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an upstream modification. The reflections ensure that a subtle
modification has an affect over a large portion of the plume.
Therefore, when effecting thrust vectoring in this manner, a
designer needs to make full use of wave reflections to achieve
the design goal.

This study has certainly suggested areas for further inves-
tigation. First, there is the optimization issue. No attempt was
made to find the optimum contour necessary to produce a
required thrust vector angle. Obviously, the most efficient
implementation of this technique would insure the largest
thrust vector angle for the smallest wall contour modification.
A study needs to be conducted into optimizing nozzle con-
tours, initially for specified force angles, and then subse-
quently for entire force angle envelopes.

A second area where further investigation is needed is based
on the fact that only a two-dimensional analysis was per-
formed. A three-dimensional study must be performed to
identify any side wall affects on pitch vectoring. Also, yaw
vectoring could be accomplished in a very similar manner by
flexing the side walls. A very high performance nozzle with
both pitch and yaw vectoring could possibly be designed.
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Introduction

T HE interaction between a sidewall boundary layer and
the flow over a wing occurs in many practical applications

of interest to a fluid dynamics engineer.1 Of particular interest
in this study is the juncture flow encountered in a wind-tunnel
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test of a sidewall-mounted wing at transonic speeds. Under
such flow conditions, the sidewall boundary layer may sig-
nificantly affect the quality of the data through strong non-
linear interactions.2 The purpose of this investigation was to
numerically model the interactions between a sidewall bound-
ary layer and the flow over a low aspect ratio wing mounted
on the sidewall. In order to meet this objective, a recently
developed computational code for solving the three-dimen-
sional Navier-Stokes equations was modified to include the
presence of the sidewall boundary layer. The influence of the
sidewall boundary layer was determined by making direct
comparison with experimental data, and with previous free-
air computations.3

Numerical Procedure
The computational code, TLNS3D, which solves the time

dependent, thin-layer Navier-Stokes equations for a body-
fitted coordinate system was used in this study.4 An explicit
multistage Runge-Kutta time stepping scheme, which is sec-
ond-order accurate, was employed to advance the solution to
steady state. Closure of the governing set of equations was
accomplished with the equilibrium turbulence model of Bald-
win and Lomax.5 The turbulence model was modified to ac-
count for the proximity of the wing and the sidewall following
Ref. 2. For the present research, the boundary conditions at
the far-field upstream boundary and the root plane were mod-
ified to simulate the sidewall boundary-layer flow.6 These are
termed here "viscous sidewall" calculations. For comparative
purposes, calculations were also conducted with the root plane
modeled as a symmetry plane; these are termed "free-air"
computations. Fuller details of the modifications to the com-
putational code, the grid generation procedure, and the grid
refinement are presented in Ref. 6.

Results and Discussion
The planform of the wing model is similar to that of the

canard on the X-29 experimental research aircraft. The ex-
perimental testing is described in detail by Chu and Lawing.7
The root section of the model was offset 1.25 cm from the
tunnel sidewall by the use of a fillet, in order to minimize the
influence of the sidewall boundary layer on the model. Chord-
wise surface pressure data were obtained at three spanwise
locations, which will be used below for validation of the com-
putational results. Since the data has yet to be released for
general publication, the test Reynolds number used in this
study is referred to as medium.

Three test cases were investigated.6 For the sake of brevity,
only the moderate wing loading case, M^ = 0.8860, a = 5.46
deg, is presented. Figure 1 shows a comparison between the
experimental pressure distribution and two computational re-
sults. The result obtained with the viscous sidewall modeling
is denoted by VSW, while FA denotes the free-air compu-
tation. At all three stations, the viscous sidewall computation
is in excellent agreement with the data. The suction peaks in
the leading-edge region are well predicted, along with their
associated adverse pressure gradients. At the two inboard
stations, the presence of the sidewall boundary layer has re-
duced the predicted shock wave strength. The pressure re-
covery downstream of the shock wave is well captured. At
the outboard station, the viscous sidewall computation shows
significant improvement over the free-air result, with the ap-
pearance of an oblique shock wave in the leading-edge region.
A comparison of the computational results on the fillet re-
vealed that the viscous sidewall computation predicted higher
pressures, which are attributed to the low momentum of the
sidewall boundary layer.8 These higher pressures on the in-
board portion of the wing effectively decrease the favorable
spanwise pressure gradient.

Figure 2 compares the upper surface pressure contours for
the two computational results. The viscous sidewall compu-
tation, Fig. 2a, clearly shows that the sidewall boundary has
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Fig. 1 Influence of sidewall boundary layer on wing surface pressure
distribution (Mx = 0.8860, a = 5.46 deg).

reduced the shock wave strength on the inboard portion of
the wing. This is in contrast to the free-air result, Fig. 2b,
where the predicted shock wave has a uniform strength in the
root region. The oblique shock wave predicted by the viscous
sidewall computation is clearly seen, and merges with the
normal shock wave in the wingtip region. The influence of
the sidewall boundary layer on the flow over the wing was
examined in detail from velocity profiles and upper surface
streamline patterns.8 Only the surface streamline plots will
be presented here. The predicted surface streamline patterns
for both cases are shown in Fig. 3. Over the inboard portion
of the wing, the viscous sidewall computation, Fig. 3a, shows
that the flow is predominantly in the streamwise direction.
This is in sharp contrast to the free-air result, Fig. 3b, which
shows an appreciable span wise flow over the entire wing. As
discussed above, the presence of the sidewall boundary layer
decreases the favorable span wise pressure gradient, and hence,

a)

Fig. 2 Influence of sidewall boundary layer on computed surface
pressure contours (Mx = 0.8860, a = 5.46 deg): a) viscous sidewall
computation and b) free-air computation.

a)

b)
Fig. 3 Influence of sidewall boundary layer on wing streamline pat-
tern (Mx = 0.8860, a = 5.46 deg): a) viscous sidewall computation
and b) free-air computation.

the spanwise flow over the wing. The viscous sidewall com-
putation predicted that the sidewall boundary layer remained
attached.

Figure 4 compares the computed streamline patterns on the
root plane for both computations. The free-air computation,
Fig. 4b, predicts that the streamlines flow around the root
section of the wing in a smooth manner. In sharp contrast,
the viscous sidewall computation, Fig. 4a, predicts that the
streamlines are skewed in the root plane. The viscous sidewall
computation predicted weak juncture vortices in both the
upper and lower surface juncture regions for all of the test
cases investigated. The weak juncture vortices induce a down-
wash on the root plane, which accounts for the observed
skewing of the streamlines.6 Since the sidewall boundary layer
did not separate, these vortices are not termed horseshoe
vortices. The primary vortex generation mechanism is be-
lieved to be lateral skewing of the approaching streamlines
in the sidewall boundary layer.
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b)

Fig. 4 Influence of sidewall boundary layer on root plane streamline
pattern (M, = 0.8860, a = 8.24 deg): a) viscous sidewall computation
and b) free-air computation.
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Conclusions
A numerical investigation of the interaction between a wind-

tunnel sidewall boundary layer and a thin low-aspect-ratio
wing has been performed for transonic speeds and flight Rey-
nolds numbers. A three-dimensional Navier-Stokes code was
applied to calculate the flowfields. The results indicated that
the sidewall boundary layer had a strong influence on the
flowfield around the wing. The low momentum of the sidewall
boundary layer resulted in higher pressures in the juncture
region, which decreased the favorable span wise pressure gra-
dient. This significantly decreased the span wise migration of
the wing boundary layer. The computations which modeled
the sidewall boundary layer were found to be in better agree-
ment with experimental data.
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Introduction

M OST modern fighter airplanes and missiles use the "so
called" nonlinear-lift. Swept sharp leading edges gen-

erate additional lift. The leading-edge separation rolls up the
leading-edge vortex and rotates the leading-edge suction that
normally points upstream, to a direction normal to the wing
surface. However, the increased normal force adds a signif-
icant drag component.1

Vortex flaps have been introduced as a means to reduce
the additional drag. It was postulated that a downward de-
flection of the leading edge to parallel the freestream direction
will redirect the vector of the vortex suction.2 The postulation
was found in this work to be oversimplified. The deflected
flap created cambered profiles of smaller geometrical and
effective angles of attack, and transformed the flat delta wing
into a cambered wing with a dihedral. The flowfield also
became more complicated than that of a flat delta wing, with
two additional vortices generated at the flap hinges.3 These
changes in the flowfield reduced the leading-edge suction, and
resulted in both the lift and the drag forces being smaller.
However, the aerodynamic efficiency of the wing, defined by
the lift/drag ratio, has improved on occasion. This improve-
ment has been the main goal of several works.4"14 The aer-
odynamic coefficients of configurations with vortex flaps
were measured experimentally,3-15"17 and predicted theoret-
ically,1819 Most of these works dealt with very thin wings.
Although Rao10 reports on the adverse effect of the thickness
on the performance of vortex flaps, the current investigation
is of delta wings with substantial thickness. This thickness,
being more realistic, also made possible the design of an actual
hinge geometry, rather than the virtual hinge used in prior
experiments, as well as the observation of the effect of the
leading-edge shape.
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