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Computation of Steady and Unsteady Control Surface Loads
in Transonic Flow

Bala K. Bharadvaj*
Douglas Aircraft Company, Long Beach, California 90846

A computational procedure for the analysis of loads due to steady and oscillatory control surface deflections
is presented. The numerical algorithm is based on a time accurate solution of the transonic full potential equation
in a body-fitted coordinate system. Control surface deflection and motion are modeled using an equivalent body
velocity that circumvents the need for generating time-dependent grids and interpolation between planes and
discontinuity. Viscous effects, including mild separation, are modeled using an interactive inverse boundary
layer and the transpiration velocity approach. Numerical results are presented for a three-dimensional transport
aircraft wing with supercritical sections, for control surfaces located at the trailing edge and the leading edge,
for steady as well as oscillatory deflections. Results are compared with experimental data as well as with linear

theory.

Introduction

HE accurate prediction of unsteady control surface loads

is becoming increasingly important because of recent de-
velopments in the technology for flutter suppression, load
alleviation, and improving aircraft performance and stability.
Inviscid analysis procedures based on transonic small dis-
turbance theory! and full-potential theory”? have been re-
ported previously. However, it is widely recognized that vis-
cous effects, including shock/boundary-layer interaction play
a significant part in transonic flow. Therefore, it is necessary
to develop efficient analysis methods, including the effects of
viscosity, to simulate the aerodynamics of control surfaces in
transonic flow.

In principle, this problem can be addressed by computa-
tional methods based on the Navier-Stokes equations. How-
ever, at the present time, Navier-Stokes techniques typically
require large amounts of computational time and expert users.
Therefore, inviscid methods that account for viscous effects
through interactive boundary-layer analysis provide a more
efficient alternative for many practical problems. For two-
dimensional problems, it has been shown that inviscid flow
analysis with an interactive boundary layer can yield results
comparable in accuracy to those obtained from thin-layer Na-
vier-Stokes analysis.? This technique has also been used to
analyze two-dimensional flows with separation.* Solution pro-
cedures based on inviscid/viscous analyses have been applied
to steady flow past three-dimensional wings demonstrating a
substantial improvement in the accuracy of the results (e.g.,
see Refs. 5 and 6). This approach has been used to study
unsteady flows in two dimensions using various inviscid for-
mulations (e.g., see Refs. 7-9). However, applications to
unsteady three-dimensional flows are comparatively limited;*°
the author is not aware of any previous applications to the
analysis of three-dimensional wings with control surfaces.

Formulation

The potential flow formulation used in the present time-
accurate analysis is based on the strongly implicit approximate
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factorization scheme due to Stone!' as implemented previ-
ously by Malone and Sankar.'*> A body-fitted sheared para-
bolic C-H grid is used. The time accuracy is improved by
using Newton iterations at each time step. ’

For three-dimensional wings without control surfaces, the
standard potential flow boundary conditions are used, i.e.,
freestream conditions far away from the body, nonpenetration
at the body surface, and potential jump across the wake.

Control Surface Modeling

Using the standard boundary conditions for analyzing wings
with unsteady control surface deflection introduces two new
issues that need addressing. When a control surface is de-
flected, it modifies the section geometry of the original wing.
For two-dimensional steady flow problems, this can be ac-
counted for by modifying the grid and applying the standard
boundary conditions as done in Ref. 13. However, when the
control surface deflection is unsteady, the section geometry
becomes a function of time, and therefore application of the
standard boundary conditions requires the regeneration of the
computational grid at every time step.

Moreover, realistic three-dimensional wings typically have
control surfaces only over part of the wing span. Thus, a
deflection of the control surface changes the section geometry

_ only over a limited part of the span, resulting in discontinuities

in the leading edge and/or the trailing edge of the wing at the
inboard and outboard edges of the control surface. As a result,
the use of body-fitted grids and the standard boundary con-
ditions for these configurations will require special treatment
of the discontinuities. This further enhances the complexity
level of the analysis and consequently increases the compu-
tational effort necessary to solve the flow problem.

To keep the analysis simple and relatively inexpensive, the
two issues mentioned above have been circumvented by in-
troducing alternate linearized boundary conditions to model
the effect of the control surface. This is done by using a body-
fitted grid for the wing without any control surface deflection
and including the effect of the control surface(s) through mod-
ified boundary conditions as explained below.

For the case of a control surface with deflection 8 (positive
for trailing edge down), the standard boundary condition is
replaced by a linearized downward body velocity (plunge) of
U., & for the region of the control surface.

For nonsteady control surface deflection with angular ve-
locity 8(z), the effect of control surface motion is linearized
to yield an additional downward velocity of (X — Xyinge)

8(2).
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Combining the contributions of the deflection and motion
of the control surface yields a total equivalent downward ve-
locity of

Vg‘g‘;iy“'em =U.8(t) + (x — xhinge) S(t)

Viscous Effects

The viscous region is assumed to be in instantaneous equi-
librium with the outside potential flow. For the purpose of
estimating viscous corrections, each computational span sta-
tion is treated as being locally two dimensional, and the
boundary layer computed using Cebeci’s inverse tech-
nique.**!> An equivalent blowing velocity is obtained and
used as a correction to the normal boundary condition to
account for the addition or subtraction of mass flux through
the surface to simulate the growth or decay of the displace-
ment thickness on the wing surface. Any viscous effects on
the wake are not accounted for in the present formulation.

For steady flows, the boundary layer is updated interac-
tively with the potential flow solution, typically once for every
10 time steps of the inviscid flow analysis. As the time march-
ing progresses, the combination of the potential flow and the
boundary layer converges to a final steady flow solution.

For sinusoidal motion of the control surface, the effect of
viscosity is studied using three different levels of approxi-
mation. The most elementary option uses the “frozen bound-
ary layer” approach in which the unsteady analysis is per-
formed using a time-invariant boundary layer computed for
the converged steady flow problem at the mean control sur-
face deflection. This option is computationally most efficient;
however, it completely ignores any changes to the viscous
effects due to the oscillation of the control surface.

The next higher level of complexity uses the “interpolated
boundary layer.” In this approach, converged steady flow
boundary layers are computed at control surface deflections
corresponding to the mean position and the two extreme po-
sitions of the sinusoidally oscillating control surface. During
the analysis of the unsteady problem, the viscous corrections
are estimated by linear interpolation of the stored data. This
quasisteady analysis technique accounts for changes in the
viscous effects due to geometry variations but ignores any
phase effects caused by the unsteady potential flow.

The highest level of viscous corrections uses a ‘‘dynamic
boundary layer” where the viscous effects are continually up-
dated by revising the boundary layer at every time step used
to compute the inviscid solution. This approach accounts for
the correct viscous effects due to geometry changes and in-
cludes the influence of the time-dependent pressure variations
from the potential flow analysis.

All three techniques discussed above have been investi-
gated in this study.

Numerical Implementation
The formulation described above has been incorporated
into a computer code TUFPAL (Transonic Unsteady Full
Potential Aeroelastic Loads program). Some issues pertaining
to the analysis of control surface loads are briefly discussed
next.

Grid Generation )

A sheared parabolic C-H grid system is used. The grid is
clustered near the leading edge or the trailing edge, depending
on the chordwise location of the control surface being mod-
eled. The span stations are chosen such that the inboard and
outboard side edges of the control surface are located in be-
tween successive computational stations. No special require-
ments are imposed on the grid near the hinge line.

Analysis Procedure

Typically, the unsteady analysis is done in two stages. Dur-
ing the first stage, a converged steady flow solution is obtained
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for the given freestream Mach number and incidence, at the
mean position of the control surface. The time step used for
this computation is chosen to optimize convergence to the
steady flow solution. In the second stage, the unsteady so-
lution is obtained starting from the converged steady flow
solution. For this analysis, the time step is based on physical
considerations such as number of time steps per cycle of os-
cillation. The total number of time steps needed for the anal-
ysis is determined by monitoring the response of the unsteady
aerodynamic loads in time; the normal procedure is to con-
tinue the solution until the aerodynamic loads become peri-
odic in time. It has been found from experience that typically
two complete cycles of sinusoidal control surface motion are
adequate for the solution to reach a steady-state periodic
condition.

The unsteady results presented in this paper are limited to
sinusoidal oscillation of the control surfaces. Unsteady pres-
sure data is presented in the form of magnitude and phase
distributions to compare with the available experimental data.
These numerical values are estimated by postprocessing the
time domain pressure data computed during the unsteady
analysis.

Results and Discussion

Numerical results are presented here for a modern high
aspect ratio transport wing (HARW). This wing has been
tested by NASA, and experimental data is reported in Refs.
16 and 17. It is a computationally challenging problem because
of the thick supercritical wing sections and associated effects
of viscosity and separation. The wing has an aspect ratio of
10.76 and a leading-edge sweep of 28.8 deg, with the wing
thickness ratio varying between 16% (at the root) and 12%
(at the tip). Figure 1 shows a sketch of the wing plan form
along with the location of the control surfaces. Computations
were carried out to investigate the characteristics of the out-
board aileron (control surface no. 9) and the leading-edge
control surface (no. 4) that are located between span stations
n = 0.589 and 0.794. The aileron covers 20% of the chord
near the trailing edge, while the leading-edge device extends
over 15% of the wing section.

Many of the numerical studies were done using a compu-
tational grid with 91 chordwise points (along the C line), 18
spanwise stations, and 15 points normal to the wing surface.
Fifty-one of the 91 chordwise points were on the wing itself,
and the remainder were on the wake. Some results were also
obtained with additional grid points.

First, some results are presented for steady control surface
deflections. Figure 2 shows the effect of deflecting the out-
board aileron on the lifting pressure (AC, = Ciovr —
Cvrrer) when the freestream Mach number is 0.601 and « =
0.014 deg. For all the cases analyzed, inviscid theory predicts
higher values of overall loading on the wing as compared with
the experiments. When the effect of viscosity is included, the
agreement between theory and experiment improves consid-
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Control Surface No. 4
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Fig. 1 Sketch of the high aspect ratio wing showing the control sur-
faces (all dimensions in meters).
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Fig. 2 Correlation between analysis and experiment for different
static aileron deflections (M., = 0.601, & = 0.014 deg). Aileron hinge
is at 80% chord.

erably. The computed values match experimental data quite
well for negative and low positive aileron deflections. As the
aileron deflection is increased, the computed values deviate
from the experimental data over the aileron. This discrepancy
is believed to be due to thickening of the boundary layer and
development of a strong separation region.

Figure 3 shows the effect of static aileron deflection on the
lifting pressure distributions for a freestream Mach number
of 0.78 (« = 0.013 deg) when the flow becomes transonic.
In this case also, the inviscid analysis overpredicts the lifting
pressures. The results improve significantly when viscosity is
included in the analysis; however, the agreement between the
computed results and experimental data is not as good as in
the previous case when the flow was fully subsonic.

The effect of deflecting the leading-edge control surface is
shown in Fig. 4 for a freestream Mach number of 0.602 («
= 0.013 deg). The inviscid analysis predicts an overall loading
higher than that from experiment. However, when the viscous
corrections are included, the agreement with experiment is
very good. No- computations were made at the higher Mach
number for the leading-edge control surface.
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Fig. 3 Correlation between analysis and experiment for different
static aileron deflections (M.. = 0.78, a = 0.013 deg).

Figures 2—4 clearly demonstrate that the technique of rep-
resenting control surface deflections by the equivalent body
motion is satisfactory for modeling control surfaces with small
deflections. They also indicate that modeling effects of vis-
cosity in the computational model is very important for ac-
curate prediction of steady aerodynamic loads due to control
surfaces on thick supercritical wings. The control surface hinge
moment is an important parameter of interest in practical
applications. It is clear that the hinge moment predicted by
the analysis would be significantly altered by including viscous
effects in the analysis.

Another point of interest is the effect of static control sur-
face deflection on the chordwise wing load distribution. When
a control surface is deflected, it induces a change in the pres-
sure at other chordwise locations of the wing section; how-
ever, the effect on the sectional lift and pitching moment are
very different for the trailing-edge and leading-edge control
devices. A positive deflection of the aileron not only increases
the lifting pressure over the control surface itself but also
increases the load, more or less uniformly, over the remainder
of the wing section forward of the hinge (see Fig. 5). This
results in a significant increase in the sectional lift accom-
panied by a nose-down pitching moment.

When the leading-edge control surface is given a positive
deflection, the changes in the pressure distribution are largely
confined to the region of the control surface itself and the
immediate vicinity of the hinge on the fixed part of the wing
section (see Fig. 5). This primarily results in a nose-up pitch-
ing moment with a very small influence on the sectional lift
coefficient.
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Next, results are presented for oscillating control surfaces.
As mentioned earlier, the full potential analysis was per-
formed in the inviscid mode as well as with three different
levels of viscous correction; namely, 1) with a frozen bound-
ary layer, 2) with an interpolated boundary layer, and 3) with
a dynamic boundary layer.

The case of the aileron oscillating at 5 Hz (reduced fre-
quency of 0.136 based on the root chord) with an amplitude
of 4.02 deg (mean deflection of 0.01 deg) at a freestream
Mach number 0f0.601, and @ = 0 deg was studied first. Figure
6 presents the magnitude and phase of the lifting pressures
(AC, = Cpwer — (Cupe=r) at the midspan location of the aile-
ron, obtained from the present analysis using 200 time steps
per cycle of aileron oscillation. Results from linear theory
(obtained using the method of Ref. 18) are also shown, along
with experimental data. For this case with a subcritical free-
stream flow, it was found that there is virtually no difference
between the inviscid analysis and that with a frozen boundary
layer. The addition of a time invariant boundary layer effec-

o Experiment, NASA TM-83201
Full Potential, interactive BL
------ - Full Potential, Inviscid

129

-0.3

Fig. 4 Correlation between analysis and experiment for different
static deflections of the leading-edge device (M. = 0.602, « = 0.013
deg). Hinge is located at 15% chord.
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tively acts as a modification to the thickness and camber dis-
tributions and does not influence the unsteady response for
subcritical flow. However, the present inviscid method over-
predicts the magnitude of the lifting pressure by a significant
margin. Also, the phase angles predicted are lower than those
from experiment by 15-30 deg. The results from linear theory
are in reasonable agreement with experimental data for lo-
cations forward of the hinge line but worse than the present
inviscid results over the aileron itself.

Figure 7 shows the effect of the different types of viscous
corrections on the magnitude of the lifting pressure for the
oscillating aileron subject to the same conditions as in Fig. 6.
When the interpolated boundary layer is used, the magnitude
of the unsteady lifting pressure agrees better with experi-
mental data. The results improve further when a dynamic
boundary layer is used; the magnitude of the lifting pressure
matches that from experiment along most of the wing chord
with a very respectable match over the aileron itself. Including
the viscous effects also improves the correlation of the phase
angles (by about 8 deg).

When the grid is modified such that there are 71 chordwise
points on the wing, the magnitudes of the lifting pressure

0.757
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Fig. 5 Comparison of increments in the lifting pressure due to a + 6
deg deflection for the aileron and the leading-edge device (M. = 0.60,
a = 0.01 deg).
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Fig. 6 Magnitude and phase of unsteady lifting pressure for oscil-
lating aileron (M.. = 0.601, @ = 0.0 deg, k¥ = 0.136, 200 time steps/
cycle).
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Fig. 7 Effect of viscous corrections on the magnitude of unsteady

lifting pressure for oscillating aileron (M., = 0.601, « = 0.0 deg, k
= (.136, 200 time steps/cycle).
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Fig. 8 Effect of computational time step on the phase response of the
unsteady lifting pressure for oscillating aileron using frozen boundary-
layer apalysis (M., = 0.601, « = 0.0 deg, k = 0.136).

improve further. However, the correlation of the phase angles
deteriorates.

When the computational time step is decreased, the pre-
diction of the phase angles improves considerably. This effect
is shown in Fig. 8 for the aileron oscillating at 5 Hz in sub-
critical flow, for frozen boundary layer analysis. Using 800
steps per oscillation cycle gives the best correlation with ex-
perimental data. Similar results are obtained for analysis with
a dynamic boundary layer. Interestingly, it is also found that
using smaller time steps has an adverse effect on the lifting
pressure magnitudes; they tend to increase slightly with de-
creasing time step size.

When the aileron is oscillated at higher frequencies (10 and
15 Hz) the advantage of using the full-potential analysis be-
comes more noticeable. At these higher frequencies, the pre-
diction of phase angles from linear theory becomes increas-
ingly inaccurate, whereas the full-potential method with viscous
corrections maintains its accuracy.

Figure 9 shows results for the aileron oscillating at 15.01
Hz in a supercritical freestream (M, = 0.782). Resuits from
the present analysis are compared with experimental data and
linear theory. For this case, when the flowfield includes re-
gions of supersonic flow, the inviscid analysis and frozen
boundary-layer approach yield slightly different results. The
lifting pressure magnitudes from both of these methods'cor-
relate quite well with experimental data; the frozen boundary-
layer approach being slightly more accurate. Phase angles
obtained using 800 time steps per oscillation cycle (with a
frozen boundary layer) are in very good agreement with ex-
perimental data. It may be noted that results from linear
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Fig. 9 Magnitude and phase of the unsteady lifting pressure for os-
cillating aileron (M., = 0.782, @ = 0.0 deg, k = 0.313).

o Experiment, NASA TM-83201
Dynamic Boundary Layer
------ Frozen Boundary Layer
----------- Inviscid Analysis

Fig. 10 Magnitude and phase of the unsteady lifting pressure for
oscillating leading-edge device (M.. = 0.602, « = 0.0 deg, k¥ = 0.136,
200 time steps/cycle).

theory are not very accurate for this case. In this case also,
decreasing the time step size tends to have an adverse effect
on the accuracy of the lifting pressure magnitude.

For this case, the results tend to get worse when the dynamic
boundary layer is used. This surprising behavior is believed
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to be due to the absence of wake effects and the strong in-
teraction at the trailing edge in the present viscous model.
Neglecting these effects tends to overpredict the boundary-
layer displacement thickness, especially near the trailing edge.
It is expected that using a better model for viscous corrections,
including wake effects, will improve the results.

From the above data, it is clear that viscous effects play a
significant part in the unsteady aerodynamics of trailing-edge
control surfaces for wings with thick supercritical sections.
The prediction of the magnitude of the unsteady response is
considerably improved by including the correct viscous ef-
fects. However, accurate evaluation of the phase response
depends primarily on the time step used for the inviscid anal-
ysis.

Figure 10 presents data for a leading-edge control surface
oscillating at 5.01 Hz when the freestream Mach number is
0.602 and & = 0.0 deg. As seen before for the case of the
trailing-edge control surface, the results of inviscid full-po-
tential analysis and the frozen boundary-layer analysis are
almost identical. The magnitudes of the lifting pressure pre-
dicted by the full-potential analysis are in quite good agree-
ment with experimental data over most of the chord length,
except near the trailing edge. Using a dynamic boundary layer
does not improve the results significantly. The phase angles
are predicted quite accurately by the present analyses every-
where except near the trailing edge. The lifting pressures are
either nearly in phase (over the control surface) or almost
exactly out of phase. Additional results and computational
times are given in Ref. 19.

Conclusions

A numerical method based on a time-accurate solution of
the transonic full-potential equation for the prediction of steady
and unsteady loads due to control surfaces on three-dimen-
sional wings has been presented. The method uses an equiv-
alent body velocity to model control surfaces and avoids the
need for time-dependent grids and interpolation between
computational span stations. Results are presented for a mod-
ern high aspect ratio transport wing and compared with ex-
perimental data, as well as with linear theory analysis. The
major conclusions from this study are as follows.

1) Using the modified boundary condition to model control
surfaces is valid both for steady and unsteady control surface
deflections provided they are not too large.

2) Modeling of viscous effects is very important for accu-
rately estimating the loads due to static control surface de-
flections. The effects of viscosity are more pronounced in
transonic flows than in purely subsonic flows.

3) The effect of a steady deflection on the sectional lift and
moment is very different for the trailing-edge and leading-
edge control devices. The trailing-edge control surface pro-
duces a change in the pitching moment that accompanies the
increment in the lift. On the other hand, the leading-edge
device primarily causes a pitching moment change with min-
imal effect on the local lift.

4) Inviscid analysis is typically not adequate to predict the
magnitude of unsteady loads due to oscillating trailing-edge
control surfaces. Viscous corrections are needed. However,
the viscous corrections do not improve the phase angle pre-
dictions significantly.

5) Increasing the number of chordwise grid points improves
the prediction of the magnitudes of the lifting pressure at the
expense of the phase correlation.

6) Accurate estimates of the phase response can be made
by decreasing the time step used for the potential flow anal-
ysis, even with a frozen boundary layer. However, using smaller
time steps tends to overpredict the magnitude of the unsteady
response.

7) Accurate unsteady results can be computed efficiently
by a moderate time step analysis with viscous corrections to
obtain the lifting pressure magnitudes and a small time step
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frozen boundary-layer analysis for accurate phase angles.

8) For the leading-edge control surface, the inviscid analysis
is already in quite good agreement with experiment, indicating
a much smaller role played by viscosity.
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