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Abstract A linear vortex panel method is extended to include the effect of ground proximity
on the aerodynamic properties of two dimensional airfoils. The image method is used to model
the ground effect . According to the results, lift coefficient of an airfoil may increase or decrease
in ground effect based on a combinative effect of its camber, thickness, angle of attack and
ground clearance. Airfoils with different section parameters are analysed and their relative

effectiveness are compared.
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INTRODUCTION

Thefavorable characteristicsthat are obtained
when awing flies close to a surface has been
the basis of many practical applications.
Examples are, winginground (surface) effect
vehicles, aerodynamic surfacesof racing cars,
guide way trains and take-off and landing
phases of an aircraft.

There hasbeen some theoretical aswell as
experimental studies on the influence of ground
on the aerodynamic properties of wing sections.
The earliest analytical solution wasdeveloped
by Wiesel sberger [1] who utilized the principle
of reflection(image) method. For the case of
two dimensional steady potential flow past a
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thin arfail in the presence of ground, conformal
mapping was used to obtain exact solutions
[2,3,4]. The same method has been extended to
include the effect of thickness, [6,7]. These
methodsare complex and their applicabilityis
limited. Pistoles [8] wasamongthe first who
solved the ground effect problem of a thin
arfoil by the snge vortex method. His method
was extended to discrete vortex method by
Coulliette and Plotkin [9] to calculate the effect
of camber, and by the present authors[10] to
calculate the effects of camber, and flap and
also the variation of pressure center inground
effect. The effect of thickness has been
considerd by Plotkin and Kennel [11], usinga
simplified matched asymptotic expansion
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method, Dragos [12] by the method of
fundamental solution and Coulliette and Plotkin
[9], by panel method. Euler solution of the
problem has been performed by Agrawal and
Deese [13].

The experimental investigation of ground
effect hastwo main difficulties.One of themis
the correct modeling of the ground and the
other is the large number of test runs required
due to the new additional parameter which is
the ground height. Some experimental results
are presented by Sowdon and Hari [14] and
Steinbach [15].

According to the previousresults, ground
proximity could lead to an increase or decrease
in lift coefficient, but there has been no
investigation to represent the effect of the
complete set of parameters affecting this
variation.

The reason is that in most of the above
studiessel ection of wing profileswasintuitive
and adirect comparison of different practical
wing sections have not been performed.

In this study we investigate the effect of
camber, thickness and angle of attack onthe
aerodynamic properties of two-dimensional
arfoils near the ground. The am of this study is
to find the best combination of the above
parameters which lead to the most lift increase
in ground proximity. The results are intented to
be used in optimizing the lifting properties of a
new wing in surface craft [16]. Asin the
proposed applicationthereisno large increase
in angle of attack (due to ground clearance
limitation), we use a potential based panel
method, which iswdl justified in these ranges of
angle of attack [9,17].

PROBLEM FORMULATION

Theincompressible, irrotational flowaround a
body can be calculated by using the potential
flow theory. The governing equation for this
flow is the Laplace equation:

& f=o @
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where Fisthe total velocity potential. The
appropriate boundary condition on the solid
surfaces is.

éfn=o0 @)

which isthe flow tangency condition on these
surfaces. The other boundaryconditionisthat,
the influence of an airfoil on the flow field
around it vanishes far from the body. This
condition isautomatically satisfied through
appropriate selection of the singular solutions.

SOLUTIONMETHOD

The ground plane is substituted by an image of
the real arfoill as shown in Figure 1.

In thisway the equal and opposite flow
velocities induced by real and image wings,
cancel at the plane designated asthe ground
and the tangency condition 2 isautomatically
satisfied there. So it sufficesonlyto apply the
flow tangency condition on the real wing.

Among the central issues in solving a
problem by panel method, are the choice of
singularity elementsand the type of boundary
condition. The method used here is an
extension of Coulliete andPlotkin analysis[9].
They applied the linear vortex panel method to
asymmetric Joukowski airfoil. We extended
the method to include both symmetric and
non-symmetric airfoils in and out of ground
effect.

The geometry of the real arfoil and its image
are discretized into N equal or non-equal
elements(panels). The discretization generally
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Figure 1. Principle of image method.
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starts at the lower surface of the trailing
edge.Two coordinate systemsare used inthe
problem. One is aglobdly fixed and the other is
apanel based coordinate system.The strength of
the vortexdistribution varieslinearly alongthe
elements. The collocation point of each pand,
where the tangency boundary condition applies,
is placed at the middle of each panel. The
velocity induced at each collocation point is
produced by the contribution from linear vortex
distribution on thereal and image airfoil, and
the free stream velocity. Substituting the
appropriate forms of these velocities into
Equation 2 yidds

i fhinge
[ 3 o), few) 1(Taolln =0 @)
g ]
where the summation is on the total number of
elements. Inthe above equationi accountsfor
the collocation points. If the strength of the
vortex distribution at the beginning of each
panel is set equal to the strength of the vortex
at the end point of the previous panel, there
will be an equation with N+1 unknowns, which
are the panel edge values of the vortex
distribution (j, gj+1 » ---), in the from of:
LY
Z A T +.1 s Taw T o (Lo, )1, (@)
j’ il
where g;; isthe vortex strength at the leading
edge of each panel and gy is the vortex
strength at the traling edge of the last pand.

The value of the influence coefficient A;jj,
can be found by minor modifications of the
procedure developed and described in detall by
Katz and Plotkin [17]. It is not reproduced here
due to space limitation.

The above equation leadsto a system of N
equations with N+ 1 unknowns.The Kutta
condition is applied at the trailing edge to
enforce the uniqueness of the solution. The
Kutta condition at the trailing edge for the
two-dimensiona case, considered here, is in the
form of:

Ore=0 o Qy-9.=0 ®
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where gy and g, are the corresponding upper
and lower surface vortex strengths at the trailing
edge, respectively. Inthisway, Equation 4 can
be solved by any standard matrix solver. Once
the strength of vortices at the panel edges were
found, one can obtain the tangential panel
velocitiesfrom which the pressure coefficient
on each panel can be calculated as:

Cp= 1-(u /UE)? (6)

The lift coefficient is obtained by integrating
the pressure coefficient around the arfoil in the
from of:

C, = éfﬁ(.}; {r.z)n. (x2)ell (7

where the integration is over the length | of the
airfoil section. The center of pressure of the
arfoil can be found by the following equation:

Xy — -—- é;x.(.“;, (x2)e. af 8
c,

RESULTS

The validity of the present solution methodis
established through application to two test
cases. Thefirst isacomparison between the
exact solution of asymmetric Joukowski airfoil
with the present results. It wasfound that by
selecting 90 panelsthe error between the two
resultsreduced to 1.3%. Therefore, the same
number of panels with a half cosine spacing
near theleading edgeisused in comparisons
made hereafter. The other test case is a
comparison between the experimental results
obtained by Steinbach [14] and the present
results in ground effect. The results in the form
of pressure coefficient distribution for a
CLARK-Y 11.4% airfoil for h/C=0.1, is shown
in Figure 2.

In order to find the effects of thickness and
camber, we applied the method to five wing
sections, having h/C=0.05 to 1, and three angles
of attack of 0, 3 and 6 degrees. The wing
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Figure 2. A Comparison of the data calculated with the
experimental results.

sections analysed at h/C = 0.10 and zero angle
of attack are shown in Figure 3. Comparisons
have been made in two cases, one isbased on
the variation of thickness in a fixed camber, and
the other is based on the variation of camber, in
a fixed thickness. Results of these two cases for
lift coefficient (C| ), and normalized lift
coefficient (C| /C| g), areshowninFigures4
and 5. In Figure 4 three arfoil sections, namely
NACA 4406, NACA 4409 and NA CA 4412,
with equivalent camber and different thickness
are compared . As seen from the figure,
increasing the thickness may lead to a sudden
decrease in the lift coefficients in ground
proximity, at low angles of attack.

The dtuation is reversed by a dight increase
in angle of attack, where, decreasing the ground
clearance leads to a favorable ground effect. In
ground proximity the lift of lower thickness
airfails, becomes more than the higher thickness
ones, in contrary to the out of ground case.

A smilar comparison is made in Figure 5 for
three arfoils of constant thickness and different
cambers, namely, NA CA 6409, NA CA 4409, and
NACAOQQ09. At afirst glance it can be seen that
variation of camber hasa more pronounced
effect in comparison to thicknessvariation, in
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Figure 3. Position of arfoils relative to the ground.

agreement with the out of ground case. It can
be seen that while a symmetric section produces
no lift in free air, decreasingits height from a
supportingsurface producesa large downward
force. The same effect can be seen in low
cambered arfoils at low angles of attack, when
their thicknessis more than a certain value.
Thisis mainly due to the venturi shaped
channel formed between the lower surface of
the airfoil and the ground. The channel shape
can clearly be compared in Figure 3, among the
airfoils considered. It is concluded that in
applications such as race cars, where a
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Figure 4. Effect of angle of attack on lift coefficient.

downward force isrequired for better gability at
high velocities, asymmetric or even areversed
cambered thick wing section must be used.
Other results shown in Figure 5 indicate that
increasing the camber, increases the absolute
value of lift coefficient in ground effect and
decreases the normalized lift coefficient. This is
clearly shown in Figure 5-e and Figure 5-f,
where the lift increase for a symmetric airfail is
about 40 percent more than the lift increase for
a relatively high cambered airfoil, namely,
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NACA 6409, at h/C=0.05.

Yet another result seen in these figuresis
that the normalized lift coefficient of a
non-symmetricairfoil inlarge ground heightis
always less than the free stream value. The
reason for this change isillustrated in our
previous paper [10], and ismainly dueto the
bound vortex of the image arfoil. By increasing
the height above the ground the normalized lift
coefficient approaches to one in the limit.

Excluding NACAO0Q09 due to its unfavorable
behavior asalift augmenting section near the
ground, a comparison between other remaining
arfails are shown in Figures 6 and 7 for a=33.
It can be seen that while the largest lift
coefficient of the airfoilsanalysed in ground
effect belongsto NACA6409, but the most
increase in the normalized lift coefficient is
obtainedfor the airfoil with the least camber
and thickness, namely, NACA 4406.

The variation of center of pressure for the
same airfoilsare shown in Figure 8. It isseen
that by decreasing the ground clearance the
center of pressure is moved toward the traling
edge. Thereason for thiscould be found from
Figure 9. This figure shows the pressure
coefficient on the upper and lower surface of
NACA 4406 airfoil for three different heights
from the ground. It can be seen that, ground
effect, mainly influences the pressure
digribution on the lower surface of the airfoil.

As the height decreases, the pressure
coefficient Cp on the lower surface of the arfoil
approaches to 1, which is the stagnation
condition. This flattening of pressure
digribution leads to a backward (toward trailing
edge) movement of the center of pressure
which must be considered, when the stability
criteria of ground effect vehicles are analysed.

CONCLUSION

Aerodynamic properties of two dimensional
airfoilsin ground effect wasinvestigated by a
linear vortex panel method. Accordingto the
results, the combined effects of angle of attack,
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Figure 5. Effect of angle of attack on lift coefficient and normalized lift coefficient.
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Figure 9. Pressure coefficient for NACA 4406 ad= 3
deg.

camber and thickness in ground proximity leads
to the following results:

-In ground effect, symmetricairfoilsproduce a
negative (downward) lift which its absolute
value increases with reducing ground height.
Increasing the thickness for these airfoils,
increases the downward force.

- For low cambered or high thickness arfailsin

ground effect, the same lift reduction may occur
below acertain height, when the angle of attack
is reldively low.

- The combined effect of low thicknessand
average or large camber leads to a continuous

increase in the lift coefficient in ground
proximity .

- Thenormalized lift coefficient decreasesby
increasing both camber and thickness.

- The normalized lift coefficient reduces by
increasingthe angle of attack for those airfoil s
which have a positive lift increase in ground
effect.

- The two previous mentioned results show that
while increasing the thickness, camber and
angle of attack in general can lead to an
increase in C|, but the normalized lift
coefficient in ground effect behaves in reverse.

- The lift coefficient, increases or decreases
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more sharplyasthe ground height approaches
its smallest value.

- Asarde of thumb it can be sad that, for an
arfail section to be a lift augmenting device, no
part of itslower surface must be below the
traling edge. This prevents the venturi effect on
the arfoil which sucks it down.

NOMENCLATURE

Influence coefficient

Chord length

Lift coefficient

Pressure coefficient

height of tralling edge from ground

Length dong the arfoil section

Unit vector normal to the airfoil

surface

Number of vortex panels

Horizontal component of induced

velocity

Tangential velocity along the airfoil

surface

Free stream veocity

Vertical component of induced

velocity

X Horizontal axis

ch Position of pressure center relative to
the leading edge

z Vertical axis

£ cz

%

Greek Symbols

a Angle of attack
g Vortex strength
L Total velocity potential

Subscripts

i Collocation point index
j Vortex location index

I Panel leading edge

t Panel traling edge
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