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SUMMARY =<

The effects of ground interference on the aerodynamic character—
istics of a 42° gweptback wing have been investigated at distances 0.68
and 0.92 of the mean aerodynamic chord above the ground. The wing was
tested without flaps and with inboard trailing-edge split flaps and
outboard leading—edge flaps deflected.

The nature and magnitudes of the ground interference effects on the
aerodynamic characteristics of the sweptback wing are, in general,
comparehle to those obtained on unswept wings. The sweptback wing in
the presence of the ground sustained an increass in lift—curve slops and
a decrease in drag. "The value of maximum 1lift for the sweptback wing
increased for the flaps—retracted configuration and decreassd for the
flaps—ieflected configurations as the distance from the ground became
smaller.

The longitudinal stability at the stall for the sweptback wing with
and without flaps deflected was not materially affected by the presence
of the ground. There was, however, at the smallest distance from ths
ground a destabilizing change in pitching—momsnt slope at an angle of
attack several degrees lower than the stalling angle of attack for the
flaps—deflected configuration. Because of the complexity of the phenomenon
at the stall, the possibility exists that the present data on a sweptback
wing are not indicative of the type of sgtability to bz obtained at
distances from the ground greater than the mean aerodynamic chord of ths
wing.

INTRODUCT LON

Certain aspects of the efrects of the ground interference on the
asrodynamic characteristics of unswept wings have bsen thoroughly investi-
gated both theoretically and experimentally (references 1 to 6). The
experimsntal results of these investigations have shown that, in the
high-1ift range, theoretical calculations by existing methods do not
provide cither an estimate of the magnitude of the ground effects or an
explanation of the phenomena involved at the stall.
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Inasmuch as extensions’of theoretical calculations into the high-
1ift range are not reliable and the available experimental data in the
high-1ift range are confined to wings having little or no sweepback,
it appears that a knowledge of the effects of the ground on a highly
sweptback wing can only be acquired by means of experiment. Accordingly,
an investigation has been ‘conducted in the Langley 19-foot pressure
tunnel to determine the effects of ground interference on a highly swept—

back wing and to indicate whether the ground effects on a sweptback wing

are of the same general nature and magnitude as those on an unswept wing.

The model used for the present investigation had 420 sweepback of
the leading edge, an aspect ratio of 4, a taper ratio of 0.625, and

. NACA 61;1—112 airfoll sections normal to the 0. -273 chord Line,

Tests were, made with and’ without a simulated ground for two model

_configurations; namely, the p“ain wing and the wing with trailing—edge
- split flaps and outboard’ lead{ng—edge flaps ' deflected. Force and moment -
“data were obtained throughout the angle—of—attack range and at several

values of ‘Reynolds numbers. ‘

The ground vas. similated 1n the tunnel by means of a ground board.
Although this method of ground representation is not ideal, the results
of the present tests are believed to be indicative of the effects of
ground interference on a sweptback wing.

SYMBOLS

cr, 1ift coefficient <L;§°>

Dr
CD drag coefficient < qgg>
Cpy pitching-moment coefficient about 0.25¢ <P itcm:?_ mment) .

_ qSe
a angle of attack, degrees
. Ve

R Reynolds number <g;—>

/ vg
q dynamic pressure er >, pounds per square foot
S wing area, square feet
b wing span, feet
c wing chord, feet

o] mass density of air, slugs per cubic foot
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T coefficient of viscosity of air, slugs per foot—second
v stream velocity, feet per second
b/2 gé
T mean aerodynamic chord |2 c® ay |, feet >
y 3
. O
y spanwige distance, feet N
@)
| S
GROUND, MODEL, AND APPARATUS _ Zz
Ground Representation and Ground Distance

-~

Several methods such as the reflection method the partial plate

and reflection method, and the plate method are available for ground
simulation in a wind tunnel (references L to 6).

The most feasible
arrangement for ground teste in the Langley 19-foot pressure tunnel is
the plate method (commonly referred to as the ground—board method)

The vertical distance from the 0.25¢ to the ground board (regardless
of boundary—layer thickness on the ground board) is referred to as the
ground distance.

Inasmuch as no standard point of reference exists, the
0.25C has been used because it is the most convenient point of referencs
from considerations of test procedure. The model is supported in the
tunnel at the 0.25C, and to maintain a constant ground distance for any
other point of reference would have necessitated moving the ground board
as the angle of attack of the wing was changed.
Based on the preceding definition of ground distance, the ground

distances used in the present tests were 0.68¢ and 0.92¢.

Modél
The model mounted on the normal wing—support system of the Langley
19—foot pressure tunnel is shown in figure 1. The wing had 42° swWweep—
back of the leading edge, a teper ratio of 0.625, an aspect ratio of 4.0l
and NACA 64 —112 alrfoil sections normal to the 0.273 chord line.

The
and extended from the root to 0.50 2 b

. 3
0.20c trailingredge split flaps were deflected 60° from the lower surface
from O. )-I-OO 5

The leading—edge flaps extended
to 0.975 —. The principal dimensions of the model and
flaps are given in figure 2

W

!}_.333"11'33\“3

N

Javagall d3d S
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Prior to the present investigation, the wing had been equipped with
a leading—edge slat which extended from 0.400 % to 0.975 %. In the

retracted position the slat was found to alter slightly¢the NACA 6&14112

airfoil sections and to cause & slight discontinuity along the 0.20 chord
line. The aerodynamic characteristics obtained in the present test,
therefore, do not necessarily represent exactly those which would be
obtained on a wing with true NACA 6&1—112 airfoil sections. The model

was maintained in a emooth condition during the tests.

APPARATUS

-
~

The ground board used in the investigation is shown schematically
in figure 3 and consisted of a steel framework covered with plywood on
both the upper and lower surfaces. The over—all thickness of the -
ground board was 4 -inches. The ground board was fitted with a round
leading edge and a tapered trailing edge. A boundary-layer control slot,
which was perpendlcular to the longitudinal center line of the tunnel,
extended the full width of Qhe board. The slot was located 1 foot in
front of the 0.25¢ of the wing so that the root and tip sections of the
wing were in front of and behind the slot, respectively. Air flow
through the slot was obtained by means of a lower—surface flap which ‘
was used to provide a pressure differential between the upper and lower
surface of the ground board. The ground board was supported in the
tunnel test section by means of wall brackets and center posts (figs. 1

and 3). The support system allowed a ground-board travel from 16
" to 31.9 inches below the center line of the tunnel (center of rotation
of the model).

- The aerodynamic forces and moments were measured by a simultaneously
recording, 6—component balance system.
TESTS AND CORRECTIONS
Tests
The air in ths tunnel waé_compressed to an absolute pressure of
- approximately 33 pounds per square inch for all tests.
Exploratory tests.— An exploratory investlgation was conducted to

determine the Tlow characteristics on -the ground board and in the tunnel
test section both with and without the model in the tunnel.

N

The change in velocity distribution in the tunnel due to the ground
board was determined with the ground board in the tunnel and the model
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out. Measurements of the flow beneath the board indicated that the
increase in flow due to the presence of the model was hardly measurable;
hence the usual model blockage correction has been applied to the dynamic
pressure measurements. The ground board reduced the tunnel-clear stream
angle approximately 0.15°. : :

Visual tuft studies of the flow on the ground board with the boundary—
layer slot closed and open were made through the angle—of-attack range
of the model. When the slot was closed but not completely sealed, an
unsteady flow condition existed along the nose of the slot. The flow
condition at the nose of the slot was improved when the slot was open,
An unsteady flow condition existed in an area near the center of the
board between 2.0¢ and 2.8¢ (location shown in fig. 3) with either the
slot open or closed. This unsteady flow condition can be attributed to
the diffusion of the flap wake. There was no indication of actual flow
separation on the board throughout the angle—of-attack range of the model.
By use of the boundary—layer control slot the maximum thickness of the
boundary layer was reduced from approximately 1.0 inch to 0.4 inch
beneath the wing and from 1.6 inches to 1.0 inch at a distance 2.8% rear—
ward of the 0.25c. The flow through the slot was not materially affected
by the presence of the model. The discontinuity in boundary-layer thick~
ness due to the flow through the slot corresponds to an effective discon—
tinuity in ground distance, which, however, is believed to have a negli-—
gible effect on the test results. Presence of a boundary layer on the
ground board may be less troublesome under a sweptback wing than under an
unswept wing, mainly because the maximum 1ift is congiderably lower for
the sweptback wing.

Force and moment tests.— Force and moment data were obtained for
the two model configurations through an angle-of-attack range from —4°
through the stall. The tests were made with the ground board out and
with the ground board located at ground distances of 0.683 and 0.92C for
geveral values of Reynolds number. The Reynolds numbers of the tests
were 3.0, 4.3, 5.2, and 6.8 x 100 based on the mean aerodynamic chord of
the wing. A Reynolds number of 6.8 x 106 corresponds to a dynamic
pressuge of approximately 80 pounds per square foot and a Mach number
of 0.16. '

Corrections

Ground board out.— The 1lift,. drag, and pitching-moment data have
been corrected for support tare and strut interference as determined
from tare tests. The angles of attack, drag data, and moment data have
been corrected for Jet-boundary effects. In addition, the angles of
attack have been corrected for air-—stream misalinement.

Ground board in.— With the ground board in the tunnel test gection,
no corrections could bs obtained for support tare and strut interference.
The ground—-board out corrections for support tare and strut interference,
however, have been applied to the ground-board—in date in the belief
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X . .
that they would be of the same nature, although not necessarily of the

same magnitude, as would be obtained with the ground board in.

Calculations made for other ground investigations (such as
reference 4) have shown that at small ground distances jet—boundary
corrections are negligible; hence, they have been neglected in the
present tests.

PRELIMINARY DISCUSSION OF EFFECTS OF GROUND INTERFERENCE

A discussion of the concepts of ground interference appears
pertinent before the results of the present tests of a sweptback wing
are presented. Although the concepts have been derived largely to
explain the effects of ground interference on an unswept wing, they
should, in general, apply to a sweptback wing as well.

The ground effect on a wing may be considered as the interference
due to the reflected image of the wing in the ground. Computations of-
the effects of the image wing on the real wing can be made by replacing
it with a bound vortex and a system of trailing vortices. Inasmuch as
these computations are based on thin—-wing theory, the effect of the
thickness of the image wing must also be determined. The separate effects
of the .bound vortex, trailing vortices, and wing thickness can then be

~added. In reference 1 the interference from the trailing vortices of the

image wing was considered in detail; whereas in reference 6 the inter—
ferences from the bound vortex and wing thickness of the image wing were
also congidered. Altrough the calculations of the separate interference
effects for unswept wings have been shown ‘experimentally to be inadequate
in the high'angle—of—attack range, the separate effects may be used to
describe qualitatively the combined effects of angle of attack and
ground distance.

The image trailing vortices induce an upwash at the Wing which is
stronger at the center than near the tips. Figure k(a) shows the
trailing vortices of the wing and its lmage. The main effects shown are
an increase in lift—curve slope, & reduction in induced drag, and a
concentration of 1lift toward the center of-the wing. The effects are
increased by decreasing the ground distance and are relatively independent
of the angle of attack.

The induced flow over the wing due to the image bound vortex is
shown by a side view of the wing and ite image (fig. 4(b)). The flow,
which 1s from rear to front, reduces the stream velocity in the vicinity
of the wing and thereby tends to reduce the lift. If, however, the wing
ig fairly close to the ground, 1s at & moderate angle of attack, and
is uncambered, the induced flow also has a vertical component near the
rear (fig. 4(b)) which corresponds to an effective/increase in camber

'
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and a corresponding increase in 1ift. As either the angle of attack or
the camber is increased, however, the induced flow -crosses the wing from
" above (as in fig. 4(c)) with a corresponding effective decrease in

camber and reduction in 1lift. For a highly cambered airfoil, such as a
flapped wing, this effect is very pronounced. The decrease in camber and
reauction’in 1lift as the angle of attack is increased is also a function
of ground distance. As the ground distance becomes very small, the
effects mentioned are delayed to higher and higher angles of attack.

The thickness of the image wing may bé roughly represented by a
gource near the airfoil nose and an equivalent sink near its trailing
edge. The corresponding streamlines are circles through the source and
sink, as indicated in figures 4(d) and 4(e). The velocity is in such a
direction as to increase the stream velocity in the vicinity of the wing.
The induced flow is seen to be (figs. 4(d) and 4(e)) essentially inde—
pendent of angle of attack and is downward near the trailing edge and
upward at the nose. This induced flow corresponds to & negative induced
camber and a reduction in 1ift. The induced-flow effect of the doublet
is increased as the ground distance is reduced, but in any case thie
effect is small compared with the induced—flow effect of the bound vortex
(figs. 4(b) and 4(c)).

1

In general, at low angles of attack and low 1lift coefficients the
induced flows indicated in figures L(a), 4(b), 4(d), and 4(e) serve to
increase the slope of the 1lift curve. As the angle of attack and 1ift
coefficient become very large or when the flaps are deflected, the
induced flow indicated in figure 4(c) becomes increasingly strong and
serves to reduce the lift-—curve slope. The over—all influence of these
effects on the maximum 1ift is too complex to be explained without a
more quantitative analysis.

Experimental results provide some indication of the important factors
determining the maximum 1ift as the ground is approached. Data for
straight, unflapped wings (references 1 and 6) show that the maximum lift
is decreased and then increased as the ground is approached. The reduced
stream velocity and the negative induced angle and camber indicated in
figure 4(c) appear to combine with the small induced flow of figure L(e)
to effect a decrease In maximum 1ift at moderate ground distances. As
previously mentioned the negative lnduced angle and camber effect
(fig. 4(c)) is reduced appreciably for uncambered wings as the: ground
distance becomes small; hence the maximum lift begins to increase. The
experimental data for straight, flapped wings (reference 4) show a
decrease in maximum lift at all ground distances down to 0.50¢. In this
case the wing is originally very highly cambered and the negative induced
angle and camber indicated in figure 4(c) are not materially decreased
by a decrease in ground distance.

For sweptback wings most of the effects Jjust described would probably
remain the same. With regard to the spanwise dist:ibution of loading,
however, calculations made as a part of the present investigation have
indicated that, when the effect of the swept bound vortices is included

9
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with the effect indicated in figure L4(a) (calculated in reference 1), the
induced upwash distribution should tend to concentrate the loading near
the tips instead of near the center. This effect, combined with the

fact that the tip sections of a sweptback wing are much closer to the
ground than the root sections, would be expected to result in a notice—
able outboard shift in load. The tip stall usually associated with
sweptback wings might be increased in severity by such an outboard shift
in load.

RESULTS AND DISCUSSION

The 1ift, drag, and pitching-moment data are presented in figures 5
and 6. The stalling characteristics are presented in figures 7 and 8.

The greater part of the present discussion is in reference to the
data obtained at a Reynolds number of 6.8 million.

[
Lift—-Curve Slope

The. slope of the lift curve near Cp = 0, for the wing with and

without flaps, increased as the distance to the ground decreased (figs 5(a)
and 6(a)). The increase 1s, in general, comparable to the increase
obtained for an unswept wing without flaps (reference 4). The data do

not indicate a shift in angle of zero lift. Such a shift is indicated

by the theory and test data for an unswept wing presented in reference 6.
No such shift, however, was indicated by the unswept—wing data of
reference 4. The reduction in lift—curve slope attributable to ground
interference in the high angle—of-attack range was much more severe for
the flaps—deflected configuration (fig. 6(a)) than for the flaps—retracted
configuration (fig. 5(a)). ‘

[

Maximum Lift

The data of figure 5(a) fof the wing without flaps show an increasing

" maximum 1ift coefficient at the ground distances of the present tests

(less than 1.08). The data of the present tests do not extend to suf-
ficiently:high ground distances to show whether a sweptback wing will
gustain a loss in maximum 1i1ft when first entering the presence of the
ground. Both the magnitude of the increase in maximum 1lift and the’
magnitude of the ground distances at which the increase in 1ift 1s
obtained appear to be greater than the magnitudes obtained for unswept
wings (references 4 and 6). It should be remembered, however, that the
points of reference used to determine the ground distances for a sweptback
wing and an unswept wing are not directly comparable.

The data for the sweptback wing with flaps deflected (fig. 6(a))
ghow an appreciable loss in maximum 1ift at the same ground distances at
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which increases in maximum 11ft were obtained for the flaps—retracted
configuration (fig. 5(a)). The decrease in maximum 1lift at small ground
distances is in general accordance with the results obtained on unswept
wings with flaps deflected (reference k4).

Drag

A reduction in drag (figs. 5(b) and 6(b)) was obtained when both
model configurations were tested in the presence of the ground board.
Throughout the comparable 1ift range the model with flaps deflected
encoyntered slightly larger decreases in drag than were encountered with
the flaps—retracted configuration. The reductions in drag are, in
general, comparable with the reductlons obtained for unswept wings
(reference 4).

Stalling Patterns

The resulte of the visual stall observations (figs. 7 and 8) show
that for the flaps—deflected model configuration the presence of the
ground precipitated a stall on the upper surface of the wing at a
slightly lower angle of attack. Stall studies with the ground board out
~are not available for the wing without flaps after the installation of
.the leading—edge slat. The stall studlies indicate that, in general, the
origin and progression of the stall are little affected by the presence
of the ground.

Pitching Moment

The presence of the ground did not materially affect the longitudinal
stability at the stall for either model configuration of the sweptback
wing. The plain wing remained unstable (fig. 5(c)) at the stall and the
- wing with flaps deflected remained stable (fig. 6(c)). At the lowest .
ground ‘distance (0.68¢) a noticeable destabilizing change in pitching—
moment slope several degrees prior to the stalling angle was obtained
for the flaps—deflected configuration. These effects are similar to
those reported for an unswept wing (reference k).

It appears from the present date that at the ground distances of

the present tests the outboard shift in load that might be expected with
a. sweptback wing is effectively counterbalanced by the increase in

effectlve camber and by a reduction in adverse pressure gradients at the
tip sections. The net result is that.the origin and .progression of the
stall are little affected by the presence of the ground and hence the
stability at the stall is not changed. The possibility of severe tip
stalling and accompanying instability at the stall for the sweptback wing
at ground distances greater than those of the present tests could not be
ascertained and remains a problem to be investigated.
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Scale Effects

- For the flaps-retracted configuration there appears to be some
scale effect on the 1ift in the high-1ift and stalling region. Because
of this effect the stabilizing change in pitching-moment slope obtained
at a 1lift coefficient of 0.8 for a Reynolds number of 3.0 x 10° is
delayed to a 1ift coefficient of approximately 1.0 at a Reynolds number

£ 6.8 million (fig. 5(c)). The slight improvement in the stability at
.the stall which is obtained for the smallest ground distance and g

Reynolds number of 3.0-X 106 - is not obtained at & Reynolds number
of 6.8 x 10", :

o The effects of Reynolds number on the 1lift, drag, and pitching—A
*moments for the wing with flaps deflected appear to be small, - - . .

' CONCLUDING REMARKS ~

. An investigation has been conducted to determine the ground inter—
ference effects on the aerodynamic characteristics of a 42° sweptback
wing. The simulated ground tests were made at ground distances 0.68
and 0.92 of the mean aerodynamic chord. The model was tested without
flaps and with inboard trailing-edge split flaps and outboard leading—
edge flaps deflected. The results of the tests indicated:

1. The nature and magnitudes of the effects of ground interference
on the aerodynamic characteristics of the sweptback wing are, in .general,
comparable to those obtained on unswept wings. The sweptback wing in
the presence of the ground board sustained an increase in lift—~curve
slope and a decrease in drag. The value of maximum 1ift for the swept—
back wing increased for the flaps—retracted configuration and decreased
for the flape—deflected configuration as the distance from the ground
became smaller.

2. The longitudinal stability at the stall for the sweptback wing
with and without flaps deflected was not materially affected by the
presence of the ground. There was, however, at the lowest distance from
the ground a destabilizing change in pitching-moment slope several degrees
prior to the gtall for the flaps—deflected configuration. Because of the
complexity of the phenomenon at the stall, the possibility exists that
the present data on a sweptback wing are not indicative of the type of .
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stability to be obtained at ground distances greater than one mean
aerodynamic chord.

Langley Aeronautical Iaboratory
National Advisory Committee for Aeronautics

Langley Field, Va.”
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o) Trailing vortices.
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(d)-Wing thickness doublet (low angle of attack). (e) Wing thickness doublet (high angle of attack)

Figure 4.- Sketch showing the interference effects of the reflected
image of a wing in the presence of the ground.
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Figure 5.- Concluded.
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Figure 6.- Continued.
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Figure 7.- Effect of ground on the stalling characteristics of a 42°

sweptback wing. Reynolds number = 6.8 x 106; without flaps.
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Figure 8.- Effect of ground on the sta.lh.ng characteristics of a 42°
sweptback wing. Reynolds number = 6.8 x 106; flaps deflected.
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