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* SUMMARY

This Report describes a method of calculating the ground effect on the
longitudinal characteristics of a slender wing when the span/height ratio
is small. The results obtained are compared with those obtained from
Gersten's method, valid when the span/height ratioc is large. From these two
sets of results is derived a method of correlating the measured ground effects
on the normal force and pitching moment on various slender wings, and hence a

means of e stimating the ground effect on any slender wing at amy height above
the ground.

n * Replaces R.A.E, Technical Report 69190 - A.R.C. 31798
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1 INTRODUCTION

Several years ago, during research associated with the development of
slender-wing aircraft, wind-tunnel tests indicated that the characteristics
of such aircraf't close to the ground would be significantly different from
their characteristics in free air (see Fig.1); and in particular that the
effect of ground proximity could increase their 1ift by more than 5Q%1 at
touchdown. The size of this ground effect and of the associated effects on
the aircraft's stability emphasized the need for more information about the
dependence of the ground effect on the height, shape and incidence of the air-
craf't.

A considerable amount of experimental work has been done to discover the
ground effect on different slender wings and wing-body combinations. Notable
contributions have been made by Kirby and Kettlez, de Sieversj, Gersten and
van der Decken&, Kirkpatrick5 and Smith6 using a variety of models and test
techniques. During the same period studies of the different methods used to
simulate ground proximity in wind tunnels have shown that for low-aspect-ratio
wings the method used had no appreciable influence on the measured result33’7
and that wind-tunnel results were in close agreement with those obtained from
aircraft flying clese to the ground at constant height and incidenceB. These
experimental results yielded considerable information about the ground effect
phenomena but, in the absence of a ground effect theory, the dependence of
these phenomena on the height, planform and incidence of the wings tested could
not satisfactorily be correlated, though some empirical correlations of the

1lift increment induced by ground proximity have been attempted1’3.

An endeavour to formulate a ground effect theory and provide a basis for
the analysis of wind-tunnel results was presented in 1965 by Gersten and
van der Decken&. They considered the case of a plane slender wing at small
incidence very close to the ground so that the flow field round the wing and
its image in the ground plane could be assumed to be two-dimensicnal (see
Pige2a), and solved the two-dimensional potential eguation in a plane
perpendicular to the free stream so that the solution satisfied the appro-
pPriate boundary condition at the spanwise cross-sections of the wing and its
image. They then calculated the ground effect on the local normal force
coefficient as a function of the local span/height ratio and hence predicted

the ground effect on the normal force and pitching moment of slender wings.



But this theory is only applicable to wings so close to the ground that the
local span/height ratio is everywhere large and at such small incidences that
the effect of the leading-edge vortices is negligible. Consequently it is not
surprising that at the incidences typical of the approach and landing of a
slender aircraft there are considerable discrepancies between the ground

effects predicted by their theory and those obtained by experiment.

This present Report presents in section 2 a theory which can be used to
calculate the ground effect on a slender wing at small incidence not very close
to the ground so that the span/height ratio is small. In this case the
ground effect on the flow field round a slender wing was assumed to be similar
to the effect of doublets distributed along the axis of the wing's image from
its apex rearwards to infinity (see Fig.2b); these doublets were directed
upwards perpendicular to the plane of the image and their strength and distri-
bution were determined from the aerodynamic loading distribution on the wing.

Some of the results of this method of calculation are presented and discussed.

It is then demonstrated in section 3 that, altough Gersten's theonyh and

the present theory are valid only when the span/height ratio is very large and
very small respectively, the results of these two theories may be used to
define the limits of a curve correlating the measured ground effects on the
normal foree on various slender wings at low incidence and at various heights.
The curve may be used to correlate, with reasonable accuracy, the measured
ground effects on the pitching moment characteristics of these wings. This
successful correlation at low incidence suggests a method of correlating the
ground effects on the longitudinal characteristics of slender wings at
incidences appropriate to the take-off and landing of slender aircraft. The
correlating curves may be used to estimate the ground effect on amy slender

wing at any incidence and any height above the ground.

2 CALCULATION OF THE GROUND EFFECT ON A SLENDER WING

The flow field round a slender wing flying close to the ground at sub-
sonic speed and at high incidence, e.g. during take-off or landing, is
extremely complex and difficult to calculate. In 1966 Smith9 presented a
method of calculating the coniecal flow field round a plane delta wing but
there is little hope of an early extensio; of this method to the case of

subsonic non=conical flow and still less of the further extension needed to

calculate the effects of ground proximity.



It is nervetheless useful to develop methods of calculating the ground
effect on slender wings in certain speciel cases where simplifying assumptions
can be made, e.g. the ground effect on wings at small incidence very close to
the ground has been calculated by Gersten#. The present Report describes a
method of calculating the ground effects on slender wings at small incidence
not very close to the ground. . In this method it is assumed that the
incidence of the wing is so small that the effects of the leading-edge
vortices and of the chordwise variation of its height may be neglected, and
that its height is so large that the span/height ratio is small. It should be
noted that these assumptions place no restrictions on the chord/height ratio.
It is further assumed that the velocity increment induced at the wing by the
proximity of the ground is approximately vertical and is similar to that
induced by a distribution of doublets along the axis of the wing's image in
the ground plane, from its apex rearwards to infinity (see Pig.2b). These
doublets are directed upwards and their strength p/unit length is obtained
from the aerodynamic loading distribution on the wing using the equation

8
w(E) = 2 [ y 1(x,7) ay,
0
where vy is the x-component of vorticity in the wing surface or the trailing
vortex sheet and s is the local semi-span of the wing. In accordance with
the slender-wing theory of R. T. Jonesm, the vorticity distribution is

assumed to be the same as that on a flat plate of breadth 25 normal to a two-

dimensional flow having the velocity Ua, i.c.

v(X,Y) = 2Ua.Y/,52-Y2
therefore p{X) = I1a32 = U N(X)/2q,

where N(X) is the normal force on the part of the wing forward of station X%

The upwash induced at a point (X,Y) on the surface of a slender wing at

height H above the ground by doublets of strength p(XY) distributed along the
axis of the wing's image at a distance H below the ground is calculated from

a

the expression

Couan) sfe (ko2 o P -
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Since the span/height ratio is small the spanwise variation-gg'of the upwash
is negligible and the local increase of incidence Aa{X) due to ground effect is

o0
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where h = H/c, X = X/c and X' = X'/ec, Because the wing is not very close to
the ground and the ground effect on it is therefore small, the aerodynamic
loading distribution on the wing and its image may be assumed to be negligibly

different from the loading on the wing in free air. Hence

/]:'é‘){]x [(xBT T)(x P }5/2
c
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where the subscript oo denotes values taken infinitely far from the ground.
Assuming that the normal force on a slender wing in cambered flow is pro=-
portional to the incidence at the trailing edge, as predicted by slender-body
theory, then the normal force increment induced by the presence of the ground

is dCN
ACN = T Aa(1)
therefore
AC ch/&a. 2 2
N _ 1 /b N{x] 8h” - (1 - x') axt .
Cx 2T 16 () [ |: ] [(1 - x9)° + 42172

If (x' =1)/2h = tan 6, then
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and the integral by 1(61),

8

2
N _ E (b
T 64(1{) 1(e,) .

The variation with h of the value of 1(61) was calculated for two wings whose

aercdynamic loading distributions in free air corresponded with those predicted
! 2
by slender-body theory for a delta and a gothic wing, i.e. E(T) = x'" and

]
g f = {2 - x'2)2 respectively. The calculated variations were plotted in
Fig.3a which shows that the value of I(61) is not critically dependent on the
form of the loading distribution and justifies retrospectively the earlier

1 ]
assumption that ﬂ f = l:%&ﬂ . Fig.3b shows that, since it may reasonably
O

be assumed that most slender wings have loading distributions similar to those
gquoted sbove, only negligible errors are introduced by assuming that 1(61) = 2,

irregpective of the loading distribution of the wing considered. Hence

ﬁf=5°_1s=_1*_(2)2
CN CL 32 \H
[+ 4 [s0]
3 CORRELATION OF THE GROUND EFFECT ON SLENDER WINGS

341 At small incidence

It is interesting to compare the results of the theory presented in the
preceding section with those of Gersten's theonyh. His theory assumes the

c
validity of slender body theory, i.ee. that %r%} =-%% 50 F = 1, and predicts
a
[+ ]

that for large values of the span/height ratio the local aercdynamic loading

on a slerder wing at small incidence is



s | ds
aN(x) = 2q sa [%-2 + 216 ¢ |35 dx
so the normal force coefficient near the ground is
1
- Ao . .08 2 ¢
CN— 2[ (52n+108Hn)d'q.

Consequently the change in the normal force coefficient due to the ground

effect 1s
1
_ Aa : g 22\ _ mAa
ACNu2f<52n+108Hn>dn 2
o
therefore
4C
N b
F CN = 0-+115 " 0173 ,

oy

irrespective of the wing's slenderness or loading distribution. The theory in
section 2 predicts that, for small values of the span/height ratio, the ground

effect on a slender wing is virtually independent of its planform and equals

)
kY CN 32 \H
oo

Thus each theory predicts that the ground effect is primarily dependent on the
span/height ratio, b/H.

The variations with b/H of the ground effects predicted by these two
theories were plotted in Fig.4 and compared with experimental values cbtained
from wind-tunnel tests on various slender wings (see Appendix). It was found
that at small values of b/H the experimental results were close to the curve
calculated from the theory presented in section 2, but that as b/H increased the
experimental results diverged from this curve and tended to approach the curve
calculated from Gersten's theory. To correlate the experimental results a curve,
referred to as the interpolz;ted curve, was drawn through the experimental results
so that 1t corresponded with Gersten's curve at large values of b/H and with the
curve obtained from the present theory at small values of b/H., Fig.5 shows
that all the experimental results lie very close to this interpolated curve
which, for 0 < b/H < 6, may be approximated by the expression



AC 1442
N _ b
= 0045 F (H) .
The interpolated curve may be used to correlate the measured ground
effect on the position of the centres of pressure of various slender wings
at small incidence. For this correlation it was assumed that the ground effect
on the normal force N(x) on the part of a slender wing forward of station x is

dependent on the span/height ratio at that station, i.e. that

O 0-045 F(x) (Mj h G(x).

CN(x) H(x)

This assumption is similar to that underlying slender body theory. The chord-

wise position of the centre of pressure is given by the expression

1
_ _ Nix
xcp = 1 j. ﬁ%?% dx

e}

so the change in its position due to ground effect is

1 1

N(x) | N(x
Axcp "[ [N%1§ mdx‘[ N1y

o - o}

! 1
Nix 1 + G(x

‘[ [:E'H' [1-1+G1}dx
o - co

s [ ) - )
s [ (e -5 ()

assuming that the incidence is sc small that g f = 1. This expression

tt

shows that the ground effect on the centre of pressure, unlike that on the
normal force, is dependent on the planform and loading distribution of the
wing considered as well as on its span/height ratio.  Although the loading
parameter %%%} is generally not known accurately, the ground effect on the
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centre of pressure of a particular wing may be e stimated using an approximate

expression for %{%% . Experimental measurements of the stability of slender

Wings13, and of the distribution of aerodyanamic loading on ‘l:heln“i"’15 have

anx)

indicated that for a gothic wing %%— = 1 and that for a delta wing T

n Flx n+2 20
is proportional to (1 - x) so that T T where
2 [dCy n . N F(x
F(1) = d“:]oo =" i3 Using these approximations for f{?} s some

values of Axcp for gothic and delta wings were calculated and plotted in Fig.6
which shows that the calculated values are close to the experimental results.

3.2 At large incidence

Having thus established a successful method of correlating the effect of
ground proximity on the longitudinal characteristics of a slender wing at very
small incidence, it is appropriate to investigate the possibility of using
this method as a basis for correlating the measured ground effects on slender

wings at incidences typical of the take-off and landing of a slender aircraft.

It has been demonstrated that at small incidence

G B s ()2
'E—— - G - 0'045F H L]
L N

[+,+] o

If, following the example of Spencej‘, the position of a slender wing relative
to the ground is defined by the angle of incidence and the height of the mean-
quarter-chord point, then the ground effect may be written as

AC
= = Ff(o.,Hl) ,
N b

oG

2 CN

where f 1is as yet an unknown function of o and b/H; and F = _ .

AC G 7 da |,

Experimental values of F Ig (see Appendix) were plotted against b/H,; in Fig.7
N 4

oo

AG

FCN

[+.+]

which shows that is independent of wing incidence, planform and aspect

ratio and that
AC 142

N . b
F G “00)'"5<H1> :

Noo p:
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Consequently the ground effect on the 1ift characteristic of any slender wing
at any height and incidence may be estimated using the measured free air

characteristic and the span/height ratioc.

Ay
Since T — is independent of incidence, the ground effect on the

N

oo
position of the centre of pressure of a wing at moderate incidence may be

gstimated by following the same procedure as for small incidence in

section 3.1 and assuming

AC 142
._NQ.El = 0-045 F(X) (2_Sé£}>
Crix) H (%

=4

where Hl(x) is the height of the mean-quarter-chord point of the part of the
Py

wing forward of station x. Hence

o - 7S [ BB RS B () ) )=

Using the same expression for %{%} as in section 3.1, some values of Axcp for
gothic and delta wings at an incidence of 15 degrees were calculated and
compared in Fig.8 with experimental results. Considering the complexity of
the flow field round. a slender wing at large incidence near the ground, the
agreement between the calculated values and the experimental results is

reasonably good.

4 CONCLUDING REMARKS

This Report presents a method of calculating the ground effect on the

normal force on a slender wing at small incidence not very close to the ground.

The Report also describes how the results obtained from this method and
those obtained from an earlier method# may be used to define the limits of a
simple curve correlating the measured ground effects on the normal force on
various slender wings at low incidence and at various heights. The curve may
be used to correlate, with reasonable accuracy, the measured ground effects on
the centres of pressure of these wings. This successful correlation at low
incidence suggests a method of correlating the ground effeets on the longitudinal

characteristics of slender wings at incidences appropriate to the take-off and



1
i /1]
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landing of slender aircraft. The correlating curves, coupled with the
empirical expressions for the small thickness effects discussed in the
Appendix, provide a method of estimating the ground effect on any slender wing
at any incidence and any height above the ground.
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Appendix
EFFECTS OF WING THICKNESS

Both of the ground effect theories discussed in this Report are striectly
valid only for slender wings of zero thickness. All the wind-tunnel tests
to investigate ground effects have been made using wings of small but finite
thickness; these tests have shown that the ground effect on a slender wing
is affected by its thickness and that this thickness effect yields at zero
incidence a negative 1ift increment and a positive pitching moment increment.
It was therefore necessary to calculate from the experimental data the values
of parameters which were almost independent of wing thickness and could be
compared with the theoretical predictions. The parameters chosen and

calculated were

&y ) ch/aa »
Cy - (ch/da.)m
oQ

dcm de
s -
cp dCN dCN .

at zero incidence, and

I A AP 1
C. c -
N L

o

Ax _ Cm - (cm)a:o _ (Si)
ep Cy - (CN)q:O Syl

at large incidence. Since the thickness effects were small and their

variation with incidence may be presumed small, it was assumed that these
parameters were virtually independent of wing thickness and could be compared

with results from ground effect theories (Figs.5 to 8).

The longitudinal characteristies of a thick slender wing near the

'y
ground may be estimated by using_ the values of Eﬁéi and Axcp, calculated from

the interpolated curve in Fig.5 by the method deseribed in section 3, in
conjunction with the values of the thickness effect obtained from the

empirical expressions
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dc
_ . S AN ]
(Cyg = = 0°025 (da ) H
(=5 ]
ac
_ . N VA
€ )yp = * 0009 (aq )ooH

derived from the experimental results plotted in Fig.9.
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Table 1
h MEASURED GROUND EFFECGTS ON SLENDER WINGS AT ZERO INCIDENCE

ac AC dc
Wing A | Ref. | b/ T—;\T P = CN dcm & o
N N
oa
Delta | 1-62 5 1.72] 0-68 0 0-606 0
2+0l | 190 0154 0+611 | 0-005
2-6811-97 0-214 0+613 | 0-007
304§ 2-02 0+250 0+615 | 0-009
3+981 2-14 04356 0:617 | 0+011
5+02| 2-28 0480 0621 | 0-015
6:08] 241 0+589
Delta | 1+0 2 0 1+20 | 0-765 0 0-648 0
2:02|1-35 0+162
Lehdr | 1+55 0382 0664 | 0016
Gothic [ 140 11 0 135|086 0 0494 0
3 167 0-268 0+511 | 0-017
6 212 0663 0+526 | 0+032
Gothic | 075 | 12 0 122 [ 090 o} 0
3 1445 021 0014
Lol | 168 041 0+023
9 222 0+90 0-032
Mild 1436 2 0 1+66 | 0+78 0 0573 0
Gothic L2 | 2412 0326 0-594 | 0-021
5+73) 2-35 054 0:602 | 0:029

15
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Table 2

MEASURED GROUND EFFECTS ON SLENDER WINGS AT LARGE INCIDENCE
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Iable 3
EFFECT OF THICKNESS ON GROUND EFFECT

ac (c,) (c_)

. N (c.) _ Na=0| (C ) n’ a=0
Wing | & | Ref.| t/H (dq, )oc Va0 Jda | %0 % Jaa
Delta | 1+62 5 0] 172 0 0 0 0

024 ~0+003 | =0-002 | 0-0030 0+002
0-30 -0+011 { =0-006 | 0-0050 0-003
0+36 -0+015| -0+009 | 00065 0+004
Delta |[1-0 2 1-20 0 0 0 0
0+24 0 0 0 0
0+53 -0:01 | -0+008 | 0-003 0-003
Gothic [ 1+0 11 0 1435 0 0 0 o}
O+5l =0+015 | =0-011 | 0-004 0-003%
1+08 -0-045 | =0+033 | 0-011 0+008
Gothic | 075 12 0 1.22 0 0 0 0
0+49 =05} =-0-012 | 0-004 0-003
0+72 =0:020| =016 | 0-006 0+005
148 -0-040 | <0033 | 0-011 0-009
Mild 1-36 2 0 1-66 0 0 0 0
Gothic 032 0 0 0+00L 0+002
037 -0-01 | -0-006 | 0-0055 0-003

17
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SYMBOLS

aspect ratio
span

chord

1if't coefficient

Pitching moment coefficient
normal force coefficient

.E__E.IE
7A \ da
(o o]

ACN

Cy

oo
height

height of the mean-quarter-chord point

normal force on section of wing forward of station =x
aerodynamic loading distribution parameter

dynamic pressure

local semispan

free-stream velocity

upwash

chordwise distance measured af't from apex

X/c

distance from apex to centre of pressure

spanwise distance measured from centre line
incidence

vorticity

23/b

doublet strength
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