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Abstract

The effect of ground proximity on a 60° delta
wing at angles of attack of 10° to 31°, is
studied by means of surface pressure measurements
and oil flow visualization tests. Results show
that ground effect increases the magnitude of the
lqw pressure regions on the upper surface of the
wing, induced by the leading edge vortices. The
increase diminishes at high incidence where the
effect of vortex breakdown is dominant. On the
Tower surface, ground effect increases the
pressure. This increase becomes larger as the
angle of attack increases. The overall result of
ground effect is an increase in the normal force.

Nomenclature

c ~ Wing root chord

CNOR - Normal force coefficient

Cnor(i) - Local normal force coefficient

Cp - Pressure coefficient [(p-p )/q ]

h - Height of the wing trailing edge from
the ground

h - Proximity ratio, (height h divided by
trailing edge semi-span)

p ~ Pressure

q - Dynamic pressure

s(x) - Wing Tocal semi-span

X - Nondimensional chordwise coordinate
{(x = x/c)

y -~ Nondimensional local spanwise
coordinate [y = y/s(X)]

a - Angle of attack

Subscripts

o - free stream

u - at the upper surface

1 - at the Tower surface

*Lecturer

**Professor
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Many modern high performance airplanes have
slender wings. These make use of nonlinear Tift
effects, at moderate and high angles of
incidence, to counter their low 1ift slope. One
of the most critical phases of flight is
take-off, where weight is largest and speeds are
low. Thus high angles of attack are required in
close proximity to the ground. It is therefore
important to know the effects of ground proximity
on the aerodynamics of the wing and the
mechanisms by which they are produced. These
effects are studied in this work on the basis of
static pressure measurements on the wing surfaces.

The changes in the aerodynamic characteristics
of wings as they approach the ground have been
extensively studied. Most of these investigations
dealt with high aspect-ratio planforms or two
dimensional profiées where this effect was found
to be significant{1,2), Siender and delta
wings have also been studied both experimentally
and numerically. Force and moment measurements
have been carried out_on delta wings with various
sweep angles by John{(3), Kirkpatrick(4) and
Kjelgaard and Pau]sen(55. The ground in these
experiments was simulated by a stationary plate
inserted in the wind-tunnel. A1l these studies
dealt with forces only, and no pressure
distribution measurements for slender wings were
found in the literature. Numerical studies of
ground effect on deita wings have been carried
out by Fox{6), using a vortex lattice method,
and by Humme1{7), using the 1ifting 1ine and
1ifting surface theories. The ground in these
calculations was represented by reflecting the
image of the wing in the ground plane.

Previously existing numerical models and the
overall force measurements do not deal with the
angle of attack range where the effect of the
leading edge vortices is significant. These
vortices emanate from the wing apex and induce Tow
pressure on the wing suction side(8,9,10)  thys
contributing to the 1ift., This contribution,
which increases with angle of attack, is disrupted
when the leading edge vortices undergo vortex
breakdown. The conditions for its occurrence
depend on the leading edge swee? a?g1e, in
addition to the angle of attack 11)7 The
structural change due to vortex breakdown inhibits
the development of the suction peaks on the upper
surface and consequently reduces the contribution
of the leading edge vortices to the Tift. The
effects of ground proximity in these cases are
also expected to be influenced by the leading edge
vortices. These influences should be manifested
in the pressure distributions on the wing surfaces
and should give an indication on the aerodynamic
mechanisms which produce the ground effect.

The purpose of the present study is to
investigate the effects of ground proximity on
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delta wings at moderate and high angles of attack
on the basis of surface pressure distributions,
supplemented by oil-flow visualization tests.

Experimental Setup and Procedure

The experiments reported in this study were
carried out in the subsonic wind tunnel of the
Aeronautical Research Center at the Technion.
The experimental setup consists of the slender
wing model, the pressure reading system and the
ground simulation board. The experiments
consisted of detailed surface pressure
measurements and oil-flow visualization tfests.

The wing used in this study is a sharp-edged
delta wing of 60 sweep angle, root chord length
of 24.6 cm and uniform thickness of 4.6 mm (Fig.
1). The wing has two flat surfaces and a
symmetrical wedge-shaped (apex angle of 30°)
leading edge and trailing edge. Pressure tubes,
of 0.6 mm inside diameter, are embedded in the
wing and 130 ports for static pressure
measurements are drilled on the upper surface.
These holes are located at the junctions of 10
rays radiating from the apex and 14 spanwise rows
(Fig. 2). Each row contains 10 holes, except for
the three rows closest to the apex where
restricted space necessitated the presence of
less holes per row. Consequently, the first row
contains 6 holes and the second and third rows
contain 7 holes each.

The distribution of pressure holes was
designed for high spatial resolution for the
given number of ports. Consequently, flow
symmetry was used to concentrate the holes on one
side of the upper surface (the starboard side).
In addition, the spanwise spacings, with respect
to the local span, are smaller in the area below
the leading edge vortex trajectories on the wing,
where large spanwise pressure gradients were
expected.

The pressure measurement system is based on
three 48 ports scanivalve SGM modules, each
connected to a Statham pressure transducer type 6
or 96. A schematic diagram of the system is
given in Fig. 3. The surface pressure readings
along with the readings of a calibrated pressure
and the free-stream kinematic pressure are
processed by computer,

The ground was simulated by a flat board 1.25
cm thick and 150 cm long with a sharp leading
edge, spanning the width of the wind tunnel (100
cm) parallel to the wind tunnel floor. The
experiments were carried out with the wing
trailing edge placed about four chords (100 cm)
downstream from the leading edge of the board.

An overall view of the system with the ground
board is given in Fig. 4.

In oil-flow visualization tests which were
made on the ground plate the flow near the ground
appears uniform, laminar and with no indications
of boundary layer separation.

The displacement thickness of the ground
plane boundary layer in the pressure measurement
experiments is approximately 0.09 cm at a
distance of 100 cm downstream from the leading
edge of the board (and below the trailing edge of
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the wing). (Re=1.6.106, based on the free-
stream velocity of 30 m/sec). The displacement
thickness introduces a small reduction in the
ground height. This reduction is negligible
compared to the minimum value of h=5 cm which was
used in the experiments.

In a typical experiment the wing was set at a
prescribed angle of attack, and pressure
measurements on the upper surface were performed
for a series of ground heights. The wing was
then turned over so that the pressure measurement
surface became the lower surface, and data were
taken for the same series of heights. This
procedure was repeated for a series of angles of
attack to obtain the full data set. The average
error in the pressure reading was estimated from
a repeated test. The average difference between
the readings of the original and repeated tests
is 0.005 Cp and the standard deviation is 0.025
Cp.

The pressure values were used to compute the
pressure coefficients at the measurement points on
the upper and lower surfaces. The spanwise
profiles of the pressure coefficients were
numerically integrated using the Romberg
integration scheme to produce the chordwise
normal force loading

S(x)

Cror® =gy [ CpaCpudey )

p,u

and the normal force coefficient was obtained by

a numerical integration of Cnor(x)

1

Cnor = % Cnor(i)d(;) (2)

The flow near the ground surface and the wing
surfaces was studied by means of oil-flow
patterns., The surfaces were painted by a mixture
of one volumetric unit of fluorocentric powder and
3 volumetric units of petroleum and was exposed to
the flow for about 2 minutes until the pattern
dried out.

Results and Discussion

Surface pressures

The surface pressure measurements reported
here were conducted at angles of attack of
a = 10°, 15°, 17.5°, 21°, 25" and 31° and a range
of ground proximity ratios of h = 0.365, 0.730,
1.095, 1.460, 1.825 and 2.336, (h = 5 to 32 cm).

Figures 5 to 8 feature the spanwise distri-
butions of the pressure coefficients on the upper
and lower surfaces of the wing for the two extreme
proximity ratios h = 0.365 and 2.336 and at the
angles of attack of « = 10, 15, 25 and 31".

The proximity ratios were selected to represent
the case of pronounced ground effect (h = 0.365)
and the case closest to that of free flight

(h = 2.336).  The angles highlight the various
regimes in the range of incidences studied here.



At « = 10° (Fig. 5) nonlinear 1ift is not
fully developed, and there are no signs
of vortex breakdown.

At a = 17.5 (Fig. 6) vortex breakdown
appears at the trailing edge area.

i)

At o = 25° (Fig. 7) vortex breakdown has
affected the rear half of the leading
edge vortices on the planform,

iii)

At o = 317 (Fig. 8) the leading edge
vortices are completely in the
post-breakdown configuration.

iv)

The spanwise pressure distributions are shown
for 3 representative chordwise stations at
approximately 40%, 70% and 907 chord of the root
chord length (rows 4, 9 and 13 in Fig. 2).

Figures 5-8 serve as a general framework for
the analysis of the pressure data. These and
similar measurements at other angles and
proximity ratios will now be used to first
describe the pressure field on the planform, and
then to highlight effects of ground proximity.
Upper and lower surface measurements are
discussed separately to enable pinpointing
specific effects.

Pressure distributions on the suction side

The pressure distributions obtained on the
suction side (the upper surface) for W = 2.336
are reminiscent of those found in previous
studies of de]%a and ?ther slender planforms in

unbounded flowl8 The pressure
coefficients CR Us are negative, and are
e

dominated by the contribution of the leading edge
vortices (the large negative peaks in Figs.

5-8). This effect is largest near the apex and
decreases in the downstream direction.

Comparison of the spanwise C ,u profiles for

the same rows in Figs. 5 through 8 shows that the
magnitude of the suction peaks increases with
angle of attack.

The effect of ground proximity on the suction
side is manifested in the increased absolute
values of Cp  (Figs. 5-8). This increase,

. s ki . . 2
which is largest in the regions of maximum
suction, can be explained on the basis of a
classical ground effect model. This model
considers the effect of ground proximity as the
interaction of a wing captive vortex and its
image in the ground. This is generalized here to
describe the interaction of the leading edge
vortices and their images, as shown schematically
in Fig. 9. This interaction can be best shown by
considering the effect of the pair of the image
vortices on one of the leading edge vortices -
the right one, for example. The image vortex
underneath it tends to displace it outwards
whereas the left image vortex induces an upwards
and inwards displacement. The distance between
the real vortex and the left image vortex is
Targer than the distance between the real one and
the right image vortex. Consequently, the
displacement due to the left image vortex is
smaller than the displacement due to the right
image vortex, The resultant effect of the image
vortices on the real ones is an outboard and
upward displacement. The upward component of the
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displacement is accompanied by an increase in
their circulation. This increase is necessary in
order to maintain their equilibrium in their new
positions as predicted by analytical models of
the flow over delta wings(12).” The increased
circulation results in an increase in the suction
generated by the Teading edge vortices which
appears as anh increase in the absoute values of
Cp on the upper surface, underneath the leading
edge vortices (Figs. 5-8). The increased suction
due to ground effects is unique to slender wings
where the leading edge vortices are located over
the wing surface and affect the flow directly.

In two-dimensional or high aspect ratio wings,
for exam§1e, the suction is reduced due to ground
effect(2 This reinforces the model which
associates the increased suction due to ground
effect in delta wings with the interaction of the
leading edge vortices and their image.

A guantitative account of the increased
suction due to ground effect appears in Fig. 10
where the values of Cp y along the rays nearest
to the suct1on peaks are plotted for « = 10°,
17.5° ‘and 25°. 1In general, the absolute values
of C decrease in the downstream direction
from ihe1r largest values near the apex towards
zero at the trailing edge. The dip observed in
the Cp y curves near the apex at o = 10" and
17.5 can be attributed to the local structure of
the pressure field there, which is the result of
the geometry of the leading edge and the relative
position of the pressure peak to the nearest
pressure hole. This dip disappears at higher
angles of attack when this relative position
changes due to the displacement of the leading
edge vortices.

Figure 10 also shows that the increase due to
ground effect appears as an almost constant
addition to Cp u along the rays, except near
the apex. The pressure gradients there are very
steep and a slight change in the relative
position of the leading edge vortex to the
nearest pressure hole on the ray may result in
large changes in the pressure readings. For
X » 0.4, the increase is larger at o = 17.5° than
at the other angles of attack shown in Fig. 10.
This can be attributed to the fact that at the
higher angle (25°) the leading edge vortices are
strongly affected by vortex breakdown and
therefore the effect of ground proximity on the
interaction of the real and image vortices is
weaker than at « = 17.5°. At the lower angle
(10%), the leading edge vort1ces are weaker than
at o« = 17.5° and therefore the effect of the
interaction mechanism must also be weaker.

The effect of ground proximity on the suction
peaks is weakest at a = 31° (Fig. 8) where the
effect of vortex breakdown is largest.

The pressure side

The pressure side of the wing (the Tower
side) is characterized by positive pressure
coefficients on most of the wing (Figs. 5-8).
The magnitude of the pressure coefficients on
this side are considerably smaller than those on
the suction side in the angle of attack range
considered in this study. Consequently, the
contribution of this surface to the 1ift is also
smaller than the contribution of the upper
surface.



The spanwise profiles of the pressure
coefficients on the pressure side, which faces
the free stream flow, are more uniform than those
on the suction side, which is strongly affected
by the leading edge vortices. A quantitative
measure of the pressure coefficients on the lower
surface and the effect of ground proximity on
them appears in the curves of Cp 1 along ray
No. 1 (y = 0.2) for o = 10.°, 1725 and 25.

{Fig. 11}. The values of Cy 1 are largest near
the apex, due to the slowdowh of the flow in this
region, and decrease in the downstream direction,
as the flow accelerates, to negative values near
the trailing edge. Figure 11 also shows that the
values of Cp 7 increase as the angle of attack
increases. ~The addition to Cp 7 is largest

near the apex and decreases in’the downstream
direction.

Introduction of the ground plane increases
the values of Cp 1 (Fig. 11). This is probably
a consequence of the reduction in the mass flow
between the wing and the ground as the wing
approaches the ground. This pressure increase
appears as an almost constant addition to the
values obtained in ground-free tests at the same
angle of attack. The addition due to ground
affect increases with angle of attack; for
example: as the angle of attack increases from
10" to 25 the addition increases by a factor of
1.5 to 2. The increase in Cp 1,due to the same
increase in angle of attack,ié approximately by a
factor of 4.

An additional phenomenon which is observed in
the spanwise pressure distributions on the
pressure side (Fig. 5 through 8) is the dip in
the spanwise profiles near the trailing edge,
which is represented in these figures by row No.
13 (see Fig. 2). The minimum values of Cp,1 in
the dips are located below the suction peaks and
the leading edge vortices. This dip also
appears, in a weak form, in the ground-free tests
and becomes more pronounced as the wing
approaches the ground.

This phenomenom is probably associated with the
effect of the leading edge vortices, in the ground-

free cases, in addition to the effect of their
image in the ground, when ground proximity affects
the wing. apparently, the suction induced by the

leading edge vortices on the suction side,
"leaks" into the trailing edge region on the
pressure side. When ground effect exists, the
image vortices induce additional suction in this
region, in a manner similar to the effect of the
leading edge vortices on the suction side.

The normal force

As shown in the preceding sections, ground
effect increases the suction on the suction-side
and the pressure on the pressure-side. The
combined effect of ground proximity is thus to
increase the pressure difference between both
sides of the wing, the wing loading and the
normal force acting on it.

Figure 12 features this effect on the chord-
wise Toading, Cpor(X) for o = 10, 17.5° and
25 . The Cpop(X) profiles tend to zero at the
apex and the trailing edge and attain a maximum at
the planform center for (x=0.7). The tendency to
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zero as x->0 is the result of the decrease in the
wing span to zero. The tendency to zero at x->1
is the result of the need to satisfy the Kutta
condition at the trailing edge. Consequently,
the main contribution to the normal force comes
from the central portion of wing. Ground effect
increases the wing loading; this increase tends
to zero in the same manner as Cpgpr(X) curves
does.

The normal force coefficients, Cygr, is
obtained by a chordwise integration of Cpgp(x)
(Eq. (2)). Figure 13 features the variations of
the normal force with ground proximity, by
comparison to Cnor in free flow for o = 10. ,
17.5 and 25 . Evidently, as the wing approaches
the ground, the effect of ground proximity
increases. The effect is noticeable for h < 1.

Figure 14 features the variations of the
normalized Cypr with angle of incidence for
h = 0.365. The maximum normalized extra CnoR,
approximately 13.47, is obtained at «=14", At
this angle, breakdown of the leading edge .
vortices a?eears at the trailing edge of a 60
delta wing 1), and the relative contribution
of the leading edge vortices is largest in this
angle; i.e. vortex breakdown tends to reduce the
ground effect, again showing that the major
infiuence of the ground is on the leading edge
vortices. In comparison, the normalized extra
Chor obtained from th? empirical correlation
proposed by Kuchemann 13), at low angles of
attack, is 16.27.

Figure 15 features the normal force
coefficients curves as a function of angle of
attack for h = 0.365 and 2.336. The Cyor curve
obtained by Earnshaw and Lawford(14) for a 60
sweep angle delta wing in free stream is
included, for comparison. The resuits of Ref. 14
are in good agreement with the present results
for b = 2.336.

0il1 flow visualization

The 01l flow pattern on the ground plate
provides an indication of the effect of the wing
on the flow near the ground. Figures 16 and 17
feature the oil flow patterns obtained for «
17.5" and proximity ratios of 0.365 and 2.336,
respectively. At the smallest proximity ratio
(Fig. 16), the flow near the ground diverges to
counter the downstream reduction in the
cross-sectional area available for the flow
between the wing and the ground. Downstream of
the trailing-edge, the flow near the ground is
affected by the induced velocities of the leading
edge vortices. The upstream influence of the wing
extends approximately half a chord from the apex.

The effects of the wing on the ground are
weaker as h increases and at h = 2,336 the stream
lines parallel (Fig. 17).

Concluding Remarks

The normal force on siender wings increases
as the wing approaches the ground. This increase
is the result of higher pressures on the lower
surface, due to the reduced mass flow between the
wing and the ground, and of lower pressures on
the upper surface, due to the augmenting effect



of the ground on the leading edge vortices.
Thus, a larger pressure difference between the
wing surfaces, and consequently a larger normal
force, is obtained.

Vortex breakdown reduces the relative

contribution of the upper surface to ground
effect and a maximum normalized increase of 13.47%

is obtained at az14",

This value is typical of

take-off and landing angles of slender wing

aircrafts.

These angles, however are dictated by

ground clearance constraints, rather than by
aircraft aerodyanmics.
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