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Introduction

The mission requirements for the next generation
fighter aircraft may dictate a highly versatile vehicle
capable of operating over a wide range of flight condi-
tions. This aircraft will most likely be designed for high
maneuverability and agility, will operate in a hostile en-
vironment, and will possess short take-off and landing
(STOL) characteristics to operate from bomb-damaged
airfields. One means of achieving the latter requirement
is through the use of thrust reversing during approach
and ground roll wherein landing distances of 1000 ft are
possible (refs. 1 to 4). Higher sortie rates attributable
to STOL capability (refs. 3 and 5) will also enhance the
overall effectiveness of the aircraft. In addition, use of
thrust reversing at other flight conditions has the po-
tential to provide rapid aircraft deceleration, maneuver
enhancement, and improved weapons delivery (refs. 1
and 5).

In recent years, many studies (refs. 2, 4, and 6
to 15) have been conducted to determine reverser static,
low-speed (approach and landing), and in-flight per-
formance. Both axisymmetric- and nonaxisymmetric-
nozzle concepts have been investigated. Omne primary
benefit of the nonaxisymmetric nozzle is its versatile ge-
ometry which allows inclusion of thrust vectoring and
reversing capabilities with less weight penalty than on
a conventional axisymmetric nozzle (refs. 1 and 4).

Integration of thrust reversers into fighter aircraft
must be done carefully in order to minimize adverse
interference effects of reverser operation on aircraft sta-
bility and control (refs. 6, 9, and 12 to 14) and tail loads
(ref. 16). The design criteria necessary to minimize ad-
verse interference effects are often conflicting (ref. 12).
For example, vertical tails that are located to minimize
lateral control interference may be subjected to adverse
loading. The location of tail surfaces can have signif-
icant impact on control surface effectiveness for both
single- and twin-engine aircraft.

Most of the data on twin-engine aircraft with inte-
grated thrust reversers have been obtained for specific
aircraft with fixed empennage arrangements (refs. 2, 4,
7, 9, and 14) or at low speeds (ref. 13). In these earlier
studies, no attempt was made at systematically varying
the location of tail surfaces with respect to reverser lo-
cation. This paper details the aerodynamic interference
effects of thrust reversing on horizontal tail effectiveness
of a twin-engine, general-research fighter model at ap-
proach and in-flight speeds. Twin vertical tails were
tested at three positions relative to the reverser. Two
nonaxisymmetric-nozzle reverser concepts were tested.
This investigation was conducted in the Langley 16-
Foot Transonic Tunnel at Mach numbers from 0.15 to
0.90, at angles of attack from —3° to 9°, and at nozzle
pressure ratios from jet off to 7.0. A summary of the

results from this study is contained in reference 17.

Symbols

Model forces and moments are referred to the sta-
bility axis system, with the model moment reference
center (fig. 1) located 4.45 cm above the model center-
line at fuselage station 91.6 cm which corresponds to
0.25¢. All coefficients are nondimensionalized with re-
spect t0 gooS Or gooST. A discussion of the data reduc-
tion procedure and definitions of the aerodynamic force
and moment terms and the propulsion relationships are
presented in the appendix. The symbols used in the
computer-generated tables are given in parentheses.

Amb1 model cross-sectional
area at F'S 113.67 and
122.56, cm?

Ao,z model cross-sectional area

cross-sectional area en-
closed by seal strip at F'S
113.67 and 122.56, cm?

Aseal,l

cross-sectional area en-
closed by seal strip at FS
168.28, cm?

Aseal,2

Cp (CD) total aft-end drag

coefficient

(CDAFT) afterbody {plus tails) drag
coefficient

Cp,aft

Copn (CDN)
(C(D-F))

nozzle drag coefficient

drag-minus-thrust coeffi-
cient (C(p_ry = Cp at
NPR = 1.0 (jet off))

Cio-r

total aft-end aerodynamic
lift coefficient

(CLAFT) afterbody (plus tails) lift
coefficient

Cr (CL)
CL,aft

Crn (CLN)
Cr,t (CLT)

nozzle lift coefficient

total aft-end lift coefficient,
including thrust compo-
nent (Cp: = Cy at

NPR = 1.0)

total aft-end aerody-
namic pitching-moment
coefficient

(CMAFT) afterbody (plus tails)
pitching-moment
coefficient

Cm ,aft



(Cm,aft)o
Cmn (CMN)

Cm,t (CMT)

(e}

M (MACH)

NPR (NPR)

ﬁes,l
ﬁes,Z

ﬁes,B

Cm,aft at CL,aft =0

nozzle pitching-moment
coefficient

total aft-end pitching-
moment coefficient, in-
cluding thrust compo-
nent (Cpy = Cpm at

NPR = 1.0)

horizontal tail effectiveness
parameter, AC, o5 /A6y,
per degree

wing mean geometric
chord, 44.42 cm

friction drag, N
total aft-end axial force, N

axial force measured by
main balance, N

momentum tare axial force
due to bellows, N

axial force measured by
afterbody shell balance, N

afterbody (plus tails) axial
force, N

thrust along body axis, N

vertical distance from
nozzle centerline to up-
stream edge of reverser
port (fig. 11)

free-stream Mach number

nozzle pressure ratio,
Pt,j/Poo

average static pres-
sure at external seal at
FS 113.67, Pa

average static pres-
sure at external seal at
FS 122.56, Pa

average static pres-
sure at external seal at
FS 168.28, Pa

average internal static
pressure, Pa

average jet total pressure,

Pa

Poo free-stream static pressure,
Pa
9o free-stream dynamic

pressure, Pa

S wing reference area,
4290.00 cm?
s thrust reverser port

passage uncontained
length, cm (fig. 11)

v thrust reverser port
passage contained length,
cm (fig. 11)

W,y width of reverser ports, cm
(fig. 11)

! (ALPHA) angle of attack, deg

bn horizontal tail deflection,
positive leading edge up,
deg

0 reverser port angle, deg
(fig. 11)

Ae leading-edge sweep angle,
deg

b vertical tail cant angle, deg

Abbreviations:

ASME American Society of
Mechanical Engineers

BL buttock line, cm

C-D convergent-divergent

FS fuselage station (axial

location described by
distance in centimeters
from model nose)

FWD forward
WL water line, cm
2-D two-dimensional

Apparatus and Procedure
Wind Tunnel

This investigation was conducted in the Langley
16-Foot Transonic Tunnel, a single-return atmospheric
wind tunnel with a slotted octagonal test section and
continuous air exchange. The wind tunnel has contin-
uously variable airspeed up to a Mach number of 1.30.
Test-section plenum suction is used for speeds above a




Mach number of 1.05. A complete description of this
facility and operating characteristics can be found in
reference 18.

Model and Support System

Details of the general-research, twin-engine fighter
afterbody model and wing-tip-mounted support system
used in this investigation are presented in figure 1. A
photograph of the model and support system installed
in the Langley 16-Foot Transonic Tunnel is shown in
figure 2. A sketch of the wing planform geometry is
presented in figure 3.

The wing-tip model support system shown in fig-
ure 1 consisted of three major portions: the twin
support booms, the forebody (nose), and the wing-
centerbody combination. These pieces made up the
nonmetric portion (that portion of model not mounted
on force balance) of the twin-engine fighter model.
The fuselage centerbody was esseniially rectangular in
cross section and had a constant width and height of
25.40 cm and 12.70 cm, respectively. The four cor-
ners were rounded by a radius of 2.54 cm. Maximum
cross-sectional area of the centerbody (fuselage) was
317.04 cm?. The support system forebody (or nose)
was typical of a powered model in that the inlets were
faired over. The wings were mounted above the model
centerline or in a high position which is typical of many
current fighter designs. The wing had a 45° leading-
edge sweep, a taper ratio of 0.5, an aspect ratio of 2.4,
and a cranked trailing edge (fig. 3). The NACA 64-
series airfoil had a thickness ratio of 0.067 near the wing
root to provide a realistic wake on the afterbody. From
BL 27.94 to the support booms, however, wing thick-
ness ratio increased from 0.077 to 0.10 to provide ad-
equate structural support for the model and to permit
transfer of compressed air from the booms to the model
propulsion system.

The metric portion of the model aft of FS 113.67,
supported by the main force balance, consisted of the
internal propulsion system, afterbody, tails (not shown
in fig. 1), and nozzles. The afterbody lines (boattail)
were chosen to provide a length of constant cross sec-
tion aft of the nonmetric centerbody and to enclose the
force balance and jet simulation system while fairing
smoothly downstream into the closely spaced nozzles.
The afterbody shell and tail surfaces from FS 122.56 to
168.28 were attached to an afterbody (tandem shell)
force balance which was attached to the main force
balance (fig. 1). The main force balance in turn was
grounded to the nonmetric wing-centerbody section.
The nozzles were attached directly to the main force
balance through the propulsion system piping. Three
clearance gaps (metric breaks) were provided between
the nonmetric and individual metric portions (after-
body and nozzles) of the model at FS 113.67, FS 122.56,

and FS 168.28 to prevent fouling of the components
upon each other. A flexible plastic strip inserted into
circumferentially machined grooves in each component
impeded flow into or out of the internal model cavity
(ig. 1).

In this report, that section of the model aft of
FS 122.56 is referred to as the total aft end (includes
afterbody, tails when installed, and nozzles). That
section of the model from FS 122.56 to FS 168.28 is
referred to as the afterbody, and that section aft of
FS 168.28 is considered the nozzles. An adjustment
to the drag results of the main balance was made for
the section of the model from FS 113.67 to FS 122.56.
(See the appendix.)

The afterbody had provisions for mounting the twin
vertical tails in three axial positions. The vertical tails
at a cant angle of 0°, were tested in three positions—
forward, mid, and aft—as shown in figure 4. With the
vertical tails in the mid pesition, an ocuthoard cant angle
of 20° was also tested. The vertical tails have smaller
tail spans when installed in the aft position than when
installed in the other positions.

Sketches of the horizontal and vertical tails are pre-
sented in figures 5 and 6, respectively. These tail sur-
faces were sized to be representative of current twin-
engine fighter aircraft. Individual root fairings (fillers)
contoured the tails to the afterbody at each tail loca-
tion. Clearance gaps were provided between the nozzles
and the horizontal and vertical tails (aft location) in or-
der to prevent fouling between the main and afterbody
balances (fig. 4).

Twin-Jet Propulsion Simulation System

The twin-jet propulsion simulation system is shown
in figure 1. An external high-pressure air system pro-
vides a continuous flow of clean, dry air at a controlled
temperature of about 306 K at the nozzles. This high-
pressure air is brought into the wind-tunnel main sup-
port strut where it is divided into two separate flows and
passed through remotely operated flow-control valves.
These valves are used to balance the total pressure in
each nozzle.

The divided compressed airflows are piped through
the wing-tip support booms, through the wings, and
into the flow-transfer (bellows) assemblies (fig. 1). A
sketch of a single flow-transfer bellows assembly is
shown in figure 7. The air in each supply pipe is
discharged perpendicularly to the model axis through
eight sonic nozzles equally spaced around the supply
pipe. This method is designed to eliminate any trans-
fer of axial momentum as the air is passed from the
nonmetric to the metric portion of the model. Two
flexible metal bellows are used as seals and serve to
compensate the axial forces caused by pressurization.
The cavity between the supply pipe and the bellows
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is vented to model internal pressure. The airflow is
then passed through the tailpipes into the transition
sections, through choke plates (30-percent open) to the
instrumentation or charging sections, and then to the
exhaust nozzles. (See fig. 1.)

Exhaust Nozzles

Forward-thrust nozzle. The nonaxisymmetric (two-
dimensional convergent-divergent) nozzle used in this
investigation is shown in figure 8. This baseline nozzle
simulated a dry power or cruise operating mode with a
design NPR of about 3.5 and will be referred to as the
reverser-stowed nozzle. The nozzle throat area (17.48
cm?) and expansion ratio (1.15) were sized to be con-
sistent with advanced mixed flow turbofan cycles. The
ratio of total throat area to maximum body cross sec-
tion was 0.11, and the nozzle throat aspect ratio was
3.45. This nozzle was one of a series of nozzles tested in
the study reported in reference 19, and its aeropropul-
sive performance characteristics are presented in refer-
ence 15.

Reverse-thrust nozzles. Thrust reversing for 2-D
C-D nozzles is usually accomplished by using the con-
vergent flaps as an exhaust flow blocker. Reverser A,
shown in figures 9 and 10, was based on the full-scale
nozzle design of reference 20. This reverser is formed by
individual upstream doors which, in conjunction with
the convergent flap, opened up to form the reverser flow
path. This nozzle was designed such that reverser de-
ployment could be varied from 0 to 100 percent, which
represents conditions from forward cruise flight (0 per-
cent deployment) through various amounts of thrust
modulation to full thrust reversing (100 percent de-
ployment). Only the thrust reverser at 100 percent
deployment (reverser deployed) was used for this inves-
tigation because it was assumed that this configuration
would have maximum interference effects on horizontal
tail effectiveness. Aeropropulsive characteristics for this
thrust reverser as well as reverser configurations simu-
lating 25, 50, and 75 percent deployments are presented
in reference 15.

Reverser B, shown in figures 11 and 12, represented
a generic-type reverser, which was used to investigate
the effects of port exit angle 6 (110°, 120°, and 130°).
Three port-angle configurations shown in figure 11 were
designed to have ideal static reverse-thrust levels of
34 percent reverse thrust for § = 110°, 50 percent
reverse thrust for § = 120°, and 64 percent reverse
thrust for # = 130°. The magnitude of static reverse
thrust obtained is primarily a function of cos #. The
top and bottom port areas were each equal to half of
the throat area of the baseline dry power nozzle. The
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aeropropulsive characteristics of these three reverser
configurations can be found in reference 15.

Instrumentation

Forces and moments on the metric portions of the
model were measured by two six-component strain-
gauge balances. The main balance measured forces
and moments resulting from nozzle gross thrust and the
external flow field over that portion of the model aft of
FS 113.67. The afterbody balance measured forces and
moments resulting from the external flow field over the
afterbody and empennage surfaces from FS 122.56 to
FS 168.28. The twin balance arrangement permits the
separation of model component forces for data analysis.

Eight external seal static pressures were measured in
the seal gap at the first metric break (FS 113.67). All
orifices were located on the nonmetric centerbody and
spaced symmetrically about the model perimeter. An
additional five orifices, positioned symmetrically about
the right side of the model, measured seal gap pressures
at the second metric break (FS 122.56). The final
external seal pressures were measured by two sets of
surface taps, both consisting of two orifices, each an
equal distance fore and aft of the third metric break
(FS 168.28).

In addition to these external pressures, two inter-
nal pressures were measured at each metric seal. These
pressure measurements were then used to correct mea-
sured axial force and pitching moment for pressure-area
tares as discussed in the appendix.

Chamber pressure measurements, made in each sup-
ply pipe upstream of the eight sonic nozzles (fig. 7), were
used to compute tare forces. Instrumentation in each
charging section consisted of a stagnation-temperature
probe and a total-pressure rake. Each rake contained
four total-pressure probes. (See fig. 8.) Nozzle total
pressure is determined from these measurements.

All pressures were measured with individual pres-
sure transducers. Data obtained during each tunnel
run were recorded on magnetic tape. Typically, for each
data point, 50 frames of data were taken over a period
of 5 sec and the average was used for computational
purposes. -

Tests

This investigation was conducted in the Langley 16-
Foot Transonic Tunnel at Mach numbers of 0.15, 0.60,
and 0.90 and at angles of attack from —3° to 9°. Nozzle
pressure ratio varied from 1.0 (jet off) to 7.0, depending
upon Mach number. At M = 0.15, the range of nozzle
pressure ratio was such that the ratio of jet to free-
stream dynamic pressure varied linearly from 45.2 at
NPR = 2.0 to 87.1 at NPR = 3.8. Values for this ratio
at landing approach conditions normally lie in the range




of 40 to 70. Basic data were obtained by varying nozzle
pressure ratio at zero angle of attack and by varying
angle of attack at fixed nozzle pressure ratio. Horizontal
tail incidence was varied for selected configurations from
0° to —10°. Reynolds number based on the wing mean
geometric chord varied from 4.4 x 10% to 5.28 x 10°.

All tests were conducted with 0.26-cm-wide bound-
ary-layer transition strips consisting of No. 120 silicon
carbide grit sparsely distributed in a thin film of lac-
quer. These strips were located 2.54 cm from the tip
of the forebody nose and on both upper and lower sur-
faces of the wings and empennage at 5 percent of the
root chord to 10 percent of the tip chord.

Presentation of Results

The results of this investigation are presented in
both tabular and plotted form. Table 1 is an index to
the tabular results contained in tables 2 to 29. The com-
puter symbols appearing in these tables are defined in
the section “Symbols” with their corresponding mathe-
matical symbols. Only data measured by the afterbody
balance is presented in plotted form in this report. The
effects of thrust reversing on horizontal tail effectiveness
are measured directly by this balance. Basic and sum-

mary data are presented in figures 13 to 27 as follows:

Figure
Afterbody lift and pitching-moment coefficients
for—
Reverser A vertical tails forward, and
=0 . . .. RS
Reverser A, vertical talls m1d and
=0 . . . .. C e ... 14
Reverser A, vertical talls m1d and
¢g"20° 15
Reverser A vertical talls aft and
¢ = .o ... .. 16
Reverser B, vertlcal talls mld and
¢ =0° . . .. A V4
Variation of pltchlng-moment coefﬁc1ent
with 6; for reverser A . . . . . .. .. 18
Variation of pitching-moment coeﬁicxent
with 6, forreverserB . . . . . . . . . .. 19
Horizontal tail effectiveness
forreverser A . . . . . .. ... .... 2
Horizontal tail effectiveness
for reverser B . . . . . ] §

Effect of vertical tail locatlon on

tail effectiveness for reverser A

andao=0° . . .. e e e e e .22
Effect of vertical tail locatlon on

tail effectiveness for reverser A

and variable o . . . . e e e e e e .. 23
Effect of vertical tail cant angle

on tail effectiveness for reverser A

anda=0° . . .. e e e ... 24
Effect of vertical tail cant a.ngle on

tail effectiveness for reverser A

and variablea . . . . . e e . . ... 25
Effect of reverser port a.ngle on

tail effectiveness for reverser B

anda=0° . . .. .. ... ... 26
Effect of reverser port angle on

tail effectiveness for reverser B

and variablea . . . . T §
Effect of Mach number on tall

effectiveness with reverser A

anda=0°. ... ... ......... 28

Discussion

Basic Longitudinal Characteristics

Ejffect of nozzie pressure raiio. The effecis of
nozzle pressure ratio and thrust reverser operation on
the afterbody/empennage (excluding nozzles) longitu-
dinal characteristics can be seen in figure 14 for the
configuration with the vertical tails in the mid posi-
tion at ¢; = 0°. These results are typical as well for
the other configurations tested. There is little effect of
NPR at o = 0° on either Cf 5 or Cpp a5 at 6, = 0° at
M = 0.15 (approach speed) with the baseline dry power
nozzle in the forward thrust mode (represents reverser
A or B stowed). However, at both 6, = —5° and —10°
(fig. 14(a)), there is a decrease in lift coefficient with ini-
tial jet operation followed by Cy, . returning to nearly
jet-off levels as NPR increases. It is unclear as to why
this effect occurs for the baseline nozzle configuration
(reverser stowed) at these tail settings. However, there
is, typically, a base bleed effect that occurs with initial
jet operations which could result in an increase in local
velocity over the horizontal tails. Similar results were
also noted at these conditions with the vertical tails
in the forward position (fig. 13(a)), mid position with
¢ = 20° (fig. 15(a)), or in the aft position (fig. 16(a)).

The effects of nozzle pressure ratio on reverser de-
ployed lift and pitching-moment coefficients at M =
0.15 generally follow reverser-stowed trends up to about
NPR = 2.0 but depart from these trends at higher
NPR (fig. 14). Again, these results are for the con-
figuration with the vertical tails in the mid position
with ¢; = 0°. Similar results were noted for the other
configurations tested. In general, increasing NPR with
the reversers deployed resulted in an increase in after-
body/empennage pitching-moment coefficient.

As shown in figures 13 to 17, there is little or no
effect of nozzle pressure ratio on afterbody/empennage
lift and pitching-moment coefficients with reverser A
or B stowed or deployed at M = 0.60 and 0.90. At
these Mach numbers, thrust reverser operation results
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in essentially a positive (Cp, aft)o shift at §, = 0° and
a negative (Cpm afi)o shift at 6, < 0°. The effects on
horizontal tail effectiveness are discussed later.

Effect of angle of attack. The effects of angle
of attack and thrust reverser operation on the after-
body/empennage longitudinal characteristics with the
vertical tails in the forward and mid positions and
¢;: = 0° are presented in figures 13 and 14. Shown
are lift and pitching-moment coefficients as a function
of angle of attack at constant nozzle pressure ratio rep-
resentative of typical operating NPR at M = 0.15, 0.60,
and 0.90.

With the reverser stowed at M = 0.15, lift curves
at 6, = 0° and —5° are nearly linear (fig. 14(b)).
However, at 65, = —10°, there is an increase in after-
body/empennage lift-curve slope that occurs between
angles of attack of 3° and 6°. This will result, of
course, in an increase in stability. With the reverser
deployed at 6n, = 0°, there is a similar increase in lift-
curve slope which, for this case, occurs between angles
of attack of 0° and 3° (fig. 14(b)). As a result, the
afterbody/empennage stability (slope of C;, att) in fig-
ure 14(b) increases from —0.0067 between o of —3° and
0° to —0.0250 between « of 0° and 3°. A decrease in
stability occurs at o > 3°, with a value approximately
equal to that for o < 0°. Similar results were found
with the vertical tails in the forward (fig. 13(b)) or mid
position at ¢, = 20° (fig. 15(b)), except the increase in
stability occurred at angles of attack between 3° and
6° rather than between 0° and 3°. With the vertical
tails in the aft position, however, the lift curve for the
reverser deployed is nearly linear. At M = 0.15, re-
verser operation at all tail deflections resulted in a pos-
itive (Crn aft )o shift with respect to the reverser stowed.
This occurred only with the vertical tails in the forward
or mid positions.

At M = 0.60 and 0.90, both the lift and pitching-
moment curves are nearly linear over the test angle-
of-attack range for the configurations with the reverser
stowed or deployed {figs. 13 to 17). There is a positive
shift in (Cp afe)o due to reversing at 6, = 0° (except
for vertical tails in the aft position) and, opposite to
trends found at M = 0.15, a negative shift in (Cp, aft)o
at 6, < 0°,

Horizontal tail effectiveness. The data presented
in figures 13 to 17 can be used to determine the horizon-
tal tail effectiveness parameter Cmsh. For convenience,
cross plots of afterbody/empennage pitching-moment
coeflicient as a function of 6, are presented in figures 18
and 19 for the various configurations tested. These data
are shown at two angles of attack (0° and 8°) and at
constant nozzle pressure ratios representative of typi-
cal operating NPR at Mach numbers from 0.15 to 0.90.
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The resulting values of horizontal tail effectiveness for
the various configurations investigated are presented in
figures 20 and 21 for thrust reversers A and B, respec-
tively. Note that Cms,, was determined by using only
data between 6, = 0° and —5° since all configurations
were tested at these two horizontal tail deflection an-
gles. Similar values of horizontal tail effectiveness can
be obtained by using the results for 6, = —10°.

With the reverser stowed, the nonlinear pitching-
moment curves that occurred as NPR was increased
at 6p = —5° and M = 0.15 (fig. 14(a)), of course,
affect tail effectiveness in a similar fashion, as can be
seen in figure 20. This highly nonlinear characteristic
of horizontal tail effectiveness is independent of vertical
tail location. At M = 0.60 and 0.90, there is a small
increase in effectiveness with increasing NPR at o = 0°.
With the reverser stowed, the effect of angle of attack
on horizontal tail effectiveness is small (fig. 20) over the
test Mach number range.

With the reverser deployed, there are large varia-
tions in tail effectiveness at M = 0.15 as NPR = 2.6
(figs. 20 and 21). For example, effectiveness increased
15 to 70 percent between o = 0° and 6°, depending
upon vertical tail location. At M = 0.60 and 0.90,
there is a decrease in tail effectiveness as NPR increases
at o = 0°; tail effectiveness is relatively insensitive to
varying angle of attack at these Mach numbers.

Configuration Comparisons

The effects of varying model geometric parameters
on horizontal tail effectiveness are summarized in fig-
ures 22 to 27 at Mach numbers from 0.15 to 0:90. These
summary figures show the percent change in tail effec-
tiveness Cp,, as a function of either nozzle pressure
ratio or angle of attack where the percent change in tail
effectiveness is relative to the reverser stowed or the
baseline nozzle configuration. Thus, a positive percent
change represents an increase in Cms,, for the configu-
ration with the reverser deployed relative to the value
of Cy,,, for the reverser-stowed configuration.

Effect of vertical tail location. The effects of verti-
cal tail (¢; = 0°) longitudinal location on horizontal tail
effectiveness for the configuration with reverser A are
summarized in figures 22 and 23. Figure 22 shows the
percent change in effectiveness as a function of nozzle
pressure ratio. It should be noted that two effects seem
to be present. First, there is an apparent jet-off effect
(NPR = 1) in which deployment of reverser A caused a
decrease in Cp,,, (except for vertical tail in the aft po-
sition at M = 0.15). This decrease in tail effectiveness
may be due to interference effects of the reverser panels
feeding forward in the subsonic flow or from the wake
shed by the reverser panels onto the horizontal tails.




The reverser ports are located upstream of the horizon-
tal tail trailing edge (fig. 4). Part of the reverser panels
(for reverser A) extend beyond the baseline (reverser-
stowed) nozzle external lines (figs. 4 and 9). The second
effect of reverser deployment is caused by an interaction
of the reverser plume (NPR > 1) with the external flow
field.

Operation of the reverser results in reverse flow
plume blockage of the free-stream flow between the
twin vertical tails. The extent that the reverser plume
will penetrate forward is a function of the reverser
effective port angle, nozzle pressure ratio, and Mach
number. For the F-18 (ref. 16), reverser plume blockage
was such that a decrease in velocity was measured on
both the inner and outer surfaces of the vertical tails.
In addition, there may be some effect due to lateral
spreading of the reverse flow plumes. Thus, the location
of the twin vertical tails relative to the horizontal tails
can have a large impact on the interference effects of
reverser plume blockage on horizontal tail effectiveness.
Some of these effects are illustrated in figures 22 and 23.

At M = 0.15, there is an increase in horizontal tail
effectiveness due to reverser operation (up to 67 percent
at NPR = 3.0) with the vertical tails in the aft position.
(See fig. 22.) The combination of the shielding effect
from the aft-located vertical tails and reverser plume
blockage probably reduces the external flow between the
twin vertical tails causing an increase in flow around
the outside of the vertical tails. The net effect may
then be an increase in velocity around the outside of
the vertical tails and over the horizontal tails, which
would increase local dynamic pressure and horizontal
tail lift. As the vertical tails are moved to either
the mid or forward position at M = 0.15 (fig. 22),
horizontal tail effectiveness is decreased over the test
range of NPR. The major contributor to this loss of tail
effectiveness is deployment of the reverser, not reverser
plume interactions. (See results at NPR = 1.0.)

At M = 0.60, there is essentially no effect of NPR on
tail effectiveness for the configuration with the vertical
tails in the aft position. With the vertical tails at the
other two positions, there is a 20- to 45-percent decrease
in horizontal tail effectiveness with reverser A (relative
to the reverser stowed) as NPR increases (fig. 22). This
reduction is probably caused by a lateral spreading of
the reverse flow plume onto the horizontal tails since
shielding by the vertical tails is not present. Similar
results were obtained at M = 0.90.

The effects of thrust reversing at angle of attack for
constant nozzle pressure ratio are shown in figure 23 for
the three vertical tail locations. At M = 0.15, large
variations in horizontal tail effectiveness occur with
varying angle of attack. These results also show the
influence of tail location on horizontal tail effectiveness
due to reverser operation. For the configuration with

the vertical tails in either the forward or mid position,
the increase in Cp,,, due to reverser operation remains
nearly constant at angles of attack above 6°. If this
result were to remain up to typical landing approach
angles of attack of 10° to 15°, the configuration would
then require 15 to 20 percent less tail deflection for trim.

At M = 0.60 and 0.90, there is little or no effect
of angle of attack on tail effectiveness for the configu-
ration with the vertical tails in the aft position. The
14-percent decrease in tail effectiveness shown is essen-
tially the jet-off reverser deployment effect previously
discussed.

Because of the similarity of the effects to horizontal
tail effectiveness from reverser operation for the config-
uration with either the mid or forward tail positions,
locating the vertical tails in the forward position is not
necessary from consideration of reverser interference.
Minimum interference effects due to reverser operation
the mid and aft positions at M = 0.15 and at a farther
aft position at M > 0.15. Another method to possibly
reduce reverser plume interference effects is to cant the
reverser plumes inward on the top of the vehicle.

Effect of vertical tail cant angle. The effects of
canting the vertical tails outward from 0° to 20° in the
mid longitudinal position are summarized in figures 24
and 25. At M = 0.15, the large loss in horizontal tail
effectiveness at NPR = 1.0 (reverser panel deployment
effect) noted previously for ¢; = 0° configurations
is essentially eliminated by canting the vertical tails
outward 20°. In general, canting the vertical tails
outward tended to increase tail effectiveness during
reverse thrust operation (NPR > 1) except at isolated
test conditions. At M = 0.60 and 0.90, the trends
of horizontal tail effectiveness changes due to reverser
operation with nozzle pressure ratio and angle of attack
are similar for both vertical tail cant angles of 0° and
20°. (See figs. 24 and 25.)

Effect of port angle. The effect of reverser B port
angle on horizontal tail effectiveness is presented in fig-
ures 26 and 27. Reverser port angles of 110°,120°, and
130° (fig. 11) were tested only with the vertical tails
in the mid position and ¢; = 0°. With reverser B de-
ployed at jet-off conditions (NPR = 1.0), there is es-
sentially no change in horizontal tail effectiveness since
no part of the reverser panels extend beyond the base-
line (reverser-stowed) nozzle external lines. The effect
of reverser operation on horizontal tail effectiveness at
M = 0.15 shows strong dependence upon reverser port
angle, nozzle pressure ratio, and angle of attack. (See
figs. 26 and 27.)

At M = 0.60 and 0.90, increasing reverser port
angle reduces horizontal tail effectiveness at most test
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conditions. The reduction in tail effectiveness due to
reverser operation is not as severe for the reverser B
design as for reverser A design. (Compare fig. 26 with
fig. 22 or fig. 27 with fig. 23.) However, both reverser
designs exhibit similar trends in the variation of tail
effectiveness due to reverser operation with varying
nozzle pressure ratio or angle of attack.

Effect of Mach number. The effect of Mach number
and thrust reverser operation on horizontal tail effec-
tiveness is illustrated in figure 28 for the configuration
with the three longitudinal vertical tail positions. Also
shown are results from reference 6 for the F-11A with
an axisymmetric-nozzle thrust reverser (single engine
and vertical tail) and from reference 9 for the F-18 with
either 2-D C-D or wedge nozzle thrust reversers (twin
engine and vertical tails). These results are shown as
a function of Mach number at a typical operating pres-
sure ratio for the particular configuration presented. In
all cases, the thrust reversers were fully deployed.

The results from the present investigation illustrate
the strong dependence of horizontal tail effectiveness on
Mach number with reverser operation when the vertical
tails are installed in an aft position. With the vertical
tails in either the mid or forward position, there is
only a mild dependence on Mach number. The loss
in tail effectiveness due to thrust reverser operation at
M > 0.60 is about double that for the configuration
with the aft located vertical tails.

From a longitudinal control standpoint, locating the
vertical tails in the aft position may be desirable be-
cause this configuration always exhibited an increase in
horizontal tail effectiveness at M = 0.15. At M > 0.60,
the aft-located vertical tails resulted in a smaller de-
crease in horizontal tail effectiveness than did the other
two tail positions. An increase in horizontal tail effec-
tiveness (M = 0.15) relative to the configuration with
the reverser stowed would require less horizontal tail
deflection for trim during landing approach flight. The
maximum trimmed angle of attack for the configuration
with either the vertical tails in the forward or mid posi-
tion could be reduced because larger horizontal tail de-
flections would be required to compensate for the loss in
tail effectiveness at M = 0.60 and 0.90 between o = 0°
and 9° (fig. 23). The reduction in maximum trimmed
angle of attack would occur, for example, if the required
tail deflection exceeded the maximum obtainable me-
chanical deflection.

However, the aft position of the vertical tails may be
undesirable because it imposes high loadings on the ver-
tical tails during reverse thrust operation (ref. 16) and
increases the potential for losses in rudder effectiveness
when the vertical tails are in proximity to the reverser
exhaust ports (ref. 12). There are, however, means
by which longitudinal control can be augmented to off-
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set losses in horizontal tail effectiveness during reverse
thrust operation. Thrust vectoring (one function of 2-D
C-D or multifunction nozzles) can augment both longi-
tudinal and lateral control or, in some cases, can become
the primary flight control system. (See refs. 1 and 5.)
Reference 15, for example, contains pitch effectiveness
of reverser A deployed 50 percent with +15° vectoring.
The aerodynamic interference effects of thrust revers-
ing on tail surfaces can be minimized by directing the
reverser plumes away from these surfaces (ref. 21).

The axisymmetric-nozzle thrust reverser installed on
the single-engine F-11A (ref. 6) was designed to mini-
mize reverser plume interference effects on the aircraft
longitudinal stability and control by providing three re-
verser ports in a Y-orientation around the nozzle longi-
tudinal axis. One reverser port was located on the bot-
tom of the aircraft. The other two were located above
the horizontal tail and were canted out 67.5° from the
vertical centerline. As shown in figure 28, there was a
large effect of Mach number on horizontal tail effective-
ness during reverser operation. At M > 0.50, losses of
28 to 45 percent occurred. During flight tests, problems
were found in the handling qualities of the airplane dur-
ing approach, which were attributable to unacceptable
pitching moments that resulted from reverser plume in-
terference effects on the horizontal tail (ref. 21).

Significant reductions in horizontal tail effective-
ness during reverser operation were found for the F-18
(ref. 9) with either a 2-D C-D or wedge nozzle thrust
reverser (fig. 28). The differences in the reduction of
tail effectiveness due to nozzle type probably results
from the reverser ports being at different longitudinal
locations. The empennage arrangement for the con-
figuration with the mid-located vertical tails (including
reverser port location) was very similar to the F-18 with
the 2-D C-D reverser. However, losses in horizontal tail
effectiveness due to reverser operation for the F-18 were
approximately double those for the configuration of the
present investigation at M > 0.70 (fig. 28). This is
probably due to the reverser ports of the F-18 being
toed out 3° because the engine centerline and, conse-
quently, the nozzle in the forward thrust mode were
toed in 3°. As a result, the reverser plumes for the
F-18 were directed out over the horizontal tails causing
more interference.

Conclusions

An investigation has been conducted in the Langley
16-Foot Transonic Tunnel to determine the interference
effects of thrust reversing on horizontal tail effectiveness
of a twin-engine, general-research fighter model at ap-
proach and in-flight speeds. Twin vertical tails at three
longitudinal positions at a cant angle of 0° were tested.

One configuration (mid longitudinal position) was also




tested at a cant angle of 20°. Two nonaxisymmetric-
nozzle reverser concepts were studied. Test data were
obtained at Mach numbers of 0.15, 0.60, and 0.90, and
at angles of attack from —3° to 9°. Nozzle pressure
ratios varied from jet off to 7.0, depending upon Mach
number. Although the effects of thrust reversing on
horizontal tail effectiveness were found to be very con-
figuration dependent, the following observations can be
made:

1. At landing approach speed (Mach number 0.15),
thrust reverser operation usually resulted in large vari-
ations (up to a 70-percent increase) in horizontal tail
effectiveness as nozzle pressure ratio was varied at zero
angle of attack or as angle of attack was varied at con-
stant nozzle pressure ratio.

2. A decrease in horizontal tail effectiveness was
caused by reverser deployment at jet-off conditions. It
is believed that most of this degradation is caused by
a wake from reverser paneis which extend into the free
stream. This wake may wash the inboard trailing edge
of the horizontal tails.

3. With the vertical tail in the aft position, there
was an increase in horizontal tail effectiveness at ap-
proach speed due to reverser operation (relative to re-
verser stowed). At in-flight speeds (Mach numbers 0.60
and 0.90), there was a decrease in tail effectiveness at all
test conditions caused primarily by the jet-off decrease
in tail effectiveness.

4. At approach speeds, moving the vertical tails to
amid or forward longitudinal position resulted in either
an increase or a decrease in tail effectiveness depending
upon nozzle pressure ratio or angle of attack. There was
always a 20- to 45-percent decrease in tail effectiveness
because of reversing at in-flight conditions.

5. At in-flight speeds, increasing reverser port angle
forward resulted in additional decreases in horizontal
tail effectiveness.

Langley Research Center
National Aeronaitics and Sp
Hampton, VA 23665

July 23, 1984
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Appendix

Data Reduction and Calibration Procedure

Calibration Procedure

The main balance measured the combined forces and
moments due to nozzle gross thrust and the external
flow field of that portion of the model aft of FS 113.67.
The afterbody balance measured forces and moments
due to the external flow field exerted over the afterbody
and tails between FS 122.56 and FS 168.28. For this pa-
per, only force and pitching-moment coefficients mea-
sured by the afterbody balance are presented in plot-
ted form. However, because results measured by both
force balances are presented in tabular form, a discus-
sion of the data reduction procedures is included in this
appendix.

Force and moment interactions exist between the
flow-transfer bellows system (fig. 7) and the main force
balance because the centerline of this balance is below
the jet centerline (fig. 1). Consequently, single and com-
bined loadings of normal and axial force and pitching
moment were made with and without the jets operating
with ASME calibration nozzles (ref. 18). These calibra-
tions are performed with the jets operating because this
condition gives a more realistic effect of pressurizing the
bellows than does capping off the nozzles and pressur-
izing the flow system. Thus, in addition to the usual
balance-interaction corrections applied for a single force
balance under combined loads, another set of interac-
tions were made to the data to account for the combined
loading effect of the main balance with the bellows sys-
tem. These calibrations were performed over a range
of expected normal forces and pitching moments. Note
that this procedure is not necessary for the afterbody
balance because the flow system is not bridged by the
balance.

Data Adjustments

In order to achieve desired axial-force terms, the ax-
ial forces measured by both force balances must also
be corrected for pressure-area tare forces acting on the
model and the main balance corrected for momentum
tare forces caused by flow in the bellows. The exter-
nal seal and internal pressure forces on the model were
obtained by multiplying the difference between the av-
erage pressure (external seal or internal pressures) and
free-stream static pressure by the affected projected
area normal to model axis. The momentum tare force
was determined from calibrations with the ASME noz-
zle prior to the wind-tunnel investigation.

Axial force minus thrust was computed from the
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main balance axial force from the following relationship:

Fq - Fj = FA,Mbal + (ﬁes,l - poo)(Amb,l - Aseal,l)
+ (ﬁt - poo)Asea.l,l - FA,mom + Df
(A1)
where F 4 mpa includes all pressure and viscous forces,
internal and external, on both the afterbody and thrust
system. The second and third terms of equation (A1)
account for the forward seal rim and interior pressure
forces, respectively. In terms of an axial-force coeffi-
cient, the second term ranges from —0.0001 to —0.0007
and the third term varies £0.0075, depending upon
Mach number and pressure ratio. The internal pressure
at any given set of test conditions was uniform through-
out the inside of the model; thus, no cavity flow was in-
dicated. The momentum tare force F 4 mom is a momen-
tum tare correction with jets operating and is a func-
tion of the average bellows internal pressure that is a
function of the internal chamber pressure in the supply
pipes just ahead of the sonic nozzles (fig. 7). Although
the bellows were designed to minimize momentum and
pressurization tares, small bellows tares still exist with
the jet on. These tares result from small pressure dif-
ferences between the ends of the bellows when internal
velocities are high and also from small differences in the
forward and aft bellows spring constants when the bel-
lows are pressurized. The last term of equation (Al)
Dy is the friction drag of the section from FS 113.67
to F'S 122.68. A friction drag coefficient of 0.0004 was
applied at all Mach numbers.
Afterbody axial force is computed from the following
relationship:

Faft = FA,Sbal + (ﬁes,Z - poo)(Amb,l - Aseal,l)
+ (ﬁ‘l - poo)Aseal,Z + (pea,3 - poo)(Amb,2
- Aseal,Z) (A2)

Since both balances are offset from the model center-
line, similar adjustments are made to the pitching mo-
ments measured by both balances. These adjustments
are necessary because both the pressure area and bel-
lows momentum tare forces are assumed to act along
the model centerline. The pitching-moment tare is de-
termined by multiplying the tare force by the appro-
priate moment arm and subtracting the value from the
measured pitching moments.

Model Attitude

The adjusted forces and moments measured by both
balances were transferred from the body axis (which
lies in the horizontal tail chord plane) of the metric
portion of the model to the stability axis. Attitude of
the nonmetric forebody relative to gravity was deter-
mined from a calibrated attitude indicator located in
the model nose. Angle of attack o, which is the angle
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between the afterbody centerline and the relative wind,
was determined by applying terms for afterbody deflec-
tion when the model and balance bent under aerody-
namic load and by a flow angularity term to the angle
measured by the attitude indicator. The flow angu-
larity adjustment was 0.1°, which is the average angle
measured in the Langley 16-Foot Transonic Tunnel.

Thrust-Removed Characteristics

The resulting external and internal thrust force and
moment coefficients from the main balance include to-
tal lift coefficient Cp;, drag-minus-thrust coefficient
C(p-r), and total pitching-moment coefficient Cm,t.
Force and moment coefficients from the afterbody bal-
ance are afterbody {plus tails) lift coefficient Cf ., af-
terbody drag Cp s, and afterbody pitching-moment
coefficient Cy, aft.

Thrust-removed aerodynamic force and moment co-
efficients for the entire model were obtained by deter-
mining the components of thrust in axial force, nor-

mal force, and pitching moment and by subtracting
these values from the measured total (aerodynamic
plus thrust) forces and moments. These thrust compo-
nents at forward speeds were determined from measured
static data and were a function of the free-stream static
and dynamic pressures. Thrust-removed aerodynamic
coefficients are:

Cr = CL . — Jet lift coeflicient (A3)
Cp = C(p—r) + Thrust coefficient (A4)
Cp = Cpn ¢ — Jet pitching-moment coefficient (A5)

Nozzle coefficients are obtained by simply combin-
ing the measured results from both force balances as
follows:

Crn=CrL—Crasn (A6)
Cpn=Cp —Cp,ast (A7)
Cm,n = Cm - Cm,aft (A8)
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TABLE 1. INDEX TO DATA TABLES

Vertical tail
Table Reverser Deployment position ¢¢, deg bp, deg

2 A Stowed Forward 0 0
3 -5
4 -10
5 A Deployed Forward 0 0
6 -5
7 -10
8 A Stowed Mid 0 0
9 -5
10 -10
11 A - Deployed Mid 0 0
12 -5
13 -10
14 A Stowed Mid 20 0
15 -5
16 -10
17 A Deployed Mid 20 0
18 -5
19 -10
20 A Stowed Aft 0 0
21 -5
22 A Deployed Aft 0 0
23 -5
24 B(6 = 110°) Deployed Mid 0 0
25 -5
26 B(6 = 120°) Deployed Mid 0 0
27 -5
28 B(6 = 130°) Deployed Mid 0 0
29 -5
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—BL 33.66

Horizontal tail
chord plane

BL 0.0 - - - .
TVertical tail chord plane
+ + +—BL 10.03 T Clearance gap
BL 12.70 ——
FS 161.16
Hinge line
FS 122.68 FS 149.15
FWD MID
WL 32.15 AFT
— —/———WL 31.&2
/
/
FS 122.68 FS 12896 / FS 138.61
WL 6.35 —
WL 0.0 - -
WL -6.35——

Figure 4. Location of horizontal and vertical tails.
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FS 168.40
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Figure 9. R er A. Nozzle width is 7.77 cm:; all linear dim




ORIGINAL FiGT 3
OF POOR QUALITY

L-82-1294

(a) View upstream.

L-82-1298

(b) View downstream.

Figure 10. Reverser A installed on model.
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ORIGINAL A7
OF POGCHE .7 .

FS 168.40

J

s
8
Y

6, deg

Y v v v

110 1.6 0.92 | L.13 ] 1.43 | 1.2 | 0.81

— 120 L& 130 + .35 | L26 | L15
130 1.22 | 1.88 1.23 | 1.08 | 1.66

Figure 11. Reverser B port angles. Nozzle width is 7.77 cm: all linear dimensions are in centimeters.
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0 E\\
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CL,aft i{
-.08 & \x
Reverser A 6h' deg
- 16 O Stowed 0
O  Deployed 0
O Stowed -5
o Deployed -5
3 N Stowed -10
D Deployed -10
2 pa
[z/ ?( ™
.
Cm aft g—F
0 = il
5/—6%96——0
-1
-2

o

N
S
(=5}
(>}

10
NPR

(a) M =0.15; a =0°.

Figure 13. Afterbody lift and pitching-moment coefficients for reverser A, vertical tails forward. and ¢; = 0°.




L, aft

ORIGINAL PAGE 14
OF POCR QUALITY

12

a, deg

(b) M = 0.15; NPR = 2.6.

Figure 13. Continued.

.08 —
/ /

04 / o _ =l

0 o /Z/ /

) E— ;: :// /e/ I ;i
</ //A/

-.08 s - 5
" e
&//

Reverser A bh‘ deg

-.16

O Stowed 0
O Deployed 0
<O Stowed -5
3 o Deployed -5
| N Stowed -10
D Deployed -10
2 B
R
o
1 QZ\\\A\\& —
. R \Ea\\n L

-1 - B

™o

-2, -2 0 2 4 6 8 10



56

ORIGIMNAL 7

OF POCR Qi .- -
.04
o
0
Aﬂ:—éﬂ_\
04—y S——
—o1—o
C
L, aft
N
-.08 —D—Ht
- 12
Reverser A éh' deg
-. 16
O Stowed 0
O Deployed 0
O Stowed -
& Deployed -5
3 D Stowed -10
D Deployed -10
2
N GO N N BN
1 E}\B—B—‘—Eg
<
C 4 P
m, aft
0 —H—88—F——8F
-1
-2
0 2 4 6 8 10
NPR

(c) M =0.60; o =0°.

Figure 13. Continued.




OR!C!\:”‘ "*‘:‘ »_:
OF POVp (“M “i‘!

12

.08 )
/ &
) /E/
e ﬁ/ A
S =
- //:/ /E / A
- /B/
o] ] / /
-.08 s /X
- 12 "]
Reverser A 5, deg
-.16 O  Stowed :
O Deployed 0
O StoWEd _5
& Deployed _5
.3 D Stowed 2
D Deployed 10
.2 —
I
B -
S
.l &\\(5\ G
Cm aft 0 k \A\\é\ -~
2 \X :‘?
) N%:“o
-2
-4 -2 0 ) y | | |

a: deg

(d) M = 0.60; NPR = 35.

Figure 13. Continued.

57



58

.04

-.04
L, aft
-.08

- 12

-. 16

¢ m, aft

ORIGINAL F... .

OF POOR QUALys Y

A & G‘:@
;é/éék——-’_\ A A
V\f}\e_ﬂ_‘_e_‘e

Reverser A Gh' deg
O Stowed 0
O Deployed 0
<> Stowed -5
& Deployed -5
< S
o G D G D
@——-?=E* B 5
¢ 4 6 8 10
NPR

(€) M =0.90; o =0°.

Figure 13. Continued.




ORIGINAL PAT W&
OF POOR QUALITY

, 12
.08
.04 /
CL, aft 0 o %5/ o
| /
| -.04 /<>/ %
o
-.08
- 12
-.16 Reverser A h
O Stowed 0
O Deployed 0
<& Stowed -5
.3 & Deployed -5
|
| 2
|
S -
I
A\\et\e\\
m, aft 0 PELS -
-1 =
-2
-4 -2 0 2 4 6 8 10
a, deg
(f) M =0.90; NPR = 5.0.
Figure 13. Concluded.

, deg



ORIGINAL B0
OF POOR GL. .

.08
.04
o—&96—"°
0
B\E\
C
L
S A
-.08 ;\A
- 12 X
Reverser A _, de
O  Stowed 0
O Deployed 0
O Stowed -5
& Deployed -5
2 D Stowed -10
D Deployed -10
2 E%?;é{i
.1 A%/A
Cm,af‘t
| 05—
| O—%-o6—0
-1
-2
° 2 4 6 8 10

NPR

| (a) M= 0.15; a = 0°.

Figure 14. Afterbody lift and pitching-moment coefficients for reverser A, vertical tails mid. and ¢, = 0°.
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Figure 15. Afterbody lift and pitching-moment coefficients for reverser A, vertical tails mid. and ¢y = 20°.
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Figure 17. Afterbody lift and pitching-moment coefficients for reverser B, vertical tails mid, and ¢; = 0°
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