic axis, there is an
additional contribution to the twisting of the wing. This effect
builds until the shocks move behind the control-surface hinge
line, in this case at approximately Mach 0.97. Beyond this
Mach number the reversal point rises again and begins to ap-
proach the linear supersonic results.

Qualitatively, the trends seen in control-surface reversal
points in Fig. 19 are similar to those seen for the rigid rolling
moments in Fig. 17, and once again indicate the importance
of including � ow nonlinearities in aeroelastic analyses in the
transonic regime. Effects of the control-surface de� ection are
magni� ed by the presence of shock waves located upstream

of the control-surface hinge line. In the rigid case, this effect
serves to augment the roll effectiveness of the control surface.
When � exibility effects are included, however, the effect of
the shocks constraining the pressure � eld increases the adverse
twisting of the wing, resulting in decreased roll effectiveness
and lower reversal speeds.

Conclusions
The aeroelastic analyses of the wing models demonstrates

that the presence of shocks on the surface of the wing has a
signi� cant impact on the steady aeroelastic characteristics of
the wing. Although trends appear to be somewhat dependent
on the physical con� guration of the model, predictions of roll-
ing moment coef� cients, control-surface effectiveness values,
and reversal dynamic pressures differ considerably in the tran-
sonic regime, depending on whether linear or nonlinear anal-
yses are performed.

Examination of pressure distributions indicates that the pres-
ence of shocks forward of the control-surface hinge line con-
strains the forward propagation of the pressure � eld produced
by a control-surface de� ection. This in turn causes a pressure
difference in the region of the shocks that alters the effect of
the control de� ection. This generally augments the rigid rolling
moment but increases adverse twist over that predicted by a
linear analysis when structural � exibility is included. Conse-
quently, this degrades control-surface effectiveness values and
lowers the reversal dynamic pressure in the transonic region.

Finally, it should be noted that the accuracy of the results pre-
sented in this paper are not absolute. Comparison of results to
higher-order computational � uid dynamics codes was not under-
taken. Furthermore, lack of experimental or � ight test data for
purposes of comparison makes substantiation of the reported data
dif� cult. The use of Navier– Stokes computational � uid dynamics
may show that viscous effects at chordwise and spanwise control
surface discontinuities as well as the trailing-edge limit the use
of TSD theory to regions where the � ow is free of signi� cant
viscous effects. For these reasons, care should be taken when
considering the results of this study as quantitative. Until further
data substantiation is completed, the qualitative trends revealed
in this investigation may be the most useful results.
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