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'JET EXHAUST AND SUPPORT INTERFERENCE EFFECTS ON THE
TRANSONIC AERODYNAMIC CHARACTERISTCS
OF A FIGHTER ‘MODEL WITH TWO
- WIDELY SPACED ENGINES

William B. Compton III
_Langley Research Center

. SUMMARY

Jet exhaust, nozzle installation, and model support interference effects on the longi-
tudinal aerodynamic characteristics of a twin-engine fighter model were determined by
conducting-a wind-tunnel investigation. Aftéi'body éonfigurations representing trénélating-—
flap and hinged-flap jet exhaust nozzle configurations were investigated for the jet-off
condition and for a wide range of jet pressure ratios.- In addition, a reference nozzle con-
figuration was tested with a 31mulated vertical-tail model support and with the real ver-
tical tail. The tests were conduct_ed through a Mach number range of 0.6 to 1.2, and with
the model at angles of attack of 0°to 9°. The horizontal-tail incidence angle was set at.
Oo, -59 and -10°. Free-stream Reynolds number per meter ranged from 10.8 x 10° to
12.4 x 106 depending on the free-stream Mach number and stagnahon temperature.

The jet exhaust plume influenced drag more than it influenced lift and pitching
moment. * The largest jet effects generally. occurred at a free-stream Mach number. of 0.9
and for the afterburning mode of nozzle operatlon The combined differences between the
aérodynamic ‘characteristics of the realistic and reference configurations (which were due
to afterbody and nozzle contour-s, vertical tail, jet operation, and simulated reference sup-
port interference) were considerably, different from those for the jet. interference alone.
These combined differences were more dependent or angle of attack and horizontal-tail

"angle and, in the case of drag, were imfavcirgble. :

INTRODUCTION

The result of integrating the propulsion system with the airframe of an advanced
fighter airplane has a major influence on'the vehicle's performance. This influence,
which includes the effects.of the interaction between the jet exhaust‘plume and the compli-
cated flow field near the airplane's aftef'body, can affect the aircraft's lift, drag, and
thrust. If tail surfaces are located near the jet exhaust nozzles, the stability and control
characteristics may also be affected. Therefore, to predict accurately the complete



aerodynamic and performance characteristics of a fighter airplane, tests are conducted
on the realistic afterbody with the jet exhaust simulated.

Some earlier work showing the jet effects on the aerodynamic characteristics of
general configurations and of typical jet fighter airplanes with closely spaced engines is
reported in references 1 to 5. The present investigation was conducted to determine jet
exhaust, nozzle installation, and model support effects on the aerodynamic characteristics
of a model with widely spaced semipodded engines. - The model représented a single seat
fighter with a single vertical tail. Two sets of convergent-divergent exhaust nozzles were
tested at both normal and afterburner power settings.-- One set represented a nozzle con-
cept which uses a translating flap to vary geometry, and the other represented a hinged-
flap nozzle. The external shapes of the two types were considerably different at the
afterburner power settings. Another afterburner and set of nozzles, which represented a
flow-through-nacelle model typical of those used in aerodynamic investigations, were also
tested. It provided a reference for evaluating nozzle installation and jet effects and was
tested both with the regular model vertical tail and with a simulated vertical-tail model
support. The simulated vertical-tail support represented a model support technique
which would allow aerodynamic tests of complete wihd-tunnel models with realistic aft
fuselage closure and variations in nozzle geometry.

Tests were made through a Mach number range of 0.6 to 1 2, at angles of attack from
0° to 99, and for horizontal-tail deflections of 00, -5°, and -10°. The jet exhaust was
simulated with high pressure air and the jet total pressure ratio (ratio of jet total pres-
sure to free-stream static pressure) ranged up to 6.

SYMBOLS

A area, meters?
CD; " " drag coefficient

afterbody d fficient, -2
CD,a erbody drag coefficient, S

afterbody lift coefficient, -2
CL,a erbody coeilticient, TS

. My a

Cm,a afterbody pitching-moment coefficient, qS:':
c mean aerodynamic chord of model wing, meters
D, afterbody drag, newtons



Xcg

diameter, meters
total axial force sensed by balance, newtons
afterbody axial force, newtons

distance.from nozzle throat to nozzle exit (see fig. 5), mefers

. intercept of bellows pressure tare correction for axial force, meters2

L e

integer | v
afte.rb_ody_ 1ift, ..new,tons

lin;i.ts of :inte.gra;ion’ . , | o - 33
afterbc;dy pitching-_x;xorr;ént, newfon-metérs

free-stream Mach number

preésﬁre,, newton; /mete,r_2

free-stream dynamic pressure, newtons/meter2

radial distance from nozzle cenfer line to outside contour of nozzle (see figs. 4
and 5), meters

radial distance from nozzle center line to inside contour of nozzle (see figsf 4
and 5), meters '

wing area, meters2
slope of bellows pressure tare correction for axial force, meters?

axial distance from nozzle connect station, positive aft (see figs. 4 and 5),
meters

reference point for afterbody moments (see fig. 2)

distance from nozzle throat positive aft (see fig. 5), meters



ACp 5
ACp,corr

ACp tail .

ACL’,a E

ACy, tail

Subecrints:

A

afterb‘ody

- pase’

angle of attack, degrees -
nozzle boattail angle_(see figs. 4 and 5), degrees
jet exhaust interference on afterbody drag coefficient

difference 1n drag coefficients between reahstlc afterbody at scheduled jet
pressure ‘ratios and reference afterbody at flow- through jet pressure ratios -

difference between drag cOeffici_ents for reference afterbody-JWith real tail and
with simulated vertical-tail support

jet-ez_ihaust interference on afterbody lift coefficient

ACL e 01; r jdlfference in lift coeff1c1ents between realistic afterbody at scheduled jet pres-
, " . N

-sure ratlos and reference a_fterbody ‘at flow- through jet pressure ratios

_difference between ‘l'ift coeffic_ients'fo'r. reference afterb'ody with real tail.and .-

with simulated vertical-tail support

jet exhaust interference on afterbody pitching-moment coefficient

difference in‘pftching moment’ coefficients between realistic afterbody at
scheduled jet pressure rat1os and the reference afterbody at flow- through
- jet, pressure ratlos st Lk ;’.‘fii*.-’.wr» VEE I v

M ‘...rc_r, [ P R R ) e 4L = m X
SrE ~7-... ‘\L. ‘ PR S )

3 _dxfference between p1tch1ng moment coeff1c1ents for. reference afterbody

»;with real ta11 and- with 51mu1ated vert1ca1 taxl support... .. .

’mcidence a'ngle of horizontal tail anc_l inner flap, degrees_ L

nozzle divergence angle (see figs. 4 4nd 5), degrees

" axial
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corr correction to reference configuration data for reahst1c nozzle mstallatlon ‘

effects -
dw internal divergent wall of supersonic nozzle
e exit
g gap
int_; ':: A o intermal.. . -viy e
i jet
t total
tail -, tailo vLal o - |
th . .. .. throat - . T S L
o0 free stfeam ‘

APPARATUS AND PROCEDURES
IR N P T Wind 'I\unnel ‘e
The inveétigation was éondu'cted in the Langley 16-foot tr‘ﬁnsdnic tunneél vx;hich isa
continuous, smgle return, atmosphemc wind tunnel with an octagonal, slotted test section.

The average test-section’ axial Mach numbe¥ gradlent is less than +0.0016 per meter.. ¢

Measurements of the extent of laminar flow on'a hlghly pohshed 109 cone indicate a
low level of airstream turbulence (ref 6). Further details of the tunnel can be found in
reference 1. T T oo 5 EREER '

Model

The model represented a single-seat fighter having two ‘w-idely spaced semipodded =

engines mounted under the wingé and a sirigle vertical tail. For longitudinal control, the

t

horizontal tails rotated together with inner flaps between the engine nacelles and fuselage..

The model was supported from the nose by a sting strut, with only the afterbody metric.
Figures 1 to 3, respectively, show the model mounted in the tunnel, a three-view drawing
of the model, and its general arrangement. A loosely fitting teflon strip inserted into
grooves in the metric and nonmetric portions of the model resisted flow through the gap



between these two parts. (See fig. 3.) The jet exhaust for all configurations was simu-
lated with high pressure air. Boundary-layer transition from laminar to turbulent flow
was fixed with artificial surface roughness. The grit was applied 1.70 centimeters from
the leading edge on two-dimensional surfaces, and 6.35 centimeters from the leading edge
on three-dimensional surfaces.

Configurations representmg both a translatmg flap nozzle and a hinged-flap nozzle
in the cruise and afterburmng positions were tested. Sketches of these nozzles are pre-
sented m figures'4 and 5.

To. prov1de a reference for evaluatmg the nozzle 1nsta11at1on and ]et 1nterference
effects of the two nozzle concepts, an afterbody typical of those -used for’ wind - tunnel aero-
dynamic testmg was also tested. This configuration had engme nacelles and nozzles (see
fig. 6) similar to-flow- through configurations. The front of the nacelles was falred over
and the jet exhaust was simulated with high pressureair. It also had a 51mu1ated vertlcal-
tail model support which was not attached to the model, but fitted into a slot in the after- _‘
body. (See fig. 2.) A fouling circuit indicated when the two were touching. The simulated
aerodynamic -test afterbody was also tested with the simulated support removed and the
real tail installed on the afterbody. The shape of the engine nacelles was .slightly different
for each type of nozzle as can be seen from figure 7 which shows cross sect1ons of the
model at various stations, and from figure 8 which presents area d1str1but10ns of the
conflguratlons Co

The use of a relatively low capacity balance to measure the afterbody drag accurately
was desired, and, at the same time, a very small base area at the nozzle ex1t‘was needed
to closely simulate a real airplane configuration. Therefore, the model was c_o_nstructed
in the following unusual manner. The forward ends of the engines were mounted to the
nonmetric part of the model by a gimbal and bellows system.- (See fig. 3, detail (a).) This

arrangement let the engines swing freely in any d1rect1on, but allowed the thrust of the
englnes to be supported by the nonmetric portlon of the model.

The nozzles were made in two pieces: an inner shell, and an outer shell. The outer
nozzles attached to the afterbody which was supported by the balance. The inner nozzles
attached to the engine plenum chambers, their exits resting inside the exits of the outer
nozzles. (See fig. 3.) The surfaces making contact at the nozzle exits were teflon coated
to reduce friction. The inner nozzle extended approximately 0.132 centimeter downstream
of the outer nozzle to prevent the internal cavity of the model from being pressurized by
the jet exhaust. Figure 9 shows the inner and outer pieces of a set of nozzles, and fig-
ure 10 shows the assembled set installed on the model. An'analysis of the data obtained
showed that tunnel vibrations (or deliberately induced vibrations when reference data
zeros were being recorded) sensed by the model overcame any static friction forces at
the nozzle exit. Thus, errors due to these friction forces were essentially i'er:o.



Test Matrix and General Procedure

Wind-tunnel tests were made on airplane afterbody configurations representing a
translating-flap nozzle and a hinged-flap nozzle, and an aerodynamic flow-through ref-
erence configuration. The tests were cbnducted through a Mach number range of 0.6 to
1.2, at angles of attack from 0° to 9°, and for horizontal-tail deflections of 0°, -5°, and
-10°. The total pressure of the jet exhg_ﬁst, which was simulated with high pressure air,
ranged up to six times the free—stré_am static pressure. The free-stream Reynolds num-
ber per meter fanged from 10.8 x 10% to0 12.4 x 106 depending on the free-stream Mach
number and terriperature The blockage of the model and support system was 0.243 per-
cent of the wind-tunnel cross-sectional area.

During"a tunnel run, thé f’ree-stream Mach number was held constant while a sweep
of the desired jet pressure ratios at each angle of attack was inade. Data were recorded
at discrete values of jet pressure ratio with all test parameters being essentially constant.
Approximately five samples of data were recorded within 1 second and averaged at each .
'data ‘point. : 2

Measurements ard Instrumentation

" The force':si.'fand moments ‘on'the model, aftefbody shell were meéasured by a six-
component strain gég_e baléi{de.' To determine the magnitude of pressure tare forces,
static pressures were measured internal and external to the metric-gap seal and in the
afterbody cavity. When tests were made ‘with the simulated vertical-tail support, pres-
sures were measured on the front and rear faces of the afterbody slot into which the
dummy tail fitted. = Static pressures were also measured on the walls of the dlvergent
port1on of the afterbutning nozzleés.

The stagnatlon pressure of the flows s’im'u'léti‘ng the jet exhausts was measured
‘ahead of each nozzle throat with total pressixre rakes. Pressures were measured with
individual transducers remotely located from the model, and the r'eadings of all quatitities
were recorded simultaneously. :

Data Reduction

The force and moment coefficients on the model afterbody are presented with respect
to the model stability axes. The location of the moment center is indicated in figure 2.
The balance readings, which indicated the total forces and moments on the model afterbody,
were corrected for pressure tare forces at the metric gap and on the inside of the after-
body shell. When applicable, the corrections were also made for the slot for the dummy
tail. When the jet was operating, the balance readings were also corrected for bellows
tare forces due to pressure differences between the internal and external surfaces of the
bellows. (Seé fig. 3.)" For example, afterbody axial force was obtained from the eguation:

7



n . m '
=-Fp - Z Ag,i - Z (pint,i } poo>Aint,i
Si=1 i=1

: Pt |
) i; (pb,i i pco)Ab,i ) SA’;E T IA[Pint
where F A is the total axial force sensed by the balance. The second and third terms
correct for pressure tare forces on the afterbody rim at the metric gap and the interior
of the afterbody. The fourth term accounts for the small additional afterbody force which .
would be present if there Were no gap between the external and internal nozzles.. (See
figs. 3t0 6.) The last term is the bellows tare correction term. The bellows tare cor-'
rection was usually zero for the axial force and was small for the normal force and pitch-
ing moments when compared with the other corrections. '

The model angle of attack was assumed equal to the tunnel strut angle. Since the
loads measured by the balance did not act on the entire model, but only on the afterbody,
a correction for the sting deflection was not made. The érror in the model angle of .
attack caused by falhng to make this correction is estlmated to be less than 0. 2° at the
worst conditions. ‘ '

The skin-friction drag coeff1c1ent of the vert1ca1 ta11 was calculated by usmg the '
Karman-Schoenherr incompressible formula with the Sommer and Short reference tem-
perature method for compres51b1hty correction. (See.refs. 8 and 9 ). Th1s skin- fI‘lCthl'l
drag coefficient was then mu1t1p11ed by the vertical- ta11 form factor (1 11) to get the
vertical- tail drag coefficient at subsomc speeds. ' X

ey . . R

" PRESENTATION OF RESULTS .- .- -
" The kinds of incremental forces and moments presented are: - .

(1) Those due to jet interference on the real afterbodies

ACp, = Cp,real afterbody at ™~ CD,real afterbody jet off
scheduled values

of .
Pt,j/Po |
(2) Those showing the differences between the data for the real afterbodies at scheduled
jet pressure ratios, and the reference afterbody at flow-through pressure ratios-



ACp corr = CD,real afterbody at - Cp, reference afterbody at
scheduled values flow- through values

of p j/ Peo | of Py /P

The drag of the reference afterbody was measured in the presence of the simulated
vertical-tail support, but the drag of the simulated support was not included in the mea-
surements. The real afterbody drag included the drag of the real tail. For drag, a nega-
tive increment'mea.ns favorable jet interférence or nozzle installation effects.

(3) A third comparlson 'is made between the a.fterbody drag of the real afterbody at sched—
uled ]et pressure’ rat1os and at ]et pressure ratlos typlcally obtained with flow through
nacelles, For th1s comparlson only the jet pressure ratio was var 1ed

RESULTS AND DISCUSSICN

-. Basic Jet Effects

Reference conf1gurat10n - Flgure 11 presents the basic data for the reference conﬁg—
uration with the simulated vertical-tail support. The data for the reference afterbody w1th
the real vertical tail installed (here the vertical-tail forces are included on the balance)
are presented in figure 12. The figures show that the values of the aerodynamic coeffi-
cients depend on jet operation; the free-stream Mach number, the model angle of attack,

horizontal-tail deflection angle, and the type of vertical tail.

Although the-yalues of the afterbody aerodynamic coefficients for the two c'onfiguré!'—
-tions are at différent levels, the jet effects on the coefficients follow the same trends. In"
" the range of jet pressure ratios presented, which is typical of flow-through nacellés, the -
most significant' effect of the jet exhaust is a reduction in drag from the jet-off condition
to the jet-on condition. The magnitude of the reduction, which depended on the free-stream
Mach mimber, was apprommately 0. 0020 to 0.0035 in drag coefficient. This'initial drag
reduction did not occur at the super sonic Mach number of 1.2. (See fig. 11(e) for exam-
ple.) The jet pressure ratios were probably not high enough to separate the boattail flow;
and reference 10 indicates that with attached supersonic flow on the boattail, the jet
exhaust has very little effect on afterbody pressures.

Generally, the lift and pitching moments were insensitive to jet operation. How-
ever, at horizontal-tail (the inner flaps are always included) settings of -5% and —100, the
pitching-moment coefficients did change as much as 0.0007 from the jet-off to the jet-on
condition at the subsonic Mach numbers. Jet operation had very little effect on these
parameters at a free-stream Mach number of 1.2, A

Translating-flap nozzles. - Data for the translating-flap nozzle configurations and
hinged-flap nozzle configurations were taken at jet pressure ratios up to real engine




values.
figurations are presented in figures 13 and 14, respectively. Similar to the results for
the reference nozzles, the most significant effect of the jet exhaust is a reduction in drag
from the jet-off to the jet-on condition. The pressure ratios tested for this nozzle con-
cept were large enough to give the typical drop in afterbody drag as pressure ratio was
increased.. At scheduled jet pressure ratios (see fig. 15), the jet effects on drag are
favorable and range from a- drag coefficient reduction of about 0.0010 to 0.0050 depend-
ing on the jet pressure ratio, free- stream Mach number, angle of attack, and conﬁgura-
tion. The lift and pitching moments were affected very little by the Jet exhaust plume
with the nozzles in the cruise pOS1t1on For the afterburnmg conf1gurat10ns at the’more
negative tail angles lift and p1tch1ng moment changed shghtly as the jet was turned on. ‘

The basic data for the translating-flap nozzle in the cruise and afterburning con-

The following table gives reductions in afterbody drag from the jet-off cond1t10n

and for (@ = 09;" & =00°):
’ CD,Scheduled p, j/pw - CD,same afterbody, jet o{f CD, scheduled P, j/pm - CD,same afterbody at flow-through P, j/p;o
M o N 4 . . . 4 .
° Jet interference I Percent afterbody drag - Jet interference I Percent afterbody drag
Translating-flap nozzles cruise configuration (@ = 0% 5 = 0°)

0.6 -0.0009 1.6 0.0007 o 6.0

.8 : -.0018 -15.7 .0004 3.5

.85 _:. ~.0023 -20.5 . - .0001 ' .9

.9 -.0022 -18.2 ~.0003 25

L Afterburning configuration

0.6 -0.0026 223.6 o 70,0009 ) 8.3

80 7 -.004T . -41.8 ¢ -.0005 - -5.1

.85 .+ .-0050, . -53.8. -.0011- . -118

8| 7 -.0044 -41.5 -.0004 -3.8

1.2 -.0030 -10.9 -.0027 -9.8

It also gives the differences between the afterbody drag at scheduled jet pressure ratios
and at jet pressure ratios:tYpicaliy obtained with flow-through nacelles. All drags used

in calculating the ingfements_ were for the translating-flap nozzle afterbody; only the jet
pressure ratios varied. - The percentages are based on the values of afterbody drag at the
scheduled pressure ratios. Based on the jet-off drag, jet effects range from 7.6 percent

to 20.5 percent of the cruise nozzle afterbody drag. At M_ =0.85 <(fig. 14 (c)), jet effects
are 53.8 percent of the afterburning nozzle drag. The jet effects are much smaller when
they are related to flow-through jet pressure ratios. In this case, the largest listed value
of jet interference for the translating-flap cruise nozzles was only 3.5 percent of the after-
body drag at a free-stream Mach number of 0.80. The largest value for the afterburning

configuration was 11.8 percent of the afterbody drag at M_ = 0.85.
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Hinged-flap nozzles.- The basic data for the hinged-flap nozzles are .presented in

figure 16 for the cruise nozzle configuration, and in figure 17 for the afterburning config-

uration.

Generally, the jet exhaust influenced the afterburning nozzle drag less, and the

cruise nozzle drag slightly more than it did for the translating-flap configurations. Other-

wise jet effects were basically the same as for the translating-flap nozzles. Values of
jet interference on afterbody drag for the hinged-flap nozzle configurations were obtained
from the data of figures 16 and 17 and are presented in-the following table:

Cp, sche -C . c -C ' _
M D,scheduled pt, j/‘pm D,same afterbody, jet off | ¥D,scheduled pt, j/pw D,same afterbody at flo:w through pt, i /pw
© Jet interference I  Percent afterbody drag Jet interference Percent afterbody drag
Hinged-flap nozzles cruise configuration (@ ='0°; 5 =09 ’
0.6 -0.0018 IS LA T 0.0009 8.6
.8 -.0020 . -20.2 .0001 1.0
.85 -.0024 -24.1 -.0003 -3.1
.9 -.0029 -29.6 -.0004 -4.1 v
Afterburning configuration
0.6 -0.0018 -16.8 0.0007 6.5 '
.8 -.0026 -25.1 -.0003 -3.0
.85 "-.0030 -30.3 -.00017 =Y
.9 -.0038 -31.6 -.0008 -7.9
1.2 -.0023 -8.3 -.0021 -7.6

Jet interference related to total airplane drag. - Reference 11 indicates that the
afterbody drag of a modern jet fighter is approximately 40 percent of the total airplane -
drag at zero lift. For efficient cruise, the drag due to lift is approximately equal to the
zero lift drag. Using these approximations, one can estimate the ratio of the jet effect‘:s‘
to the total cruise drag of the airplane. Sketches (a) and (b), respectively, show these"

Translating-flap nozzle configuration

Jet effects, percent of

t;?‘tzirczi::rl]see drag OW Jet effects related to drag
: P at flow-through .

jet pressure ratios

’ Jet effects related
-5 | | SN to jet-off drag

.6 .7 .8 .9

‘Free~-stream Mach number

Sketch (a)

11



Hinged-flap nozzle configuration -

Jet effects, percent';
of total cruise

R . Jet effects related’to
* drag of airplane

. drag at flow—through ®ct
. pressure ratios . «

0]

L BV 1Y
Jet effects related to
jet-off drag

~10 | | l.;“; .

i : Free-stream Mach number :. - i+ = &  .-f0°

-A‘Sketch(b), D SO S

estimates for the translatmg flap and hmged flap nozzle conhguratlons T}ie gshaaed areas
represent a possmle feduction in afterbody drag due to hot exhaust effects (See‘ re'f ’l2 )
Like the preceding tables, all drags used in calculating the increments for each sketch
were for the same afterbody; only the jet pressure ratios varied. {3!‘ S

The drag increments related to jet-off drag would represent errors in a1rplane drag
i ldue t0 complete failure to represent the' jet ‘éxhaust plume durmg a model test. Those
related to the drag at flow-through jet pressure ratios represent errors “due to 1ncorrectly
-simulating the jet exhaust plume. These results indicate that if the afterbody’is correctly
-.represented, fairly good estimates of airplane drag at cruise conditions can'be obtained
with flow-through nacelles. (See ref. 11.) However, they also indicate that the. jet ‘'exhaust
plume should be represented by some means, even if only with flow-through‘ nacelles. This
condition applies to theoretical calculations as well as to wind-tunnel investigations.

Parameters Affecting Jet Exhaust Interference

The jet exhaust plume affects the flow over the afterbody by presenting a body which
the external flow must negotiate, that is, plume blockage, and by entraining fluid from the
the vicinity of the afterbody. The magnitude of these effects on the longitudinal aerody-
namic coefficients was determined for specific values of jet pressure ratio:ebtained from
figure 15, a typical fan-jet pressure ratio schedule. These values of jet interference were

<12



related to jet-off values. (For exampie see relation ACp ,a in the section entitled
"Presentation of Results ") Factors affectmg the magnitude of these values are dis-
cussed below. ’

' Effect of angle of attack on jet interference.- Figure 18 shows the effect of angle of
attaCk'cn' jet iﬁter'ference. ‘Generally, jet effects were insensitive to model angle of attack,
especially for the lift and pitchin~g-moment coefficients. For drag, however, there were
some exceptlons An example is the translating-flap nozzle in the afterburning position
at M =0. 6 and $ = -10°, (See fig. 18(b).) But these isolated instances do not seem
to follow a conS1stent pattern w1th e1ther Mach number, horizontal-tail deflection angle,
or nozzle operatmg mode.

Effect of free-stream Mach number on jet 1nterference - Figure 19 shows the effect
of free-stream Mach number on jet interference. The absolute value of the jet effects on
drag increases with an increase of Mach number in the subsonic speed range. The larg-
est ihterfére‘nce, which occurred at M_ = 0.9, ‘was two to three times its M_=0.6 value,
that is approxirhately ACp 2 of -0.002 or -0.005 compared with a ACD’a of -0.001 to
-0.003 at M, = 0.6. At the supersonic speed, M, = 1.2, jet interference dropped off
from its maximum absolute value.

With free-stream Mach number, the variation of the jet effects on lift and pitching
moment is usually negligible. For a tail incidence angle of -5% however, these effects
sometimes change as much as |0.01| between M, = 0.6 and 0.9, and between M = 0.9

and 1 2. Like the case for drag, the largest ]et effects occurred at the hlghest subsomc
' Mach number 0.9.

Effect of hor1zonta1 -tail deflection on ]et mterference - Figure 20 shows that the

A var1at1on of jet mterference with horizontal-tail angle is small Tail deflectlon mfluenced
, ]et mterference on drag the most, and the. largest effects usually occurred for the nozzles
,in the1r afterburnmg posmons

Effect of nozzle operating mode.- The influence of: the jet exhaust on all three:aero-
dynamic parameters mvestlgated CD 2 Cm 2, and CL q) 1S up to twice as large for the
'afterburnmg nozzle conﬁguratmns as it is for the cruise nozzle configurations. Figure 19
111ustrates this. effect In. addltlon, jet interference was more sensitive to free-stream
Mach number for the afterburnmg mode of nozzle operation than it was for the cruise mode
of Operatlon Compare. figure 19(a)-with figure 19(b) and figure 19(c) with flg'ure 19(dq).
These effects cculd possibly be. explained in the following manner.

‘ For unseparated mternal nozzle flow, the larger exit divergence angles of these
a.fterburmng conflguratlons result in hlgher initial jet plume angles than those for the
cruise configurations. Reference 12 demonstrates the importance of the initial jet plume
angle in determining the extent of the.plume blockage effects on afterbody pressures. -

o : : A ,
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Therefore, the blockage effect of the afterburning nozzle exhaust plume should be greater
than that for the cruise nozzle plume.

The plume angle, however, is not the full explanation for the phenomenon. Fig-
ures 21 and 22 show results of the hinged-flap afterburning nozzle exhausting into a qui-
escent atmosphere. They indicate that the jet total pressure ratio must be close to 3 for
nonseparated internal flow. An examination of figures 13 to 17 shows that the afterburn-
ing configurations are more sensitive to jet operation for both nonseparated and separated
internal nozzle flow. Calculations were made by using the results of reference.13. For
the translating-flap nozzles, the calculations indicate that the larger initial diameter of
the afterburning exhaust plume (see figs. 4 and 5) may be a partial expla.natlon of the .
increased jet interference at the low pressure ratios. However, in the case ‘of the hmged-
flap nozzles, the calculations did not support this explanation. Probably it isa co_mbx-
nation of the greater initial plume angle and larger jet plume size that results in the affer-
burning configurations being more sensifive to jet operation than the crui’se eenfigurations

The increase in jet interference in the ~afterburning posmon is more pronounced for
the translating-flap nozzles than that for the hinged-flap nozzles. The h1gher internal
divergence angle, 28°, and higher external boattail angle, 14°, ‘of the translatmg flap.
afterburning configuration (compared with 9° and 8° for the hinged-flap afterburning con-
fxguratlon) would lead one to expect these results A L

" Increments Between Reference and: Realistic Configurations

Previously, the jet interference for a eonfiguration has been determined by consid-
ering :th'e,drag at different values of jet pressure ratio. The increments were compufed
for a fixed afterbody. In this section of the report, the reference afterbody is used as a
baseline for determining drag increment. Figures 23 to 25 show the difference between
the longitudinal aerodynamic coefficients of the realistic afterbodies and those of the
reference afterbody with the simulated vertical-tail support. (See fig. 2(a).) The real
afterbody data -and the reference afterbody data used in constructing these figures were
obtained, respectively, at the typical fan jet and flow-through pressure ratios in figure 15.

The drag of the simulated vertical-tail support was not measured on the afterbody
drag balé.nce. Thus, it represented a support technique which would allow aerodynamic
tests of complete wind-tunnel models with realistic aft fuselage closure and variations in
nozzle geometry. These differences in figures 23 to 25 would then represent effects of
afterbody closure, jet interference based on flow-through-nacelle values of | pt /p o and
1nterference due to this model support technique.

Effect of angle of attack.- The effect of angle of attack on ACD corr’ ACm corr
and A-CL, corr 1S shown in figure 23. The real afterbodies usually had higher drag than
the reference configuration. The magmtude of this difference génerally increased w1th
angle of attack, except for a horizontal- ta11 deflectmn angle of -10°, and was a much -
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stronger function of angle of attack than jet interference. In general, the lift and pitching-
moment coefficients varied very little with angle of attack except for the afterburning noz-
zle positions at a Mach number of 1.2.

Effect of free-stream Mach number. - The differences between the aerodynamic
coefficients of the real afterbody configurations and the reference configuration are pre-
sented as a function of Mach number in figure 24. The drag coefficient difference gen-
erally has a reflex between free-stream Mach numbers of 0.80 and 0.85. For a horizontal-
tail angle of 00, the gfeatest differences between the drag coefficients of the real and
reference afterbodies were on the order of 0.004 to 0.007 and occurred at a Mach number
of 1.2. Except for the preceding case, the variation of Acm,corr and .ACL,corr with
Mach number was usually small. For that case, the absolute magnitudes of ACy, corr
and ACL,corr were from 0.005 to 0.020.

Effect of horizontal-tail deflection. - Figure 25 presents ACD’ corr’ Acm,corr’
and ACy, corr 28 2 function of horizontal-tail deflection. Unlike jet interference, these
parameters are generally highly dependent on the horizontal-tail incidence, especially
the drag parameter. In some instances, ACD’ corr C¢hanged as much as 0.004 for a
change in tail deflection of 5°, whereas the pitching moment and lift parameters generally
changed 0.01 for the same variation in tail angle. Although the individual case depended
on free-stream Mach number and model angle of attack, ACm, corr Usually had a max-
imum value at a horizontal-tail deflection between -5_° and -10°, for the subsonic Mach
numbers.

Effect of simulated vertical-tail support and afterbody shape.- Figures 23 to 25 have
presented the differences between the data for the realistic nozzle configurations with the
jet operating at scheduled pressure ratios, and the reference configuration with the jet at
flow-through pressure ratios. These differences would account for corrections to the
data for a similar aerodynamic model. They are due to differences between the jet exhaust
plume effects at flow-through and scheduled jet pressure ratios, effect of afterbody con-
tours and vertical tail, and interference of this simulated support system. For drag, there
are large differences between these corrections and between pure jet interference. The
following table (on next page) shows these differences for a model angle of attack and tail
deflection of 0°. The preceding discussions have also pointed out the dependence of these
corrections on model angle of attack and horizontal-tail deflection, whereas jet plume
effects by themselves (based on the jet-off condition) varied very little with these
parameters.

Figures 26 and 27 show the effect of afterbody shape on drag for the jet-off condi-
tion and at flow-through jet pressure ratios. Both the realistic and reference afterbodies
had the real vertical tail installed. The simulated tail support was not present. At the
flow-through pressure ratios, the increments in drag due to afterbody shape were as high

"as 0.0014 at a Mach number of 0.9, Figure 28 shows increments in afterbody drag due to
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Nozzle | n | Cplgehedule - ¢ ' . e -
position | M| DS led p, fp,,~ “D,same afterbody at flow-through py ,/p Cp, scheduled B /pm CD,referergce afterbody at flow-through, p, \fp,,
Translating-flap nozzles (o = 0% & = 0%
Cruise 0.6 . 0.0007 ] . 0.0018
. .8 .0004 o ] .0001
.85 .0001 : .0003
9 .0003 .0017
Afterburning [ 0.6 o 0.0009 - ‘ . ., .. 0.0008 -
s . : *-.0005 - ' T o010
] P & Y P 0015 -
“9 ~: B .ls'- AN . [0 U -'mo4‘. DN . & - BN B . - ! 0 . - -
L X v e s 2 m002T,0 A o ooy vt . 0044 - -y
_L T o ] Hinged-flap nozzles (a = 0% 6 =0%) ] L.
oruise 7 foeT )t YAy TR gladeet <t I R * 0.0003
. .8 .0001 - - S Pz -.0009 R R S
.85 -.0008 : -.0012
.9 . . -.0004 ) . L ) ) . -.0007
Afterburning{0.6 |7 7 17 40 0T 70,0007 - S T 0.0006
ot g LB e 0008, T e e gl T 000 Ty Can
DR I T Lo007 . i _ -.0009
: G b8 s e 20008 F e R st =0T 0005, L.
{127 . -.0021 ' .0044

changmg ]et pressure rat1o from scheduled to ﬂow through values For subsomc speeds,

the mcrements varied very l1tt1e with angle of attack and were generally only of the order

of +0.0005 at the higher Mach numbers. Thus, these figures indicate that at the hlgher R

subsomc- Mach. numbers, --ACp cory 18 al stronger funct1on of afterbody shape than of pre-
c1sely matching jet: pressure rat1o ’ b ST LE L e

Flgure 29 shows the dxfferences between the aerodynam1c coeff1c1ents for the ref—- '
. erence a.fterbody conflguratlon ‘with the real ta1l 1nsta11ed and with the dummy ta11 The -
‘drag of the real tail was measured on the afterbody balance, whereas the drag of the N
d'ummy 'tail?was not.. At the subSOhic Mach nufnbers, thés"e d‘iffére'ncés*géhérauy follow
whmh like ACD corr’ changes with both angie“of” attack ‘and’ hor1zonta1 tail deflectlon
angle. .This .condition suggests, that a large part.of. ACD COFF ~.is due to-the: removal of
the sunulated vert1ca1 -tail support and.installation of the real tail... Included on, the plots :
in f1gure 29 is the calculated drag of the real vertical tail for the subsonic Mach numbers.:
The calculated vertlcal tail drag does not necessamly have the same value as ACD tail’

- This condltlon further suggests that ACD tall is part1ally due to d1fferences in the after-
body flow tiéld caused by the presence of the two d1fferent vert1ca1 talls Therefore at "
subsomc Mach numbers ACD ,COrr appears to be mainly due to d1fferences in afterbody‘
conflguratlon and to s1mu1ated support mterference The effect of changmg jet pressure
ratio’ from flow—through to scheduled values appears to be of less 1mportance

.- [

Comparison of Translating-Flap and Hinged-Flap’ Nozzles
Figure 30 presents a comparison of the afterbody drag coefficients for the .
translating-flap and hinged-flap nozzle configurations at a. hor1zonta1 ta11 angle of 0%. At
low angles of attack and subsonic Mach numbers, the hinged- flap nozzle conflguratlon L
generally has the lower drag. However, in choosing a nozzle, the relatxve thrust of the
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two nozzle types and their drags at the mission Mach number and at airplane trim condi-
tions must be considered.

CONCLUSIONS

A wind-tunnel investigation was conducted to determine the jet exhaust, nozzle =
installation, and support interference effects on the transonic aerodynamic char’acter-
istics of a twin-engine air superiority flghter model. In addition to realistic afterbody
configurations, a reference conflguratlon was testéd with a simulated vertical- ta11 sup-. -
port and with the real vertical tail. ' o ,

1. Results of the investigation 1nd1cate that in the range of jet-pressure ratios typ-"
1ca1 of flow-through nacelles, the most significant jet effects occurred from the jet-off to
the jet-on conditions. In this range of pressure ratios, jet effects were essent1ally 11m1ted
to subsomc Mach numbers. o C '

’ 2 The greatest ]et 1nterference usually occurred at a free stream Mach number ,
of o 9., o - N . L ‘

3 When related to” ]et off condltlons, jet operatlon decreased the drag ‘of: the realss
1st1c conflguratlons up to 50 airplane drag counts. When related-to values -of drag at flow=
through Jet pressure ratios, jet mterference was, usually less than 10 drag counts at
subsonlc Mach numbers ‘ At supersomc Mach numbers, 1t was on the order of 20 alrplane

drag counts _ B N S i o .
4 Jet 1nterference on. the hft and. p1tch1ng moment coeff1C1ents was; 11m1ted tor small
changes which occurred.with the change.from jet-off, to jet-on conditions and was readlly

apparent .only for the afterburning configurations.. .. .~. .. .. - o0l ania

'+ B. The interference of the jet exhaust plume on all the aerodyna'm!ic'"paramétgers; X
was more.pronounced with: the afterburnmg nozzle confxguratlons than W1th the cru1se A

Fith s

configurations.

-6. The comblned dlfferences between the aerodynamlc characterlstlcs of the real-
1‘stlc' and’ reference conﬁguratlons (due to afterbody and nozzle contours ]et operatlon,
a.nd the S1mu1ated reference support mterference) were conS1derably d1fferent than those
for the jet 1nterference alone. These combmed dlfferences were usually more dependent "
on angle of attack and horizontal-tail angle and, in the case of drag, were unfavorable L
At subsonic speeds, they are attributed mainly to differences in afterbody conﬁguratmn |
and to simulated support mterference. _

Langley Research Center ' _ A . s
National Aeronautics and Space Admlmstratxon ' - R
Hampton,: VA. 23665 . . . .. ... : .. R O
September 13 1976 - ' . S
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Figure 5. - Hinged-~flap nozzle. All dimensions are in
centimeters unless otherwise noted.
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otherwise noted. WL denotes water line. S
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Figure 9.- Typical set of jet exhaust nozzles showing inner and outer pieces.
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Jet pressure ratio is at scheduled values.
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(c) Hinged-flap nozzle cruise position.

Figure 25.- Continued.
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Figure 26.- Effect of afterbody shape on afterbody drag coefficients. Jet off.
Realistic-afterbody with translating-flap nozzles in cruise position and
- -reference afterbody. Real vertical tail installed on reference afterbody.
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Figure 217.- Effect of afterbody shape on afterbody drag coefficient and jet inter-
ference. Jet pressure ratio at flow;through—nacellé values. Realistic after-
body with translating-flap nozzles in cruise position and reference afterbody.
Real vertical tail installed on reference afterbody. |
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Figure 28.- Effect of jet:pressure ratio on afterbody drag. Realistic afterbody
with translating-flap nozzles in cruise position.
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Figure 30.- Comparison of afterbody drag coefficients of translating-flap
and hinged-flap nozzle configurations & = 0°, jet pressure ratio at
scheduled values.
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