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SUMMARY

As is well known, the lift of a wing passing over the ground becomes larger than that of a wing in a ®nite air ®eld
because of the ground effect. Owing to its special aerodynamic characteristics and applications, the problem of
the ground effect has become increasingly common. In this paper some investigations were conducted to
calculate the unsteady aerodynamic forces for long and short ground plates by means of boundary element
techniques. In order to calculate the pressure variation on a long ground plate, the steady boundary element
method was used. However, when using a short ground plate, the boundary element method was modi®ed to treat
the unsteady aerodynamic phenomena. Experimental studies were also made for both ground plates to con®rm
the validity of the numerical results. At low angles of attack the qualitative behaviour of the unsteady
aerodynamic pressure on both ground plates was well predicted by the boundary element methods and qualitative
agreement is found between the calculated and measured results. # 1997 John Wiley & Sons, Ltd.
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1. INTRODUCTION

As an aerodynamic feature of an aircraft, it is pointed out that an aircraft ¯ying very near the ground

(usually the surface of a runway) is apt to be in¯uenced by the ground when the ¯ying body is landing

on or taking off from the runway. The change in ¯ight characteristics of the aircraft due to the ground

is widely known as the ground effect.1 The study of ground effect wings for which the said ground

effect is positively utilized has been made in a wide range of research ®elds.2±5

Since performance of computers has lately been remarkably enhanced and dependence on

computational ¯uid dynamics has also been increased, problems concerning the ground effect are

being vigorously solved. However, when this matter is to be dealt with by the ®nite difference

method, fault is found owing to a variety of conditions, with the result that unacceptably long time

and enormous expense are required for the calculation of just one case even with today's high-

performance computers.

The singularity method or panel method is a method taking linear approximation as a premise and

can be said to be the optimum method for aerodynamic characteristic prediction by virtue of its
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adaptability to complicated con®gurations and its small scale of calculation. Above all, as a boundary

element method, it has features such as consideration of the wing thickness effect, arbitrariness of the

con®guration in a range where linear approximation is adequate, option of angle of attack, etc. and is

said to be an excellent method because of its versatility and facility in handling.

This work aims at determining the characteristics of the pressure variation produced when a wing

model passes over a ground plate as illustrated in Figure 1. Analysis was made with two types of

ground plates, i.e. a long one and a short one. The reason two types of ground plates are used is that

the long one is to deal with a steady problem, whereas the short one is to deal with an unsteady

problem in making numerical analysis. With the long ground plate Morino's method6 was used. With

the short ground plate the numerical method was expanded so as to allow Morino's method to deal

with the relative motion. Experiments corresponding to the above were also conducted concurrently

and a comparison of these experiments with the calculational results is made.

2. NUMERICAL CALCULATION METHOD

2.1. Calculations with long ground plate

If we assume the long ground plate as a ®nite ground, the pressure distribution which is formed

around the wing in a uniform ¯ow may be regarded as the pressure variation which is generated by a

moving wing in a static ¯uid. Accordingly, the long ground plate can be used to deal with a steady

problem. Supposing that the ¯ow around the wing is incompressible, inviscid and irrotational, the

velocity potential F�x; y; z� and disturbance velocity potential f�x; y; z� are determined as shown

below. Here it is assumed that the x-axis is taken in the direction conforming to the uniform ¯ow U1.

F � U1�x� f�: �1�

The velocity potential F is related to the velocity v�x; y; z� of the ¯ow by

v � grad F � U1 � U1 grad f: �2�

Furthermore, the governing equation in the ¯ow ®eld is expressed by Laplace's equation shown

below with respect to the disturbance velocity potential:7

@2

@x2
� @2

@y2
� @2

@z2

� �
f � 0: �3�

Figure 1. Experimental model for ground effect
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As the boundary condition, the one shown below indicating that the ¯ow moves along the body

surfaces is used. In this paper the body surfaces include the surfaces of the wing, ground plate and

sidewalls.

@f
@n
� ÿU1 � n

U1
; �4�

where n is normal to the surface of the bodies.

In accordance with Morino's method,6 let Green's theorem be applied to the surface S of the

bodies. Taking a collocation point on the surface of the bodies and substituting the boundary

condition for the formula gives the boundary integral equation

1
2
f�P� ÿ 1

4p

��


SB

f�Q� @

@n�Q�
1

r�P;Q� dS ÿ 1

4p

� �
SW

Df�Q� @

@n�Q�
1

r�P;Q� dS

� ÿ 1

4p

��


SB

1

r�P;Q� ÿ
U1 � n

U1

� �
dS; �5�

with

r�P;Q� � p��xÿ x1�2 � �yÿ y1�2 � �zÿ z1�2�;
where r represents the distance between the collocation point P�x1; y1; z1� and the integral point

Q�x; y; z�. SB is the surface of the bodies and SW is that of the wake (Figure 2). We assume the wake

surface to be a sheet of zero thickness and denote the intersection curve between SB and SW by CW.

We may take CW to coincide with the trailing edge of the wing.8 Df is the difference in the

disturbance velocity potential across the wake. Let it be assumed that
��

 shows Cauchy's principal

value of the integral. The above expression is a Fredholm integral equation of the second kind.

Although the in¯uence of the wake has to be considered with a lifting body, the conditions that the

potential difference Df between the upper and lower surfaces of the wake is constant along the

streamline and that Df is equal to the value at the trailing edge of the wing are hereby imposed as

Kutta's condition, since no pressure difference can exist in the wake:9

Df � fu ÿ fl � const:; �6�

Figure 2. Formulation of model
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where fu and fl are the values of f on SB at two points located just above and below a point

belonging to CW respectively, from which the stream under consideration is shed.

By solving this integral equation with the disturbance velocity potential f as an unknown, the ¯ow

®eld can be obtained. In order to obtain an approximate solution for the integral equation, the surfaces

SB and SW are divided into small quadrilateral panels Sk . The surface panels Sk are approximated by a

hyperbolic paraboloid. The values of f and @f=@n are assumed to be constant within each panel. The

collocation method is then used, i.e. equation (5) is satis®ed at the centres Ph of the elements Sh.

According to this method, the disturbance velocity potential f is discretized to the degree of freedom

to the extent of the division number N of the panel and we have the linear simultaneous equations

�dhk ÿ Chk ÿWhk �ffkg � ÿ�Bhk � ÿ
U1 � nk

U1

� �
; �7�

where dhk indicates Kronecker's delta and the aerodynamic in¯uence coef®cients Chk;Bhk and Whk

are expressed as

Chk �
1

2p

��


SB

@

@n

1

r

� �
dS

264
375

P�Ph

; Bhk �
1

2p

��


SB

1

r
dS

264
375
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; Whk �
�1

2p

��


SW

@

@n

1

r

� �
dS

264
375

P�Ph

: �8�

The aerodynamic in¯uence coef®cients are analytically obtained by Morino et al.6 Therefore no

numerical integrals are used in obtaining Chk;Bhk and Whk .

The velocity can be obtained by differentiating the velocity potential. For the differential along the

surface of the body, Yanagizawa's method10 is employed. In order to obtain the velocity and pressure

distribution, we approximate the velocity potential F by the parabolic distribution for steady ¯ow:

F � U1�x� f� � as2 � bs� c; �9�
where s is the length along a circular arc through three consecutive collocation points and is measured

from the centre collocation point. The constants a, b and c are calculated from the values of velocity

potential at the three collocation points. We need derivatives of F with respect to s in two directions

determined by a pair of three collocation points as

dF
ds1

� Fs1
� 2a1s1 � b1;

dF
ds2

� Fs2
� 2a2s2 � b2; �10�

where s1 measured from Pi; j is the length along the circular arc through points Piÿ1; j;Pi; j;Pi�1; j and

s2 measured from Pi; j is the length along the circular arc through Pi; jÿ1;Pi; j;Pi; j�1 as shown in

Figure 3.

We want to determine the unit tangential vectors l1 and l2 at the central collocation point Pi; j along

s1 and s2 respectively. As a special case, if the three consecutive collocation points lie on a straight

line, the unit tangential vector l is simply given by

l � b

jbj : �11�

If this is not the case, l is determined according to the following scheme. We denote here by r0 the

position vector of the centre of the circle through the three points Piÿ1; j;Pi; j;Pi�1; j and de®ne the

vectors a, b and c as shown in Figure 3. With these preliminaries the vector r0 is calculated as

r0 � a� scb� tcc; �12�
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with

sc �
�b2 ÿ b � c�c2

2�b2c2 ÿ �b � c�2� ; tc �
�b � cÿ c2�b2

2��b � c�2 ÿ b2c2� : �13�

Then the tangential vector is given by

l � nn � nr; �14�
where

nn �
b� c

jb� cj ; nr �
aÿ r0

jaÿ r0j
: �15�

The vector nn is the unit normal vector of the plane determined by vectors b and c, while the vector nr

is the unit vector along the radius of the circle through the point Pi; j. The symbol (�) denotes the inner

product of vectors and the symbol (�) denotes the external product of vectors. In the directions of s1

and s2 we have

l1 �
b1

jb1j
and l2 �

b2

jb2j
along straight lines; �16�

l1 � nn1
� nr1

and l2 � nn2
� nr2

along curves: �17�
If we take the e1-axis in the direction of s1 and the e2-axis in the direction perpendicular to e1 and

in the plane spanned by s1 and s2, then we have

fe1
� dF

de1

� dF
ds1

; �18�

fe2
� df

de2

� 1p�1ÿ �l1 � l2�2�
dF
ds2

ÿ �l1 � l2�
dF
ds1

� �
: �19�

Figure 3. Derivatives along body surface
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Then the pressure coef®cient and velocity vector are expressed as

HF � HF � F2
e1
� F2

e2
; �20�

Cp �
pÿ p1
1
2
rU2
1
� 1ÿ F2

e1
� F2

e2

U 21
; �21�

v � Fe1
l1 � Fe2

l2 ÿ �l1 � l2�l1p�1ÿ �l1 � l2�2�
: �22�

2.2. Calculations with short ground plate

We consider mainly the pressure variation on the short ground above which the wing passes. In this

case the phenomenon of the aerodynamic forces surrounding the wing and short plate is a relative

motion in a ¯uid at rest in three dimensions and the matter has to be dealt with as an unsteady

problem.

The steady ¯ow of a ¯uid past a body has been investigated by many authors, but there have been

few works on the unsteady ¯ow due to several bodies in relative motion. Some features of the ¯ow

make the study dif®cult. The boundary con®guration of the ¯ow ®eld changes with time. The

boundary element method is used to remove the dif®culties in this research. There is no need to

regenerate the panel at each time step unless the moving bodies change their shape. This is a great

advantage of the boundary element method and shortens the turnaround time in parametric studies.

The boundary element method is modi®ed to treat the unsteady aerodynamic phenomena. To avoid

overlapping the description, only the factors different from the long ground plate, i.e. the boundary

condition, differential of the velocity potential and calculation of the pressure ®eld, are referred to.

We shall consider the case where the wing is passing over the short ground at rest. Here it is

assumed that the x-axis is parallel to the direction of the velocity of the wing. The instant just when

the wing comes over the short ground plate as in Figure 1 is chosen as the origin of time (t� 0). The

problem is solved as an initial value problem. At each time interval a boundary value problem is

solved for the velocity potential outside the bodies.

In this case with the short ground plate the velocity potential is related to the velocity of the ¯ow by

v � uw grad f; �23�
where the value of uw is the largest velocity of the bodies. The boundary condition is given as

@f
@n
� uw � n

uw

; �24�

where uw is the velocity of the body surfaces.

The velocity is evaluated by taking the gradient of equation (5):

E�P�v�P� ÿ 1

4p

��
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f�Q�HP

@

@n�Q�
1

r�P;Q� dS ÿ 1

4p

� �
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@
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@n
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1
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Equation (25) is approximated in accordance with Suciu's method11 as

2Ehvh �
P
k

fkHPChk ÿ
P
k

@f
@n

� �
k

HPBhk �
P
k

DfkHPWhk; �26�
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where Chk;Bhk and Whk are given by equations (7) or

Eh �
1 outside Sh;
1
2

on Sh;
0 inside Sh;

8<: �27�
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375
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�28�

and HP is the gradient at collocation point P.

The gradient of the aerodynamic in¯uence coef®cients is analytically obtained by Suciu and

Morino.11 Therefore no numerical integrals are used in obtaining HPChk;HPBhk and HPWhk .

The pressure on the surface of the bodies can be obtained from an extension of Bernoulli's

theorem. The pressure coef®cient may be written as

CP � ÿ
2@f=@t

u2
w

ÿ jvj
2

u2
w

: �29�

Through the ®rst term on the right-hand side we include unsteadiness. Evaluation of this term is not

easy, because it includes the partial derivative of the velocity potential with respect to time. When we

calculate the time differentiation, we have to consider that the bodies move relative to each other. In

this connection a number of methods to obtain the time differential term of the disturbance velocity

have been proposed.12,13 In this study we evaluate the term as14

2Eh

@fh

@t
� ÿP

k

�H*PChk � H
*

P
�Whk� � u*kfk �

P
k

H
*

PBhk � u*k

@f
@n

� �
k

ÿP
k

�Chk � �Whk�
@fk

@t
: �30�

In Reference 14 we do not consider the effect of the wake. In equation (30) the terms including �Whk

and H
*

P
�Whk on the right-hand side are newly added to include the in¯uence of the wake. Using this

equation, we can get accurate results and shorten the calculation time.

3. ANALYTICAL RESULTS

3.1. Long ground plate

The wing section used for the calculation is NACA65A010. The size of the analytical model is

given as illustrated in Figure 4 by taking the length in the uniform ¯ow direction as 10c, the length in

Figure 4. Model dimensions in case of long ground plate
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the direction perpendicular to the said direction as 3c and the height of the wing from the ground plate

as 0�3c on the assumption that the chord length is c. The numerical model is depicted in Figure 5.

The time variation of the pressure produced on the ground when the wing passes over it is shown in

Figure 6. First, positive pressure is generated as the leading edge of the wing passes. After that,

negative pressure which is greater in absolute value is generated and positive pressure is again seen

when the trailing edge of the wing passes. With regard to the positive=negative peak values, the

positive pressure part becomes greater and the negative pressure part becomes smaller as the angle of

attack is increased. These tendencies are likewise noted when the angle of attack is steered negative.

The result brought about when the angle of attack is steered negative will be omitted for lack of

space. Comparison of the calculational result with the experimental result clari®es the tendency that

the calculational result closely follows the experimental result, despite the fact that the absolute

values are slightly different from each other.

The results of frequency analysis of the wave-form of the pressure variation when the wing passes

are shown in Figure 7. From the calculational result a peak is seen in the vicinity of approximately 5±

6 Hz. Furthermore, the peak is transferred to the high-frequency side upon increasing the angle of

attack. It is observed from the experimental result that the data at the angle of attack 0� cannot be

obtained so well, but the features seen with the calculational result are expressed also with the

experimental result.

Next, the pressure distribution on the ground plate is mapped in Figure 8. At the angle of attack 0�

it is noticed that positive pressure is generated on the leading and trailing edges of the wing. It is also

seen that negative pressure is produced underneath the wing. As the angle of attack is increased, the

Figure 5. Numerical model in case of long ground plate: left, whole view; right, expanded view

Figure 6. Time variation of pressure generated on ground plate when wing passes over: left, calculation; right, experiment
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region of positive pressure increases and the region of negative pressure becomes smaller. On the

other hand, two streaks of negative pressure presumably caused by the trailing vortex appear at the

rear side of the wing at the angle of attack 6�.
It is exceedingly dif®cult to measure the pressure on the surface of the moving wing by

experiments, but numerical calculations facilitate the measurements. Figure 9 show the pressure

distribution on the wing root. For the angle of attack 0� a symmetric pressure distribution on both the

upper and lower sides of the wing is given provided that the ground plate is not under the wing,

because the wing section used is symmetric. In contrast, with the negative pressure underneath the

wing becomes greater when the ground plate is available and in this case the pressure distribution is

not symmetric on either the upper or the lower side. As the angle of attack is gradually increased, the

negative pressure on the upper side and the positive pressure on the lower side becomes greater, as

can be seen at the angle of attack 6�. Thus it is imagined that the lift force as a whole is increased.

Looking at Figure 10, we see that the features described above more plainly. It turns out that the

presence of the ground plate allows the gradient of the lift force coef®cient to be heightened.

Analysis so far has been made exclusively with the ground plate without considering a sidewall in

the calculation. On the other hand, the experiment was also carried out using an apparatus with a

sidewall. Thus calculation was made with respect to the numerical model mapped in Figure 11, with

the aim of ascertaining how the pressure distribution is changed by the in¯uence of the sidewall. The

Figure 7. Frequency analysis of pressure variation when wing passes over: left, calculation; right, experiment

Figure 8. Pressure distribution on ground plate
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pressure distribution of both the ground plate and the sidewall is shown in Figure 12. However, for

the sake of observation, the sidewall in the foreground (see Figure 11) is omitted.

The pressure distribution on the sidewall seen in Figure 12 appears hardly to in¯uence the pressure

variation on the centreline of the ground plate, as shown in Figure 13. Therefore, as far as the pressure

variation on the centreline of the ground plate is concerned, it is believed that analysis might be made

without considering the sidewall.

Figure 9. Pressure distribution on wing

Figure 10. Lift coef®cient
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3.2. Short ground plate

The wing section used is NACA65A010, the same as that for the long ground plate. The size of the

analytical model is given in Figure 14. On the assumption that the chord length is c, it is determined

that the length of the ground plate in the transfer direction is c, the length perpendicular to the former

is 3c and the height of the wing from the ground plate is 0�3c.

The numerical model is mapped in Figure 15. Although the short ground plate brings forth an

unsteady problem, the time interval used for the calculation was determined to be t � c=uw � 0�01 in

Figure 11. Numerical model when sidewalls are considered: left, whole view; right, expanded view

Figure 12. Pressure distribution on ground plate and sidewall

Figure 13. Pressure variation on ground plate when sidewall is considered
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dimensionless time. The calculation time was determined to be between ÿ0�4 and 0�4. We assume

the velocity of the body surfaces as

uw � 1 on the wing;
0 on the ground plate:

�
The time variation of the pressure generated on the ground when the wing passes over it is shown

in Figure 16. The tendency of the wave-form is almost the same as that seen with the long ground

plate. As the experimental value to be compared, only the value at the time when the angle of attack

is 0� is available, owing to restriction on use of the experimental apparatus. However, it is considered

that the calculational value ®ts the experimental value very well.

With the long ground plate there always exists a ground plate on the lower side of the wing, as

viewed from the wing, and the left force applied to the wing is time-dependently constant. On the

other hand, with the short ground plate at ®rst there is no ground plate, then the ground plate appears

Figure 14. Model dimensions in case of short ground plate

Figure 15. Numerical model in case of short ground plate

Figure 16. Time variation of pressure generated on ground plate when wing passes over: left, calculation; right, experiment
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and again disappears. This should be called intrinsically unsteady phenomenon. For this reason the

lift force applied both to the wing and to the ground plate also varies time-dependently, as shown in

Figure 17. Although the lift force generated by the angle of attack is applied to the wing at ®rst, it is

discerned how the said lift force is changed owing to the in¯uence of the ground plate when the wing

passes over it.

When the wing passes over the ground plate, the tendency of the graph of the lift force coef®cient

is reversed owing to the difference in the angle of attack (from a � 2� to 4�). This might be caused by

the following. When the angle of attack is small enough, the ¯ow route on the lower side of the wing

is made narrower and the negative pressure is increased with an increased ¯ow velocity, allowing the

lift force coef®cient to decrease. On the other hand, when the angle of attack is large, the ¯ow is

intercepted to increase the positive pressure. Thus the lift force coef®cient is increased.

The tendency in the graph of the lift force coef®cient is reversed owing to the difference in attack,

for the reason which can also be explained from Figure 10. That is to say, when the angle of attack is

smaller than approximately 3�, with this as a limit, the lift force coef®cient with the ground plate

becomes smaller than that without the ground plate. In contrast, when the said angle is larger, the lift

force coef®cient increases. On the other hand, the lift force applied to the ground plate also changes

when the wing passes over it.

4. CONCLUSIONS

The pressure variation produced when a wing passes over a ground plate has been analysed with

respect to both long and short ground plates using the boundary element method. The calculational

results have been found to be in good qualitative agreement with the experimental values. It is made

clear as a result that evaluation is possible with the pressure variation generated by the passing wing

in accordance with the steady boundary element method with a long ground plate and in accordance

with the unsteady boundary element method with a short ground plate.
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