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A linear vortex panel method is extended to include the effect of ground proximityAbstract
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

The favorable characteristics that are obtained
when a wing flies close to a surface has been
the basis of many pr act ical app licat ion s.
Examples are, wing in ground (surface) effect
vehicles, aerodynamic surfaces of racing cars,
guide way tr ains an d take-off an d landing
phases of an aircraft.

There has been some theoret ical as well as
experimental studies on the influence of ground
on the aerodynamic properties of wing sections.
The earliest analytical solut ion was developed
byWieselsberger [1] who utilized the principle
of r eflect ion(image) method. For the case of
two dimensional st eady potential flow past a

thin airfoil in the presence of ground, conformal
mapping was used to obtain e xact solut ions
[2,3,4]. The same method has been extended to
include the e ffect of thickness, [6,7]. These
methods are complex and their applicability is
limited. Pistolesi [8] was among the fir st who
solved the gr ound effect proble m of a thin
airfoil by the single vortex method. His method
was exte nded to discre te vor te x method by
Coulliette and Plotkin [9] to calculate the effect
of camber, and by the pr esent authors [10] to
calculate the effect s of camber, and flap and
also the variation of pressure center in ground
effe ct . Th e e ffect of thickne ss has bee n
considerd by Plotkin and Kennel [11], using a
simpli fied matche d asymptot ic e xp ansion
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met ho d, D ra gos [ 12] by th e me th od of
fundamental solution and Coulliette and Plotkin
[9], by panel method. E ule r solution of the
problem has been performe d by Agrawal and
Deese [13].

The expe rimental invest igat ion of ground
effect has two main difficult ies.One of them is
the corr ect modeling of the ground and the
other is the large number of test runs required
due to the new additional par ameter which is
the gr ound height . Some experimental results
are pre sented by Sowdon and H ari [14] and
Steinbach [15].

According to the previous re sult s, ground
proximity could lead to an increase or decrease
in lift coef ficie nt , but the r e ha s be en no
investigat ion to repre se nt the effe ct of the
comple te se t of pa r ame ter s affe ct in g this
variation.

The reason is that in most of t he above
studies selection of wing profiles was intuit ive
and a direct comparison of different pr act ical
wing sections have not been performed.

I n this study we inve st igat e the e ffe ct of
camber, t hickness and angle of att ack on the
aerodynamic proper ties of two-dime nsional
airfoils near the ground. The aim of this study is
to find the be st combinat ion 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 sur face cr aft [16]. As in th e
proposed application there is no large increase
in angle of att ack ( due to ground clear ance
limit at ion), we use a potent ial based panel
method, which is well justified in these ranges of
angle of attack [9,17].

PROBLEMFORMULATION

The incompressible, irrotat ional flow around a
body can be calculat ed by using the potent ial
flow theory. The governing equation for this
flow is the Laplace equation:

(1)ê2 f= o

where f is t he tot al velocity potent ial. The
appropriate boundary condition on the solid
surfaces is:

(2)êf.n= o

which is the flow tangency condit ion on these
surfaces. The other boundarycondition is that ,
the influence of an airfoil on the flow fie ld
around it vanishes far fr om the body. This
condit ion is automat ically sat isfie d through
appropriate selection of the singular solutions.

SOLUTION METHOD

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

In this way the equa l and opposit e flow
ve locit ies induced by real and image wings,
cancel at t he plane designat ed as the ground
and the t angency condition 2 is automatically
sat isfied there. So it suffices only to apply the
flow tangency condition on the real wing.

Among the cent ra l issue s in solving a
problem by pane l method, ar e the choice of
singularity elements and the type of boundary
con dit io n. The me tho d u se d he r e is a n
extension of Coulliete and Plotkin analysis [9].
They applied the linear vortex panel method to
a symmet ric J oukowski airfoil. We extended
the me th od to include both symme t ric and
non-symmet ric airfoils in and out of gr ound
effect.

The geometry of the real airfoil and its image
are discr et ize d into N e qual o r non-equal
elements ( panels). The discret izat ion generally

Figure 1. Principle of image method.
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st ar t s a t t he lower surface of th e t r ailing
edge.Two coordinat e systems are used in the
problem. One is a globally fixed and the other is
a panel based coordinate system.The strength of
the vort exdistribution varies linearly along the
elements. The collocation point of each panel,
where the tangency boundary condition applies,
is place d a t the middle of each panel. The
velocity induced at each collocat ion point is
produced by the contribution from linear vortex
dist ribut ion on the real and image airfoil, and
the fre e st re am velocity. Subst it ut ing th e
appropr iat e forms of the se velocit ies into
Equation 2 yields:

(3)

where the summation is on the total number of
element s. In the above equat ion i accounts for
the collocat ion point s. If t he str ength of the
vort ex dist ribut ion at the be ginning of each
panel is set equal to the strength of the vortex
at the end point of the previous panel, t her e
will be an equation with N+1 unknowns, which
ar e th e pa ne l ed ge va lue s o f t he vo r t e x
distribution (gj, gj+1 , ...), in the from of:

(4)

where glj is the vort ex str ength at the leading
edge o f e ach p ane l a nd g tN is t h e vor t e x
strength at the trailing edge of the last panel.

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

The above equation leads to a system of N
equat ions with N+ 1 un kn owns.The Kut t a
condi tion is applied at the t railing edge to
enforce the uniqueness of the solut ion. The
Kut t a condition at the t railing edge for the
two-dimensional case, considered here, is in the
form of:

(5)gTE = o or gU -gL= o

where gU and gL are the corresponding upper
and lower surface vortex strengths at the trailing
edge, respect ively. In this way, Equat ion 4 can
be solved by any standard matr ix solver. Once
the strength of vortices at the panel edges were
found, one can obtain the t angent ial panel
velocities from which the pressure coefficient
on each panel can be calculated as:

(6)Cp= 1-(ut /UÈ)2

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

(7)

where the integration is over the length l of the
airfoil sect ion. The center of pressure of the
airfoil can be found by the following equation:

(8)

RESULTS

The validity of the present solution method is
est ablishe d through applicat ion to two test
cases. The fir st is a compar ison betwee n the
exact solution of a symmetric Joukowski airfoil
with the present result s. It was found that by
select ing 90 panels the error between the two
result s reduced to 1.3%. Therefor e, t he same
number of pane ls with a half cosine spacing
ne ar the leading e dge is used in comparisons
ma de h er e aft e r . Th e othe r t est case is a
comparison between the experimental result s
obtaine d by Steinbach [14] and the pr esent
results in ground effect. The results in the form
of pr essur e coe fficien t distr ibut io n 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 me thod to five wing
sections, having h/C=0.05 to 1, and three angles
of at ta ck o f 0, 3 and 6 degre es. 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 att ack are shown in Figure 3. Comparisons
have been made in two cases, one is based 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 co effi cie nt (CL ), a nd no rma lize d lift
coefficient (CL/CLÈ), ar e shown in Figures 4
and 5. In Figure 4 three airfoil sections, namely
NACA 4406, NACA 4409 and NA CA 4412,
with equivalent camber and different thickness
ar e compa re d . A s se e n fr om th e figur e,
increasing the thickness may lead to a sudden
de cr ease in the lift coefficie nt s in gr ound
proximity, at low angles of attack.

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

A similar comparison is made in Figure 5 for
three airfoils of constant thickness and different
cambers, namely, NACA6409, NACA4409, and
NACA0009. At a first glance it can be seen that
variat ion of camber has a mor e pronounced
effect in comparison to thickness variat ion, in

Figure 3. Position of airfoils relative to the ground.

agreeme nt with the out of ground case. It can
be seen that while a symmetric section produces
no lift in free air, decreasing its height from a
supporting surface produces a large downward
fo rce . The same e ffe ct can be seen in low
cambered airfoils at low angles of attack, when
their t hickness is mor e than a cert ain value .
This i s mainly du e to the ven tu ri shap ed
channel for med between the lower surface of
the airfoil and the ground. The channel shape
can clearly be compared in Figure 3, among the
airfoils consider ed. It is concluded that in
ap plica t io ns su ch a s r a ce ca r s, whe r e a
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Figure 4. Effect of angle of attack on lift coefficient.

downward force is required for better stability at
high velocities, a symmet ric or even a reversed
cambered thick wing section must be used.

Other results shown in Figure 5 indicate that
increasing the camber, incre ases the absolut e
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 airfoil is
about 40 percent more than the lift increase for
a re lat ively high cambere d a irfoil , namely,

NACA 6409, at h/C=0.05.
Ye t anothe r result seen in these figures is

tha t t he no r malize d l ift coe fficie nt of a
non-symmetric airfoil in lar ge ground height is
always le ss than the fr ee st re am value. The
rea son for this change is illust r ate d in our
pr evious paper [10], and is mainly due to the
bound vortex of the image airfoil. By increasing
the height above the ground the normalized lift
coefficient approaches to one in the limit.

Excluding NACA0009 due to its unfavorable
behavior as a lift augment ing section near the
ground, a comparison between other remaining
airfoils are shown in Figures 6 and 7 for a=3³.
It ca n be see n th at while the lar ge st lift
coefficie nt of the airfoils analysed in ground
effect belongs to NACA6409, but the most
incr ease in the normalized lift coefficient is
obtaine d for the air foil with the least camber
and thickness, namely, NACA 4406.

The variation of center of pressure for the
same airfoils are shown in Figure 8. It is seen
that by decreasing the gr ound clearance the
center of pressure is moved toward the trailing
edge. The reason for this could be found from
Figur e 9. Thi s figur e sh ows the pr e ssur e
coefficient on the upper and lower surface of
NACA4406 airfoil for thr ee different height s
fr om the gr ound. It can be see n that , ground
e ffe ct , mainly inf lu e nce s th e p r e ssu r e
distribution on the lower surface of the airfoil.

As th e height de cr e ases, t h e pr essur e
coefficient Cp on the lower surface of the airfoil
app roa ch es to 1, wh ich is the st agna t ion
con di t i o n. Th is fl at t e ning o f p r e ssu r e
distribution leads to a backward (toward trailing
edge) move men t of the ce nt er of pressur e
which must be considered, when the stabilit y
criteria of ground effect vehicles are analysed.

CONCLUSION

Aerodynamic pr ope rties of two dimensional
airfoils in gr ound effect was invest igated by a
line ar vortex panel method. According to 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 6. Lift coefficient at a= 3 deg.

Figure 7. Normalized lift coefficient at a= 3 deg.

Figure 8. Center of pressure at a= 3 deg.

Figure 9. Pressure coefficient for NACA 4406 ata = 3

deg.

camber and thickness in ground proximity leads
to the following results:
-In ground effect, symmetric airfoils produce a
negative ( downward) lift which it s absolut e
value incr eases with reducing ground height .
Increasing the thickne ss for these air foils,
increases the downward force.
- For low cambered or high thickness airfoils,in
ground effect, the same lift reduction may occur
below a certain height, when the angle of attack
is relatively low.
- The combined e ffect of low thickness and
average or large camber leads to a continuous
incre ase in the lift co efficie nt in gr ound
proximity .
- The normalized lift coefficient decreases by
increasing both camber and thickness.
- The normalized lift coe fficient re duces by
increasing the angle of att ack for those airfoils
which have a positive lift increase in ground
effect.
- The two previous mentioned results show that
while incr easing the thickness, camber and
angle of at t ack in ge ne ral can le ad to an
incr e a se in CL , bu t t he n or mal ize d l ift
coefficient in ground effect behaves in reverse.
- The lift coefficient, increases or de crease s
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more sharplyas the gr ound height approaches
its smallest value.
- As a rule of thumb it can be said that, for an
airfoil section to be a lift augmenting device, no
par t of it s lower surface must be be low the
trailing edge. This prevents the venturi effect on
the airfoil which sucks it down.

NOMENCLATURE

Influence coefficientA
Chord lengthC
Lift coefficientCL
Pressure coefficientCP
height of trailing edge from groundh
Length along the airfoil sectionl
U nit vector no rmal t o t he airf oi ln
surface
Number of vortex panelsN
Hor izontal component of induce du
velocity
Tangential velocity along the airfoilut
surface
Free stream velocityUÈ
Ve r t i cal co mp o ne nt o f ind uce dw
velocity
Horizontal axisx
Position of pressure center relative toXcp
the leading edge
Vertical axisz

Greek Symbols

Angle of attacka
Vortex strengthg
Total velocity potentialf

Subscripts

Collocation point indexi
Vortex location indexj
Panel leading edgel
Panel trailing edget
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