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efficient than SA and is also relatively easy to implement. SPSA re-
quires only two measurements of the objective function regardless
of the dimensionsof the design space correspondingto the optimiza-
tion problem and the cost of optimization decreases. Although SA
and GA canavoid gettingtrappedin local optima, they requirea large
number of functionevaluationsand a long computationtime to reach
the optima. Future work to assess the performance of SPSA for con-
strained and unconstrained aerodynamic shape design studies will
be carried out in the near future to establish the cost benefits and to
investigatethe extentto which SPSA offers comparativeadvantages
over GA or SA for aerodynamic design optimization problems.
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Nomenclature

Cp = coefficient of drag
C; = coefficient of lift
C,/Cp = lift-to-dragratio

MLE = coefficient of pitching moment about leading edge
c = chord length
h = true ground clearance
Re = Reynolds number
Xcp = center of pressure measured from wing leading edge
o = angle of incidence
£ = total solid and blockage correction factor

Introduction

T is well known thatin close proximity to the ground the aerody-
namic characteristicsof a wing change considerably, something
that has come to be known as wing in ground effect. There have
been several numerical studies to model the aerodynamic charac-
teristics of airfoils under ground effect,' = but reliable experimental
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data are somewhat limited.* Ground effect is important because it
can modify the aerodynamicperformanceof an aircraftduring land-
ing and takeoff. It assumes even a greater importance in the design
and operation of aircrafts that take off from and land on water and
cruise in proximity to the water surface such as the wing-in-ground
vehicles. Another possible application of such study lies in the de-
sign of naval vessel such as the high-speed catamaran where the
vessel can be conceived to be a wing body at very low angle of in-
cidence, and end plates extending beyond the wing bottom surface
are used to representits hulls. The aerodynamic lift would support
partof the weight of the vessel and thus decrease the hydrodynamic
drag by reducing the wetted area of the hulls. The aspect ratio of
such a wing representing a high-speed marine vessel would, how-
ever, be low. Additional fixed angled flaps could, therefore, be used
to boost the production of lift. With these considerations a wind-
tunnel investigation of lift augmentation of a low-aspect-ratio wing
of high thickness-to-chordratio at a very low angle of incidence
using ground effect, flaps and end plates was, therefore, carried out.

Experiment

Initial Considerations

The Reynolds number Re for a catamaran (for example, the AMD
K50 Sunflower) of length of approximately 80 m and operating at a
speed of around 50 knis about 1.35 x 10®. Experimental and numer-
icalstudies*® show thatabove Re of 3.2 x 10°, the aerodynamicper-
formance characteristicsof wing under ground effect remain virtu-
allyunchangedif the angle of attackis keptbelow 5 deg. A 1:50 scale
model at a speed of 40 m/s and tested below angle of incidence 5 deg
would give the test Ry a valueof around3.6 x 10° forthis study. This
value was chosen for wind-tunneltesting to avoid Reynolds-number
effectin the performance between the model and the full size of the
craft.

Assuming a vessel clearance of 2 m from the water and again
using the 1:50 scale, the minimum length with which the end plates
under zero-deg flap condition could be extended was found to be
40 mm. The design of a ground board was considered necessary to
representa calm horizontal surface. Also, for aircrafts flaps are gen-
erally 20-40% of chord length, and they can operate at very high
flap angles, 60 deg for example, and for short durations,usually dur-
ing takeoff or landing. For this study, therefore, the flap length was
consideredto be much less than those used in aircrafts. Thus, taking
a flap length of 12.5% of chord requires a flap of 168.75 mm in
length, which was rounded off to 170 mm. This, along with 40-mm
clearancefor water surface gave a flap angle of 13.2deg. A 0-10-deg
range of flap angle was, therefore, considered adequate for this
study.

Test Facility

The 1270 x 915-mm closed-circuitwind tunnel fitted with a six-
componentbalance of the aerodynamicslaboratoryof the University
of New South Wales was used in the tests. The wind tunnel has
a velocity range of 0-70 m/s and a turbulence intensity of 0.2%.
A pitot-static tube with a Betz manometer was used to record the
wind-tunnel speed upstream of the test model. Force and moment
measurements from strain gauges were obtained from digital display
on the control panel of the wind tunnel.

Test Model

The upper surface cross-sectional profile of the wing body was
generated through a consideration of a modified deck arrangements
of an existing commercial high-speed catamaran while keeping the
bottom surface flat. The top and middle decks were moved forward
so that the maximum camber was obtained at 25% of chord from
the leading edge. A schematic of this process is shown in Fig. 1.
Using 1:50 scale, the chord, span, and height dimensions of the wing
were worked out to be 1350, 180, and 230 mm, respectively. The
maximum thickness-to-chord and aspect ratios of this wing then
became 0.17 and 0.13, respectively.

The wing body was designedusing the modelingpackage CATIA,
and then NC milling codes were generated from CATIA facility. The
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Fig. 2 Schematic of the experimental setup.

model was milled out of craft wood using the NC milling laboratory
of the University of New South Wales.

End Plates

The end plates were made with a 0.5-mm-thick aluminum sheet
with a top surfacecontourmatchingthatof the wing while the bottom
surface was parallel to the wing bottom surface but extended below
it. For flaps with higher angles, additional pairs of end plates were
made. Thus all four pairs of end plates were made, which extended
40, 50, 65, 85, and 100 mm, respectively, below the bottom surface
of the wing body.

Flaps

A total of four flaps were made from craft wood. The length of
each flap was 170 mm with angles of 0, 3, 6, and 10 deg for the four
respective flaps.

Ground Board

A ground board of 2400 x 1250 x 18 mm was used to simulate
the ground effect. The leading edge of the ground board was ellip-
tical in shape, and the trailing edge was tapered to ensure smooth
and attached flow around it. The ground board was secured to the
top of the wind-tunnel test section using Brooker bolts fastened by
locknuts. Diagonal struts were used to prevent board vibration and
buckling during wind-tunnel operation.

Tests

Experimental Setup

The wing model was held upside down in the wind tunnel on the
mounting struts connected to the six-component balance. Figure 2
shows a schematic of the overall experimental setup.

Determination of True Ground Clearance

A small hole was drilled through the middle of the ground board
where the model was placed relative to the board. Inserting a small
pitot probe through this hole, the velocity profile perpendicular to
this board was measured. Using this velocity profile, the displace-
ment thickness was calculated to be approximately 3.4 mm at this
ground board location for the test Re = 3.6 x 10°. The displacement
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thickness was subtracted from the test setup ground heightto obtain
the true ground clearance.

Measurements of Force and Moments

The six-component balance was calibrated for lift, drag, and
pitching moments. The resulting calibration curves were then used
for the determinationoflift, drag, and pitching-momentcoefficients.

Blockage Correction

The model frontal area and test section were calculatedas 0.0716
and 1.162 m?, respectively. A quarter of the ratio of the total frontal
area and test section area gave an approximate value for the to-
tal solid and wake blockage correction factor’ €, as 0.0154. The
freestream velocity of the wind tunnel determined by the pitot-static
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probe was then multiplied by (1 +¢) or 1.0154 to correct for total
blockage effect.

Error and Repeatability

The error associated with single sample measurements was
calculated® and shown in each figure presented in this study. The
repeatability of each test run was found to be within +1%.

Results and Discussions

Figures 3a-3c show the variation of lift coefficient, drag coef-
ficient, and lift-to-drag ratio, respectively, with angle of incidence
in the range of 0-4 deg, at Re =3.6 x 10° and true ground clear-
ance of 41 /c =0.035. From Fig. 3a, as expected, the lift coefficient
increases as angle of incidence increases and is further enhanced
with higher angle of flap. A similar trend is also observedin Fig. 3b,
where the drag coefficient is found to increase with higher angle
of incidence and higher angle of flap. A more instructive picture,
however, emerges in Fig. 3c, where the lift-to-drag ratio is found
to increase with increase in the angle of incidence but which de-
creases with lower angle of flap. Also from Fig. 3c, it appears that
the rise in the lift-to-dragratio or the aerodynamicefficiency is more
rapid in the 0-2 deg angle-of-incidencerange. It was, therefore, de-
cided to carry out the rest of the tests at the angle of incidence
of 2 deg.

Figure 4a shows the lift coefficient variation with true ground
clearance. The lift coefficient value decreases with increasing
ground clearance. It appears that the maximum lift is generated
between 0.02 < h/c <0.03. Also noticeable in this figure is the
trend which was, as expected, that of increasing lift coefficient with
increasing angle of flap.

The drag coefficient, however, in Fig. 4b remains virtually con-
stant with increasing ground clearance for a particular flap angle.
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Interestingly, the drag coefficient decreases with increasing flap
angle. Consequently, in Fig. 4c the lift-to-drag ratio is found to be
highest for the 10-deg flap operating between 0.02 < 2 /c < 0.03.
The maximum lift-to-drag ratio approaches a value of approxi-
mately 10.

Next, the movement of centerof pressure measured from the wing
leading edge was investigated. It can be seen in Fig. 5 that there is
hardly any movement of the location of center of pressure with
ground clearance. However, there is a clear change of the location
of the center of pressure with changes in flap angle. For zero flap
angle the center of pressure lies at approximately 40% of the chord
behind the leading edge. When the flap is deflected by an angle
of 3 deg, the center of pressure jumps to approximately 51% of
chord length behind the leading edge. With further increases in flap
angle to 6 deg, the movement is barely detectable, and center of
pressure moves back slightly to around 50% of chord length behind
the leading edge. With further increases in flap angle to 10 deg, the
location of the center of pressure moves further towards the leading
edge, to approximately 47% of chord length.

Conclusions

The results of this study show that lift augmentation using flaps
and end plates can prove beneficial to the design of crafts operat-
ing in close proximity to the ground. The hypothetical design and
testing of a high-speed marine vessel suggest that the movement of
the center of pressure decreases with increasing higher flap angles
but at the expense of lower lift-to-drag ratio. However, it is worth
recalling that the shape tested in this study had a very low aspect
ratio and probably does not possess the most efficient aerodynamic
shape. This was also true for end plates and flaps. There is, there-
fore, further scope to improve on the lift-to-drag ratio achieved in
this study under ground effect by increasing the aspect ratio and
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incorporating aerodynamically more efficient wing, flap, and end
plate combinations.
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