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Summary

An investigation was conducted in the Langley
16-Foot Transonic Tunnel to determine the effects
of horizontal- and vertical-tail size reductions on the
longitudinal aerodynamic characteristics of a modi-
fied F-15 model with canards and two-dimensional,
convergent-divergent nozzles. This study focused pri-
marily on quantifying the drag decrease at low an-
gles of attack produced by tail size reductions. The
model was tested at Mach numbers of 0.40, 0.90, and
1.20 over an angle-of-attack range from —2° to 10°.
The nozzle exhaust flow was simulated by using high-
pressure air at nozzle pressure ratios from 1.0 (jet off)
to 7.5. Data were obtained on the baseline con-
figuration with and without tails and with reduced
horizontal- and/or vertical-tail sizes that were 75, 50,
and 25 percent of the baseline tail areas. Results of
this investigation indicated that the reduction or re-
moval of tail surfaces produced significant decreases
in total drag. Tail size reductions had a favorable ef-
fect on the afterbody-tail-nozzle flow field that gen-
erated substantial decreases in tail interference drag,
particularly at transonic speeds. The elimination of
all tails produced the largest total drag reduction,
and the removal of the vertical tails alone gener-
ated the second largest drag reduction at transonic
and supersonic speeds. The removal of the vertical
tails was much more effective at reducing drag than
the removal of the horizontal tails. Over the entire
speed range, the 25-percent horizontal- and vertical-
tail combination was the most effective at reducing
drag other than with all tails removed. As expected,
decreases in horizontal-tail size generated reduced
longitudinal stability. Reductions in vertical-tail size
generated no significant effects on longitudinal sta-
bility and produced a small afterbody lift increase.

Introduction

The future air combat arena will require fighter
aircraft with improved performance in several flight
regimes. These aircraft will probably be designed
with sustained supersonic cruise, high-angle-of-
attack maneuverability and agility, and short take-
off and landing capabilities to operate from bomb-
damaged airfields (ref. 1). Several studies have shown
the significant air combat advantages of performing
transient maneuvers at high angles of attack, includ-
ing brief excursions into post-stall conditions (refs. 1
to 3). However, the flight envelope of current air-
craft is limited because of the degraded longitudinal,
lateral, and directional stability and control at high
angles of attack. This degradation is a result of ad-
verse flow conditions that result in a severe loss in
the effectiveness of conventional aerodynamic control

surfaces. Providing improved aerodynamics and in-
creased control effectiveness will allow rapid, precise
maneuvering in a greatly expanded flight envelope.

One promising method of providing control forces
and moments that is not dependent on angle of at-
tack and dynamic pressure (as are aerodynamic con-
trols) is the vectoring of the engine exhaust. Studies
have shown that pitch- and yaw-vectoring nozzles can
provide large improvements in pitch rate, yaw rate,
and maximum controllable angle of attack. Thrust
vectoring significantly expands the low-speed, high-
angle-of-attack flight envelope by providing enhanced
aircraft agility in the near-stall and post-stall angle-
of-attack ranges (refs. 4 to 7). These nozzles can also
be designed with thrust reversers to provide rapid de-
celerations to corner velocity and force overshoots by
an adversary. Thrust vectoring may also allow air-
craft designers to reduce or eliminate conventional
aerodynamic control surfaces. Conventional aero-
dynamic control surfaces are usually sized for low-
speed operations and provide more control power
than required at high speeds. Since propulsive
control effectiveness increases at low speeds, aero-
dynamic control surfaces such as the horizontal and
vertical tails can be significantly reduced or even
eliminated. Thus, thrust vectoring can allow the de-
velopment of aircraft that are optimized for high su-
personic cruise efficiency but also possess enhanced
low-speed, high-angle-of-attack agility (refs. 4, 8,
and 9).

Reduction or elimination of tail surfaces provides
significant drag and weight savings. Tail removal can
greatly reduce the afterbody (aft 25 to 35 percent of
aircraft length) drag (35 to 50 percent of total aircraft
drag) of a typical fighter. Experimental studies
have indicated that the total drag of a typical twin-
engine fighter can be reduced 12 to 38 percent by the
removal of tail surfaces (refs. 10 to 14). Further drag
reduction can be generated through redesign of the
afterbody and removal of tail attachment hardware.

This investigation was conducted to determine
the longitudinal aerodynamic effects of horizontal-
and/or vertical-tail size reductions at low angles of
attack. This study focused primarily on quantify-
ing the drag decrease from tail size reductions. Ex-
periments were conducted in the Langley 16-Foot
Transonic Tunnel on a model of the the experi-
mental F-15 Short Takeoff and Landing Maneuver
Technology Demonstrator (S/MTD) (ref. 15). This
configuration utilizes canards and two-dimensional
thrust-vectoring nozzles for enhanced maneuverabil-
ity. The baseline tails and several reduced horizontal-
and vertical-tail sizes were tested in various com-
binations at Mach numbers of 0.40, 0.90, and 1.20
up to 10° angle of attack. To provide data for



follow-on flight-test plans, all data were obtained
with the nonaxisymmetric nozzles rotated 90° to
allow yaw thrust vectoring. This report also presents
the effects of reduced tail sizes on total drag and
the skin-friction, interference, and wave-drag
components.

Symbols and Abbreviations

All longitudinal forces and moments are refer-
enced to the stability axis system. The model mo-
ment reference center was near the ¢/4 location of the
wing at fuselage station 36.741 and waterline 0.908.

Aez

nozzle exit area, 6.60 in2

Afus maximum cross-sectional area of
model fuselage enclosed by metric-
break seal at nozzle connect station,
in?

Ageal aft internal cross-sectional area en-
closed by metric-break seal at noz-
zle connect station, in?

Ageal for area enclosed by metric-break seal
between strut support and model
shell, in?

Asp nozzle throat area, 5.20 in?

b wing span, 42.80 in.

by tail span, in.

Cp total aircraft drag coefficient,
Drag/q-0S (eq. (3))

Cp.aen drag coefficient of aircraft except
nozzles

Cp.Noz total drag coefficient of two nozzles,
Nozzle drag/qeS (eq. (2))

CpNoz(pr) nozzle integrated pressure drag
coeflicient

CpNoz(sf) nozzle skin-friction drag coefficient

Cp(sf) tail skin-friction drag coefficient

Cp t(w) tail wave-drag coeflicient

ACp it increment in total tail interference-
drag coefficient (eq. (4))

ACD it(aen) tail interference-drag increment on
aircraft except nozzles (eq. (6))

ACp it(nozy tail interference-drag increment on
nozzles (eq. (5))

Cr total aircraft lift coefficient,

Lift/geoS

CLNOZ total lift coefficient of two nozzles,
Nozzle lift /go S

Cm total aircraft pitching-moment
coefficient, Pitching moment /gy S¢

Cmo zero-lift pitching-moment coefficient

c mean geometric chord, 15.942 in.

CR tail root chord, in.

cr tail tip chord, in.

Daen drag on aircraft except nozzles, 1bf
(eq. (1))

Dy balance measured drag on aircraft
except nozzles, 1bf

M free-stream Mach number

Des local static pressure external to
metric-break seal, psi

Din local internal static pressure, psi

Dt.j jet total pressure, psi

Poo free-stream static pressure, psi

oo free-stream dynamic pressure, psi

S wing reference area, 608.0 in?

s horizontal-tail slot length, in.

«a angle of attack, deg

be canard deflection angle (positive
with leading edge up), deg

e horizontal-tail deflection angle
(positive with leading edge up), deg

Or rudder deflection angle (positive
with trailing edge left looking
upstream), deg

by.y nozzle geometric yaw-vector angle
(positive with trailing edge left
looking upstream), deg

€ nozzle expansion ratio, Aey/Asp

np drag reduction efficiency,
Cp reduction relative to baseline
Maximum Cp reduction (tails-off)

Abbreviations:

A/B afterburning

aero. aerodynamic

BL buttock line, in.

config. configuration



FS fuselage station, in.

HT horizontal tail

LE leading edge

NACA National Advisory Committee for
Aeronautics

NPR nozzle pressure ratio, py ; /Poo

S/MTD Short Takeoff and Landing Maneu-
ver Technology Demonstrator

VT vertical tail

WL waterline, in.

2-D C-D two-dimensional convergent-

divergent
Apparatus and Procedure

Wind Tunnel

This investigation was conducted in the Lang-
ley 16-Foot Transonic Tunnel. The facility is a
closed-circuit, single-return, continuous-flow, atmo-
spheric wind tunnel with a slotted, octagonal test
section. The test-section airspeed is variable between
Mach 0.20 and 1.30. Speeds up to Mach 1.05 are ob-
tained with tunnel main drive fans and speeds from
Mach 1.05 to 1.30 are obtained with a combination
of main-drive and test-section plenum suction pro-
vided by a compressor. Further details on dimensions
and operating characteristics of the Langley 16-Foot
Transonic Tunnel are in reference 16.

Model

Tests were conducted on a 1/12th (8.33-percent)
scale model of the experimental F-15 Short Takeoff
and Landing Maneuver Technology Demonstrator
(S/MTD), which uses canards and thrust-vectoring
nozzles for increased maneuverability. A sketch of the
model is shown in figure 1 and the model geometry
is presented in table 1. The model is a partially
metric jet-effects model with faired-over inlets and a
propulsion simulation system. Forces and moments
on the metric portions of the model, which include
the wing, fuselage, and tails, were measured by an
internal balance. The nonmetric nozzles (which were
not on the balance) were instrumented with static-
pressure orifices to obtain nozzle forces and moments.
Since the nozzles are nonmetric, the thrust forces and
moments generated by the jet exhaust flow were not
measured. However, the jet-induced effects on the
aircraft external aerodynamic characteristics were
obtained. Figure 2 is a photograph of the model
installed in the Langley 16-Foot Transonic Tunnel.

The model was supported by a sting-strut support
system through which high-pressure air lines and all
instrumentation were routed. A high-pressure air
system supplied a continuous flow of clean, dry air
at a controlled temperature of approximately 550°R.
High-pressure air was directed through the strut to
a common air plenum and divided into airflow ducts
for each of the two-dimensional convergent-divergent
nozzles. Figure 3 shows the nonmetric twin-engine,
propulsion-simulation support system. The metric
break between the metric wing-fuselage-afterbody
and the nonmetric nozzles was located at FS 52.727
as shown in figure 1. A flexible strip, inserted into
slots machined into the metric portions of the model,
was used as a seal at the metric-break station to
inhibit flow through the gap between the nozzles and
the afterbody. A flexible rubber seal was also located
in the gap on the underside of the model, where
the strut support attaches to the internal propulsion
system hardware.

Horizontal and Vertical Tails

Data were obtained on the baseline configura-
tion with and without tails as well as with reduced
horizontal- and/or vertical-tail sizes that were 75, 50,
and 25 percent of the baseline tail areas. Through-
out this paper, the baseline-tail case refers to the
100-percent tail size and 0 percent refers to the tails-
off case. Figures 4 and 5 show the dimensions of the
horizontal and vertical tails. To eliminate any vari-
ation in tail-generated moments due to different tail
distances from the reference center, the ¢/4 location
of each tail size was fixed at a constant model fuselage
station. The vertical-tail ¢/4 was at FS 54.335, and
the horizontal-tail ¢/4 was at FS 56.692. Figures 6, 7,

and 8 are photographs of some of the horizontal- and
vertical-tail combinations tested during this study.

Two-Dimensional Convergent-Divergent
Nozzles

The two-dimensional convergent-divergent (2-D
C-D) nozzle design used for this study simulates a
variable-area internal expansion nozzle with a rect-
angular cross section. The throat area and exit area
of the full-scale hardware can be varied by inde-
pendent actuation of the convergent and divergent
nozzle flaps. Figure 9 is a photograph of the noz-
zles mounted on the model. The nozzles in this in-
vestigation were rotated 90° relative to the nominal
F-15 S/MTD pitch-vectoring nozzles. By deflecting
the nozzle divergent flaps, the jet exhaust flow can be
turned in the yaw plane. The nozzle internal geom-
etry represents a nozzle optimized for afterburning
operation up to low supersonic speeds. The design
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nozzle pressure ratio of these nozzles was 4.40. Fig-
ure 10 shows the geometric characteristics of the noz-
zles at 0° yaw-vector angle. All data presented in this
paper were obtained at a yaw-vector angle of 0°.

Instrumentation

Model forces and moments, excluding the nozzles,
were measured by an internal six-component strain-
gage balance. External nozzle forces and moments
were determined through the integration of 168 ex-
ternal static-pressure orifices located on the pair of
exhaust nozzles. The orifices were distributed on
the nozzle external surface to ensure that anticipated
variations in pressure coefficient would be measured.
However, even with the large number of orifices used
here, some details of the complex nozzle flow field
may have been missed as a result of improper static-
pressure tap locations. Internal-cavity pressures were
measured at two locations near the flexible seal for-
ward of the balance and at four locations near the
seal at the nozzle connect station. Eighteen static
pressures were also measured in the nozzle-afterbody
metric-break gap on the external side of the flexible
seal. Together, these internal-cavity and metric-seal
pressures were used to make pressure-area tare cor-
rections to the balance measurements. Jet total pres-
sures and temperatures were measured in the flow
duct upstream of each nozzle throat by five total-
pressure probes and a thermocouple. All pressures
were measured by individual pressure transducers
except for the nozzle external pressures and nozzle
metric-break pressures. These measurements were
obtained by six internally mounted 32-port multi-
ducers that were electronically scanned to simultane-
ously record the pressure on each of the 32 channels.
The instruments were located in the model-forebody
area and were continually compared with indepen-
dent check pressures and recalibrated as necessary.
Model attitude was determined by an accelerometer
mounted in the model nose.

Tests

Data were taken at Mach numbers of 0.40, 0.90,
and 1.20 and at angles of attack from —2° up to
10° in 2° increments. Nozzle pressure ratio (NPR)
was varied from 1.0 (jet off) to approximately 7.5.
Angle-of-attack sweeps were conducted at sched-
uled nozzle pressure ratios representative of current
turbofan operating conditions. Data were taken at
NPR = 3.8 for Mach 0.40, NPR =~ 5.7 for Mach 0.90,
and NPR = 7.5 for Mach 1.20. Nozzle-pressure-ratio
sweeps were conducted for selected configurations at
0° angle of attack. Table 2 provides a summary of the
configurations and the conditions of data acquisition.
The average Reynolds number, based on the wing
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mean aerodynamic chord, varied from approximately
3.3 x 108 at Mach 0.40 to approximately 5.1 x 108 at
Mach 0.90 and approximately 5.4 x 106 at Mach 1.20.
Boundary-layer transition was fixed on the model by
means of 0.060-in-wide strips of No. 120 carborun-
dum grit (refs. 17 and 18). These strips were located
0.80 in. aft (streamwise) of the nose and inlet fairings.
Transition strips were also located on the wing, ca-
nards, horizontal tails, and vertical tails at 6 percent
of the local chord.

Data Reduction

Data for the model and the wind tunnel were
recorded simultaneously on magnetic tape. At each
data point, 50 frames of data, taken at a rate of
10 frames per second, were used to obtain averaged
recorded data. The averaged data were used to com-
pute standard force and moment coefficients. All lon-
gitudinal force and moment data in this paper are
referenced to the stability axis system, which passes
through the moment reference center (fig. 1). Model
angle of attack was corrected for flow angularity by
applying an adjustment of 0.10°, which is the average
upflow angle measured in the Langley 16-Foot Tran-
sonic Tunnel (ref. 16). Forces and moments on the
entire model, except the nozzles, were measured by
an internal six-component strain-gage balance. Bal-
ance force measurements were initially corrected for
model weight tares and balance interactions. Correc-
tions were also made to the balance data to account
for internal-cavity and seal pressure-area tares.

The total drag on the aircraft except nozzles was
computed by the following equation:

Daen = Dpa1 + Z(Pes — Poo )(Afus — Aseal,aft)
+ Z(pin - poo)Aseal,aft

- Z(pm - poo)Aseal,for (1)

The corrected balance forces and moments were con-
verted to coefficients based on the model wing refer-
ence area, span, and mean aerodynamic chord.

The forces and moments of the exhaust nozzles
were obtained by integrating pressure measurements
with the assigned projected areas and moment arms
of each pressure orifice. The skin-friction drags of the
nozzles and tails were computed using the method of
Frankl and Voishel (refs. 19 and 20) for compressible
turbulent flow on a flat plate. The total nozzle drag
coeflicient was obtained by adding the nozzle skin-
friction drag to the pressure integrated nozzle drag
as follows:

CpNoz = CpNozpr) + CpNozZ(sf) (2)



Total aircraft drag coeflicient was calculated by
adding the drag on the aircraft except nozzles (as
indicated by corrected balance data) to the nozzle
drag as follows:

Cp = CpNoz + Cp aen (3)

The interference-drag increment of the tails on
the entire aircraft was determined for each tail com-
bination relative to the baseline (100-percent hor-
izontal and vertical tails) configuration. The tail
interference-drag increment for the entire aircraft was
determined from

ACp,it = (Cp (baseline) — Cp (%HT/%VT))
~ (Cpyt(s) (baseline) — CD.t (sf) (BHT/%VT))
~ (Cpt (w) (baseline) — CDyt (w) wHT/%VT)) (4)

where Cppaseline) 15 the total aircraft drag coeffi-
cient for the baseline configuration as described pre-
viously, and Cp(%nT,%VvT) is the total drag for each
reduced tail size combination. The skin-friction drag
plus form drag of each tail combination is included
in Cp y(sp)- At supersonic speeds, the interference-
drag increment also includes the wave-drag coeffi-
cient of the tails (Cpy,)) as calculated by using
the slender-body, equivalent-area theory described in
reference 21.

The tail interference-drag increment is the com-
bined effect of the tails on the nozzles and the re-
mainder of the aircraft. The tail interference-drag
increment on the nozzles alone was obtained by sub-
tracting the nozzle drag of each tail configuration
from the nozzle drag of the baseline configuration
as follows:

ACh it(noz) = CpNOZ(baseline) — CDNOZGHT/%VT) (D)

Nozzle drag is computed by integrating the pressure
distribution over the nozzle external surface. Thus,
this tail interference increment is the change in nozzle
pressure distribution that results from the reduction
in horizontal- and vertical-tail size.

The tail interference effects on the aircraft fuse-
lage alone were determined by subtracting the tail
interference-drag increment of the nozzles from the
tail interference-drag increment of the total aircraft,
or

ACD jt(aen) = ACD,it — AP jt(noz) (6)

This interference term includes the effects of each tail
surface on the fuselage and of the tail surfaces on
each other as well as the effects of the afterbody and

other parts of the aircraft on the tails. To avoid errors
associated with the computation of lift-induced drag
on the horizontal tails, wing, fuselage, and nozzles,
these interference terms were computed only at 0°
angle of attack.

Results and Discussion

The results of this investigation are presented in
plotted coefficient format, and bar charts of drag
comparisons at 0° angle of attack are included. The
baseline configuration refers to the standard F-15
S/MTD with —5° canards, 0° nozzle flap deflection,
0° sideslip, and 100-percent (full-size) vertical and
horizontal tails installed in the undeflected position
unless otherwise specified.

Basic Data Comparisons

Nozzle pressure ratio effects. The effects of
nozzle pressure ratio (NPR) on the longitudinal aero-
dynamic characteristics are shown in figure 11 for the
baseline (100-percent tails) case and with the tails re-
moved. At all test speeds, lift and pitching-moment
characteristics for each configuration were generally
independent of nozzle pressure ratio. However, drag
coeflicient varied as nozzle pressure ratio increased
from jet off (NPR = 1) to the maximum test NPR.
At Mach 0.40 (fig. 11(a)), increases in nozzle pressure
ratio produced a small drag increase for the base-
line configuration. This result may be caused by the
jet entrainment effects of the overexpanded jet flow
at an NPR below the design NPR (approximately
4.4) for this afterburning nozzle. The presence of
tails adversely influenced the afterbody flow field to
produce a jet-induced drag increment that was not
present for the tails-off case. Without tails, varia-
tion in nozzle pressure ratio had no significant effect
on total drag at M = 0.40. The drag trend was
similar at Mach 0.90 and 1.20; however, little or no
drag increase was generated as NPR approached de-
sign conditions. At underexpanded conditions (above
design NPR), jet exhaust-flow simulation generated
favorable afterbody-tail-nozzle flow interactions that
reduced drag. This effect was probably the result
of compression at the nozzle exit created by the in-
creased diameter of the exhaust-flow plume.

As figure 12 indicates, the effect of NPR on noz-
zle drag followed the same trends as total aircraft
drag discussed previously. At Mach 0.40, adverse
afterbody-nozzle-jet interactions produced a small
jet-induced drag increase at overexpanded condi-
tions. At Mach 0.90 and 1.20, favorable interactions
reduced nozzle drag relative to jet-off conditions, par-
ticularly at overexpanded conditions. These trends
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are typical for jet-powered models and were obtained
for both total drag and nozzle drag (ref. 14).

The results shown in figures 11 and 12 also
highlight the relative insensitivity of aerodynamic
characteristics to small differences in NPR. As shown
subsequently, some data comparisons were made
at NPR settings that were somewhat inconsistent.
These inconsistencies were due to the removal (af-
ter the tests were complete) of known bad pressure
measurements from the average jet total-pressure cal-
culation used to compute NPR. Figure 11 shows the
typical variation in NPR during this investigation.
However, as figures 11 and 12 indicate, the effects
of these small NPR variations on aerodynamic char-
acteristics were very small. Thus, small differences
in NPR values in various data comparisons had no
significant effect on results presented herein.

Combined horizontal- and vertical-tail
size reductions. The effects of reducing both the
horizontal- and vertical-tail size on longitudinal aero-
dynamic characteristics at low angles of attack are
presented in figure 13. At all test Mach numbers, a
significant decrease in drag coeflicient resulted from
tail size reductions from 100 percent (full size) to
0 percent (tail off). Total aircraft drag increased with
Mach number, but the drag-reduction increment due
to tail size also increased at higher speeds. As fig-
ure 13(a) indicates at Mach 0.40, removal of the tails
produced a drag decrease of approximately 0.0040 at
0° angle of attack. At higher angles of attack, the
drag reduction was less. Almost half the drag de-
crease at a = 0° was generated by reducing tail size
from 100 percent to 75 percent. Tail size reductions
from 75 percent to 50 percent also generated a con-
siderable drag coefficient decrease; however, further
tail size reductions to 25 percent and 0 percent did
not yield significant drag reductions. Thus, the rela-
tionship between tail size and drag was not linear at
Mach 0.40. As expected, the drag reduction due to
reduced tail size was not a function of surface area
alone, but a combination of nozzle, afterbody, tail,
and jet exhaust interactions.

At Mach 0.90, figure 13(b) shows similar drag
decreases as both vertical- and horizontal-tail sizes
were reduced. Half the drag decrease from removing
all tails at 0° angle of attack was generated by the
reduction from 100-percent to 75-percent tail size.
Tail size reductions to 50 percent, 25 percent, and
0 percent also yielded drag decreases but in much
smaller increments.

Significant reductions in drag also occurred at
Mach 1.20, as shown in figure 13(c). However, the
relationship between tail size reduction and drag re-
duction was considerably more linear. Each tail
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size reduction generated an approximately equal drag
decrease over the entire angle-of-attack range. As
expected, the total drag level for each configura-
tion was significantly higher at Mach 1.20 than at
lower speeds, primarily because of a large wave-drag
contribution.

Nozzle drag accounted for a significant portion of
the total aircraft drag. Figure 14 shows the nozzle
drag at each Mach number and scheduled NPR as
computed from the integration of external static-
pressure measurements along the nozzle surfaces.
At Mach 0.40 and 0.90, each reduction in tail size
produced corresponding reductions in nozzle drag.
Tail-size reduction and removal apparently had a
favorable effect on afterbody flow-field interactions
and produced nozzle drag-reduction increments that
were insensitive to angle of attack. However, at
Mach 1.20, tail size had only small effects on nozzle
drag,.

At Mach 0.40 and 1.20, combined horizontal- and
vertical-tail size reduction produced a decrease in the
lift-curve slope, primarily for the 25-percent and 0-
percent tails (fig. 13). As angle of attack increased,
the smaller tails generated less lift. However, at
Mach 0.90, tail size reductions to 25 percent and
0 percent (tails off) generated a small lift increase
over the entire angle-of-attack range. As figure 15
shows, lift on the nozzle was not affected by tail-size
reductions. Thus, lift was generated on the remain-
der of the aircraft and may be a result of the allevia-
tion of adverse wing-afterbody-tail interactions that
dominate the transonic flow field for tails that were
over 25 percent. There is further discussion of this
effect in the sections “Reduction in Horizontal-Tail
Size” and “Reduction in Vertical-Tail Size.”

The effects of tail size reduction on longitudinal
stability are also shown in figure 13. In general, re-
ductions in tail size produced reduced static longi-
tudinal stability. (Static longitudinal stability is de-
fined as the slope of the plot of Cy, versus Cj. A
configuration is stable if this slope is negative and
is more stable for larger negative values.) Although
reductions in tail size produced only small effects on
lift at Mach 0.40, pitch characteristics were adversely
affected. As previously stated, the ¢/4 location of
each tail size was positioned at a fixed fuselage sta-
tion to ensure a constant moment reference length
for all tail sizes. Thus, the overall changes in air-
craft longitudinal stability are directly caused by tail
size reductions and by the associated interference ef-
fects on the afterbody-tail-jet combination. Similar
trends occurred at Mach 0.90, except that there was a
much larger downward shift in the zero-lift pitching-
moment coefficient (Cy, ) with tail size reductions.
Relative to the baseline, tail size reductions to



75 percent and 50 percent produced an increase in
Cin,y» While the 25-percent and O-percent cases de-
creased zero-lift pitching-moment coefficient. These
effects may be caused by wing downwash and
afterbody-tail-nozzle interactions that are sensitive
to the aft-end geometry. As stated previously, these
tail combinations generated increased lift on the af-
terbody that may have produced the downward shift
in Cp .

Although the variation in Cp, was small at
Mach 1.20, longitudinal stability also decreased
with tail size reduction. However, even with the
tails removed, the aircraft remained statically sta-
ble throughout the angle-of-attack range. Thus, over
the speed range, tail size reductions decreased lon-
gitudinal stability, while increases in Mach number
resulted in improved stability.

Reduction in vertical-tail size. In addition
to reducing the horizontal- and vertical-tail com-
bination, the reduction of vertical-tail size at con-
stant horizontal-tail size was examined. With the
horizontal-tail size fixed at 100 percent (full size),
data were obtained to isolate the effects of vertical-
tail sizes from 100 percent to 0 percent (tails off).
Figure 16 shows the longitudinal characteristics over
the speed range tested. In general, the reduction
in vertical-tail size significantly decreased total drag
coefficient at each Mach number. As shown in fig-
ure 16(a), the drag increment from vertical-tail size
reductions of 100 percent to 50 percent was approxi-
mately equal to that measured for further reductions
from 50 percent to 0 percent. As figure 17 indicates,
vertical-tail size reductions also produced similar ef-
fects on nozzle drag coefficient. At Mach 0.40 and
0.90, nozzle drag decreased with vertical-tail size re-
duction. However, at Mach 1.20, vertical-tail size
had little effect on nozzle drag,.

Decreases in vertical-tail size also generated small
lift increases (fig. 16), particularly at Mach 0.90. This
effect was consistent with results discussed previously
for combined horizontal- and vertical-tail size combi-
nations. As shown in figure 18, nozzle lift coeflicient
was independent of vertical-tail size. Thus, the in-
crease in total lift was generated on the remainder of
the aircraft, probably as a result of favorable interac-
tions between the wing-afterbody and the horizontal-
tail flow field. The induced drag produced by this
small lift increase was negligible.

At Mach 0.40 and 0.90, vertical-tail size reduc-
tion appeared to have little effect on longitudinal
stability characteristics (fig. 16). At Mach 1.20, lon-
gitudinal stability increased slightly with tail-size re-
ductions to 50 percent and remained at that value
as tails were removed. At transonic and supersonic

speeds, a negative Cp, , shift occurred which may be
a result of additional lift generated on the afterbody
from the reduction of vertical-tail size. This shift
resulted in lower values of pitching-moment coefli-
cient. Although the lateral-directional stability char-
acteristics were not determined in this study, it is
expected that vertical-tail size reduction would de-
grade lateral-directional stability (ref. 22).

Reduction in horizontal-tail size. The
effects of reducing horizontal-tail size on the lon-
gitudinal aerodynamic characteristics are shown in
figure 19. Vertical-tail size was held constant at
100 percent. In general, horizontal-tail size reduc-
tions generated substantial drag coeflicient decreases,
but these decreases were less than those produced by
vertical-tail size reductions. At Mach 0.40, almost
all the drag decrease from horizontal-tail removal
was generated by the reduction from 100-percent to
50-percent horizontal tails. At transonic and super-
sonic speeds, each reduction in horizontal-tail size
produced approximately equal drag decreases.

The effect of horizontal-tail size on nozzle drag is
presented in figure 20 for all three Mach numbers.
Data trends were similar to the results for the reduc-
tion of vertical-tail size and combined horizontal- and
vertical-tail size. At subsonic and transonic speeds,
nozzle drag decreased with reduced horizontal-tail
size, while at supersonic conditions, nozzle drag
increased slightly. However, vertical-tail size re-
ductions (fig. 17) generally produced greater noz-
zle drag decreases than horizontal-tail size reductions
(fig. 20). At Mach 0.40 and 0.90, changes in vertical-
tail size obviously produced more favorable afterbody
flow-field effects.

Over the speed range, lift coefficient was inde-
pendent of horizontal-tail size at angles of attack less
than 2° (fig. 19). At angles of attack over 2°, lift de-
creased as horizontal-tail size (and available lifting-
surface area) was reduced. In contrast, vertical-tail
size reductions produced lift increases. As discussed
previously for the combined horizontal- and vertical-
tail case, the combination of these effects produced a
decrease in the lift-curve slope, primarily for the 25-
and O-percent tails at Mach 0.40 and 1.20. The fa-
vorable effects on the wing-afterbody-tail flow field of
vertical-tail size reduction were cancelled by the un-
favorable effects on lift of horizontal-tail size reduc-
tion. However, at Mach 0.90, the favorable lift effects
of vertical-tail size reduction dominated as both tails
were reduced to 25 percent and O percent. Reduc-
tions in vertical-tail size alleviated the adverse inter-
ference effects from the horizontal tails to produce
an aft-end lift increase and a resulting decrease in

7



pitching-moment coefficient. As shown in figure 21,
nozzle lift was independent of horizontal-tail size.

As expected, longitudinal stability characteristics
(fig. 19) were significantly affected by reductions in
horizontal-tail size. Over the speed range, decreases
in horizontal-tail size reduced longitudinal stability.
As a result of reductions in lifting-surface area, Cp,
also increased as horizontal-tail size decreased. At
Mach 1.20, similar trends occurred, but even with-
out the horizontal tails the configuration remained
statically stable. Throughout the speed range, the ef-
fects of horizontal-tail size reductions followed trends
similar to the longitudinal stability characteristics
of combined horizontal- and vertical-tail size reduc-
tions discussed previously. Vertical-tail size reduc-
tions produced no significant effects on longitudinal
stability. Thus, the reduction in lifting-surface area
from horizontal-tail size reductions produced a much
greater effect on longitudinal stability than vertical-
tail size reductions.

Detailed Drag Data Comparisons at o = 0°

Combined horizontal- and vertical-tail
size reductions. The effects of reduced horizontal-
and vertical-tail sizes on total drag and nozzle
drag at 0° angle of attack are shown in figures 22
and 23. In general, total drag decreased significantly
with tail size reduction. As Mach number increased,
total drag also increased, particularly at supersonic
speeds. However, the reduction in total drag coeffi-
cient with tail size also increased with Mach number.
The reduction in total drag coeflicient from full tails
to tails off was approximately 0.0040 at Mach 0.40,
0.0050 at Mach 0.90, and 0.0080 at Mach 1.20. As
a result of the reduced surface area of each tail size,
the tail skin-friction drag contribution to total drag
also decreased.

Nozzle drag (fig. 23) also increased with Mach
number, but at transonic speeds (M = 0.90), tail
size reductions produced significant nozzle drag re-
ductions to levels below those at Mach 0.40. At
Mach 0.90, tail reductions to 50 percent produced
favorable afterbody-tail-nozzle interactions that sub-
stantially reduced nozzle drag. Further tail size
reductions to 0 percent (tails off) did not produce
significant changes. At supersonic speeds, tail size
reduction had no significant effect on nozzle drag.

A summary of the percent total drag reduction
(relative to the baseline configuration) produced by
tail size reductions is shown in figure 24 with a break-
down of the component contributions. In general,
total drag reduction increased with each tail size de-
crease. The removal of all tails produced approxi-

mately 15-percent total drag reduction over the en-
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tire speed range. At subsonic and transonic speeds,
approximately half the drag reduction produced by
removing all tails was achieved by tail size reduc-
tions to 75 percent. Tail size reductions to 50 percent
also produced a significant drag decrease relative to
the baseline. Tail size reductions to 25 percent and
0 percent also produced further drag decreases but
in smaller increments. However, at Mach 1.20, each
tail size reduction produced an approximately equal
decrease in total drag. Although tail interference ef-
fects were negligible, the wave drag of the tails was
significantly reduced.

Several factors contributed to the significant drag
decreases produced by tail size reductions. Tail size
changes affected the tail skin-friction drag and tail
interference-drag contributions at subsonic speeds
and tail wave drag at supersonic speeds. Of these fac-
tors, only the tail interference terms represent more
than just the direct effects of surface area and volume
reduction that are the basis of the skin-friction and
wave-drag terms. Figure 24 also shows the effects of
reducing horizontal- and vertical-tail size on the tail
interference-drag increments. The tail interference-
drag increments on the nozzles and on the remain-
der of the fuselage are presented. At subsonic and
transonic speeds, reducing tail size produced a sub-
stantial tail interference-drag reduction that was the
largest for the 50-percent tails. Tail size reduction
from 100 percent to 25 percent and 0 percent ac-
tually produced less favorable effects on tail inter-
ference drag than size reductions to 75 percent and
50 percent. At these speeds, a large portion of the
tail interference-drag reduction was the result of fa-
vorable interference effects on the nozzles. As tail size
decreased, the total drag reduction due to tail inter-
ference effects on the nozzles continued to increase
while it decreased for the remainder of the aircraft.
As expected, the tail interference-drag effects were
largest at transonic speeds, where a complex after-
body flow field exists. At Mach 1.20, the effect of tail
size on tail interference drag was relatively small.

Reduction of vertical-tail size. The effects
of reductions in vertical-tail size on the total drag
coefficient are presented in figure 25. The data
indicate a significant reduction in total drag at all
test speeds as vertical-tail size was reduced. Since
the incremental drag reduction was approximately
equal for each size decrease, the payoffs of completely
removing the vertical tails are substantial. Figure 26
shows similar effects on nozzle drag coefficient at
subsonic speeds. However, at Mach 0.90 and 1.20,
the nozzle flow field was sensitive to specific tail
arrangements. Vertical-tail size reductions adversely



influenced nozzle flow-field interactions to produce
slight increases in nozzle drag at supersonic speeds.

A summary of the percent reduction in total
drag coefficient (relative to the baseline configura-
tion) that results from reductions in vertical-tail size
is shown in figure 27. The removal of vertical tails
entirely produced a 10- to 13-percent total drag re-
duction over the entire speed range. The largest
drag reduction occurred at Mach 0.90. At this con-
dition, most of the drag reduction was a result of
favorable tail interference effects on the afterbody
flow field, particularly on the nozzles. Tail inter-
ference effects were small with the vertical tail re-
moved at supersonic speeds, but tail wave drag signif-
icantly decreased to produce a substantial total drag
reduction.

Reduction of horizontal-tail size. The
effects of reduced horizontal-tail size on total drag
coeflicient are shown in figure 28. In general, reduc-
tions in horizontal-tail size produced substantial de-
creases in total drag coefficient over the speed range
tested. Nozzle drag coeflicient, as shown in figure 29,
followed similar trends at Mach 0.40 and 0.90, in
that nozzle drag decreased as horizontal-tail size de-
creased. At Mach 1.20, the effects of horizontal-tail
size on nozzle drag were small.

The effects of horizontal-tail size on total drag
coeflicient reduction and the relative contributions
are shown in figure 30. At subsonic and tran-
sonic speeds, horizontal-tail size reductions generated
favorable interactions on the entire aircraft. At
supersonic speeds, tail size reductions produced no
significant tail interference effects. Vertical-tail size
reductions (fig. 27) produced larger decreases in to-
tal drag than horizontal-tail size reductions (fig. 30).
Over the speed range, removing the horizontal tails
produced a total drag reduction from 6 to 9 percent.
Although the horizontal tails had slightly smaller sur-
face areas than the vertical tails, this drag reduction
was considerably less than the 10- to 13-percent drag
decrease generated by complete removal of the verti-
cal tails. The drag-reduction efficiency of the vertical
tails was much greater than that of the horizontal
tails. Vertical-tail removal also produced a small lift
increase on the afterbody as opposed to a decrease
with horizontal-tail removal.

Summary of Drag Effects for All Tail
Combinations

A summary of the total drag reduction produced
by all the tail combinations and their relative drag
reduction efficiencies are presented in table 3. Fig-
ure 31 graphically depicts the total drag reduction
percentages from table 3, while figure 32 presents

the drag reduction efficiency of each tail combina-
tion. In figure 32, the horizontal axis represents the
percent tail area reduction relative to the baseline
100-percent tails. Therefore, a 75-percent tail area
reduction is equal to a 25-percent tail size. The dot-
ted line represents a linear relationship between tail
area reduction and drag reduction. For example, a
50-percent reduction in tail area would produce a
50-percent reduction in drag. In general, removing
all tails produced the largest reduction in total drag
at all test speeds. Removing the vertical tails was
much more effective at reducing drag than was the
removal of horizontal tails. At Mach 0.40, total drag
coefficient decreased significantly by reducing both
tails to 50 percent. Approximately 80 percent of the
drag reduction from removing all tails was achieved
by reducing both tails to 50 percent (fig. 32(a)). This
drag reduction was also greater than for the removal
of horizontal and vertical tails separately. However,
at Mach 0.90 (fig. 32(b)), removing the vertical tails
generated favorable tail interference effects that pro-
duced a 13.25-percent total drag reduction, or 86 per-
cent of that generated with all tails removed. The
removal of the vertical tails even produced a drag
reduction slightly larger than that generated by re-
ducing both tails to 25 percent. Other than the re-
moval of all tails, the elimination of the vertical tails
produced the largest drag reduction and highest effi-
ciency at transonic speeds.

At Mach 1.20, the removal of vertical tails also
produced significant drag decreases that were slightly
greater than with the 25-percent tails. As table 3
and figure 32 indicate over the speed range, remov-
ing the vertical tails generated from 68 percent to
86 percent of the total drag reduction from removing
all tails. Removing the vertical tails also generated
considerably more drag reduction than the removal
of horizontal tails. However, the combined tail size
reduction to 25 percent was much more effective at
low speeds. Over the speed range, the 25-percent
tails produced from 70 to 85 percent of the total drag
from removing all tails. Therefore, the reduction in
horizontal- and vertical-tail sizes to 25 percent was
the most effective tail arrangement at reducing drag
other than the removal of all tails.

Conclusions

An investigation was conducted in the Langley
16-Foot Transonic Tunnel to determine the effects
of reduced horizontal- and vertical-tail sizes on the
longitudinal aerodynamic characteristics of a modi-
fied F-15 model with canards and two-dimensional
convergent-divergent thrust-vectoring nozzles. This
study focused primarily on quantifying the drag
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decrease at low angles of attack from tail size re-
ductions. Data were obtained on the baseline con-
figuration with and without tails and with reduced
horizontal- and/or vertical-tail sizes that were 75, 50,
and 25 percent of the baseline tail areas. The model
was tested at Mach numbers of 0.40, 0.90, and 1.20
over an angle of attack range from —2° to 10°. Noz-
zle pressure ratio was varied from 1.0 (jet off) to 7.5.
Results from this study indicated the following:

1. The reduction or elimination of horizontal and
vertical tails produced a reduction in total aircraft
drag of up to approximately 16 percent. Tail size re-
duction produced favorable effects on the afterbody-
tail-nozzle flow field that reduced skin-friction drag,
tail interference drag, and wave drag.

2. Generally, the relationship between tail size
reduction and total drag reduction was not linear.

3. Other than the removal of all tails, the
25-percent horizontal- and vertical-tail combination
was the most effective at producing the largest drag
decrease over the entire speed range. Tail size reduc-
tions to 25 percent produced from 70 to 85 percent

of the drag decrease produced with tails off. Reduc-

10

tions in tail sizes to 50 percent generated from 49 to
78 percent of the total drag reduction possible.

4. At transonic speeds, tail interference drag de-
creased significantly for all tail combinations, partic-
ularly as the vertical tails were removed. Tail size re-
duction improved the afterbody-nozzle-tail flow field
to reduce nozzle drag.

5. Removing the vertical tails was much more
effective at reducing total drag than removing the
horizontal tails. With the exception of all tails
removed, the elimination of the vertical tails was
the most effective tail arrangement at transonic and
supersonic speeds.

6. Over the entire speed range, decreases in com-
bined horizontal- and vertical-tail size generated re-
duced longitudinal stability, primarily as a result of
horizontal-tail size effects. Vertical-tail size reduction
produced no significant effects on longitudinal stabil-
ity; however, removing the vertical tails produced a
small lift increase on the afterbody and a resulting
decrease in pitching-moment coefficient.

NASA Langley Research Center
Hampton, VA 23665-5225

June 18, 1990
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Table 1. Model Geometry
Wing geometry:

Airfoil sections . . . . . . . NACA 64AXXX with modified cambered leading edge
Atrootsection . . . . . . . . . . . . ... ... NACA 64A(5.5)(05.9)
At 43.4-percent span . . . . . . . . . . . . ... .. NACA 64A(5.5)(04.6)
At 82.1-percent span . . . . . . . . . ... ... ... NACA 64A2(03.5)
At tipsection . . . . . . . . . . ..o oL NACA 64A203

Reference area, in2 . . . . . . . . . ... e e e 608.00

Span, in. . . . . . L. o oo e e e e e e e 42.80

Mean aerodynamic chord, in. . . . . . . . . . .. .00 15.942

Tipchord, in. . . . . . . . . . ..o 5.695

Root chord,in. . . . . . . . . . . L oo e e e e 22.766

Taper ratio . . . . . . . . . . oo e e e e e e 0.250

Aspect ratio . . . . . . . . L L L L L 3.013

LE sweep angle,deg . . . . . . . . . . . . .o 45.0

Dihedral angle,deg . . . . . . . . . . . . .. .o -1.0

Canard geometry:

Airfoil sections . . . . . . . . . . . Lo Modified NACA 64-000X
Atroot section . . . . . . . . . . . . ... .o NACA 64-0006
At tipsection . . . . . . . . . ..o Lo NACA 64-0002

Area (each),in® . . . . . . ..o 87.93

Span (each), in. . . . . . . . . L L L oL 7.33

Root chord, in. . . . . . . . . . . .. ..o 8.632

Tip chord, in. . . . . . . . . . . Lo 3.787

Aspect ratio . . . . . . . L. L L L L Lo e 2.44

Taper ratio . . . . . . . . ..o 0.46

LE sweep angle,deg . . . . . . . . . . . ... Lo 47.16

Dihedral angle, deg . . . . . . . . . . . ..o +20.0

Horizontal-tail geometry:

Airfoil sections . . . . . . . . . . ..o oL Modified NACA 64A-000X
Atroot section . . . . . . . . . . . . ... NACA 64A-0005.5
At 21.3-percent span . . . . . . . . . ... ... oL NACA 64A-0003.5
At tipsection . . . . . . . ... Lo NACA 64A-0002.5

Area (each), in? . . . . . . ..o 59.904

Span, in. . . . . . . oo e e e e e 7.830

Root chord, in. . . . . . . . . . . . Lo 11.429

Tip chord, in. . . . . . . . . . L L 3.873

Taper ratio . . . . . . . L. ..o 0.339

Aspectratio . . . . . . . . L L L Lo 2.046

LE sweep angle,deg . . . . . . . . . . . .o 50.0

Dihedral angle,deg . . . . . . . . . . . . Lo 0.0

Vertical-tail geometry:

Airfoil sections . . . . . . . . . . Lo oL Modified NACA 64-000X
At root section . . . . . . . . . .. .. oo NACA 64-0005
Attipsection . . . . . . . . . ..o NACA 64-0003.5

Area (each),in® . . . . . ..o 62.496

Span (each),in. . . . . . . . . . ... 10.313

Root chord, in. . . . . . . . . . . oo 9.580

Tip chord, in. . . . . . . . . .. L. 2.549

Taper ratio . . . . . . . . . . . e e e e 0.266

Aspect ratio . . . . . . . . ... 1.70

LE sweep angle . . . . . . . . . .. ..o o oo 36.57

Toe angle (LE out),deg . . . . . . . . . . . . . . . L 2.0
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Table 2. Test Matrix

e, HT size,| 6y, T size,| &, bv.y,
Config. deg percent | deg |percent { deg | Mach a, deg NPR deg
1 (Baseline) -5/—5 100 0/0 100 0/0 0.4 0 1.0 to 4.0 0/0
A4 -2 to 10 3.8
9 0 1.0 to 6.5
.9 —2to 10 5.6
1.2 0 1.0 to 8.8
—2t0 10 7.5
2 -5/—5 75 0/0 75 0/0 0.4 —-2to 10 3.5 0/0
9 5.7
1.2 7.5
3 -5/—5 50 0/0 50 0/0 0.4 3.7 0/0
.9 5.7
1.2 7.5
4 —-5/—5 25 0/0 25 0/0 0.4 3.5 0/0
9 5.7
1.2 7.5
5 -5/-5 0 0/0 0 0/0 0.4 0 1.0 to 3.5 0/0
4 —2to 10 3.2
9 0 1.0 to 5.5
.9 —2to 10 4.8
1.2 0 1.0 to 8.5
1.2 -2 t0 10 7.5
6 -5/—5 100 0/0 50 0/0 0.4 —2t010 3.7 0/0
.9 5.6
1.2 7.5
7 -5/—5 100 0/0 0 0/0 0.4 —2t0 10 3.4 0/0
9 4.9
1.2 7.1
8 -5/—5 50 0/0 100 0/0 0.4 —2to 10 3.7 0/0
.9 5.6
1.2 7.5
9 -5/—5 0 0/0 100 0/0 0.4 —21t0 10 3.8 0/0
.9 5.7
1.2 7.5
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Table 3. Summary of Drag Reduction at a = 0°

Drag reduction at a = 0° relative

to baseline, deg

Drag reduction efficiency

( Cp reduction

Maximum Cp
relative to baseline / reduction (tails off)

Tail size Tail-exposed surface
(%HT/%VT) M =040 M =090 M =120 area reduction, ft2 M =040 M =090 M =120

75/75 6.47 7.89 3.95 0.85 (25%) 0.44 0.51 0.27
50/50 11.51 11.99 7.36 1.70 (50%) .78 .78 .49
25/25 12.59 12.93 10.41 2.55 (75%) .85 .84 .70
0/0 14.75 15.46 14.90 3.40 (100%) 1.00 1.00 1.00
100/50 4.68 5.36 4.13 .87 (26%) 32 .35 .28
100/0 10.07 13.25 10.59 1.74 (51%) .68 .86 71
50/100 6.12 5.68 3.05 .83 (24%) 41 37 .20
0/100 7.91 8.83 5.57 1.66 (49%) .54 .57 37
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Moment reference center
FS 36.741 (25.65% ¢)

FS 0.000 WL 0.908
BL 0.000
WL 0.000 ——
FS 0.000 FS 21.227 FS 3{0-529 FS 62.500
BL 0.000—

Faired inlets

| Nonmetric FS 52.727
Metric-break
seal location

Nozzles
(region of
pressure
integration)

42.800

Figure 1. Details of model geometry. (See table 1.) All linear dimensions are

in inches.
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At cR

At cT

Tail size,
percent area per side,

100
75
50
25

A

: NACA 64A-0005.5

At 21.3% by: NACA 64A-0003.5
: NACA 64A-0002.5

Surface area

Airfoil sections:

0.416
312
.208
.104

bt’ in.

7.830
6.781
5.537
3.915

CR, in,

11.429
9.898
8.081
5.714

Span, Root chord, Tip chord, Mean aero.

cm,in.  chord, ¢, in.

3.873 8.272
3.355 7.164
2.739 5.849
1.937 4.136

Figure 4. Dimensions of horizontal tail.

Slot length,
s, in.

1.424
1.233
1.007

712
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c

/

Airfoil sections:

At cR: NACA 64-0005
At c NACA 64-0003.5

Tail size, Surface area  Span, Rootchord, Tipchord, Mean aero.

percent area per side, ft2 by, in. CR, in. ¢, in. chord, ¢, in.
100 0.434 10.313 9.580 2.549 6.747
75 .326 8.931 8.296 2.208 5.843
50 217 7.292 6.774 1.802 4.771
25 .109 5.156 4.790 1.275 3.374

Figure 5. Dimensions of vertical tail.
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Figure 10. Top view of internal geometry of a low mach, 2-D C-D, A/B nozzle. Ay = 5.20; Aez = 6.60;
€ = 1.269; Design NPR = 4.397.
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K skin-friction drag of tails
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Figure 22. Effects of horizontal- and vertical-tail size on total drag coefficient.
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Figure 23. Effects of horizontal- and vertical-tail size on nozzle drag coefficient.
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M Total drag reduction
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Figure 24. Effects of horizontal- and vertical-tail size on total drag reduction and its components.
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Figure 25. Effects of vertical-tail size on total drag coefficient.
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Figure 26. Effects of vertical-tail size on nozzle drag coefficient.
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H Total drag reduction
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Figure 27. Effects of vertical-tail size on total drag reduction and its components.
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Figure 28. Effects of horizontal-tail size on total drag coefficient.



CI). NOZ

C[), NOZ

C
D, NOZ

.0075

.0070

.0065

.0060

.0055

0075

0070

.0065

.0055

.0075

.0070

0065

.0055

Figure 29.

M =0.40; NPR = 3.8; a=0°

]llll1lll|ll1l‘llll

R NE e NN BN

M =0.90; NPR=5.7; a=0°

lllllllllllllllllrt

llllllllllllllllllL

M =1.20; NPR=7.5; o= 0°

LERJ B N L LB L NN LB

llllllllllllllllllllllll

100/100 50/100 0/100

Tall size, % HT/% VT

Effects of horizontal-tail size on nozzle drag coeflicient.

51



I Total drag reduction

P4 Skin-friction drag of tails

(] Interference drag of tails on aircraft except nozzles
Interference drag of tails on nozzles

[l wave drag of tails

12
- M =0.40; NPR = 3.8; o = 0° -
8 |- -
Reduction in CD L i
relative to L i
baseline, percent L 4
4 _
L W L ]
12
M =0.90; NPR =5.7; o = 0°
s L ]
Reduction in CD L ]
relative to L B
baseline, percent L 4
4 + .,
% v:/:/ A
0 I A A
8
- M=120;NPR=7.5;0=0° -

Reduction in CD -
relative to L i

baseline, percent . = um]]m]] /——l i

Y

50/100 0/100
Tail size, % HT/% VT

Figure 30. Effects of horizontal-tail size on total drag reduction and its components.



16

M = 0.40; NPR = 3.8; . = 0°
12,

Reduction in C
relative to 8
baseline, percent

lIIIlTIIIII
lllllll[lll

16
M=0.90; NPR=5.7; oo = Q°

12
Reduction in C

relative to 8
baseline, percent

LI | 1 71 ] T 177

16
M=1.20; NPR = 7.5; o« = Q°

12

| | ] L1 1

Reduction in CD
relative to 8
baseline, percent

IIIIIYI]’I]IIIII
lllllll

75/75 50/50 25/25 0/0 100/50 100/0 50/100 0/100
Tail size, % HT/% VT

Figure 31. Summary of effects of horizontal- and/or vertical-tail size reductions on total drag reduction.
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Figure 32. Summary of drag reduction efficiency of each horizontal- and vertical-tail combination.
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Figure 32. Continued.
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