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An Experimental Investigation of a Jet Issuing
from a Wing in Crossflow

W. Mikolowsky* and H. McMahont
Georgia Institute of Technology, Atlanta, Ga.

The aerodynamic interference resulting from a jet issuing normal to the chordal plane of a two-
dimensional wing in a crossflow has been experimentally investigated. Measurements of the inter-
ference surface pressure distribution on the wing and of the wing interference force and moment
coefficients have been made for a systematic variation of jet exit location, jet exit diameter, wing
angle-of-attack, and the ratio of jet exit velocity to freestream velocity, A. A comparison of the con-
tours of constant interference surface pressure on the wing lower surface with those for an infinite
flat plate reveals that they are much the same for A > 6. The dissimilarity becomes greater as \ is
decreased, primarily through the growth of an extensive region of positive interference surface pres-
sure forward of the jet on the wing. Interference lift losses of approximately the same magnitude for
all geometries were observed for A > 6. However, a lift augmentation occurred for A < 6 which was
attenuated by increases in angle-of-attack, forward movement of the jet exit location, and decreases
in jet exit size. The data indicate that the character of the interference flow is distinctly different for
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high and low values of the velocity ratio.

Nomenclature
¢ = wing chord
Cp - = pressure coefficient, (p —p_)/q _
d; = jet exit diameter
L,D,PM = total wing lift, drag, and pitching moment, respectively
D = pressure
q dynamic pressure
T jet thrust
14 velocity
x distance downstream from wing leading edge
a wing angle of attack )

| T | T | A T | BNV T |

ACL incremental lift coefficient

ACp interference pressure coefficient

AD/T interference drag coefficient

AL/T interference lift coefficient

AM/Td; = interference pitching moment coefficient

A = efféctive velocity ratio (A2 = p;V;2/p_V _?2)
p = density

Subscripts

j = jet exit plane

o = freestream conditions

Introduction

THERE is currently a strong interest in airplanes that
utilize a direct lift jet or lift fan to provide a vertical take-
off and landing capability. However, it is a well estab-
lished fact that such airplanes generally suffer a lift loss
and an adverse change in pitching moment during the
transition from hovering to forward flight. These observed
characteristics can be attributed to the aerodynamic in-
terference created by the interaction of the lifting-jet ef-
flux and the oncoming freestream and an accompanying
effect on the adjacent lifting surface.

A large number of previous experimental investigations!-8
have been concerned with determining the aerodynamic
characteristics of complete VITOL aircraft configurations.
Such investigations characteristically reveal the afore-
mentioned lift loss and adverse pitching moment effects.
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However, the models tested were such as to make the ex-
traction of fundamental results or the delineation of gen-
eral trends very difficult.

The problem of a jet issuing from an infinite flat plate
into a crossflow has also been widely studied and Refs.
9-12 are typical of these investigations. This configuration
has merit since it is the simplest geometry that possesses
the essential elements of the interference problem. Be-
cause of these works, coupled with a number of theoretical
approaches such as Refs. 13 and 14, the problem of a jet
effluxing from a flat plate can be considered reasonably
well understood (with the exception of the wake region
behind the jet).

The inherent motivation for the flat plate work is that
such results are extensible to a jet issuing from a lifting
surface. However, Williams and- Wood15 have reported
measurements obtained with a jet issuing from a finite
rectangular wing which indicate possible shortcomings in
this approach. In that investigation, extensive regions of
positive interference surface pressure forward of the jet
were noted on the wing which had no counterpart in the
infinite flat plate case.

The link between experimental investigations dealing
with jet efflux from complete VI'OL aircraft configura-
tions and from an infinite flat plate is the consideration of
a jet issuing from -a lifting surface. The majority of the
previous efforts dealing with this simpler geometry have
utilized a lifting fan imbedded in a finite wing. This type
of configuration introduces the possibility of additional in-

* terference effects attributable to the fan inlet flow and the

quality of the fan efflux.
Carter?® has recently attempted to overcome these dif-
ficulties by testing a finite rectangular wing with a jet

‘supplied by an ejector system which was not an integral

part of the wing model. This permitted the jet exit loca-
tion to be easily varied but the closest the jet exit plane
could be positioned was one-half a chord length beneath
the wing. Interference force and moment measurements
and a limited number of chordwise pressure measure-
ments were made. ‘

Finally, Wooler et al.17 have reported on the results of
a jet issuing from a finite wing in which the jet air was
supplied by a vertical pipe passing through the wing
upper surface. This arrangement precluded direct mea-
surements of the interference forces but chordwise pres-
sure distributions were obtained at several span stations.
Changes in the model angle of attack were not possible.
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In the investigations of both Carter and Wooler, the ar-
rangement of the jet air supply system may have caused
significant mutual interference effects.

Experimental Configuration

An experimental configuration which overcomes many
of the aforementioned objections is a wing model with an
internal air supply and a good quality jet outflow. Such a
model utilizing a modified NACA 0021 profile with a sin-
gle circular jet exit on the lower surface was designed and
built8 for testing in the Georgia Tech 9-ft low speed wind
tunnel. The wing had a chord of 15 in. and spanned the
tunnel thus permitting jet air to be supplied from both
sides. As shown in Fig. 1, flat sidewalls were installed in
the tunnel and the two-dimensional wing was mounted
horizontally on the external wind tunnel balance pylons.
This allowed a direct measurement of the total wing lift,
drag, and pitching moment to be made with the existing
balance system.

A plenum chamber was installed inside the wing at
midspan as shown in Fig. 2. The chamber was designed
to accommodate a variety of jet exit sizes and locations.
For each configuration the jet nozzle consisted of a simple
bellmouth with a straight extension to the wing surface. A
calibration of the jets used in the test program, which was
done by running them into still air, indicated satisfactori-
ly flat exit plane velocity profiles and acceptable jet cen-
terline decay characteristics in all cases. Air was supplied
to this plenum chamber through flexible bellows con-
nected to three hoses on each side (Fig. 2). Once outside
the test section, a larger diameter flexible hose was used
to bridge the tunnel balance system. These hoses were
then connected to an external centrifugal compressor.

As can be seen in Fig. 2, the plenum chamber was iso-
lated from the wing structure except at four flexures upon
which strain gages were mounted. This arrangement al-
lowed a direct measurement of the jet thrust to be made.
(A dental dam seal was required at the jet nozzle/wing
surface interface, Fig. 3.) The tunnel balance system
was used to measure total wing forces and moments in-
cluding the effects of the jet thrust. Hence, by considering
the appropriate jet-off aerodynamic characteristics and
the directly measured thrust, a simple calculation leads to
the interference lift, drag, and pitching moment coeffi-
cients.

The major source of error in the interference force mea-
surements came from the wind tunnel balance system.
Balance lift readings were considered accurate to within
+0.2 1b. This yields an estimated maximum possible error
in AL/T of £4% at A = 8 and %£20% at A = 2 (for d;/c =

Fig. 1 The two-dimensional model as instalied in the wind
tunnel. (View looking upstream.)
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Fig. 2 The installation of the plenum chamber in the wing at
mid-span. (Wing panel removed, view looking downstream.)

0.10). The accuracy deteriorates with decreasing A\ be-
cause the reduction in the magnitude of the thrust results
in the balance reading uncertainty becoming a greater
percentage of the thrust value. For the larger jet (d;/c =
0.20) the error in AL/T is within +5% for all values of A
because of the correspondingly larger thrust levels. All
data were repeatable within these maximum error bands.
The interference drag and moment data are less accurate
than the interference lift because of the small drag forces
encountered and because of the pitching moment depen-
dency on lift (transfer of reference axis to quarter chord)
and drag (drag-pitch interaction from the model being
mounted above the balance centerline). No wind tunnel
wall corrections were made in the present work. Because
of the large distance (5 ft) from the jet exit plane to the
wind tunnel wall and the relatively small jet exit diame-
ters used, wall effects caused by separation of the test sec-
tion boundary layer due to jet impingement were not like-
ly in these tests.

The wing was instrumented with 190 surface pressure
taps. Approximately 60% of these taps were located in
close proximity to the jet exit on the lower surface and
another 30% were on the upper surface of the wing. The
pressure lines were connected through scanivalves to four
variable capacitance pressure transducers. Pressure mea-
surements were made utilizing a Hewlett-Packard auto-
mated data acquisition system. The surface pressure coef-
ficients are accurate to within +1% and were repeatable
to within +2% in regions forward of and lateral to the jet
and +4% in the unsteady region aft of the jet.

Summary of Experimental Data

The configurations used in the experiments were: a sin-
gle circular jet with a diameter/wing chord ratio of 0.10 at

Fig. 3 Wing lower surface with 3-in. diam jet installed. (View
looking downstream.)
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Fig. 4 Interference surface pressure contours for the wing and
for a flat plate (A = 12),

jet (centerline) exit locations of 25, 45 and 65% chord; and
a single circular jet with a diameter/wing chord ratio of
0.20 at 45% chord. The testing was done in a range of
wing Reynolds numbers from 2.5 X 105 to 1.2 X 108,

Surface pressure measurements were made for each of
these configurations at angles of attack of 0°, 6°, and 9°.
Data were taken at values of effective velocity ratio, A, of 2,
4, and 8 for all cases, and at A = 12 for angle of attack 0°.
The results are presented as interference pressure coeffi-
cients defined by

AC, = Cy jot-on — Cp jet-ott

The contours of constant interference surface pressure
were machine plotted for each case.

Interference lift, drag, and pitching moment measure-
ments were made for all of the above conditions. In addi-
tion, these measurements were made for effective velocity
ratios of 3, 6, 10, 12, and occasionally 2.5. These results
are presented as

AL _ Ljet-on = Ljet-ots

T T

A_D — Djet-on - Djet-off

T T

aM - PMjet-on _PMjet-off
TD; Td;

Note that, when the data are presented in this form, zero
interference lift corresponds to AL/T = 1. However, zero
interference drag yields AD/T = 0 and zero interference
moment results in AM/Td; = 0.

Discussions of the Results

Comparison with Flat Plate Results

A comparison of the interference surface pressure con-
tours on the wing lower surface with d;/c = 0.10, x;/c =
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Fig. 5 Interference surface pressure contours for the wing and
for a flat plate (A = 4).

0.45, and « = 0° and those on an infinite flat plate is
made in Figs. 4 and 5. The flat plate interference pres-
sures shown are those measured by Mosher.? Figure 4 is
the comparison at A = 12 and, except in the immediate
vicinity of the jet, the contours are very nearly identical.
In Fig. 5 the comparison for A = 4 shows a gross disimilar-
ity in the two cases. This difference is primarily concen-
trated in the region forward of the jet in which a signifi-
cant spreading of positive interference pressure on the
wing occurs that is rather localized on the flat plate to the
immediate area in front of the jet. Also, the region of neg-
ative interference pressures aft of and lateral to the jet is
somewhat more contained in the wing case. '

The characteristics of the interference surface pressures
on the wing were much the same for the other jet exit
locations tested. In all cases, the effect of increasing angle
of attack is primarily to decrease the extent of the region
of positive interference pressure forward of the jet. For the
larger jet (d;/c = 0.20), this positive interference pressure
region becomes much more extensive for all angles of at-
tack. That is, the spreading is more than proportionate to "
the increase in jet diameter. For d;/c = 0.20 and A > 8§,
the similarity with the flat plate data is approximately
the same as for the d;/c = 0.10 case.

The existence and extent of a positive interference pres-
sure region forward of the jet has also been reported by
Williams and Wood.2> They commented on the results for
a simple rectangular wing with a centrally located circular
jet that at A = 4 exhibited a region of strong positive in-
terference pressure ahead of the jet that had no counter-
part in the corresponding flat plate pressure distribution.

This region is essentially responsible for many of the
gross aerodynamic’ characteristics of the wing to be noted
later. A discussion of the cause of the forward positive
pressure region is given in the section on physical inter-
pretation.

In summary, a comparison of the interference surface
pressures on the wing with the data for a flat plate indi-
cates that for A = 8 the jet issuing from the flat plate is a
reasonable simulation of the lifting case. That is, the in-
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terference surface pressure contours on the wing lower
surface are approximately the same as those on the infi-
nite flat plate for identical values of the effective velocity
ratio. At values of A < 8, the flow situation is vastly dif-
ferent. Subsequent discussion will indicate that the flow
undergoes this character change for 4 < A < 8 and finally
X\ =~ 6 is used as the approximate boundary.

Parametric Comparison of the Aerodynamic Interference
Characteristics

This comparison is made using the interference force
and moment coefficients, which are expressed as a func-
tion of the effective velocity ratio, for the various geomet-
ric parameters used in the experiment. In this presenta-
tion the parameter 1/\ is used as the independent vari-
able. This parameter, which ranges from zero in hovering
flight to a practical maximum of about 0.5, is considered
more natural in describing the interference aerodynamics
of transitional flight. In each case, the reason for the ob-
served behavior of the aerodynamic interference coeffi-
cients is primarily explained in terms of the corresponding
interference pressure contours on the wing lower surface.
The effect of jet operation on the wing upper surface was
quite small for the dj/c = 0.10 case. Characteristically,
levels of interference surface pressure coefficients in the
range —0.10 < AC, < 0 were induced by the jet on the
upper surface and these levels did not vary appreciably
with changes in effective velocity ratio, jet exit location,
or angle of attack. Consequently, the changes in the aero-
dynamic interference coefficients can be attributed princi-
pally to the observed changes in the interference pressure
distribution on the wing lower surface. However, some-
what more pronounced suction pressures were induced on
the upper surface for d;/c = 0.20 and the effect is noted
later.

The variation of interference lift coefficient with effec-
tive velocity ratio is presented in Fig. 6 for the three an-
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Fig. 6 Typical variation of interference lift coefficient with
angle of attack.
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gles of attack. In this figure, a significant lift augmenta-
tion occurs at o = 0° for A < 6 (i.e., 1/X > 0.17) and the
augmentation effect decreases with increasing angle-of-
attack. The reader is reminded that zero interference lift
corresponds to AL/T = 1 (i.e., for a lift loss, AL/T <1
and for a lift augmentation, AL/T > 1). Note that for all
angles of attack a reversal of the observed trends occurs
for A ~ 6. A study of the corresponding interference sur-
face pressure distribution indicates that the region of pos-
itive interference pressure forward of the jet is mainly re-
sponsible for the lift augmentation. (Reiterating, only
minor changes characterized by small induced negative
interference pressures that did not vary with A were ob-
served on the upper surface.) The extent of the positive
interference pressure region decreases correspondingly
with increasing angle of attack. Note also that the adverse
interference effect for A = 6 is alleviated somewhat by in-
creasing incidence. For this alleviation, which is a small
effect, a very slight increase in the extent of the positive
interference pressure region and a correspondingly small
decrease in the region of negative interference pressures
aft of and lateral to the jet is noticeable.

Figure 7 shows typical trends for the interference drag
coefficient and the interference pitching moment coeffi-
cient. The significant drag rise and increase in adverse
(i.e., nose up) pitching moment is characteristic of values
of A for which the lift augmentation was observed. These
trends are consistent with the noted behavior of the inter-
ference surface pressures.

The effect of jet exit location on the interference lift
coefficient is presented in Fig. 8. Not surprisingly, the lift
augmentation increases as the jet exit location is moved
aft. This is attributed to the increased area available for
the positive interference pressures forward of the jet.
(However, on the basis of flat plate data one might have
assigned this effect to a decrease in the area available to
the negative interference pressures aft of the jet.) Again,
for the cases of alleviated detrimental effects for A = 6
(these occur for x;/c = 0.25 and x;/c = 0.65) a slight in-
crease in the extent of the positive interference pressure
region and a minor contraction of the negative interfer-
ence pressure region is ascertainable.

Carter'® has observed a similar behavior of the interfer-
ence- lift coefficient with jet exit location. He reported in-
terference lift losses that were reversed at A ~ 6 and also
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Fig. 7 Typical behavior of the interference drag coefficient
and the interference pitching moment coefficient.
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Fig. 8 Typical variation of interference lift coefficient with jet
exit location.

an increasing lift augmentation as the jet location was
moved aft. However, the lift augmentation noted in that
work was not nearly of the magnitude observed here. This
is probably a result of Carter’s experimental configuration
in which the nearest the jet exit plane could be positioned
was 0.64 wing chords beneath the wing chordal plane. In
Carter’s work, chordwise pressure distributions at the
span station which contained the jet exit centerline
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Fig. 9 Typical variation of interference lift coefficient with jet
exit size.
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Fig. 10 Oil flow for the 3-in.-diam jet (d;/c = 0.20) at A = 2
and o« = 0° (Upper surface).

showed only small positive interference pressures forward
of the jet exit at A = 4. The magnitude of those interfer-
ence pressure coefficients for x;/c = 0.75 was about half
that observed in the present investigation at x;/c = 0.65.
Conversely, Carter reported much larger positive interfer-
ence pressure coefficients forward of the jet for x;/c = 0.75
at A = 10. These results suggest that the interference flow
characteristics are different when the jet exit plane does
not coincide with the wing surface.

Lastly, Fig. 9 presents the effect of jet exit diameter on
interference lift coefficient. The larger jet (d;/c = 0.20)
provides a comparatively favorable effect throughout the
range of A\. This is again attributed to the region of posi-
tive interference pressure forward of the jet for A < 6. In
the case of d;j/c = 0.20, this region is much more exten-
sive than a direct scaling of the exit diameters would pre-
dict. However, an increase in the suction pressures in-
duced by the jet on the wing upper surface is primarily
responsible for the favorable effect in the A > 6 range.

An examination of Figs. 6, 8, and 9 shows that in all
cases a reversal of the trends discussed occurs at A =~ 6.
This fact constitutes the point made earlier with regard to
the pressure data that the character of the interference
flow undergoes a change at about this effective velocity
ratio.

Physical Interpretation

The agreement of the wing interference characteristics
with those of the flat plate for A > 6 is quite pronounced.
The similarity is evident for both the interference surface
pressure contours and the corresponding detrimental in-
terference lift which would be predicted by an integration
of the surface pressure on the flat plate. Thus, for these
higher effective velocity ratios, the jet interference effects
are nearly independent of the geometric characteristics of
the adjacent surface. The jet does induce small suction
pressures on the upper surface of the wing that are not
sensitive to changes in wing angle of attack or jet exit
location. These suction pressures are a result of the down-
wash field that is created by jet operation.

In this range of higher effective velocity ratios, the ob-
served small increase in the region of positive interference
pressure forward of the jet and the moderate contraction
of the negative interference pressure region lateral to the
jet with increasing angle of attack can be explained by ap-
peal to an apparent A change. That is, the jet exit dynam-
ic pressure in the experiment was set by assuming the jet
exit static pressure always to be the freestream static
value. Thus, regardless of the wing angle-of-attack or the
jet exit location, the same ratio of plenum chamber stag-
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Flgure 11. Oil flow for the 3 -in. -diam jet (d;j/c = 0. 20) at A=2
and o = 9° (Upper surface).

nation pressure to freestream static pressure was used to
set a particular value of A. However, as the angle of attack
is increased the actual local static pressure at the jet exit
on the wing lower surface is also increased and hence a
smaller jet exit Mach number and a smaller jet exit dy-
namic pressure results. The net effect is a decrease in the
effective velocity ratio A. This small decrease in the ap-
parent value of A\ is thought to account for the observed
pressure trends since these trends agree with those noted
for changes in A as reported in Ref. 9. This same effect is
present when the jet exit location is changed. There is an
increase in the local static pressure at x;/c = 0.25 and
0.65 with respect to the x;/¢ = 0.45 value. Corresponding-
ly, there are small increases in the areas of positive inter-
ference pressure forward of the jet and contractions of the
negative interference pressure regions lateral to the jet for
these two chordwise jet locations when compared with the
jetatx;/c = 0.45.

For the lower effective Veloc1ty ratio range (A < 6), the
entire character of the interference flow is decidedly dif-
ferent. The lifting jet-crossflow interaction begins to ex-
hibit characteristics usually associated with a jet flap,
even though the configuration tested has an extensive and
complex three-dimensional wake which the classical jet
flap does not. A jet-flap provides a lift augmentation by
inducing an increased effective angle of attack through
downwash while simultaneously allowing a nonzero pres-
sure differential at the wing trailing edge.l® This latter
effect is possible because the deflected jet-flap can sup-
port a pressure differential (the so-called supercirculation
effect). A direct result is an alleviation of the adverse
pressure gradient on the wing upper surface thus delaying
any boundary-layer separation.

The experimental evidence that a jet-flap effect is oc-
curring is reinforced by the flow visualizations shown in
Figs. 10-12. In the oil flow figures, the wing has been ro-
tated 90° with the leading edge up before being photo-
graphed. In Fig. 10, note that the upper surface stream-
lines in the vicinity of the wing centerline (at the center of
the figure) are showing an inward turning due to the in-
fluence of the jet operation. The effect at « = 9° is more
dramatic as shown in Fig. 11 where the local prevention of
boundary-layer separation is obvious. More surprising,
however, is the standing vortex aft of the jet exit shown in
Fig. 12. This vortex was not observed for the same test
conditions as Fig. 12 but with o = 0°. (The presence of
this standing vortex was not discovered until the very end
of the experimental program because it was felt that no
oil flow studies should be made until all the surface pres-
sure data had been gathered since the possibility of hav-
ing the oil mixture migrate into the surface pressure lines
existed. Other demands on wind tunnel time prohibited
further investigation.) Finally, a close examination of the
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Flg 12 011 flow for the 3 -in. -dlam Jet (d;/c =

0.20) at A = 2
and o = 9° (Lower surface). )

chordwise pressure distributions for the A < 6 range pro-
vides evidence that a nonzero pressure differential at the
trailing edge exists locally in the region aft of the jet.

The region of positive interference pressures forward of
the jet is thought to be a direct result of the induced
downwash which is characteristic of jet-flap installations.
The magnitude of these pressure changes are much in line
with those reported by Dimmock2? in which an elliptical
profile with a pure jet-flap was investigated. A compari-
son of his results with a chordwise pressure distribution of
the present investigation for similar effective velocity ra-
tios is presented in Fig. 13 (the parameter of importance
in the jet-flap case is the jet momentum coefficient which
in the cited example corresponded to a A =~ 2). Note that
the positive interference pressures forward of the jet (i.e.
lower surface) are nearly identical in both cases up to x/c
~ (.35. The interference pressures become more positive
for the present study as the jet exit location (x;/c = 0.65)

© LOWER SURFACE l PRESENT INVESTIGATION

/e = 0.10, 0.65
o UPPERSURFACE | /2 00"\" ;/c
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Fig. 13 Comparison of the chordwise interference pressure
distribution of the present model at the wing centerline with
that of a two-dimensional symmetric elliptical au'fml equipped
with a pure-jet-flap (Ref. 20).
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is approached but this deviation should be expected since
Dimmock’s jet-flap was located at the tralhng edge. This
comparison demonstrates that the increase in the extent
of the induced positive pressures may be attributable to
the jet-induced downwash. Recalling that moderate posi-
tive interference pressures forward of the jet already exist
for the flat plate case at these effective velocity ratios, it
is reasoned that a moderate induced angle of attack would
produce the positive interference pressures observed ‘on
the wing.

“To réaders familiar with the behavior of jet-flaps, the
life augmentation shown in Figs. 6, 8, and 9 may appear at
first glance to be the opposite of the behavior of a jet-flap.
Jet-flap results are normally described in terms of an in-
cremental lift coefficient expressed as ACL = (Cp) jet-on —
(CL)Jet off. In the jet-flap case, ACy decreases with a de-
crease’ in the jet momentum coefficient. If the present re-
sults were presented in incremental lift coefficient form,
then ACyp = (AL/T)(T/q,) = (AL/T)()\2 so that (assum-
ing the effect of compressibility is small) AC; decreases
with decreasing A (iie. decreasing jet exit velocity) be-
cause A2 decreases faster than AL /T increases. ’

Collectively, - these facts indicate that the behavior of
this lifting jet is similar to a jet-flap installation. How-
ever, it must be noted that the fundamental mechanisms
respons1ble for this behavior may be quite different in the
two cases. That is, the principal mechanism of the jet-flap
is the solid blockage effect that the jet momentum efflux
provides. In the case of the lifting jet, the entrainment ef-
fect may be more significant.

Characteristically, however, a jet-flap induces large suc-
tion pressures (particularly near the leading edge) on the
wing upper surface. Only small induced suction pressures
were noted in’ the present 1nvest1gat1on for d;/c = 0.10.
The magnitude of the difference in the upper surface in-
terference pressure coefficients for the two cases can be
seen in Pig. 13. The absence of large upper surface suction
pressures in this investigation can be attributed to the
rather poor jet-flap installation the current configuration
affords. That is, the lifting jet efflux is much too far for-
ward to be a truly effective jet-flap. However, for the larg-
er jet (d ;/c = 0.20), the interference pressure coefficients
on the upper surface displayed the suction effect to a
greater degree. The magnitude of these pressures was
again much less than an efficient jet-flap would produce. -

Finally, it must be remarked in light of the insensitivity
to changes in flow conditions of the small induced suction
- pressures on the upper surface that the positive interfer-
ence. pressure region on the lower surface is the dominant
characteristic of ‘the flow which is responsible for the lift
augmentation. Further evidence of this is contained in
Figs. 10 and 11. In Fig. 11 at &« = 9° the local ‘improve-
ment in the flow over the wing upper surface is consider-
able when compared with Fig. 10 but the lift augmenta-
tion of the larger jet was found to be less in the o = 9°
case, thus indicating that the decrease in the positive in-
terference pressure region overshadows the upper surface
effect.

Conclusions

An analysis of the data collected in this experiment has
led to the following conclusions. '
" 1) A comparison of the interference surface pressure
distributions on the wing with those on the flat plate indi-
cates that flat plate results. are not wholly applicable
when the jet efflux is from a lifting surface. The discrep-
ancy bétween these interference pressure contours is quite
small for values of the effective velocity ratio larger than
six.. However, for effective velocity ratios less than six in
the lifting case a large increase occurs in the extent of the
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region of positive interference pressure forward of the jet
which has no counterpart on the infinite flat plate.

" 2) Interference lift losses were observed for all jet exit
geometrles when the effective velocity ratio was greater
than six. A lift augmentation in which the favorable inter-
ference lift was significantly larger than the installed
thrust occurred for effective velocity ratios less than six
and is attributed to extensive increases in the region of
positive interference surface pressure forward of the jet.
This lift augmentation was accompanied by a large inter-
ference drag rise and an adverse (became more positive)
increase in the interference pitching moment.

3) The effect of jet operation on the wing upper surface
for dj/c = 0.10 was characterized by small induced suc-
tion pressures, the level of which was insensitive to
changes in effective velocity ratio, angle of attack, and jet
location. Consequently, changes in the lower surface in-
terference pressure distribution were primarily responsible
for- the aerodynamic interference behavior observed.
Somewhat ' larger suction pressures were induced on the
upper surface for d;/c. = 0.20 which were sufficient to alle-
viate the lift losses observed for A > 6 and d;/c = 0.10.

4) Increases in wing -angle of attack resulted in a de-
crease in the magnitude of the lift augmentatlon for A <6
because of a corresponding shrinkage in the extent of the
positive interference pressure region forward of the jet.

5) The lift augmentation is Vmagnified as the jet exit
location is ‘moved aft since an increase is provided in the
area available to the positive interference surface pressure
region forward of the jet.

6) As the jet diameter/wing chord ratio is increased,
the lift augmentation becomes moderately larger due to a
wider spreading of the forward region of positive interfer-
ence pressure for the larger jet.

7) Changes in wing angle of attack or jet exit location
have only a moderate éffect on the magnitude of the det-
rimental interference lift losses which occur for values of
the effective velocity ratio in excess of six.

"8) As the effective velocity ratio is decreased from six,
the interaction of the lifting jet efflux and the wing begins
to exhibit behavior similar to a jet-flap. The “jet-flap ef-
fect” is thought to be responsible for the behavior of the
positive interference pressure region forward of the jet

. which is the dominating factor in the lift augmentation.
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