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AERODYNAMIC CHARACTERISTICS OF A VECTORED-THRUST

V/STOL FIGHTER IN THE TRANSITION-SPEED RANGE

By Raymond E. Mineck
Langley Directorate, U.S. Army Air Mobility R&D Laboratory

and

Myles F. Schwendemann
Aircraft Division, Northrop Corporation

SUMMARY

Predicting the aerodynamic characteristics of high-disk-loaded VTOL aircraft is
difficult in the transition-flight regime, that is, at velocities between hover and wingborne
flight. To cope with this problem, the Northrop Corporation, under a U.S. Air Force con-
tract, has developed several prediction methods. A wind-tunnel investigation was con-
ducted in the Langley V/STOL tunnel on a vectored-thrust V/STOL configuration to obtain
data to verify these methods. The model was equipped with one lift-jet and two single-
nozzle vectored-thrust engine simulators. The vectored-thrust engine simulators were
tested with two alternate exit locations and up to three exit nozzle deflection angles. The
model was tested through an angle-of-attack range from 0° to 20° and an angle-of-sideslip
range from -12° to 12° at four effective velocity ratios.

The vectored-thrust configuration with the rear nozzles showed an increase in lift
and a decrease in pitching moment when compared with the front nozzles. The rear noz-
zles also improved stall characteristics. When determining the effect of the jet'thrust on
the aircraft aerodynamics, it was found that the inlet configuration to be used for deter-
mining power-off data had a significant effect on the computed jet-induced interference
effects.

INTRODUCTION

The transition regime of a VTOL aircraft covers the effective velocity range
between hover (zero forward speed) to cruise (wingborne flight). For high-disk-loaded
VTOL aircraft in the transition regime, the jet exhaust effects tend to dominate the free-
stream aerodynamic characteristics. It is difficult to predict both the aerodynamic char-
acteristics because of the free stream and the pressure and velocity fields induced by the
jet exhaust.



Under a U.S. Air Force contract, the Northrop Corporation has developed some
aerodynamic prediction methods for V/STOL aircraft. (See ref. 1.) The purpose of the
present investigation was to obtain aerodynamic, flow-field, and pressure data to verify
these new techniques.

This report presents the aerodynamic and flow-field data but does not include any
comparisons with the prediction methods. The investigation conducted in reference 2
shows additional aerodynamic effects of a five-jet VTOL configuration. However, vol-
ume n of reference 1 does contain some comparisons of the results of the tests and the
prediction methods. The model tested was a vectored-thrust V/STOL fighter configura-
tion equipped with one lift-jet and two vectored-thrust engine simulators. The vectored-
thrust engine simulators were tested with two alternate exit nozzle locations and up to
three nozzle deflection angles.

The investigation was conducted in the Langley V/STOL tunnel. The model was
tested through an angle-of-attack range from 0° to 20° and an angle-of-sideslip range
from -12° to 12° at four effective velocity ratios. Also, measurements were taken
through an effective velocity-ratio range at two angles of attack.and sideslip. This
report presents the effects of jet thrust on the longitudinal and lateral characteristics
of the aircraft as well as the effects of jet thrust on the flow field near the horizontal
tail.

SYMBOLS

The units used for the physical quantities defined in this paper are given in the
International System of Units (SI) and parenthetically in the U.S. Customary Units. Con-
version factors for the SI system are presented in reference 3. The longitudinal results
are presented in the stability-axis system and the lateral results in the body-axis sys-
tem (fig. 1).

Aj effective jet exit area, } Exit areas of devices producing thrust, cm2 (in2)

(see fig. 2(a) for exit areas)

b wing span, 102.24 cm (40.25 in.)

CD drag coefficient,

CL lift coefficient, L/q^S

C rolling-moment coefficient,



Cj effective dihedral parameter, aCj /3j3

Cm pitching-moment coefficient about 0.25c,

^•m/v longitudinal-stability parameter, dCm/da

Cn yawing-moment coefficient,

Cn directional-stability parameter, 9Cn/a/3

CT thrust coefficient,

Cy side-force coefficient,

c mean aerodynamic chord of wing, 21.21 cm (8.35 in.)

D drag force, N (Ibf)

De effective jet-exit diameter, l/4Aj/7r

FY side force, N (Ibf)

h height measured from center of lift-jet exit to tunnel floor, cm (in.)

it horizontal-tail incidence, leading edge up is positive, deg

L lift, N (Ibf)

MX rolling moment about X-axis (body axis)

My pitching moment about Y-axis (body axis)

MZ yawing moment about Z-axis (body axis)

qr . free-stream dynamic pressure corrected for wall effects; N/m2 (Ibf/ft2)

free-stream dynamic pressure, N/m2 (Ibf/ft2)

wing area, 2090 cm2 (2.25 ft2) ..
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static thrust measured perpendicular to jet exit, N (Ibf)

effective jet velocity, m/sec (ft/sec)

free-stream velocity, m/sec (ft/sec)

fv \ IP v 2

,-p effective velocity ratio, ' °° °°
V J /e

w inlet weight flow rate, N/sec (Ibf/sec)

X,Y, Z body reference axes (see fig. 1)

z distance measured from wing chord plane, cm (in.)
* * >

a angle of attack, deg

/3 angle of sideslip, deg

Aa. change in angle of attack due to wall effects, deg

•- i. . • • • •

6 j flap deflection, d e g ; , . - . . ; •

e downwash angle, deg •

p. jet exhaust density, kg/m3 (lbm/ft3) . ...
J

p free-stream density, kg/m3

'4

Model configuration symbols:
'. ' • I-

B body

f flap, 45° deflection when installed

H horizontal tail, 0° incidence unless otherwise noted

J lift jet f ;



Nj nacelles with front vectored-thrust nozzle, used with appropriate nozzle
deflection in degrees

N2 nacelles with rear vectored-thrust nozzles, used with appropriate nozzle
deflection i n degrees • . - , . • - •

V vertical tail .. ,.

W wing

0,45,90 nozzle deflection angle in degrees

MODEL AND APPARATUS

, * i • ." .

The model tested was the vectored-thrust V/STOL fighter configuration presented
in figure 2. The wing, flaps, empennage, and nacelles were removable for. investigation
of the aerodynamic effects of these components. The flaps used for part of the tests had
a chord equal to 25 percent of the local wing chord and extended from 12.4 percent semi-
span to 64.6 percent semispan.

Two vectored-thrust engine simulators were mounted in fuselage-supported nacelles
and one lift-jet simulator was mounted within the fuselage (fig. 2). The vectored-thrust
engine simulators were of the ejector type which induced inlet flow. The vectored-thrust
jet exits could be set 2.67 cm (1.05 in.) forward of the model moment reference center or
18.62 cm (7.33 in.) aft of the model moment reference center. The model moment refer-
ence center was at the 25-percent chord position of the mean aerodynamic chord. The
vectored-thrust exhaust nozzles had an exit diameter of 9.32 cnv (3.67 in.) and could be
deflected downward parallel to the XZ plane at angles of 0°, 45°, and 90° measured from
the horizontal plane.

The lift-jet simulator was a simple convergent nozzle with no external air intake.
The lift-jet exit, located in the plane of the bottom of the fuselage 7.67 cm (3.02 in.) for-
ward of the model moment reference center, was 5.71 cm (2.25 in.) in diameter and was
limited to exhausting 90° from the horizontal plane.

For calibration purposes, a bellmouth flowmeter with a 8.25-cm-diameter (3.25-in.)
throat was used to measure the vectored-thrust engine simulator inlet mass flow. (See
fig. 2(c).) In addition, there were two. flat plugs and two elliptical plugs (fig. 2(b)) which
could be placed in the engine inlets to prevent flow through the vectored-thrust engine
simulators. The flat plug was mounted flush in the plane of the inlet lip when it was used.



The model was supported by a strain-gage balance mounted to a sting support. (See
fig. 2(c).) The model plenum chamber, attached to the balance, was supplied cold, dry
high-pressure air through an air line which formed a limber spring across the strain-gage
balance. The air line was made of invar to minimize any expansion or compression due
to temperature change and had a coiled section to minimize effects caused by pressure
changes.

Corrections have been made to the data to account for the presence of the air line.
Before the addition of the air line, the balance had an accuracy of 0.5 percent of the full-
scale load. Although the air line degrades this accuracy, no attempt has been made to
determine the resultant accuracy. However, the repeatability obtained is within 0.5 per-
cent of the full-scale load.

For some of the tests, a rake (figs. 3 and 4) was fastened to the sting. The rake
consisted" of seven yaw-pitch probes calibrated to determine the flow magnitude and
direction at each probe tip. The rake was offset from the fuselage in the vicinity of the
horizontal-tail plane as shown in figure 3. The forces and moments were transmitted to
the sting so there would be no direct effect on the forces and moments measured on the
model. All rake data were taken with the horizontal and vertical tails removed.

TEST PROCEDURES

The test was conducted in the Langley V/STOL tunnel which has a test section of
4.42 m (14.50 ft) by 6.63 m (21.75 ft). Photographs of the model in the V/STOL tunnel
are presented in figure 4. All testing was done out of ground effect. Table I describes
the test conditions for most of the tests. Data were obtained at Mach numbers ranging up
to 0.22 and Reynolds numbers based on mean aerodynamic chord ranging up to 1.07 x 106.

The vectored-thrust configuration was tested with the nozzle exits either forward
or aft of the model moment center. At each position, up to three nozzle deflection angles
were testecf.: 0°, 45°, and 90°. Tests were also made with the flaps, with the engine
inlets closed, and with the vertical and horizontal tails installed.

The height of the model above the tunnel floor varied with angle of attack because
of the .design of the model support system. The height of the model was about 1 wing span
at an angle of attack of 0°, 1.5 wing spans at an angle of attack of 4°, and 2 wing spans at
angles of attack of 8° or more. At a height of 2 spans, the model was located in the cen-
ter of the tunnel.

In an effort to investigate the effect of wind-tunnel wall proximity, the vectored-
thrust configuration with the rear nozzles was tested with special large-diameter
(11.43 cm (4.50 in.)) 90° exit nozzles at several heights. These large-diameter nozzles



were used only for this special test for wall effects and were not used elsewhere in this
investigation. The results of this special test, presented in figure 5, show that for heights
greater than 1 span above the floor, there is little change in the longitudinal forces and
moments except at the effective velocity ratio of 0.1. .

The interference of the tunnel boundaries and the jet exhaust induce a change in
angle of attack and in free-stream dynamic pressure. The corrections to angle of attack
and dynamic pressure due to wind-tunnel wall effects were computed by using the method
described in references 4 and 5. The results of these calculations are presented in
figure 6 for both the 11.4 3-cm-diameter (4.50-in.) rear vectored-thrust jets and the
9.32-cm-diameter (3.67-in.) jets. The smaller area jets induce smaller corrections to
angle of attack and free-stream dynamic pressure. For the test conditions encountered
during most of the test (table I), the corrections to free-stream dynamic pressure were
found to be small and were neglected. The corrections to angle of attack are small except
at the low effective velocity ratios. However, at the low effective velocity ratios near
hover, angle-of-attack effects are small and can be neglected. At the free-stream
dynamic pressures used during the investigation, the corrections to drag and pitching
moment due to the base pressure were found to be less than the accuracy of the balance
without the air line and, therefore, were neglected.

The thrust of each jet simulator configuration was calibrated as a function of a ref-
erence pressure. To minimize interference, the calibrations were performed on the
bare model plenum without the fuselage. For the lift jet, the difference between the lift-
jet exit total pressure and the free-stream static pressure was used as the reference,
whereas the ejector plenum static pressure was used as the reference pressure for each
vectored-thrust engine simulator. A description of the calibration method appears in
reference 6. The forces due to thrust were measured in the body-axis system. These
forces were used to determine the actual thrust direction in the XZ plane. The nom-
inal and actual thrust directions are shown in table n measured from the horizontal plane.

To determine the inlet weight flow rates for the various configurations at forward
speeds, a test was made with an 8.25-cm-diameter (3.25-in.) bellmouth flowmeter
mounted on the right vectored-thrust engine simulator inlet. (See fig. 2.) At several
thrust levels and at forward speeds, the weight flow rate through the bellmouth flowmeter,
the inlet static pressure of the left-hand vectored-thrust engine simulator, and the free-
stream static measure were measured. From this calibration, the inlet weight flow rate
was determined without the bellmouth flowmeter for the various configurations tested.

The effective velocity ratio was determined by using an effective jet-exit area (AA
This effective area was the sum of the exit areas of the thrust devices in use - the right
and left vectored-thrust jets and/or the lift jet. The effective area for the lift jet was



25.68 cm2 (3.98 in2), for the vectored thrust alone 68.26 cm2 (10.58 in2), and for the
combination lift jet and vectored -thrust jets 93.94 cm2 (14.56 in2). The effective jet
diameter was the diameter of a circle with an area equal to the effective jet area. The
effective jet diameter De and effective velocity ratio /V^/V^ were determined as
, „ , \ / J'e . .follows:

is

T/2Aj

From these equations, it can be seen that small changes in thrust or; free-stream
dynamic pressure will change the effective velocity ratio slightly.'. This condition .causes
a small amount of scatter in the data, especially at the lower effective velocity ratios. (

The data are presented at several effective velocity ratios and through an effective ;

velocity ratio range. From the definition of thrust coefficient and effective velocity ratio,
the relationship of the two parameters may be determined as follows:

The lift-jet-alone, the vectored-thrust-alone, and the combination lift-jet arid
vectored-thrust-jet configurations all have different effective exit areas. The-relation':*-'.';'
ship of thrust coefficient to effective velocity ratio is plotted in figure.7 for the major,, ,
jet configurations tested. For a given effective velocity ratio, the thrust coefficient takes
on one of three possible values, depending on the jet configuration. Effective velocity
ratio was chosen as the best parameter to present the data through the transition regime
because it starts at zero for hover and increases toward a finite value at cruise.i • • • . .

To determine whether the level of thrust affected the results at a particular effec-
tive velocity ratio, the vectored-thrust configuration with the front nozzles deflected 90°
was tested at a thrust level lower than that used during the remainder of the test. The
results of this test are presented in figure 8. The results identified as "high thrust"
were run at the thrust levels normally used throughout the test. (See table II.) It should
be noted that for the high-thrust runs, the thrust had to be lowered to obtain effective
velocity ratios greater than 0.3 because of the limit on tunnel free-stream dynamic pres-,,
sure. For the "low-thrust" runs, the thrust was held constant through the effective
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velocity ratio range. For the low-thrust runs, the thrust was greater than that used for
the high-thrust runs for the effective velocity ratio of 0.5.

As shown in figure 8, the results are found to be in good agreement. There is no
difference in lift between the high- and low-thrust results but there is a constant differ-
ence in drag and pitching moment which is independent of angle of attack and effective
velocity ratio. At both the high- and low-thrust levels, the inlet weight flow is approxi-
mately constant so that the difference in drag cannot be explained by engine inlet flow.
The investigation in reference 7, using the same test techniques, showed a small dis-
crepancy in drag but none in pitching moment. This discrepancy has not been explained.

PRESENTATION OF DATA

The results of the wind-tunnel investigation are presented in two basic ways: in
terms of the conventional aerodynamic coefficients and in terms of force-thrust ratios.
The longitudinal data are presented in the stability-axis system and the lateral data in the
body-axis system. The results are presented as follows:

Figure
Longitudinal aerodynamics:

Cruise nozzle deflection configuration aerodynamics 9 to 11
Effect of model components 12 to 20
Effect of inlet flow 21 to 29
Effect of thrust location 30 to 41
Effect of tail incidence 42 to 51
Effect of naps. . . 52 to 65

Effect of angle of attack on downwash 66 to 89

Lateral aerodynamics:
Effect of model components 90 to 96
Effect of thrust configuration 97 to 101
Effect of inlet flow . . 102 to 105
Effect of angle of attack 106 to 107

DISCUSSION OF RESULTS

Longitudinal Aerodynamics

Cruise nozzle deflection configuration aerodynamics. - The vectored-thrust config-
uration with the front'nozzles set at 0° was tested with the inlets open and with the hori-
zontal and vertical tails removed. The results are presented in figure 9. The addition



of power increased the lift-curve slope and decreased the pitching moment. Power had
little effect on stability and made the stall less severe.

Figures 10 and 11 show the effect of flaps with the horizontal and vertical tails
installed with the horizontal-tail incidence set at 0°. The addition of flaps slightly
increases the lift-curve slope without power. As expected, the lift increment and drag
increment with power due to the flaps are very large.

Effect of model components.- The fuselage was tested with various combinations of
the following components to determine their effect on the longitudinal aerodynamic char-
acteristics: the engine nacelles, wing, and vertical and horizontal tails. The horizontal
tail was set at 0° incidence when used for these data. Figures 12 to 14 present the results
for the buildup of the model with the lift jet and figures 15 to 20 present the results for the
model buildup of the vectored-thrust configuration with .the front nozzles deflected 90°.
The vectored-thrust inlets and exits and the lift-jet exit (when installed) were open for
these data.

For the lift-jet configuration, interference effects cause a lift loss. Figure 13 shows
the loss at an angle of attack of 0° is smallest at the low forward speed and increases with
increasing forward speed. There is no inlet drag and the total drag is smaller than it
would be if there were an external inlet. The pitching moment increases with forward
speed at an angle of attack of 0° and decreases with forward speed at an angle of attack
of 10°.

For the vectored-thrust configuration with the front nozzles deflected 90° (fig. 15),
the addition of the engine nacelles to the fuselage gives both an increment in lift and
drag and an increase in Cm . The increment in lift due to the addition of the nacelles
increases with angle of attack. Part of the lift and drag increments can be explained by
the nozzles turning the momentum from the inlet mass flow 90°. ,

At an angle of attack of 0°, the addition of the wing to the combination of the body
and nacelles results in a lift loss and indicates an interference between the nacelles and
the wing. The loss is greater with power than without power. Figures 13 and 19 demon-
strate that the front vectored-thrust configuration does not exhibit the severe lift loss
experienced by the lift-jet configuration.

Effect of inlet flow. - The inlet weight flow rates for the left vectored-thrust engine
simulator are presented in figure 21. Except for the low thrust runs, all powered data
were obtained at thrust levels of at least 132 N (30 Ibf) for each engine simulator. At
these thrust levels, the inlet weight flow rate is nearly independent of free-stream dynamic
pressure and thrust level but dependent on the nozzle configuration. Without thrust, the
inlet weight flow is dependent on the free-stream dynamic pressure and nozzle configura-
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tion. . All unpowered data were obtained at a free-stream dynamic pressure of 2870
(60.0 lbf/ft2). *

To determine the effect of inlet flow, the vectored-thrust configurations were tested
with both inlets closed with flat or elliptical plugs. The results for the front nozzles
deflected 90°, presented in figure 22, show that there is little difference in lift and drag
for the flat and elliptical plugs. The elliptical plug had a different CmQ, than the flat
plug or the open inlet. The flat plug was chosen to determine the effects of inlet flow.

By use of the inlet weight flow rate and the free-stream density, the increment in
lift due to the inlet flow was calculated to be significantly less than the measured lift
increment. A comparison of a very limited amount of wing pressure profile data without
power for the inlets open and inlets closed for the front vectored-thrust configuration
helps explain part of this difference. These data show that closing the inlets induced a
downwash on the wing; the downwash results in a decrease in a local angle of attack vary-
ing between 1° and 2°.

For the forward 90° nozzle configuration, there appears to be a discrepancy between
the powered and unpowered results. Without power, the increment in lift due to opening
the inlets is greater than the increment in drag due to opening the inlets. (See fig. 22.)
However, with power, the increment in lift due to opening the inlets is less than the incre-
ment in drag due to opening the inlets. (See figs. 23 and 24.) All these data show that
there are more effects due to opening the inlets than just the effect of the inlet weight flow
rate. Because of this complexity, it was difficult to identify precisely the effects of power.

Effect of thrust configuration. - The position of the thrust vector relative to the wing
has a large effect on the flow field over the wing. The results for the various thrust con-
figurations are presented at four particular effective velocity ratios with the inlets open
and the horizontal and vertical tails removed. When interpreting these results, it should
be noted that there are three basic configurations: lift jet, vectored-thrust jets, and com-
bination lift-jet and vectored-thrust jets. Each of the three configurations has a different
jet area; consequently, the different configurations operating at the same effective velocity
ratio will have different thrust, coefficients. (See fig. 7.) For example, for a constant lift
coefficient at an effective velocity ratio, the following equation shows that the ratio of wing
lift to jet lift varies with jet area:

This equation, presented graphically in figure 30(a), shows how the wing-lift to jet-lift
ratio varies at a lift coefficient of 1.0 at three effective velocity ratios. To obtain the
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same ratio of wing lift to jet lift at a constant lift coefficient, different effective velocity
ratios are needed for configurations with different ratios of jet area to wing area. The
effective velocity ratio for the different configurations needed to produce the same wing-
lift to jet-lift ratio is presented (as a function of a reference effective velocity ratio) in
figure 30(b). Care should be taken when comparing configurations with different area
ratios

The thrust configurations exhausting 90° from the horizontal plane are presented
in figures 31 to 36 and the thrust configurations exhausting 45° from the horizontal plane
are presented in figures 37 to 41.

For the unpowered case (fig. 31) with the vectored -thrust nozzles deflected 90°, the
rear -nozzle position shows no change in lift coefficient at an angle of attack of 0° but
shows an increase in lift-curve slope when compared with the front -nozzle position. The
rear position also displays a more gradual stall. In addition, the rear nozzles provide a
negative increment in pitch.

With the addition of power (figs. 35 and 36) for both the front and rear 90° nozzles,
there is a slight lift loss at an angle of attack of 0°. For a given angle of attack, the lift
loss with the front nozzles is greater than that of the rear nozzles.

For the vectored -thrust configuration with the nozzles deflected 45°, results were
nondimensionalized by the thrust normal to the jet exit, not by the component of thrust
normal to the model. The thrust normal to the model is T sin 40° (0.643T). (See
table n.) The results for the 45° nozzles are similar to those with the 90° nozzle deflec-
tion. When unpowered (fig. 37), the rear -nozzle configuration has a greater lift -curve
slope and more gradual stall. The powered results show a more gradual stall than the
unpowered results and the rear -nozzle configuration shows a more gradual stall than the
front -nozzle configuration.

In the transition -speed regime, the interference lift loss is greater with the forward
45° nozzles than with the rear 45° nozzles (figs. 40 and 41). Also, the difference in lift
between the front -position and rear -position nozzles increases with increasing velocity
ratio.

Horizontal -tail effectiveness. - The effect of the horizontal tail is shown in figures 42
to 51 at five tail incidences for the front nozzles, deflected 90° without the flaps, and at
one tail incidence for the rear nozzles deflected 90° with the flaps extended.

For the front-nozzle configuration at angles of attack below stall (fig. 42), the unpow-
ered model is longitudinally stable for tail incidences up to approximately 10°.

The effect of power is destabilizing. (See figs. 43 and 44.) Although the model is
longitudinally unstable with power, the tail is still providing a stable contribution. At an
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angle of attack of 0° (fig. 45), only a tail incidence of 10° (when compared with the tail off)
is providing positive lift and a trimming pitching moment through the effective velocity
ratio range; whereas at an angle of attack of 10°, both the 5° and 10° tail incidences are
providing a trimming pitching moment.

For the rear -nozzle configuration without power and with the flaps extended, the
addition of the horizontal tail at 5° incidence makes the model neutrally stable for angles
of attack below stall (fig. 47). Above stall, the tail does not have much effect. The effect
of power is destabilizing. (See figs. 48 and 49.) The tail is not contributing to stability
and the download of the tail is insufficient to trim the model. With the center of gravity
in the position chosen, neither the front nor the rear vectored-thrust configurations are
trimmed in pitch:

Effect of flaps. - The vectored-thrust configuration was tested with the flaps extended
45° and the flaps removed. The results for the vectored-thrust configuration with the 90°
nozzles are presented in figures 52 to 61 and with the 45° nozzles in figures 62 to 65. The
flow entrained by the jet thrust interacts with the flow over the flaps. The flaps contrib-
ute a positive increment in lift and drag and a negative increment in pitching moment.

For the vectored-thrust configuration, the increment in lift coefficient from extend-
ing the:flaps at 0° angle of attack was about 0.3 for the front nozzles deflected 90°, about
0.4 to 0.6 for the front nozzles deflected 45°, and about 0.5 to 0.75 for the rear nozzles
deflected 90°. ;

Effect of Angle of Attack on Downwash Angle

The seven-probe rake was mounted on the sting with the probe tips in a vertical
plane so that the center probe was located 0.76 cm (0.3 in.) above the plane of the hori-
zontal tail and at the quarter chord of the tail mean aerodynamic chord. (See fig. 3.)
Data are'presented for the bottom (z/c = 0.32), center (z/c = -0.40), and top (z/c = -1.12)
probes. The. results of these three probes are typical when compared with the other four.
Figures 66 to 89-present the downwash angle measured from the direction of the free
stream as a function of angle of attack for the various thrust configurations at a given
effective velocity ratio. The measurements were taken at one spanwise station. There
is some scatter, in the results arising from the rather turbulent flow resulting from the
wake of the wing or from the interaction of the jet with the free stream. In general, the
downwash angle increases with decreasing velocity ratio at a given angle of attack, and
the downwash angle is greater with the rear nozzles than with the front nozzles.

. • r1 -' . - - -

The results displayed two basic trends for the lift-jet configuration and for the
vectored-thrust jets. The trends for the vectored-thrust configuration are as follows:
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At the top location (figs. 66 to 69 and 78 to 81) without power, de/da is about
zero. With power, the value of de/da is small, generally below 0.20, up to the angle of
stall. Above stall the value varies with the configuration, but generally de/da increases
sharply above stall. At the center location (figs. 70 to 73 and 82 to 85), de/da with and
without power is about 0.5 up to stall. Above stall, de/da becomes more positive and
sometimes becomes greater than 1.0. At the bottom location (figs. 74 to 77 and 86 to 89)
without power, de/da is small up to the angle of stall and then changes sharply. With
power, de/da varies widely and has different values above and below the angle of stall.
For lift-jet alone with power, allthe locations show similar characteristics, but different
from those of vectored thrust; de/da is positive up to stall and then becomes negative
above stall. The top location shows the best position for the horizontal tail for aerody-
namic control in the transition regime. Only in this position can the tail provide near its
maximum contribution to stability.

Lateral Aerodynamics

Effect of model components. - The fuselage was tested with various combinations of
the following components to determine their effect on the lateral aerodynamic character-
istics: the engine nacelles, the wing, and the vertical and horizontal tails. The results
are presented in figures 90 to 96 through an angle-of-sideslip range at an angle of attack
of 0°. Two important parameters of lateral stability, the effective dihedral Cj and
the directional-stability parameter Cng, can be examined.

For the vectored-thrust configuration with the front jets deflected 90°, the effective
dihedral parameter between angles of sideslip of 12° and -12° is approximately the same
for power-off and power-on except for an effective velocity ratio of 0.2 (figs. 91 to 94).
The effective dihedral for the wing-body nacelles is about -0.0014 and becomes -0.0035
with the addition of the vertical and horizontal tails.

The directional-stability parameter is negative for all configurations without the
vertical tail. The addition of the vertical tail makes this parameter much more positive.
The value at the higher velocity ratios is about 0.0075 as compared with about 0.0050 for
the unpowered case.

Effect of thrust location. - The three basic thrust configurations, the vectored-thrust
configuration with the front and rear nozzles deflected 90°, and the lift jet, were tested
without the horizontal and vertical tails through an angle-of-sideslip range at an angle of
attack of 0°. Comparisons of these results are presented in figures 97 to 101. Without
power, all three configurations show the same amount of effective dihedral but with power
all show a negative increment in effective dihedral.

Although all configurations without the vertical tail are directionally unstable, the
vectored-thrust configurations show more directional stability than the lift jet and the

14



front vectored-thrust configuration shows slightly more directional stability than the rear
vectored-thrust configuration.

Effect of inlet flow. - To determine the effects of inlet flow on the lateral character -
istics, the vectored-thrust configuration with the nozzles deflected 90° in both the front
and rear positions was tested through an angle-of-side slip range at an angle of attack
of 0°. Figure 102 shows that for the rear-position nozzles without power, opening the
inlet does not change the effective dihedral or the directional stability. For the front-
position nozzles without power (fig. 103), opening the inlets made the effective dihedral
more negative and the directional stability less negative. With the addition of power for
front-position nozzles, opening the inlets made the effective dihedral and the directional
stability more negative.

Effect of angle of attack. - The vectored-thrust configuration with the front nozzles
deflected 90° was tested through an angle-of-sideslip range at angles of attack of 0° and
10° with and without power. Figures 106 and 107 show that the effective dihedral becomes
more negative with the increase in angle of attack. The effect is less pronounced with
power on than with power off. The directional stability shows little change with the change
in angle of attack with or without power.

CONCLUDING REMARKS

The investigation of a vectored-thrust V/STOL aircraft configuration has been con-
ducted in the Langley V/STOL tunnel. The rear-position vectored-thrust nozzle configu-
ration provided an increment in lift-curve slope over the front-position nozzles as well
as a negative pitching-moment increment. The rear-position nozzle configuration did
show a more gradual stall but did not show as large a lift loss from interference as the
front-nozzle configuration. The increment in lift at a given angle of attack due to extend-
ing the flaps is larger with the rear nozzles than with the front nozzles. Because of the
complex phenomena involved with inlet flow, it was difficult to identify precisely the
effects of power.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., February 23, 1973.
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TABLE II.- EXIT NOZZLE POSITION AND THRUST DIRECTION

Thrust device

Lift jet
Front vectored

Rear vectored

Nominal
direction,

deg

90
0

45
90
45
90

Actual
direction,

deg

90.1
-1.2
40.1
85.2
40.0
85.0

Exit center position

x station

cm

50.93
49.71
51.52
55.93
72.80
77.22

in.

20.05
19.57
20.28
22.02
28.66
30.40

Water line

cm

-7.82
2.11
.30

-4.11
.30

-4.11

in.

-3.08
.83
.12

-1.62
.12

-1.62
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Wind direction

Figure 1.- System of axes. Positive directions of forces and moments
and angles are indicated by arrows.
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128.14
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(b) Sketch of rear vectored-thrust configuration

Figure 2.- Continued.
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12.80 17-27
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-J- Nozzle

exit <L
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10424 H0.4I
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2.34
(0.92)

Figure 3.- Sketch of rake position relative to model. Dimensions are in centimeters
(inches). FRL denotes fuselage reference line.
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Figure 5. - Variation of longitudinal aerodynamic characteristics with
height at an angle of attack of 6° for BWNj90 configuration with
11.43-cm-diameter (4.50-in.) exits.

27



s±
X

£

O3 -

E :

.2 -
*-o -

p<

O f) H

o>
O)

"°» O CO

(/)
.ti
X

R

OJ

o

J5

ro

> >

10

ro

o
o

if)
o>

ol 8
o- o-

ro CM

J*>

•a
o
o
o

CSI

«

rt
-4->

•s
'o

bC

a>

a
o
|

I
S
rt

CO

O
CO

"o
^
!H
O
O

CO

O)

faC

28



IOO.O

Lift jet

Vectored thrust

Li f t jet and
vectored thrust

Figure 7. - Thrust coefficient as a function of effective velocity ratio.
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Lift jet
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(a) Effect of ratio of jet area to wing area on ratio of wing lift to jet lift.

Figure 30. - Effect of geometry and speed on lift-thrust ratio.
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Model config.
O BWN,90
Q BWN290
O BWJ

BWN290J IS

8 12 16 20
a,deg

0 4 .8 1.2 1.6 2.0
CD

(a) Variation of CL with a and

Figure 31.- Effect of thrust configuration on longitudinal aerodynamic characteristics
without power. = 00.
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Model config
OBWN|90
n BWN290
O8WJ
A BWN,90J

BWN290J

8 12 16 20
a.deg

(a) Variation of C with a and

Figure 32. - Effect of thrust configuration on longitudinal aerodynamic characteristics
with power. =0.3.
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Model config
OBWN,90
n BWN290
OBWJ
A BWN,90j !.
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-.8
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(a) Variation of CL with a and Cp.

Figure 33. - Effect of thrust configuration on longitudinal aerodynamic characteristics
with power. V V =0.2.
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î i.,J
UUiiliJ

•
./;;:;;;;

!===

— ~r

i J ' i i ' j j :

Hgg

•̂̂H
^=̂
rr«Tr
=a==

•^n^r:^a•••••••••^•1^=^

•
rtgSrr

. r ,
1

. . ' , .

j j U J j l i i

ff

TTT-T7

•^~r;ŝ̂
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Figure 66. - Effect of thrust location on variation of downwash with angle of attack.
z/c=-1.12; =«.
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Figure 67. - Effect of thrust location on variation of downwash with angle of attack.
z/c = -1.12; =0.3.
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Figure 68.- Effect of thrust location on variation of downwash with angle of attack.
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Figure 72. - Effect of thrust location on variation of downwash with angle of aiitsick.
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Figure 73. - Effect of thrust location on variation of downwash with angle of attack.
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Figure 87. - Effect of thrust location on variation of downwash with angle .of attack.

z/c = 0.32; fVoo/V^ = 0.3.
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Figure 88. - Effect of thrust location on variation of downwash with angle of attack.
z/c = 0.32; (Voo/Vj)e = 0.2.
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Figure 89. - Effect of thrust location on variation of downwash with angle of attack.
z/c = 0.32;
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Figure 90. - Effect of model components on aerodynamic characteristics in sideslip of
lift-jet configuration without power. (Voo/Vj) = «>.
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(b) Variation of Ct, C^ and CY with /3.

Figure 90.- Concluded.
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(a) Variation of CL, CD, and Cm with /3.

Figure 91.- Effect of model components on aerodynamic characteristics in sideslip of
front yectored-thrust configuration without power. (Voo/Vjj = °°.
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(b) Variation of C^, Cn, and CY with /3.

Figure 91.-Concluded.

152



CL 1.0

Model config.

0 BWN,90
A BWN,90VH

-16 -12 -8 -4- 8 12 16

(a) Variation of ,CL, . CD, and Cm with /3.

Figure 92. - Effect of model components on aerodynamic characteristics in sideslip of
front vectored-thrust configuration with power. (Voo/Vj) = 0.3.
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(b) Variation of Cj, Cn, and CY with /3.

Figiire 92.- Concluded.
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(a) Variation of CL, CD, and Cm with ft.

Figvire 93.- Effect of model components on aerodynamic characteristics in sideslip of
front vectored-thrust configuration with power. (Voo/VjJ = 0.2.
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(b) Variation of Cj, Cn, and CY with

. Figure 93.- Concluded.
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(a) Variation of CL, CD, and Cm with /3.

Figure 94.- Effect of model components on stability characteristics of front
vectored-thrust configuration with power.
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(b) Variation of C^, Cn, and Cy with /3.

Figure 94. - Concluded.
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Figure 95.- Effect of model components on aerodynamic characteristics of front
vectored-thrust configuration at an angle of sideslip of 8° with power.
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Figure 96. - Effect of model components on aerodynamic characteristics of front
vectored-thrust configuration at an angle of sideslip of -8° with power.
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(a) Variation of CL, CD, and Cm with 0.

Figure 97. - Effect of thrust configuration on aerodynamic characteristics
in sideslip without power. = °°.
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(b) Variation of Cj, C^ and CY with /3.

Figure 97. - Concluded.
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Figure 98. - Effect of thrust configuration on aerodynamic characteristics
in sideslip with power. (Voo/Vi) = 0.3.

(a) Variation of
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(b) Variation of Cj, C^ and CY with /3.

Figure 98.- Concluded.
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(a) Variation of CL, CD, and Cm with j3.

Figure 99.- Effect of thrust configuration on aerodynamic characteristics
in sideslip with power. \V00/'V^\ =0.2.
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(b) Variation of Cj, Cn, and CY with

Figure 99.- Concluded;
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Figure 100. - Effect of thrust configuration on aerodynamic characteristics
at an angle of sideslip of 8°.
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Figure 101.- Effect of thrust configuration on aerodynamic characteristics
at an angle of sideslip of -8°.
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Inlet config
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'171

-16 -12 -8 -4

(a) Variation of CL, CD, and Cm with /3.

Figvire 102.- Effect of inlet flow on aerodynamic characteristics in sideslip of
BWN290 configuration without power. = <».
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(b) Variation of Ct, Cn, and CY with )3.

Figure 102.- Concluded.
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Figvire 103.- Effect of inlet flow on aerodynamic characteristics in sideslip of
BWNi90 configuration without power. (Voo/VjJe = °°.
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(b) Variation of Cj, Cn, and Cy with /3.

Figure 103.- Concluded.
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(a) Variation of CL, CD, and Cm with /3.

Figure 104. - Effect of inlet flow on aerodynamic characteristics in sideslip of
BWN190 configuration with power. vV = 0.3.
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(b) Variation of Cj, Cn, and Cy with /3.

Figure 104.- Concluded.
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(a) Variation of CL, GD, and Cm with /3.

Figure 105.- Effect of inlet flow on aerodynamic characteristics in sideslip of
BWNi90 configuration with power. Voo/V =0.2.
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(b) Variation of C^, Cn, and . CY with /3.

Figvire 105.- Concluded. .

176



CL 4

CD -2

o

-16 . -12 -8 -4 0 8 12 16

(a) Variation of CL, CD, and Cm with |8.

Figure 106.- Effect of angle of attack on aerodynamic characteristics in sideslip of
;' • BWN^90 configuration without power.1 = °°
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(b) Variation of Cj, Cn, and CY with /3.

Figure 106.- Concluded.
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(a) Variation of CT, Cy\, and Cm with j3.i •LJ -"-̂
Figure 107. - Effect of angle of attack on aerodynamic characteristics in sideslip of

BWNJ90 configuration with power. (vJVi = 0.2.
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