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Aft-End Design Techniques for Twin-Engine Fighters
Edsel R. Glasgow* and Don M. Santmanf
Lockheed-California Company, Burbank, Calif.

Techniques for designing the aft-end of fighter aircraft having twin buried engines and dual
nozzles were developed using the thrust and drag results obtained from an experimental and analyt-
ical investigation of various twin-nozzle/aftbody configurations. Predesign guidelines were formu-
lated for use in developing or modifying aircraft aft-end arrangements so that a high thrust minus
drag can be achieved. Also, post-desigji methods for predicting the aft-end drag of the final aircraft
designs were developed. These design techniques were utilized to improve five selected baseline con-
figurations. Mission analysis studies were conducted to determine the tradeoff between engine
thrust, aircraft weight, and external drag for three different mission profiles. Improvements in mis-
sion radius for a fixed aircraft takeoff gross weight were obtained by modifying the baseline config-
urations to include convergent-divergent nozzles, a horizontal wedge interfacing with the trailing
edge terminating at the exit plane of the nozzles, and a single vertical stabilizer.

Nomenclature

A = area
AE = twin nozzle exit area
AMAX - maximum fuselage cross-sectional area
AMB = fuselage cross-sectional area at wing trailing edge (metric

break) station
As = nozzle boattail cross-sectional area at nozzle exit station
CDAE, = aft-end pressure drag coefficient based on projected

frontal area, AMB - As
CDEB = equivalent body pressure drag coefficient based on pro-

jected frontal area, AMAx - As •
CDBT = total boattail pressure drag coefficient based on pro-

jected frontal area, AMAX - AS
CT = nozzle thrust coefficient based on inviscid one-dimen-

sional analysis and referenced to ideal gross thrust, FID
DMAX = equivalent diameter corresponding to an area of a circle

equal to the maximum fuselage cross-sectional area,
AMAX

DMB = equivalent diameter corresponding to an area of a circle
equal to the fuselage cross-sectional area at metric
break station, AMB

FG = nozzle thrust based on inviscid one-dimensional analysis
FID = nozzle ideal gross thrust based on isentropic expansion of

ideal mass flow to ambient pressure
IMS = integral mean slope for boattail surface between maxi-

mum fuselage area and nozzle exit stations

-1/(1-AEMMAX)/

IMSA - integral mean slope for boattail surface between metric
break and nozzle exit stations

-AB/AMB)f 1 [d(A/AMB)/d(X/.DMB)]d(A/AMB)
AE ' AMB

IMSI = integral mean slope for boattail surface between maxi-
mum fuselage area and metric break stations

MS(AMAX -AS)/(AMAX -AMB)
-IMSA(DMB/DWAX)(AMB -AS)/(AMAX -Am)
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MO, = freestream Mach number
PE = nozzle exit static pressure
PL = nozzle boattail static pressure at nozzle exit station
QL = nozzle boattail dynamic pressure at nozzle exit station
X = distance
AD = drag increment
BE - nozzle boattail trailing edge angle

Introduction

THE achievement of proper airframe/nozzle integration
has become significantly more difficult and important
with the advent of the multimission aircraft requiring
variable geometry nozzles to operate over a broad range of
altitudes and Mach numbers. The mutual interactions
that occur between the nozzle exhaust and the external
flowfield can alter the pressure distributions on the aft-
end of the fuselage and produce both internal and exter-
nal flow separation. Such interactions can result in signif-
icant penalties in both aircraft drag and engine thrust. It
has been difficult in the past to minimize these losses be-
cause adequate analytical methods and empirical infor-
mation were not available during the aircraft design
phase.

In order to improve this situation, a 32-month program
was initiated in 1969 for the development and assembly of
design techniques for producing improved nozzle installa-
tions.1'2 This experimental and analytical program has
examined isolated nozzle/aftbody configurations3'5 and
twin-nozzle/airframe installations.6"8 During the isolated
nozzle model tests, large scale (eight inch diameter) con-
vergent, convergent-divergent, and plug nozzles were in-
vestigated. An evaluation of analytical and empirical
methods for predicting the thrust and drag of these nozzle
configurations has been discussed previously.9 During the
twin-jet tests, the same nozzles were installed in a gener-
alized model of an advanced air superiority fighter having
twin buried engines and dual nozzles (Fig. 1). The air-
frame design was selected from among those developed by
General Dynamics under contract with the Air Force
Flight Dynamics Laboratory.10

Presented in this paper are the aft-end design tech-
niques developed from the thrust and drag results ob-
tained during the twin-jet tests. The following configura-
tion variables were examined over a 0.6 to 2.5 Mach num-
ber range during this test program: nozzle type, power
setting position, lateral spacing, and axial position; fuse-
lage fairing contour; horizontal stabilizer area and deflec-
tion; vertical stabilizer type, longitudinal position, area,
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Table 1 Design Guidelines

RECOMMENDED AFT-END COMPONENTS SUBSONIC-TRANSONIC SUPERSONIC

Fig. 1 Twin-jet test rig installation.

and rudder deflection; and interfairing type, length,
height, and base area. Predesign guidelines were formu-
lated for use in developing or modifying aircraft aft-end
arrangements so that high thrust minus drag can be
achieved. Also, post-design methods for predicting the aft-
end drag of the completed aircraft designs were devel-
oped. These techniques were used to modify the aft-end
design of five selected aircraft configurations, and the
mission radius for a fixed TOGW (takeoff gross weight)
was employed as the criteria for evaluating the design im-
provements.

Predesign Guidelines

Considerable time and expense is involved in devel-
oping a layout of a new or modified fighter configuration
and in evaluating the design using mission analysis re-
sults. In order to minimize the number of configurations
subjected to the complete design process, predesign guide-
lines have been formulated for screening candidate aft-
end arrangements prior to developing a layout of the de-
signs. These guidelines consist of a listing of the recom-
mended configurations for each of the aft-end components
identified in Fig. 1 (i.e., exhaust nozzle, interfairing, fuse-
lage aftbody, and horizontal and vertical stabilizers). The
aft-end component configurations were selected from
among those investigated during the twin-jet tests. The
criterion used in selecting these configurations was that of
maximizing the thrust minus aft-end drag. The aft-end
drag, which was obtained from both pressure and force
balance data, includes the forces on all external surfaces
aft of the wing trailing edge (metric break) station except
for those on the stabilizers.

The predesign guidelines are listed in Table 1. The
guidelines are divided into two main categories: one for
aircraft mission carried out primarily at subsonic and
transonic Mach number with no augmentation required
for most segments and the other for aircraft missions car-
ried out primarily at supersonic Mach numbers with aug-
mentation required. The experimental results used in for-
mulating the guidelines are discussed briefly below.

The differences in thrust minus aft-end drag due to
nozzle type result primarily from differences in aft-end
drag at subsonic speeds and in nozzle thrust coefficient at
supersonic speeds. The long, smooth contours of conver-
gent iris and convergent-divergent nozzles are pressurized
by the nozzle flow at subsonic speeds, which diminishes
the aft-end drag. The sharp corner on convergent flap
nozzles and short turn at the end of the shroud of un-
shrouded plug nozzles prevent the nozzle flow from pres-
surizing the boattail area and result in no drag reduction
for these nozzles. At supersonic speeds, the thrust coeffi-
cients are higher for convergent-divergent and unshrouded
plug nozzles, which have flow expansion surfaces, than for

NOZZLE TYPE

NOZZLE SPACING

INTERFAIRING TYPE

INTERFAIRING TRAILING EDGE LOCATION

VERTICAL STABILIZER

FUSELAGE CONTOURS AND AREA DISTRIBUTII

CONVERGENT IRIS OR CONVERGENT-DIVERG

NOT CRITICAL

HORIZONTAL WEDGE

NOZZLE EXIT PLANE

SINGLE

SMOOTH AREA DISTRIBUTION

AVOID SHARP CORNERS AND STEPS

CONVERGENT-DIVERGENT OR UNSHROUDED PLUG

MINIMUM

HORIZONTAL OR VERTICAL WEDGE

NOZZLE EXIT PLANE

SINGLE

SMOOTH AREA DISTRIBUTION

AVOID SHARP CORNERS AND STEPS

convergent nozzles, whose thrust coefficients decrease
monotonically with increasing nozzle pressure ratio.

Nozzle lateral spacing has little effect on thrust at all
speeds and on aft-end drag at subsonic speeds. At super-
sonic speeds, however, an increase in nozzle lateral spac-
ing results in a significant aft-end drag increase. This drag
increase is due to a reduction in the extent of flow separa-
tion and an increase in aft and forward facing frontal
areas resulting from outboard displacement of the engine
nacelles for attainment of increased nozzle spacing.

The aft-end drag for horizontal wedge interfairing con-
figurations is significantly lower than that for vertical
wedge interfairing configurations at subsonic speeds and
approximately the same at supersonic speeds. The high
drag for vertical wedge interfairing is due to the low pres-
sure region between the interfairing and the normal power
nozzle boattail. The aft-end drag decreases at all speeds
as the interfairing trailing edge moves downstream from
the nozzle attachment station to the exit plane of the con-
vergent-divergent nozzles. Longer interfairings were tested
for only the normal power convergent-divergent nozzle,
and a minimum aft-end drag existed for the interfairing
terminating at the nozzle exit plane. The type and length
of interfacings employed have little effect on the nozzle
thrust coefficients.

The aft-end drag for single vertical stabilizer configura-
tions is significantly lower than that for twin vertical sta-
bilizer configurations. The position of the twin vertical
stabilizers on the aftbody, out of the flowfield plane of
symmetry, results in greater flow disturbances and higher
drag than for the plane-of-symmetry single vertical stabi-
lizers. The type of vertical stabilizer employed has no ef-
fect on the nozzle thrust coefficient.

The cross-sectional area distribution of the aft-end
should be smooth, avoiding sharp corners and steps, at all
speeds. For supersonic flow, the aft-end drag increases
significantly with increasing boattail angle and projected
frontal area. As a result, these parameters should also be
minimized.

Post-Design Drag Prediction Methods

Analytical and empirical techniques for predicting the
thrust and aft-end drag of twin-engine fighter configura-
tions were examined. Although several analytical meth-
ods are available which provide reasonably accurate aft-
end pressure distribution trends, the predicted pressure
levels are not sufficiently good to permit accurate drag
calculations. For this reason, the empirical correlations of
the drag data obtained during the twin-jet tests are rec-
ommended for use in predicting aft-end performance.

Examination of the model data obtained during this
program indicates that isolated nozzle internal perfor-
mance prediction methods described in Ref. 9 are applica-
ble to twin-nozzle installations. This conclusion is based
on the observation that the nozzle external flow did not
significantly influence the internal flow. Some external
flow influence (unsymmetrical interaction) on the plug
nozzle performance was obtained for nozzle pressure ratios
less than approximately 4.0. However, this unsymmetrical
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Fig. 2 Transonic similarity correlation of twin-jet drag-
nozzle design pressure ratio.

interaction effect is not significant since the nozzle pres-
sure ratios are greater than 4.0 for most fighter aircraft
missions.

Subsonic External Flow

The drag correlations for subsonic external flow were
developed in two parts: a correlation of the aft-end drag
for operation at the nozzle design pressure ratio, and a
correlation of the drag increment from design pressure
ratio operation to operation at a higher nozzle pressure
ratio. The design pressure ratio for convergent and con-
vergent-divergent nozzles is defined as that total to ambi-
ent static pressure ratio associated with critical throat
flow where the nozzle exit static pressure is equal to the
ambient pressure. For unshrouded plug nozzles, the de-
sign pressure ratio is set equal to the design pressure ratio
of a convergent nozzle. Since operation at nozzle pressure
ratios lower than design pressure ratio is not often en-
countered for most fighter aircraft missions, drag correla-
tions for these conditions were not developed.

A correlation of the aft-end drag for operation at the
nozzle design pressure ratio is presented in Fig. 2 for con-
figurations with horizontal or vertical wedge interfacings
and a single vertical stabilizer or configurations with hori-
zontal wedge interfairings and twin vertical stabilizers.
The correlation was developed by combining Spreiter's
transonic similarity parameters11 with the integral mean
slope of the equivalent body of revolution for the twin-jet
models, IMS A. The correlation results are presented in
the figure for two equivalent-base to metric-break area ra-
tios where the equivalent-base area is defined as the dif-
ference between the boattail cross-sectional area at the
nozzle exit and the nozzle exit flow area. Correlation re-
sults are provided for only two equivalent-base to metric-
break area ratios since the aft-end pressure drag parame-
ter of Fig. 2 varies linearly with area ratio for a constant
value of the similarity parameter. Further, this linear
variation was found to be the same for all three nozzle lat-
eral spacings investigated.

The equivalent-base to metric-break area ratio is a
measure of the amount of external flow recompression oc-
curring over the aft-end. For example, at low equivalent
base area ratios, the exhaust jet is in close proximity to
the external flow at the nozzle exit resulting in a relative-
ly large amount of external flow recompression on the aft-
end and consequent relatively low drag forces. At large
equivalent base area ratios, the external flow recompres-
sion effect occurs downstream of the aft-end and results in
relatively high drag forces.

The method used for correlating the aft-end drags for
nozzle pressure ratios greater than design is based on sub-
sonic potential flow theory. In accordance with this theo-
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Fig. 3 Correlation of drag increment from design to higher
operating nozzle pressure ratios.

ry, the net axial pressure force acting on the streamline
adjacent to the aircraft surface must be equal (but oppo-
site in direction) to the pressure force acting on the jet
boundary. Assuming the exhaust jet does not influence
the flowfield upstream of the aftbody, a change in the
force acting on the exhaust plume boundary, due to a
change in the nozzle pressure ratio, must be balanced by
a change in the force acting on the aftbody and nozzle.
The ideal axial force acting on the jet boundary, AD, can
be determined by a momentum balance on the jet for a
control volume beginning at the nozzle exit and extending
downstream to infinity where the jet momentum is equal
to the ideal thrust. Expressed algebraically

Fm - Fr + AD = 0 (1)J. f£) J- (_,. *-* \ /

In coefficient form, the above equation can be expressed
as

(1 - CT) + (&D/FID) = 0 (2)

While the idealizations involved render the above expres-
sion inaccurate on an absolute basis, it does strongly
suggest that changes of drag, i.e., increments in drag from
a reference drag, may be correlated with the nozzle und-
erexpansion losses (1 - CT). The reference drag selected
is the drag associated with the nozzle operating at its de-
sign pressure ratio.

The correlation of the drag increment from design pres-
sure ratio operation to operation at a higher nozzle pres-
sure ratio is presented in Fig. 3 for convergent flap, con-
vergent iris, convergent-divergent, and unshrouded plug
type nozzles. The correlation results for each nozzle type
are Mach number and power setting dependent.

Supersonic External Flow

An equivalent body correlation was developed for super-
sonic external flow which consists of correlating the jet-off
total drag aft of the maximum area station as a function
of calculated equivalent body drag. The maximum area
station was chosen as a reference station since the Mach
number at this station is more nearly equal to the free-
stream Mach number. The total drag for this procedure is
the sum of the measured aft-end drag and the computed
initial boattail drag for the region between the maximum
area and metric break stations. All computed drags are
obtained from Fig. 4 as a function of Mach number, mini-
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Fig. 4 IMS/supersonic similarity correlation of conical boat-
tail MOC pressure drag.

mum to maximum fuselage area ratio, and integral mean
slope—IMS for the equivalent body drag and IMSI for the
initial boattail drag.

Figure 4 presents a correlation of conical boattail pres-
sure drag coefficients (referenced to projected frontal
area) obtained by use of the MOC (method of characteris-
tics) for exit to maximum area ratios ranging from 0.0
(limiting case of a closed axisymmetric body) to 1.0 (lim-
iting case of a two-dimensional boattail contour). Correla-
tion of the data for a given area ratio is achieved through
use of similarity parameters which are obtained from lin-
earized supersonic flow theory. The MOC drag data used
in generating the curves for each area ratio shown in Fig.
4 includes data for boattail angles ranging from three to
nine degrees and Mach numbers ranging from 1.2 to 2.0.
Although the data shown in Fig. 4 were generated from
MOC solutions for conical boattails, the results are appli-
cable for arbitrary boattail contours since, for a given area
ratio, the IMS parameter accounts for the contour effect,
as discussed in Ref. 1.

Jet-off drag correlations obtained by application of the
above procedure to the data of this program are presented
in Fig. 5 for Mach numbers of 1.2, 1.6, and 2.0, respec-
tively. The jet-off data shown in the figure are for configu-
rations with different nozzle types at maximum A/B (con-
vergent iris, convergent flap, convergent-divergent, and
unshroud plug), different interfairing types (horizontal

C - EQUIVALENT BODY PRESSURE DRAG COEFFICIENT
EB

1.2 1.4 1.6 1.8 2.0

Moo - FREESTREAM MACH NUMBER

Fig. 6 Comparison of supersonic equivalent body drag corre-
lation results for single and twin vertical stabilizer configura-
tions.

r - NOZZLE BOATTAIL TRAILING EDGE ANGLE - DEGREES

Fig. 5 Supersonic equivalent body drag correlation of twin-
jet data—single vertical stabilizer configurations.

Fig. 7 Correlation of jet-on minus jet-off drag increment—
supersonic flow.

and vertical wedge), and single vertical stabilizers. The
data for each Mach number are correlated quite well by a
straight line. If twin rather than single vertical stabilizers
are employed, the equivalent body drag results must be
adjusted by the amount indicated in Fig. 6.

To supplement the jet-off correlations presented above,
a jet-on boattail drag correlation was developed and is
presented in Fig. 7. The pressure drag increments (jet-on
minus jet-off) normalized by the product of the shroud
exit area (jet plus base area) and the difference between
the nozzle internal and external static pressures (assum-
ing no flow separation) are correlated as a function of
nozzle boattail angle at the nozzle exit. The test data pre-
sented in the figure are for freestream Mach numbers of
1.2 and 1.6 and for the maximum A/B power setting un-
shrouded plug, convergent flap, and convergent iris nozzle
configurations. The external nozzle boattail static pres-
sure, PI, used in the correlations was determined from
MOC calculations. The correlation results are applicable
for pressure coefficients, (PE - PL)/QL, greater than 1.4
and for supersonic Mach numbers less than 2.0. Little or
no flow separation occurs for values outside the indicated
limits, as determined from empirical observation.

Application of Design Techniques

Mission analysis studies have been used in developing
and selecting twin-nozzle/aftbody installations. Initially,
five baseline configuration were selected from among
those tested during the program. The engine thrust, air-
craft weight, and external drag for each selected design
was then predicted and used in determining the aircraft
mission radius for a fixed TOGW of 45,000 Ib. Next, the
aft-end lines of each baseline configuration were modified
so that an improved candidate installation would result.
The rationale for these modifications was derived from an
analysis of the baseline mission results, predesign guide-
lines developed during the program, and specified design
constraints. The new design was considered to be an im-
proved installation if its mission radius was greater than
that of the corresponding baseline configurations.
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Table 2 General Arrangement of Baseline Configurations Table 3 General Arrangement of Candidate Configurations

AFT-END COMPONENTS

CONVERGENT-
DIVERGENT
EJECTOR

NOZZLE EXPANSION

NOZZLE SPACING

INTERFACING TYPE VERTICAL WEDGE

PREDETERMINED PREDETERMINED

INTERMEDIATE WIDE

HORIZONTAL WEDGE HORIZONTAL WEDGE

NARROW

HORIZONTAL WEDGE HORIZONTAL WEDGE

NOZZLE EXIT STATION NOZZLE EXIT STATION NOZZLE EXI

VERTICAL STABILIZER SINGLE

FUSELAGE AFTBODY SHAPE NON-AREA-RULED

SINGLE

NON-AREA-RULED

TWIN

NON-AREA-RULED

SINGLE SINGLE

NON-AREA-RULED NON-AREA-RULED

AFT-END COMPONENTS

NOZZLE TYPE

NOZZLE EXPANSION

NOZZLE SPACING

INTERFAIRING TYPE

INTERFAIRING TRAILING EDGE

CONVERGENT-DIVERGENT

OPTIMUM

NARROW

HORIZONTAL WEDGE

NOZZLE EXIT STATION

CONVERGENT-DIVERGENT

OPTIMUM

NARROW

HORIZONTAL WEDGE

NOZZLE EXIT STATION

VERTICAL STABILIZER

FUSELAGE AFTBODY SHAPE

SINGLE

AREA RULED

CONVERGENT-DIVERGENT

SINGLE

'H NO VOLUME REDUCED AREA BETWEEN NOZZLES

Baseline Configuration Selection

The general arrangement of each of the five selected
baseline configurations (X-l through X-5) is identified in
Table 2. This group of configurations provide an inter-
esting matrix in that the primary configuration variables
investigated during the test program, viz., nozzle type and
spacing, interfairing type and length, and vertical stabi-
lizer type, are all represented. All baseline configurations
have a high wing, half-axisymmetric inlets mounted on
the sides of the fuselage forward of the wing leading edge,
the same forebody, and close coupled stabilizers.

The X-l configuration, which has a narrow nozzle spac-
ing and vertical wedge interfairing, closely resembles the
initial F-lll design and for this reason was chosen as a
baseline configuration. A simulation of the F-lll aft-end
was considered important since the F-lll was the most
advanced fighter in production at the beginning of the
contracted effort. Also, the airframe-nozzle integration
problems encountered with the F-lll provided the pri-
mary impetus for initiating this and several other propul-
sion research programs.

The X-2 design, which has an intermediate nozzle spac-
ing and a horizontal wedge interfairing with the trailing
edge terminating at the exit plane of the convergent-di-
vergent nozzles, was selected since it represents a design
intermediate between the X-l and X-3 configurations.
The latter configuration is somewhat similar to the F-14
in that it has a wide nozzle lateral spacing, horizontal in-
terfairing, and twin vertical stabilizers.

The X-4 and X-5 configurations are identical except for
the choice of nozzles. They both are narrow spaced config-
urations and have horizontal wedge interfairings with the
trailing edge terminating at the nozzle attachment point
(customer connect station). These configurations were se-
lected so that \he tradeoff between nozzle performance
and weight could be evaluated. The performance of the
convergent flap nozzles installed in the X-4 configuration
has been compromised in order to reduce nozzle weight. A
higher weight of the convergent-divergent ejector nozzle
installed in the X-5 configuration has been accepted in
order to obtain better performance.

Candidate Configuration Development

The baseline configurations were modified to improve
their thrust and aft-end drag characteristics. The new de-
signs were considered only candidates for improvement
since whether or not they are indeed improvements is de-
pendent on the tradeoff between performance and
weight, as subsequently determined from the mission
analysis studies. The general arrangement of the three
candidate configurations which evolved (Y-l through Y-3).
is identified in Table 3.

The Y-l configuration is the candidate developed for
improving the performance of the X-l, X-4, and X-5 base-
line configurations. Replacing the vertical interfairing of
the X-l configuration with a horizontal wedge interfairing

reduces the aft-end drag, especially at subsonic speeds,
with only an 8 Ib increase in weight. The aft-end drag
of the X-4 and X-5 configurations is reduced in the Y-l
configuration by increasing the interfairing length such
that the interfairing trailing edge terminates at the
exit plane of the convergent-divergent nozzles instead of
at the nozzle customer connect station. This increase in
length results in a 20 Ib weight penalty, but allows the
vertical stabilizer to be located further aft on the aircraft.
This results in a 144 Ib weight reduction since a smaller
vertical stabilizer having the same effectiveness can be
utilized. The convergent-divergent nozzle installed in the
Y-l configuration, which is 300 Ib heavier than the con-
vergent flap nozzle installed in the X-4 configuration and
360 Ib lighter than the convergent-divergent ejector nozzle
installed in the X-5 configuration, is considered a poten-
tial overall improvement since it represents a compromise
in both weight and performance. Further improvements
were obtained by area ruling the portion of the fuselage
aft of the maximum cross-sectional area station and by
adjusting the nozzle expansion to obtain maximum thrust
minus aft-end drag.

The Y-2 configuration was developed to illustrate that
the aft-end drag can be reduced by decreasing the nozzle
spacing and increasing the aft-end length of the X-2 con-
figuration, while keeping the volume of the two aircraft
the same. This results in a higher fineness ratio and
therefore lower drag with a 551 Ib increase in fuselage
weight. The area of the horizontal and vertical stabilizers
was reduced to maintain the same stabilizer effectiveness
utilized for all previous configurations, which results in a
439 Ib weight reduction. The nozzle expansion was again
adjusted to maximize thrust minus aft-end drag.

The X-3 configuration was modified by removing area
between the nozzles, substantially reducing the height of
the horizontal wedge interfairing, and replacing the twin
vertical stabilizers with a single vertical stabilizer. A 147
Ib weight penalty is associated with increasing the aircraft
wetted area by carving out cross-sectional area while
maintaining the same nozzle lateral spacing. A 333 Ib
weight improvement, however, was obtained by replacing
the twin vertical stabilizer with a single vertical stabiliz-
er. The cross-sectional area distribution for the resultant
Y-3 configuration is equivalent to that of the intermedi-
ate-spaced X-2 configuration. Further improvements were
obtained by adjusting the nozzle expansion to obtain
maximum thrust minus aft-end drag.

Improved Design Selection

The performance of the five baseline configurations
(X-l through X-5) and the three candidate configurations
(Y-l through Y-3) has been analyzed in three different Air
Force missions. These include: 1) Basic Air Superiority
Mission which consists of only subsonic segments with no
augmentation required, 2) Tactical Air-Air Mission,
which consists of one transonic segment at maximum aug-
mented power and all other segments at subsonic speeds



44 E. R. GLASGOW AND D. M. SANTMAN J. AIRCRAFT

Table 4 Comparison of Baseline and Candidate Configura-
tions

MISSION RADIUS- PERCENT

BASIC AIR SUPERIORITY MISS
TACTICAL AIR-AIR MISSION
SUPERSONIC POINT INTERCEPT

MACHO.9. NORMAL POWER

MACH 2.2] MAXIMUM A/B

NOZZLE THRUST COEFFICIENT

MACH 0. 9. NORMAL POWER
MACH1.2. MAXIMUM A/B

0.00105

1X00104

with no augmentation required, and 3) Supersonic Point
Intercept Mission, which consists primarily of supersonic
segments with augmentation required. The takeoff gross
weight was held constant for all designs at 45,000 Ib. For
the Tactical Air-Air Mission, two 200-gallon, tip-mounted
fuel tanks were used which increased the takeoff gross
weight to 47,900 Ib. Weapon armament consisted of 4
semisubmerged Sparrow missiles, an internal gun, and
ammunition. Combat fuel allowance for all missions is
that fuel necessary to gain 144,000 ft of maneuver energy
utilizing maximum power at 0.9 Mach number ariH
10,000-ft altitude.

The mission radius for each vehicle design was comput-
ed for all three mission profiles using a digital computer
program designed to work from basic data such as drag
polars, thrust minus power setting dependent inlet and
aft-end drags, and fuel flow tables. The procedures used
for computing these inputs are described in considerable
detail in Ref. 1. The methods used to determine the aft-
end drags have been discussed previously. The fuel flow re-
quirements for an advanced technology turbofan engine,
which was installed in all configurations, were obtained
from a computer performance deck.

The mission radius increments associated with the
modifications to the baseline configurations are itemized
in Table 4 for each of the three missions analyzed. The
corresponding increments in the zero fuel weight and the
aft-end drag and nozzle thrust at three important mission
points are also presented.

The mission radii of the Y-l, Y-2, and Y-3 candidate
configurations are greater than those of the X-l, X-2, and
X-3 baseline configurations, respectively, for all three
missions investigated. The lower drag and higher thrust of
the Y-l and Y-2 configurations over that of the X-l and
X-2 configurations, respectively, more than compensated
for the associated weight penalty. Although the indicated
subsonic aft-end drag for the narrow-spaced Y-2 configu-
ration is greater than that for the intermediate-spaced
X-2 configuration, the total aircraft drag of the Y-2 con-
figuration is less due to nozzle lateral spacing effects. The
thrust, drag, and weight of the Y-3 configuration were all
better than that of the X-3 configuration. Based on the
mission analysis results, configurations Y-l, Y-2, and Y-3
are considered improvements over configurations X-l,
X-2, and X-3, respectively.

The thrust and drag of the Y-l configuration are better
than those for the X-4 configuration for transonic and su-
personic conditions only. As a result of these performance
trends and the zero fuel weight penalty, the mission radi-
us for the Y-l configuration is greater than that for the
X-4 configuration only for the supersonic point intercept
mission. Therefore, the determination of whether the Y-l
design is an improvement over the X-4 design depends on
the mission profile being considered.

The lower drag and lower zero-fuel weight of the Y-l
configuration over that of the X-5 configuration more than
compensated for the lower nozzle thrust. Consequently,
the mission radius for the Y-l configuration is greater for
all three missions investigated. Configuration Y-l is there-
fore considered an improvement over configuration X-5.

Conclusions

An experimental and analytical investigation of the in-
stalled thrust and drag of various twin-nozzle/aftbody
configurations indicated that empirical correlations pro-
vide the best means of predicting aft-end performance,
especially for the early stages of the aircraft design. How-
ever, several analytical methods were available which pro-
vided reasonably accurate aft-end pressure distribution
trends.

A correlation of twin-nozzle/aftbody drag at subsonic
and transonic speeds was developed by combining IMSA
with Spreiter's transonic similarity parameters. Twin-
nozzle/aftbody drag data at supersonic speeds was corre-
lated with the equivalent body drag obtained from a cor-
relation of inviscid MOC pressure drag. This axisymme-
tric MOC correlation was achieved through use of IMS
combined with similarity parameters obtained from lin-
earized supersonic flow theory.

Improved thrust and drag performance was obtained by
modifying the aft-end design of five selected air superiori-
ty fighters having twin buried engines and dual nozzles.
The rationale for these modifications was derived from the
predesign guidelines developed during the program. Im-
provements in mission radius for a fixed TOGW aircraft
were obtained, in general, by utilizing convergent-diver-
gent nozzles, a horizontal wedge interfacing with the
trailing edge at the exit plane of the nozzles, a single vertical
stabilizer, and a narrow lateral nozzle spacing.
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