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Methodology for Analysis of Afterbodies
for Three-Dimensional Aircraft Configurations

Eugene H. Miller*
Grumman Aircraft Systems, Bethpage, New York

Today’s modern fighter design, with multifunction nozzles, is placing an increased emphasis on nozzle / airframe
integration. The current tools available to the aircraft designer for aft-end design and evaluation are model test
reports, being disseminated mainly by government laboratories, and three-dimensional numerical computation
codes. Test data utilization usually is limited by the suitability of the area that has been tested. The second
approach, analysis, usually requires time-consuming three-dimensional configuration data input. Recognizing the
need for a quicker means of solution, useful in a preliminary design environment, a semiempirical computer
methodology for determining three-dimensional aircraft afterbody performance has been developed. The essence
of the approach is to construct equivalent bodies of revolution of three-dimensional bodies and then to utilize a
straight or hybrid axisymmetric analysis. This approach has been developed for single- and twin-engine axisym-
metric and two-dimensional afterbodies. The methodology has been verified by comparisons of afterbody drag and

axial and longitudinal pressure distributions.

Nomenclature

AR = aspect ratio

Cp = drag coefficient

C; = friction coefficient
C, = lift coefficient

D = diameter

L =length

M = Mach number
MB = metric break

P = pressure

R =radius

V= velocity

W =width

X =length

6 = boundary-layer height
§ = momentum thickness
i = viscosity

p = density

Subscripts

n = nozzle

s = static

Introduction

T HE aft-end of military aircraft historically has contrib-
uted a significant portion, sometimes almost half,! of the
overall aircraft drag (see Fig. 1). This is the result of the
complexities introduced into aircraft/powerplant design as
military aircraft configurations evolved from simple single-en-
gine nonafterburning jet aircraft of the early 1950’s to today’s

complex twin-engine aircraft with multifunction nozzles.
The first modification to the nozzle design occurred with the
incorporation of an afterburner. This required a significant
increase in nozzle throat area to accommodate the high-tem-
perature exhaust gases. The resulting configuration either had
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a large boattail angle (for nonafterburner operation) with the
possibilities of flow separation on the afterbody, or internal
duct variations with accompanying base drag penalties.

The next step in the design evolution incorporated variable
nozzle exit area in axisymmetric convergent-divergent (C-D)
nozzles in order to optimize internal thrust. This required an
assessment of the boattail drag changes with engine power
setting.

Aircraft also evolved from single- to twin-engine jet fighters
for increased reliability, weapons carriage, and other require-
ments. This produced configurations with “dirty” flowfields
caused, for example, by “guttering” between the nacelles or
by booms. Future multirole military aircraft designs will in-
corporate multifunction nozzles, as shown in Fig. 2,2 with
thrust reversing and thrust vectoring effects, which must be
accounted for in propulsion system performance calculations.
Two-dimensional nozzle designs have evolved to accommo-
date the multifunction nozzle requirements>* and eliminate
guttering; they dominate today’s technology studies.

To permit analytic performance prediction of the evolving
designs, a steady progression of analytical techniques has
developed. Initially, the single-engine fighter required an
axisymmetric flowfield analysis with accompanying viscous
exhaust-plume and boundary-layer effects. External flow sep-
aration criteria were also needed to assess the effect of vari-
able nozzle boattail angles. Thus, the interference effects of
the exhaust system upon the afterbody could be taken into
account. Analytical codes were developed to perform these
calculations.>® Current improvements in these codes generally

are aimed at reduction in computer run time.”-®
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Fig. 1 Comparison of subsonic aft-end drag for several aircraft,
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The advent of twin-engine fighters produced a fully three-
dimensional flowfield around the afterbody that is not cur-
rently amenable to rapid analysis. Three-dimensional codes
such as VSAERO® and ARC3D* currently are disseminated
to industry and are being exercised. However, their input
requirements, fully defining the afterbody contours, necessi-
tate extensive geometric definition. Analytical problems have
been complicated further by the introduction of two-dimen-
sional nozzles. The simpler flowfield codes were able to per-
form either axisymmetric or infinite-aspect-ratio two-dimen-
sional flowfield calculations; now analytical tools capable of
analyzing finite-aspect-ratio two-dimensional nozzles are re-
quired.

Methodologies have been devised to address rapid calcula-
tion of these two areas: three-dimensional twin-engine after-
bodies with axisymmetric nozzles and three-dimensional
twin-engine afterbodies with two-dimensional nozzles. The
calculation procedures are described subsequently.
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Fig. 2 Trends in nozzle technology.
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Axisymmetric Nozzle Methodology

For the axisymmetric nozzle aircraft configuration, it was
postulated that the aircraft afterbody area distribution be
converted into an equivalent body of revolution, thereby
eliminating the three-dimensional effects such as guttering and
local bumps, combining these effects in the area distribution.
A similar approach has been applied in the past with the
“coke-bottle” effect for supersonic flow.

The axisymmetric nozzle/afterbody approach begins with
the construction of an equivalent body of revolution (EBR) of
the afterbody (aft-end minus empennage) configuration to be
analyzed. That is, the actual cross-sectional area distribution
of the afterbody as a function of fuselage station is converted
into equivalent-area circles, and the circle radius vs station
data for the equivalent circles becomes the radius vs length
function for an EBR of the afterbody. These data provide
the geometry input parameters for the numerical code,
GAC-BOAT,>® utilized for this study. This methodology is
depicted in Fig. 3.

As shown in this figure, the geometric distribution, together
with external flowfield properties such as Mach number,
Reynolds number, friction coefficient, displacement, and
momentum thickness and the exhaust nozzle exit properties
(such as exit angle, static pressure, and Mach number) com-
prise the input for the computer code.

The methodology and results for twin-engine aircraft are
depicted in Figs. 4-9. The configurations examined include an
F-18 scale model and a NASA research model.

The F-18 scale model tested at NASA Langley'! is shown
in Fig. 4; the area analyzed downstream of the metric break
(M.B.) station is shown crosshatched. The empennage surfaces
were removed and an EBR of the afterbody was constructed
from the remaining cross-sectional area (Fig. 5). A compari-
son of the test data and analytic code results is shown in Fig. 6.
Afterbody drag coefficient (based on A4, ) is plotted against
Mach number. The scale-model empennage drag was removed
from the test data to compare the “clean” test model and
analytic results, which also excluded the empennage. It is seen
that good agreement is obtained in the Mach number range of
0.80-1.20. There appears to be a significant discrepancy be-
tween the test and analytic data in the Mach 0.60 region.
There is also a larger decrease in afterbody drag with Mach
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“Fig. 3 Equivalent body of revolution methodology using the GAC-BOAT Code.
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Fig. 6 Comparison of NASA test data with GAC-BOAT code force
data for F-18 afterbody.

number for the test data than is usually experienced. These
results might be due to Reynolds number effects and /or local
flow separation along the afterbody. The GAC-BOAT results
go against the general trend of a slight drag decrease subsoni-
cally, before the drag rise; they display a minimal drag in-
crease.

The technique was also applied to an advanced NASA
research model,'? shown in Fig. 7; the area analyzed is again
depicted crosshatched. The EBR of the afterbody is shown in
Fig. 8. The test data and analytic comparison of afterbody
drag coefficients are presented in Fig. 9. A very good correla-
tion of test data and analytic results was obtained in this case.
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Fig. 7 NASA research wind tunnel model.
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Fig. 9 Comparison of NASA test data with GAC-BOAT code force
data for NASA research model afterbody.

Two-Dimensional Nozzle Methodology

The GAC-BOAT program originally performed axisym-
metric and infinite-aspect-ratio two-dimensional calculations.
Two-Dimensional nozzle contours, analyzed using the infinite-
aspect-ratio two-dimensional flowfield calculation, were used
to generate the pressure distributions on the upper and lower
surfaces. This distribution was then pressure-area-integrated
over the actual finite-aspect-ratio upper and lower surfaces to
determine the resultant external nozzle pressure forces. Be-
cause this approach was found to lack correlation with many
two-dimensional test applications, the GAC-BOAT program
was modified to include an optional hybrid calculation proce-
dure for these nozzles.

The hybrid approach for two-dimensional nozzles employs
axisymmetric flowfield pressure distribution solutions, gener-
ated from bodies defined by the actual upper and lower
afterbody contours. (This approach assumes no sidewall boat-
tail) These pressure distributions are then pressure-area-
integrated over their upper and lower, finite-aspect-ratio, two-
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dimensional surfaces. Nozzle sidewall and upper and lower
surface external skin-friction forces are also calculated and
included in resultant external force calculations.

The rationale for this methodology is based on comparisons
of analytic and test data along two directions on the afterbody.
The first is a comparison of the longitudinal pressure distribu-
tion along a finite-aspect-ratio two-dimensional afterbody.
The second examines the lateral pressure distribution on the
two-dimensional afterbody.

The longitudinal pressure distributions examined were for
two-dimensional nacelles of an air-to-surface (ATS) aircraft
configuration designed for a supersonic strike mission.'> The
data examined was for 2-D C-D nozzles with aspect ratios
(AR) of 3.6 and 7.0. The R = 3.6 comparisons are shown in
Fig. 10. It can be seen that the GAC-BOAT code closely
follows the nacelle centerline test data by matching the expan-
sion pressure coefficient level of —0.2 and duplicating the
recompression over most of the nozzle. There is some dis-
crepancy near the nozzle trailing edge. The two-dimensional
infinite-aspect-ratio solution produced an expansion level
much too low (larger negative C,). The R = 7.0 comparison is
shown in Fig. 11. The initial expansion pressure distribution
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Fig. 10 Pressure distribution for ATS configuration, cruise nozzle,
AR = 3.6, Mach no. = 0.90.
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Fig. 11 Pressure distribution for ATS configuration, cruise nozzle,
AR = 7.0, Mach no. = 0.90.
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on the nacelle centerline is fairly well matched. Excellent
agreement was also attained for the nozzle recompression.
Again, the two-dimensional infinite-aspect-ratio solution pro-
duced a much too negative pressure coefficient. Therefore,
these data showed that a generally good agreement in lon-
gitudinal pressure distribution along a two-dimensional
nacelle /nozzle can be achieved by use of an axisymmetric
pressure distribution at aspect ratios in the range of typical
afterbody nacelle design.

The second rationale for the methodology, that of reason-
able uniformity of transverse pressure distribution across the
nacelle, is demonstrated in Fig, 12. These data were taken
from a two-dimensional model (configuration 2, Mach no. =
0.90) tested at NASA Langley.!* It can be seen that, over a
significant portion of the afterbody, the centerline pressure
distribution is valid.

Finally, the hybrid approach was verified by comparing
analytic and test drag results. The test data utilized was once
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Fig. 12 Transverse pressure distribution, Mach no. = 0.90.
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Fig. 13 NASA test data vs GAC-BOAT code pressure distribution
for two-dimensional nozzle/afterbody cenfiguration, NPR = 5.0,
Mach no. = 0.90.
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Fig. 14 NASA test data vs GAC-BOAT code pressure distribution for
2-D nozzle / afterbody configuration, NPR = 3.5, Mach no. = 0.60.
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Fig. 16 Afterbody drag for F-18 configuration, 2-D C-D cruise nozzle,
spacing ratio = 1.08, area ratio = 1.15.

again for the NASA Langley model (configuration 2) of Ref.
14. The centerline pressure distribution comparison for this
model at a Mach number of 0.90 and a nozzle pressure ratio
(NPR) of 5.0 is shown in Fig. 13. It can be seen that the
GAC-BOAT code correctly follows the nacelle/nozzle pres-
sure distribution, picking up the two expansions—the first on
the nacelle and the second on the nozzle. The GAC-BOAT
nozzle pressure recovery falls below the test data, but a
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Fig. 18 Afterbody drag for F-18 configuration, 2-D SERN cruise
nozzle, spacing ratio = 1.08, area ratio = 1.15.

definite recompression is observed. Similar results are shown
in Fig. 14 for the same configuration run at a Mach number of
0.60 and NPR of 3.5. The drag results are shown in Fig. 15.
The afterbody drag coefficient (based on A, of the EBR) is
shown for the NASA and GAC-BOAT results for Mach
numbers of 0.60 and 0.90. It can be seen that the methodology
does a reasonable job of replicating the drag values.

The methodology applied to a twin-nacelle two-dimensional
body'! is shown in Figs. 16 and 17 for 2-D C-D nozzles of
area ratios of 1.15 and 1.65. It can be seen that a good
agreement of afterbody drag coefficient (based on the EBR
A ax) vs Mach number occurs for both configurations.

The next configuration examined was a single-expansion
ramp nozzle (SERN). The same basic two-dimensional hybrid
methodology was applied. However, for the SERN nozzle,
separate calculations of pressure distribution were performed
for the upper and lower nozzle surfaces. These pressures were
then utilized to obtain the pressure drags of the two surfaces.
Friction drag for these surfaces, together with the pressure
drag, were combined with sidewall friction to provide the
overall drag. Afterbody drag coefficients for the SERN nozzle
on the same aircraft configuration are shown in Fig, 18.

Conclusions

A methodology has been established and verified for the
calculation of afterbody drag on single- and twin-engine
axisymmetric and two-dimensional afterbodies. This approach
for afterbody drag calculation requires:

1) Construction of an equivalent body of revolution and
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the calculation of an axisymmetric pressure distribution and
subsequent axisymmetric integration to establish the drag for
axisymmetric single- and twin-engine aircraft afterbodies.

2) Use of a hybrid methodology that performs axisymmet-
ric calculations to establish the pressure distribution, and
subsequent two-dimensional integration to establish the
drag for two-dimensional single- and twin-engine aircraft
afterbodies.

The methodology results in a rapid solution of after-
body drag of sufficient accuracy for the preliminary design
environment.
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