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Navier-Stokes Computations for Oscillating Control Surfaces

Shigeru Obayashi* and Guru P. Guruswamyt
NASA Ames Research Center, Moffett Field, California 94035

Unsteady Navier-Stokes computations have been performed for simulating transonic flows over wings with
oscillating control surfaces using a locally moving grid and a stationary-mismatched zoning scheme. An F-5
wing and a clipped delta wing are chosen for the present study. The computed unsteady pressures and the
response characteristics to the control surface motions are compared with experimental data. The results
successfully predict main features of the unsteady pressure profiles, such as the double peaks at the shock wave
and at the hinge line.

Introduction

A IRCRAFT are often subject to aerodynamic oscillation,
especially in the transonic regime, because of flow non-

linearities and the presence of the moving shock waves. In
this unsteady aerodynamics environment, aircraft rely heavily
on active controls for safe and steady flight operation. Active
control is also needed for the suppression of structural flutter
and the reduction of structural weight to achieve stable flight
conditions.

The influence of control surfaces on both aerodynamics and
aeroelastic performance of a wing is more pronounced in the
transonic regime. These influences can be constructively used
to improve the wing performance through proper maneuver-
ing of the active control surfaces. Active control technology
relies on accurate predictions of unsteady aerodynamics and
aeroelastic performance of a wing. Since the experimental
evaluation of the effect of a control surface on the wing per-
formance would involve considerable cost and the risk of
structural damage in a wind tunnel, it is necessary to initiate
the investigation through theoretical analyses.

The theoretical analysis of transonic flows is complicated
by the presence of mixed subsonic and supersonic regions
within the flowfield. For an unsteady flowfield, such as that
surrounding a control surface, additional considerations are
needed to treat moving shock waves of varying strength and
subsequent flow separation induced by the shock-wave/
boundary-layer interactions. For the case of the control sur-
face in which viscous effects dominate, computation based on
the unsteady Navier-Stokes equations is needed.

The physics of unsteady transonic flow around a control
surface has been simulated at various levels of inviscid and
viscous approximations using small disturbance theory1-2 and,
for limited two-dimensional cases, the unsteady Navier-Stokes
equations.34The purpose of this study is to explore the ca-
pability of three-dimensional Navier-Stokes simulation for the
unsteady flowfield surrounding a wing with an oscillating con-
trol surface.

The present investigation is initiated in conjunction with a
recently developed code, ENS AERO, which is capable of
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computing aeroelastic responses by simultaneously integrat-
ing the Euler/Navier-Stokes equations and the modal struc-
tural equations of motion using aeroelastically adaptive dy-
namic grids.5"8 The code has been applied to transonic flows
from small to moderately large angles of attack for fighter
wings undergoing unsteady motions. In this article, the geo-
metric capability of the code is extended to simulate unsteady
flows over a rigid wing with an oscillating trailing-edge flap.

To model an oscillating control surface efficiently, an al-
gebraic grid generation technique is incorporated into the
code. The grid moves every time step to follow the deflection
of the control surface. Small deflections are handled using a
sheared single grid, and large deflections are handled using
a zonal technique.9

In this article, the first test case considers transonic flows
over an F-5 wing with an oscillating inboard control surface.
The same case was simulated using the small disturbance the-
ory in Ref. 2. The second case considers transonic vortical
flows over a clipped delta wing. Unsteady Navier-Stokes com-
putations for the clean wing were reported in Ref. 8. The
mismatched zonal cases are demonstrated for this case.

Numerical Method
Governing Equations and Discretization

The nondimensionalized Reynolds-averaged, thin-layer
Navier-Stokes equations used in this study can be written in
conservation-law form in a generalized body-conforming cur-
vilinear coordinate system for three dimensions as follows:

dTQ = (l/Re)df&' (1)

where r = f, f = £(x, y, z, r), 77 = Tj(jt, y, z, f), and £ =
£(x, y, z, /). In this article, the f and 77 directions are along
the stream wise and spanwise directions, respectively, of a
wing. The viscous derivatives associated with these directions
are dropped. The £ direction is normal to the wing surface,
and thus the viscous derivatives are retained.

In Eq. (1), Q is the vector of conserved quantities,
E, F, and G are the inviscid flux vectors, and Gv is the thin-
layer viscous flux vector. The viscosity coefficient in Gv is
computed as the sum of the laminar and turbulent viscosity
coefficients where the laminar viscosity is taken from the
freestream laminar viscosity, assumed to be constant for tran-
sonic flows. As an option, Sutherland's law can be used to
calculate the laminar viscosity. The turbulent viscosity is eval-
uated by the Baldwin-Lomax algebraic eddy-viscosity model.10

Since the flowfield to be considered in this article contains
leading-edge separation, it is important to apply a modifica-
tion to the turbulence model originally developed for cross-
flow-type separation.11

In this study, a conventional finite difference (FD) grid
system is used. However, for the moving grid case, it is im-
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portant to treat the time metrics correctly. The FD formu-
lation does not give freestream-capturing time metrics.12-13

The FD time metrics are related to the grid velocity, e.g.

For rigid motion of the grid, the freestream can be preserved
by applying a freestream subtraction technique to the time
metric terms.

In the finite volume (FV) formulation, the right side of Eq.
(2) is expressed as a product of a surface vector and a grid
velocity. The time integration of the product from time level
n to n + 1 represents a volume swept by the surface during
one time step. By computing this volume, V£ + l, the free-
stream-capturing time metrics can be obtained as

(3)

(see Ref. 13 for more details). Because control surfaces os-
cillating at a small amplitude were considered in this article,
the FD and FV formulas did not produce any significant dif-
ference in the results.

Upwind Algorithm
Several numerical schemes have been developed to solve

Eq. (1). The present code has two different schemes: 1) the
central-difference and 2) the streamwise upwind schemes. In
this work, a streamwise upwind algorithm is applied to com-
pute the inviscid cell-interface fluxes. The streamwise upwind
algorithm has recently been developed and applied to steady
and unsteady problems of transonic flows over wings, includ-
ing flexibility of the wing.7-<s A third-order evaluation is used
for the inviscid term. A second-order, central-difference eval-
uation is applied to the viscous term. The complete algorithm
can be found in Ref. 7.

An implicit method is used for the time integration because
it is more suitable for expensive unsteady viscous calculations.
The method chosen for the upwind scheme is the lower-upper
factored, alternating direction implicit (LU-ADI) method.14

The method is first-order accurate in time and requires only
scalar bidiagonal matrix inversions (see Refs. 14 and 15 for
additional details).

Specific code performance information for the current study
is given as follows. All results were computed on either a Cray
Y-MP or Cray-2 computer at NASA Ames Research Center.
The performance of the upwind version of ENSAERO is 170
MFLOPS and 19 jus per iteration per grid point on a single
Cray Y-MP processor.

Control Surface Grid
In this article, a single C-H topology grid for a wing with

a control surface is used. In each C grid section, a two-di-
mensional algebraic grid generation technique is applied to
each airfoil section.16 At both ends of the control surface, a
small gap is introduced (Fig. 1). Flow-through condition is
applied to the grid points within the gap region. In this region,
the grid is sheared to model the control surface movement.
The region is represented by using three spanwise grid points
in the following calculations. The size of the gap can be min-
imized by clustering the grid in this region, and therefore its
effect on the overall solution can be reduced.

The C grid around a deflected control surface can be ob-
tained in two ways. One is to shear every grid line normal to
the control surface with the local deflection, A* and Az. The
other is to regenerate the entire C grid with the control surface
deflected at every time step. The computational overhead of
the latter approach is only 7% because of the efficient alge-
braic grid generation scheme. However, the computed surface
pressures did not show any differences between the two meth-
ods. Thus, the results presented in this article were computed
using the shearing technique.

Full airfoil section Gap region Deflected control surface

Fig. 1 Single grid for a wing with a control surface.

Crossflow View at the Trailing Edge

Fig. 2 Zonal grids for a wing with a control surface.

Zonal Grid Capability
The present code inherits the zonal grid capability devel-

oped for the transonic Navier-Stokes (TNS) code to handle
complicated geometries, such as complete aircraft configu-
rations.9 Although a problem with the extension of the zonal
method to unsteady flows was reported in a previous paper,17

a code error was found and has been corrected. In the present
study, the corrected code is used.

In this article, a mismatched zoning scheme is introduced
to accommodate large mean flap deflections, while a shearing-
grid technique is used to model an oscillating flap about the
mean deflection. Zonal interfaces are located at both ends of
a control surface including the gap (Fig. 2). As the control
surface deflects, the grids become mismatched. However, if
the zonal interfaces move, it requires expensive computation
to find interpolation coefficients on the mismatched zones at
every time step. To maintain the efficiency of the single-grid
computation, the zonal interfaces should remain stationary
when the control surface oscillates with a small amplitude.
Instead, the control surface grid shears at the gap region
similar to the single-grid case. To transfer the flow information
from one grid to another, bilinear interpolation is used here
(see the nonconservative interpolation in Ref. 18), because
the present zonal interfaces are coplanar. Although the
present interpolation is explicit and nonconservative, the
error can be ignored since practical time-step sizes used for
Navier-Stokes computations are small.

A different zonal approach is reported in Ref. 19 to treat
a stationary, deflected flap. Its extension to oscillating control
surfaces will be investigated in the near future.
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Fig. 3 Planform of F-5 wing with inboard trailing-edge flap.
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Fig. 4 Comparison of computed unsteady pressures between the coarse-
and fine-grid solutions on the upper surface of the F-5 wing.

Results
F-5 Wing

The first test considers unsteady viscous flows over an F-5
wing with an oscillating inboard control surface. This wing
has an aspect ratio of 2.98, a taper ratio of 0.31, and a leading-
edge sweep angle of 31.92 deg. Computations were made
using coarse and fine grids containing 151 x 41 x 34 points
and 201 x 61 x 34 points, respectively. The wing planform
is given in Fig. 3. It should be noted that the present C-H

F-5 wing
Moo = 0.9, Re = 12x106
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k = 0.28
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Fig. 5 Comparison of computed unsteady pressures with experimen-
tal data on the upper surface of the F-5 wing.
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Y/////////////////////////////////,
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Fig. 6 Planform of clipped delta wing with trailing-edge flap.

grid does not have enough resolution for the faired wingtip
of the experimental model. The control surface is oscillating
about an axis located at the 82% root chord, and the hinge
axis is normal to the wing root. The test cases are at a Mach
number of M.,_ = 0.9, where the experimental steady and
unsteady data are given in Ref. 20. All F-5 wing cases are
computed at a Reynolds number based on the root chord of
Re(. = 12 x 106.

The response of surface pressure to the control surface
motion can be represented in terms of real and imaginary
parts of the first Fourier component of the unsteady pressures.
In Fig. 4, the coarse- and fine-grid results are compared with
experimental data at an angle of attack of a = 0 deg, with
the control surface oscillating at a frequency of 20 Hz and an
amplitude of /3 = 0.5 deg. This frequency corresponds to a
reduced frequency of k = 0.28. Results are shown for the
upper surface pressures at three spanwise locations. It is noted
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Clipped delta wing ————— Computation
Moo = 0.9, Re = 17 x 106 D Experiment, Hess et al.
a = 3°, 8 = 6.65°
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Grid: 151x41x34
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68%

Fig. 7 Comparison of computed unsteady pressures with experimen-
tal data on the upper surface of the clipped delta wing.

that for M.,_ — 0.9, the steady-state solution is shock-free
except near the wingtip. The spikes in the unsteady pressure
distributions around the 50% chord indicate the motion of
the shock wave due to the control surface oscillation. The
spikes are also seen at the hinge line. In the real part of the
unsteady pressures, at the inboard sections, the computations
predict higher spikes for the motion of the shock wave than
observed in the experiment. This is because the computation
assumes a plane of symmetry at the root section, while the
experiment has a solid wall. In contrast, the computations
predict lower spikes at the hinge line. This is because the
present grid has constant chordwise distributions and there-
fore does not align to the hinge line. In the imaginary part,
there is a greater discrepancy between the computation and
the experiment, which is possibly due to the resolution of the
experimental data as shown later. The coarse- and fine-grid
results show reasonably good agreement in Fig. 4.

The unsteady pressure profiles using time-step sizes yielding
1800 and 2400 steps/cycle were compared with each other to
check the time-step dependency of the coarse-grid results.
The unsteady results converged at 1800 steps/cycle, and thus
this time step was used for the F-5 wing results shown in this
article. The finite difference time metrics, Eq. (2), and the
freestream-capturing time metrics, Eq. (3), were checked on
the coarse grid as well. No difference was found for this small
amplitude of control surface oscillation.

Figure 5 shows the unsteady results on the coarse grid at
1.5-deg angle of attack with the flap oscillating at a frequency
of 20 Hz and an amplitude of 0.5 deg at three spanwise lo-
cations. The real part of the unsteady pressures follows the
previous observation for Fig. 4. The imaginary part shows
better agreement at the outboard section than Fig. 4. Since
the computed results show more consistent trends, the disa-
greement in the imaginary part is likely due to the resolution
of the experimental data.
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Fig. 8 Comparison of computed steady pressures between the single
and zonal grids over the clipped delta wing.

Clipped Delta Wing
The next test case considers a clipped delta wing with an

oscillating trailing-edge control surface.21 The wing planform
is shown in Fig. 6. The wing has a leading-edge sweep angle
of 50.4 deg and a 6%-thick circular-arc airfoil section. At
M^ = 0.9 and a = 3 deg, both a leading-edge vortex and a
shock wave are present on the upper surface of the wing. The
present C-H grid contains 151 x 44 x 34 points (see Fig. 1).
Since the experiment was conducted using a Freon test me-
dium, the ratio of specific heats y is set to 1.135 in the fol-
lowing computations. In addition, the modified Baldwin-
Lomax model is used to account for the leading-edge vortex.
Steady-state and rigid pitching calculations of this wing were
reported in Ref. 8. Although three cases were computed for
this oscillating control surface with an amplitude of 2.20, 4.38,
and 6.65 deg, the 6.65-deg case is discussed in the following
because the other two cases show similar trends.

Figure 7 shows the unsteady pressures with the control
surface oscillating at a frequency of 8 Hz and an amplitude
of 6.65 deg at Mv_ = 0.9, a = 3 deg, and Ret. = 17 x 10°,
based on the root chord. Results are shown as magnitude and
phase angle of the upper surface pressure responses at three
spanwise sections. The magnitude part of the unsteady pres-
sures shows significant influence of the control surface oscil-
lation. At the 68% spanwise section, the plot shows double
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Fig. 9 Comparison of computed unsteady pressures between the sin-
gle and zonal grids on the upper surface of the clipped delta wing.

peaks, similar to the F-5 wing case. These correspond to the
shock wave location and the control-surface hinge line. Al-
though the computed result shows a much smaller peak due
to the shock wave at the 68% section, it is consistent with the
steady-state result where the shock wave appears weaker.8

This discrepancy originates in both the experimental and com-
putational modeling. For example, there was a misalignment
of the control surface on the order of 2 deg in the experi-
ment.21 In contrast, the computed peak at the hinge line is
much higher than the experiment. This is because the grid
aligns to the hinge line in this case and the experimental data
does not have enough resolution near the hinge line. The
phase angle plots show a discrepancy near the leading edge.
It should be noted that the computation assumes a fully tur-
bulent flow while the experiment has a fixed transition at the
8% chord. Overall, the computed results show reasonably
good agreement with the experiment.

The test case presented in Fig. 7 was more sensitive to time-
step sizes. Most of the unsteady pressures on the wing surface
converged at 3600 steps/cycle (the same number as the rigid
pitching case in Ref. 8). However, the oscillation of the con-
trol surface caused a minor fluctuation to the leading-edge
vortex, and thus, the unsteady pressures under the leading-
edge vortex required 5000 steps/cycle to converge.

Zonal Grid
The zonal test case is taken from the previous clipped delta

wing. The control surface is deflected 6 deg and undergoes
an oscillatory motion with an amplitude of 1 deg and a fre-
quency of 8 Hz at My. = 0.9, a = 0 deg, and Rec = 17 x
106. Because no experimental data is available for this par-
ticular case, zonal-grid results are compared with single-grid
results.

First, the single grid of 151 x 44 x 34 points is divided
into three zones at the gaps at both ends of the control surface.
Each zone contains 151 x 13 x 34, 151 x 15 x 34, and 151
x 20 x 34 points from inboard to outboard (see Fig. 2).
Special attention is given to the generation of smooth zonal
interfaces because the gap region often causes skewed grid
distributions.

Figure 8 shows the comparison of steady-state results be-
tween the single- and zonal-grid solutions. The control surface
is deflected down 6 deg and held stationary. Asymmetric pres-
sure distributions indicate the effects of the deflected control
surface. These effects can even be seen at the inboard sec-
tions. A comparison of unsteady pressures between the single-
and zonal-grid results is also given in Fig. 9. The control
surface oscillates with an amplitude of /3 = 1 deg about a
mean deflection of /3,;, = 6 deg. The unsteady pressure profiles
show double peaks at the shock wave and the hinge line,
although the shock wave is not seen in Fig. 8. In both figures,
single- and zonal-grid computations agree well, in spite of the
mismatched zoning. It takes about 9 s on a Cray Y-MP single
processor to set up the interpolation coefficients for all of the
zonal interfaces. This corresponds to approximately two time
steps of the Navier-Stokes calculation. After the coefficients
are computed, the unsteady computations simply use the stored
coefficients because the zonal interfaces remain stationary.
This is one way to take an advantage of the flexibility of the
zonal-grid technique along with the efficiency of the single-
grid computation.

Conclusions
Unsteady Navier-Stokes computations have been per-

formed for transonic flows over wings with oscillating control
surfaces. To use the existing framework of the finite difference
method, the time metric terms are calculated by using the
finite volume concept. The use of locally moving grids has
made it possible to efficiently simulate an oscillating control
surface. The introduction of the stationary-mismatched zon-
ing scheme has enhanced the capability of the code to model
large deflections of control surfaces.

Comparisons of unsteady pressures with experimental data
show reasonably good agreement. The computed results suc-
cessfully predict main features of the unsteady pressure pro-
files, such as the double peaks at the shock wave and at the
hinge line. In the future, an unsteady mismatched zoning
scheme will be investigated. A control law will also be im-
plemented into the code to compute aeroelastic performance
of a wing.
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