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This paper presents a mathematical modcl of the flow around wings
near the ground. A potential flow was assumed in the whole domain,
excluding vortex wake. Two calculational models are considered: the
first one, for thin wings, based on the vortex lattice method, and the
second one, for thick wings, based on the Iless method.

The aerodynamic characteristics calculated are: lift coeflicient, pitching
moment coefficient, induced drag cocfficient and also the gradient of lift
coeflicient and the induced angle of attack as a function of the altitude
above the ground.

There is presented a comparison between the aerodynamic characteristics
calculated assuming infinitestimaly thin wing and those calculated using
the method including the wing thickness.

List of symbols

- wing span

- wing chord
Cl ~ lift coefficient
¢m — pitching moment coeflicient
¢g;i — induced drag coeflicient

L - lift force

h — altitude above the ground
Ma - Mach number

Q. -~ freestream velocity vector
a — angle of attack
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I; — circulation vector
p — air density
VLM - vortex lattice method

|

TWM

thick wing method

1. Introduction

Aerodynamic characteristics of the airplane near ground change as a result
of disturbances in the flow caused by the presence of ground. These changes
become significant when the altitude is less than the wing span. The most
important changes in aerodynamic characteristics are as follows:

1. Reduction in the induced drag as due to the induced downwash decrea-
sing

2. Increase in the lift coeflicient gradient due to pressure increment under
the wing, caused by the incrcase in the local angle of attack

3. Reduction of the critical angle of attack and ¢;nax due to flow separa-
tion, particularly for the configuration with flaps on.

For the ground effect analysis, a "mirror image” method has been chosen.
This method consists in placing two wings in the test section of wing tunnel.
These wings are geometrically identical and are placed in such a way that they
are arranged symmetrically with respect to ficticious ground.

The flow around such configuration of wings was calculated by means of
the panel methods. Two different models were used: the first one, based on
the vortex lattice method (VLM), and the second one, for thick wings (TWM),
assuming the source and vorticity distributions on the wing chord plane.

Because of the fact, that the model does not introduce the flow separations,
the paper is focused on the phenomena described in points 1 and 2.

The main object for using these two models was to analyze the differences
among the calculated characteristics of wings with the ground effect, appearing
due to neglecting the wing thickness in the VLM, since the methods based on
the VLM are widely used in the analysis of the flow around wings, including
the ground effect.

The ground effect has been investigated since the 1920-ies, but for most
of the time, there has been no simple calculation method, which would be
applicable to wings of arbitrary confliguration. The methods in use were ba-
sed on the assumption that the wing could be modeled by a single vortex of
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intensity varying over the span, and were more or less simplified depending on
whether one did or did not take into account the elfect of bound vorticity of
the "image” wing on the "real” wing. The development of panel methods (cf
Hedman (1965); Hess and Smith (1966); Maskew and Woodward (1976); Singh
et al. (1983); Bertin and Sinith (1989); Katz and Plotkin (1991)) has provi-
ded the efficient tool for analysis of the flow around arbitrary configurations
including the mentioned above and previously ncglected flow phenomena. In
recent investigations new, important phenomena were included into analysis,
namely, the behavior of the vortex wakes rcleased near the ground by large
aircraft and its impact on smaller aircraft (cf Liu et al. (1992)). Ilowever, in
many publications, e.g., Lan (1976), the wing thickness is reduced to zero, or
it is assumed that the wing is thin, so it is interesting to compare the results
of method which makes no limitations regarding the wing thickness with the
results of the method assuming ifinitesimaly thin wing.

2. Mathematical model

It is assumed that the flow is steady, incompressible, inviscid and irrota-
tional (excluding the flow inside infinitesimaly thin wake where the flow is
rotational). The angles of attack and perturbations are assumed to be small,
so the potential of flow exists in the following form

where
600 — potential of the free stream
@ - potential of the disturbances in the flow.

The governing Prandtl-Glauert equation has the form

(1= Ma®)ppy + gy + ¢22 = 0 (2.2)
and can be transformed into the Laplace equation

¢II + ¢yy + ¢z:: =0 (23)
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The boundary conditions are
- at infinity grady — 0
— at the control points of wing surface d¢/dn =0

This leads to the following set of lincar equations

AX = —{Qn:} (2.4)
where

A - matrix of the influence coefficients containing velocities due to
singularities of unit strength placed on surface elements (pa-
nels) of the wing. The nth row of the matrix contains veloci-
ties induced by the singularities of all panels the nth control
point

X - vector of the unknown strength of the singularities

n; - normal vector at the control points.

The local angle of attack is modeled by deflection of the normal vector at
the control points by an angle equal to the local surface slope of the mean
camber line. This has been shown by Lan (1976) to give correct results for
the values of the angle of attack up to 10 degrees.

The vortex lattice method (VLM) (cf HHedman (1965); Bertin and Smith
(1989); Katz and Plotkin (1991)) assumes the horseshoe vortices on each panel
surface. The horseshoe vortex is composed of the bound vortex line, laying
span-wise on the panel surface and of two free vortex lines, of the same strength
as the bound vortex, stretching to infinity behind the wing. Velocities induced
by the vortex system at the point P of the flow ficld are obtained using the
Biot-Savart law (Fig.1)

=g - ) 23)

B! T2

~= inf

~~inf

Fig. 1. Calculation of the velocities induced by a horseshoe vortex

In the method for thick wings (cf Singh et al. (1983)) the surface vorti-
city and source distribution is assumed on the chord plane of the wing. The
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Fig. 5. The change of zero-lift angle of attack in a {wo dimensional flow due to the
wing thickness vs. the relative altitude

of which are visible in Fig.4. An example of this may be also the change of
zero-lift angle of attack, shown in Fig.5.

Calculations were made lor the NACA-0010 wing section using the method
for thick wings (cf Singh et al. (1983)), and are in very good agreement with
the results of the conformal mapping method (after de Sievers [2]).

Fig.6 shows the ratio of the lift cocllicient gradient near the ground for a
wing of aspect ratio 5 having NACA-0010 section. Shown are results of both
the tested methods (VLM and TWNM) end experimental results (from Fiecke
(1956)).

The calculational methods give here correct results for the relative altitude
greater than 0.2 of the wing span.

Both methods were also applied to calculation of the increment of the
induced angle of attack and pitcling moment coellicient close to the ground.

The results of both tested methods were plotted against the values of the
lift coefficient (F1g77 Adind = Qjudin ground effect — Qind outside ground effect s the
definition of the Acy, is similar).

The comparison in the case of the induced angle of attack was made for
two values of the relative altitude, h/c = 1.2 and h/c = 0.4. For a greater
altitude, the results of the method for thick wings are in good agreement with
the results of the vortex lattice method. Tor smaller values of the altitude,
the wing thickness manifests itsell in the vertical shift of the curve for thick
wings.

The change of the pitching moment coellicient near the ground was cal-
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Fig. 6. The ratio of the gradient of the lift coeflicient near the ground vs. the
relative altitude

Aaind

ol geseo T'WM
-0.51 he=1.2
-1.0f

L5t hjc=0.4
-2.0 e .
0 02 04 06 08 10

Fig. 7. The increment of the induced angle of attack close to the ground as
a function of the lift coefficient

culated in a similar way. The results are shown in Fig.8. It is visible, that
the wing thickness excrts even stronger influence on the change of pitching
moment coeflicient than on the induced angle of attack, and, particularly for
the pitching moment calculations, the wing thickness can not be neglected for
altitudes lower than the wing chord.

The induced drag coefficients are shown in Fig.9a,b.

In both the methods (VLM and TWM) calculations of the induced drag
coefficient were made in the Trefltz plane (¢f Katz and Plotkin (1991), p.233),
far behind the wing. In Fig.9a coefficient k defined as k = ¢gi ¢/(c?/mA) is
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Fig. 8. The increment of the pitching moment coellicient near the ground as
a lunction of ¢
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Fig. 9. (a) — The coeflicient k = ¢y 4/(c}/mA) as a [unction of the relative altitude;
(b) — the ratio cgi ¢/cdiine as a [unction of the relative altitude

shown, where the subscript ¢ denotes the presence of ground.

The results of both (VLM and TWM) methods are compared to the results
of Wieselsberger’s analytical method (cf Thwaites (1960)), which includes the
effect of vortex wake of the image wing. The agreement between the results
of all methods is very good in the whole range of altitudes.

Fig.9b shows the values of ¢g; 4/cyi oo Obtained using both tested methods
in comparison with the experimental values. The values of the induced drag
coefficient near the ground and far [rom the ground were obtained for the same
lift coeflicient. Both mecthods give here identical results which do not entirely
agree with the experimental results. Tlowever, in spite of this, both methods
do predict the phenomenon of the reduction of the induced drag by half for

14 — Mechanika Teoretyczna
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wing placed at an altitude of 0.1 of the wing span above the ground.

The perfect correlation between the results of TWM and VLM in the
induced drag calculation may be explained by the fact, that the drag force is
dependent of the value of the circulation I', which is responsible for the lift
force. Since the calculations were made in both cases for the same lift, the
drag is also the same.

The vortex wake behind wings has been assumed in the present work to
be planar. In reality, since the vortex wake teudents to roll up and because of
the interactions between the vortex wake of the "real” and the "image” wing,
the actual shape of the wake is more complicated. It is possible that better
modeling of the wake shape will help to obtain more true values of the induced

drag.

4. Conclusions

The results of the calculations show that in the calculation of the ground
eflect, it is necessary to take the thickness of thie wing into account, when the
altitude is less than the wing chord. The wing thickness changes the induced
angle of attack, which changes the lift and pitching moment coellicients, and
there is a little influence of the wing thickness on the gradient de;/da.

The differences between the numerical and the experimental results are the
biggest in the calculations of the induced drag. 1lowever, the numerical results
are in very good agreement with the results of another analytical method,
based on the potential flow theory. The differences between the computed
and the experimental values could appear partly due to the neglecting of the
roll-up of the vortex wake.
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Zastosowaniec mctod panclowycli do obliczail charakterystyk
acrodynaniicznych plata z uwzglednieniem wplywu ziemi

Streszczenie

W pracy przedstawiono modele matematyczne oplywu platéw w poblizu ziemi.
Zalozono, ze przeplyw jest potencjalny z wyjatkiem sladu wirowego za platem. Szcze-
golowo przeandluowano dwa modele: pierwszy dla platéw cienkich z wykorzysta-
niem metody siatki wirowej 1 drugi dla platéw grubych z wykorzystaniem metody
Hessa. Obliczono globalne charakterystyki acrodynamiczne plata, w szczegdlnosci
wspolezynniki sily nosnej, momentu pochylajacego, oporu indukowanego oraz gra-
dient sily nosnej 1 idukowany kat natarcia — wszystkie w funkcji wzgledne] wysokosci
plata nad pasem startowym. Przedstawiono poréwunanie oblicznych charakterystyk
aerodynamicznych dla platéw nieskoiiczenie cienkich oraz platéow grubych z wynikami
eksperymentow.
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