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0° to 60°. The small variations in performance produced
by these changes suggests that an ejector with a similar
configuration offers good possibilities for use as an aug-
mentor flap on the trailing edge of a conventional wing.
Such an application is illustrated in Fig. 13.

Conclusions

Analysis has shown that the thrust augmentation of
compact aircraft ejectors can be increased by accelerating
the rate of entrainment by the primary jet. This has been
accomplished with a nozzle which produces a series of
stream wise vortices in the jet discharge. Tests of a simple
ejector employing these nozzles have shown a significant
improvement in the level of augmentation.

The effect of hypermixing is not to improve ejector per-
formance by minimizing losses. In fact, the lower efficien-
cy of hypermixing nozzles is a penalty that must be paid
for their use. However, by assuring more nearly complete
mixing of the flow in a shorter distance, it becomes possi-

ble to diffuse the flow efficiently and consequently obtain
higher net levels of augmentation.
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Integrated Airframe-Nozzle Performance for
Designing Twin-Engine Fighters

E. R. Glasgow*
Lockheed-California Company, Burbank, Calif.

Performance data for designing" fighter aircraft having twin buried engines and dual nozzles were
obtained from an experimental investigation of over 200 large-scale, twin-nozzle/aftbody configura-
tions. Sufficient pressure and force balance data were obtained for exhaust nozzle pressure ratios
within the operating range of a typical advanced technology engine to allow the effect of the fol-
lowing aft-end design variables to be determined: nozzle type, power setting position, axial position,
solid body exhaust simulation, and lateral spacing; interfairing type, length, height, and base area;
vertical stabilizer type, position, and rudder deflection; horizontal stabilizer deflection; and fuselage
area distribution. In order to utilize the wind-tunnel data for predicting aircraft performance, the
effects on aft-end drag of support system interference, inlet mass flow, lifting surface span reduc-
tion, and tunnel Reynolds number were also determined.

Nomenclature

Ace - nozzle cross-sectional area at F.S. 133.182, customer
connect station

AE = nozzle exit area
AMB - aftbody boattail cross-sectional area at F.S. 113.188,

metric break area
Ap = stabilizer planar area
AS = nozzle shroud internal cross-sectional area at nozzle

exit station
AT = nozzle throat area
AW - wing reference area, 2667.6 in.2

A/B = afterburning power setting
CD(AE) ~ aft-end drag coefficient—includes nozzle and aftbody

fuselage and interfairing drag—based on nozzle axes
and wing area, AW

Cp = pressure coefficient
Dec - maximum exposed nozzle diameter, 8 in.
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fuselage station, longitudinal distance aft of a point
1.041 in. aft of model nose

distance from customer connect station to trailing edge
of interfairing or nozzle, inches

freestream Mach number
nozzle pressure ratio (nozzle total/ambient static)
Reynolds number per foot
nozzle lateral spacing ratio, distance between nozzle

centerlines divided by Dec
distance
interfairing upper surface trailing edge angle relative to

nozzle centerline, degrees
interfairing lower surface trailing edge angle relative to

nozzle centerline, degrees
aft-end drag coefficient increment due to strut inter-

ference effects
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-
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Fig. 1 Strut-supported model with faired-over inlets installed
in AEDC 16-foot transonic propulsion wind tunnel.

Fig. 2 Sting-supported model with faired-over inlets in-
stalled in AEDC 16-foot transonic propulsion wind tunnel.

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 sixteen month pro-
gram was initiated in 1972 for the development and as-
sembly of design criteria and prediction techniques for
producing improved twin-nozzle/aftbody installations.1'2
The results of this experimental and analytical effort are a
direct extension of those obtained during a thirty-two
month program initiated in 19693'4 in which both isolated
nozzle/aftbody configurations and twin-nozzle/aftbody
configurations were examined. During the isolated nozzle
model tests, large-scale (8-in. diam) convergent,, conver-
gent-divergent, and plug nozzles were investigated. Dur-
ing the twin-jet tests, the same nozzles were installed in a
generalized model of an advanced air superiority fighter
having twin buried engines and dual nozzles. An evalua-
tion of analytical and empirical methods for predicting
the thrust and drag of these nozzle configurations has
been discussed previously.5'6

The purpose of this paper is to present the experimental
techniques and results associated with the twin-jet tests.
A strut-supported jet-effects aircraft model with faired-
over inlets and high pressure air for simulating the nozzle
exhaust was used during the program to obtain the aft-
end drag for a complete matrix of twin-nozzle/aftbody
configurations. Sufficient jet-effects model data was ob-
tained so that the results could be used in place of isolat-
ed model data during the early stages of aircraft design.
To insure that the jet-effects model data is properly used
in predicting aircraft performance, the effects on aft-end
drag of support system interference, inlet mass flow, lift-

Fig. 3 Strut-supported model with flow-through inlets in-
stalled in AEDC 16-foot transonic propulsion wind tunnel.
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Fig. 4 Internal arrangement of strut-supported model with
faired-over inlets.

ing surface span reduction, and tunnel Reynolds number
were also determined.

Testing Techniques

The basic test configuration is a modified version of the
A-2 twin-jet air superiority fighter design developed by
General Dynamics under contract with the Air Force
Flight Dynamics Laboratory.7 The wind-tunnel model is
approximately 12 ft in length and has a wing span of 7.9
ft. All testing was conducted over a 0.6 to 2.5 Mach num-
ber range in the AEDC (Arnold Engineering Development
Center) 16-foot PWT (Propulsion Wind Tunnel).

Model Arrangement

Three basic model internal arrangements were em-
ployed during the program: a strut-supported model with
faired-over inlets (Fig. 1), a sting-supported model with
faired-over inlets (Fig. 2), and a strut-supported model
with flow-through inlets (Fig. 3). All model arrangements
utilize five force balances (one airframe balance, two aft-
body balances, and two nozzle balances) for determining
the forces and moments exerted on the external model
components. The internal model components function as
the basic model support structure and are, therefore, non-
metric.

A diagram of the general internal arrangement of the
strut-supported model with faired-over inlets (i.e., jet-ef-
fects model) is shown in Fig. 4. For this arrangement, the
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nozzle exhaust flow was simulated by either high-pressure
nonheated air or by nonmetric dummy stings attached to
the flow tubes. The entire flow tube and nozzle assembly
was attached to a spacer adapter which could be posi-
tioned such that three nozzles lateral spacings could be
investigated. Changes to the fuselage centerbody and in-
terfairing were required in order to accommodate the dif-
ferent nozzle spacings.

For the flowing exhaust situation, high pressure air was
metered within the tunnel plenum and supplied to the
model through the support strut. It was divided within
the model, into two equal nozzle streams with the aid of a
manually positioned flow equalizing vane. These streams
then entered the flow tube and exhaust nozzle. For the
dummy sting exhaust situation, the high-pressure air
valve was closed and the nozzle inner shell was replaced
with five-foot long dummy stings which have the same ex-
ternal contour as the load carrying stings.

The internal arrangement of the sting-supported model
with faired-over inlets consisted of twin load-carrying non-
metric stings which extended through the nozzles (nozzle
inner shell removed) and attached to the inner sleeve of
the airframe balance. Two attachment plates were provid-
ed so that both narrow-spaced and wide-spaced configura-
tions could be investigated. No high-pressure air was re-
quired to flow through the model since the nozzle exhaust
plumes were simulated by attaching fairings to the load-
carrying stings.

The internal arrangement of the strut-supported model
with flow-through inlets consisted of open nosed inlets
and associated boundary-layer diverters and transition
sections between the inlet and flow tube for accommodat-
ing three nozzle lateral spacings. Internal flow restrictors
were employed to vary the inlet mass flow and two-foot
long nozzle extensions were used for most configurations
in order to eliminate the effect of the nozzle exhaust flow
on aft-end drag. A metric break was provided just inside
the inlet cowl lip so that the airframe balance would mea-
sure only external forces.

Configuration Variables

Over 200 twin-nozzle/aftbody configurations, consisting
of the following configuration variables, were examined
during the program.

Nozzle type: convergent flap, convergent iris, conver-
gent-divergent, convergent-divergent ejector, or unshroud-
ed plug.

Nozzle throat area: 100% (maximum afterburning), 74%
(partial afterburning), or 48% (normal power).

Nozzle axial position: nozzle fully or partially exposed
to the external flowfield.

Nozzle exhaust simulation: high-pressure nonheated air
or solid plume bodies.

Nozzle lateral spacing ratio: 1.25 (narrow), 1.625 (inter-
mediate, or 2.0 (wide).

Interfacing type: horizontal wedge or vertical wedge.
Interfacing length: trailing edge located at -4.0, 0, 3.5,

8.216, or 13.0 in. aft of the customer connect station.
Interfacing height: trailing edge 1.8 in. above or along

the nozzle centerline.
Interfacing base area: three interfairings.
Vertical stabilizer type: single or twin.
Vertical stabilizer position: forward or aft mounted sin-

gle and vertical or canted twin.
Rudder deflection: 0, 4.0, 11.0, or -11.0°.
Horizontal stabilizer deflection: -0.4, -2.0, or -5.0°.
Fuselage shape: basic or alternate.
Inlet type: faired-over or flow-through.
Inlet mass flow ratio: three internal flow restrictors.
Wing: installed or replaced with fairing.
Vertical stabilizer area: 100% (full), 78% (partial), 40%

(short), or zero (stabilizer removed)

Horizontal stabilizer area: 100% (full), 70% (partial),
24% (short), or zero (stabilizer removed).

Aft Fuselage Fairing: basic, alternate, or removed.

Instrumentation

The instrumentation employed within the model and
tunnel plenum consisted of one airframe balance, two aft-
body balances, two nozzle balances, approximately 240
pressure taps, twelve thermocouples, one venturi meter,
and one Swirlmeter. Four alternate balances (one air-
frame, one aftbody, and two nozzle) were available in the
event of balance damage.

A six-component airframe balance was used to obtain
the aerodynamic forces and moments on the horizontal
and vertical stabilizers and all external model components
forward of the wing trailing edge. Two six-components
aftbody balances were used to obtain the aerodynamic
forces and moments on the external aftbody fuselage and
interfairing surfaces. The nozzle balances were instru-
mented to obtain the normal, side, and axial forces and
pitching moment on the outer shell of each nozzle. Metal-
lic bellows were installed in all balances to seal the gap
between the metric and nonmetric balance segments. The
rms error between indicated and applied axial balance
loads, as determined from dead weight calibration results,
is within 0.1% of design load for all installed force bal-
ances.

The two most important parameters measured during
the twin-jet tests were aft-end (nozzle and aftbody fuse-
lage and interfairing) drag and nozzle pressure ratio. The
aft-end drag was calculated in two separate ways: 1) using
the indicated balance forces and cavity pressures and 2)
using the measured boundary layer rake and model sur-
face pressures. The rms deviation in aft-end drag obtained
from the two calculation methods is within four counts
(one count equal to drag coefficient of 0.0001). The corre-
sponding mean deviations are within one count, indicating
little bias or systematic error. Better agreement would be
difficult to obtain since the balance results are repeatable
to within an rms value of three counts.

The nozzle pressure ratio was calculated from one-di-
mensional flow relationships using the venturi meter air-
flow rate and the flow tube average static pressure, total
temperature, and cross-sectional area for the faired-over
inlet models and from the flow tube total pressure rake for
the flow-through inlet models. A single total pressure
probe at the centerline of the flow tube was used for mon-
itoring and setting the nominal exhaust flow conditions.

Jet-Effects Model Data

Nozzle Type and Power Setting Effects

The effects of nozzle type and power setting on aft-end
drag coefficients and nozzle thrust and discharge coeffi-
cients were derived from comparisons in which only the
nozzle model was varied. The nozzle configurations inves-
tigated during the program are identified in Table 1. The
external contours of all basic nozzle configurations were
designed to mate with a fixed diameter circular opening
(eight-inch diameter in model scale) and a seven-degree
surface angle at the aftbody/nozzle junction (designated
as the customer connect station). Alternate convergent-
divergent nozzles were fabricated in order to determine
the effect of nozzle axial position on aft-end pressure dis-
tributions and drag. The alternate nozzles had the same
contours as the basic nozzles, but were moved forward
3.802 in. with respect to the model aftbody.

Aft-end drags for all nozzle types tested at Mach 0.9 are
presented in Fig. 5 as a function of nozzle throat area
(normalized by the metric break area). The convergent-
divergent nozzle has the lowest drags except at maximum
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Table 1 Nozzle configuration identification
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NOZZLE POWER
SEHING

NORMAL

MAX A/B

NORMAL

MAX A/B

NORMAL

PARTIAL A/B

MAX A/B

NORMAL

MAX A/B

MAX A/B

NORMAL

PARTIAL A/B

MAX A/B

IDENTIFICATION
SYMBOL

CF1

CF3

r 1Li3

CDj

CD2

CD3

CDU

CD3A

CDE

UPAC1

upAc2

UPAC3

GEOMETRIC PARAMETERS
AE/AT

1.0

1.0

1.0

1.0

1.10

1.22

1.60

1.10

1.60

2.14

1.0

1.0

1.0

AS/AT

1.0

1.0

1.0

1.0

1.10

1.22

1.60

1.10

1.60

2.14

2.38

1.83

1.67

AS/ACC

0.252

0.529

0.252

0.529

0.278

0.471

0.846

0.278

0.846

1.131

0.601

0.733

0.870

L/°cc (

0.512

0.461

0.828

0.552

1.012

1.023

1.027

0.536

0.552

0.695

0.439

0.441

0.439

A/B, and the unshrouded plug nozzle, which has little ex-
ternal flow recompression on the aft-end, has the highest.
The drag decrease from normal to maximum A/B power
settings is smaller for the convergent-divergent and con-
vergent iris nozzles than for the other nozzle types. The
long smooth external contours of the convergent-divergent
and convergent iris nozzles at normal power allow greater
exhaust pressurization of the boattail surface; this effect
disappears as the nozzle throat area increases and the
boattail projected frontal area decreases. The external
contours of the unshrouded plug, convergent flap, and al-
ternate convergent-divergent nozzles become smoother
and lose projected frontal area as the nozzle throat area
increases, resulting in significantly lower drag at maxi-
mum A/B than at normal power.

At supersonic speeds, the aft-end drags are highest for
the normal power convergent-divergent and convergent
iris nozzles, which have the greatest projected area, and
decrease with increasing nozzle throat area (decreasing
boattail projected area) for all nozzle types investigated.
Drag differences between nozzle types are small at maxi-
mum A/B.

2 0.006

c 0.002
0.16 0.20 0.24 0.28 0.32

5 - NOZZLE THROAT TO METRIC BREAK AREA RATIO

Nozzle Plume Simulation Effects

An investigation into the feasibility of simulating nozzle
exhaust plume effects on aft-end drag by using solid-
plume shapes was conducted. The following three solid
body shapes were used to simulate the maximum A/B
convergent iris nozzle plume: 1) a sting of cross-sectional
area slightly over half of the nozzle exit area, roughly rep-
resentative of jet-off conditions, 2) a cylindrical body the
same diameter as the nozzle exit, representative of choked
pressure ratio operation, and 3) a plume-shaped body de-
signed to simulate the nozzle exhaust plume shape at
nozzle pressure ratios greater than that required for
choked operation.

O FLOW ING EXHAUST
O STING BODY
Q CYLINDRICAL BODY
A PLUME-SHAPED BODY

NPR - NOZZLE PRESSURE RATIO

Fig. 5. Effect of nozzle type and power setting on aft-end
drag - Mach 0.9

Fig. 6 Effect on nozzle plume simulators on aft-end drag -
C/3 nozzle.
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Table 2 Interfacing configuration identification

J. AIRCRAFT

INTERFACING TYPE

INTERFACING
LENGTH. L

INCHES

IDENTIFICATION SYMBOL

NOZZLE SPACING RATIO, S/D

1.25 1.625 2.0

TRAILING EDGE
ANGLE- DEGREES

HIGH HORIZONTAL WEDGE

4.086
F.S. 113.188

(METRIC BREAK)

F.S.133.182
(CUSTOMER CONNECT)

MODIFIED HIGH HORIZONTAL WEDGE

NOZZLE CENTERLINE

ALTERNATE HIGH HORIZONTAL WEDGE

F.S. 113.1
(METRIC BREAK)

F.S. 133.182
(CUSTOMER CONNECT)

0

3.5

N I B

NIC

N1D/C

N1D

N1E/D

I 1 B

I ID

I1D

W1B

W1D

W1D

I4B

0

8.216

W4B

W4D

-4.0

0

3.5

8.216
13.0

I2B

I2D

W2A
W2B

W2C
W2D

W2E

8.216

13.0

N3D
N3E/D

N3E

10. 792

9.091
7.519

7.519
6.450

10. 792

10. 792

7.519

23.061
16.688
13. 788
11.243
9.58

5.25

5.25

90.00

19.683

15.508
12.339

12. 339
10. 385

19.683

8.37

6.80

17.202
12.412
10.237
8.347
7.106

4.75

4.75

90.00

Fig. 7

1.4 1.6 1.8 2.0 2.2 2.4

S/D - NOZZLE LATERAL SPACING RATIO

Effect of nozzle lateral spacing on aft-end drag -
Mach 1.6.

The results of the study, which are shown in Fig. 6, in-
dicate that the total aft-end drags are lower for all three
simulations than those of the flowing exhaust model. The
sting body data in Fig. 6 were plotted at a pressure ratio
of one, and the cylindrical body data were plotted at the
choked nozzle pressure of 1.89. The plume-shaped body
data were plotted at the pressure ratio of 5.4. This is the
average pressure ratio at which the local expansion of the
exhaust flow to the measured nozzle base pressure at the
nozzle exit yields a plume slope equal to that of the
plume-shaped fairing. Since the sting fills only slightly
over half the nozzle exit, it might be expected to have less
drag than the jet-off nozzle due to the reduced base area.
The solid body simulations of jet-on conditions provide
the drag-decreasing "following body" effect of a flowing
exhaust (i.e., increases of the static pressures on the boat-
tail in the trailing edge region) but not the drag-increas-
ing pumping effect of the external flow.

Nozzle Lateral Spacing Effects

The effects of nozzle lateral spacing on aft-end and fore-
body drag forces were determined for alternate narrow-
spaced and wide-spaced fuselage configurations which
have the same cross-sectional area distribution as the
basic intermediate-spaced fuselage configuration. The
maximum fuselage area for the basic fuselage configura-
tion increases with increasing spacing since the interfair-
ing width for a given profile also increases. For the alter-
nate narrow-spaced fuselage configurations, area was
added to the side of the basic narrow-spaced fuselage cen-
terbody and aftbody so that the desired area distribution
could be achieved by using the basic interfair ings. For the
alternate wide-spaced fuselage configurations, area was
removed from the side and bottom surfaces of the basic
wide-spaced fuselage centerbody and from the lower sur-
face of the interf airings.

An increase in nozzle lateral spacing results in a slight
decrease in aft-end drag at subsonic speeds and a signifi-
cant increase at supersonic speeds. The slight drag reduc-
tion at subsonic speeds (approximately 3 counts) is ap-
proximately equally split between reduced aftbody and
nozzle boattail drags. The drag increase at supersonic
speeds, illustrated by the Mach 1.6 data presented in Fig.
7, is due to a reduction in the extent of flow separation as
the nozzle spacing increases.

An increase in nozzle lateral spacing reduces the air-
craft model forebody drag, as determined from the air-
frame balance, by about eight counts at Mach 0.6 and in-
creases the forebody drag by about 28 counts at Mach 1.6.
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Fig. 8 Effect of interfairing type on aft-end drag.
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This significant drag increase at Mach 1.6 is due to in-
creased aft and forward facing frontal areas resulting from
outward displacement of the engine nacelles for attain-
ment of increased spacing ratios. For a supersonic exter-
nal flow, drag forces are present on both aft and forward
facing areas, thereby increasing the drag relative to that
obtained for the narrow-spaced configurations.

Interfairing Type and Length Effects

The effects of interfairing type and length on aft-end
drag were determined for the horizontal and vertical
wedge-type interfacings identified in Table 2. All inter-
fairings are aligned with respect to the nozzle centerline
and, except for the alternate interf air ings, have the same
height and surface slope at the metric break station. For
both the high and center horizontal wedge interfairings,
the basic contours downstream of the metric break station
are invariant with nozzle lateral spacing and consists of a
circular arc followed by a straight line which is tangent to
the circular arc. The modified horizontal wedge interfair-
ing design has a basic high horizontal wedge profile along
the interfairing plane of symmetry and trailing edge along
nozzle radial lines. The alternate horizontal wedge inter-
fairing has a thinner profile than the basic interfairings
and was designed so that the alternate wide-spaced fuse-
lage configurations would have the same cross-sectional
area distribution as that of the corresponding basic inter-
mediate-spaced fuselage configurations.

Aft-end drag data for different interfairing types are
shown in Fig. 8. At subsonic speeds, the aft-end drag is
generally lowest for center horizontal wedge interfairing
configurations and highest for vertical wedge interfairing
configurations. This trend is reversed at supersonic
speeds, however, the percentage change in aft-end drag
due to interfairing type is not as significant. The results
between the basic and modified high horizontal wedge in-
terfairing are very similar.

The aft-end drag decreases at all speeds as the interfair-
ing trailing edge location moves downstream from the cus-
tomer connect station ("B" length) to the exit plane of
the convergent-divergent nozzles ("D" length). Longer in-
terfairings were tested for the normal power convergent-
divergent nozzles only, and minimum aft-end drag occurs
with the interfairing terminating at the nozzle exit plane,
as shown by the Mach 0.9 data in Fig. 9.

Vertical Stabilizer Type and Position Effects

Four partial-span vertical stabilizer configurations of
equal control effectiveness were tested to assess their ef-
fects on aft-end drag. Forward and aft mounted single

0.004 — NIB —
W1B

u, 0.002

22 24 26 28 30 32 34

X - DISTANCE AR OF METRIC BREAK STATION- IN.

Fig. 9 Effect of interfairing length on aft-end drag - normal
power nozzles - Mach 0.9.
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Fig. 10 Effect of vertical stabilizer type and position on aft-
end drag.

vertical stabilizers (designated VIP and V^p, respective-
ly) were located along the interfairing top centerline. Ver-
tically-oriented and canted twin vertical stabilizers (des-
ignated V3PV and VSPR, respectively) were located in pairs
on the top of the aftbody pods. The flatter were mounted
in planes passing through the engine centerlines and cant-
ed 15° outboard; the former were mounted in the same
location but oriented vertically.

Comparison of aft-end drag for the different vertical
stabilizer configurations is shown in Fig. 10. The aft-end
drags shown include the aft-end interference effect but
not the drag of the stabilizers. The drags for both twin
vertical stabilizer configurations are significantly higher
than those for both single vertical stabilizer configurations
because their position on the aftbody, out of the flowfield
plane of symmetry, results in greater flow disturbances
than for plane-of-symmetry single vertical stabilizers. The
vertical orientation of the twin vertical stabilizers results
in slightly greater disturbances and higher drags than the
canted configurations. Drags for the different single verti-
cal stabilizers are nearly equal.

Horizontal Stabilizer and Rudder Deflection Effects

The effects of rudder deflection and horizontal stabiliz-
er deflection on aft-end drag were investigated at subsonic
speeds. Rudder deflections were tested with the horizontal
stabilizer deflected —2.0°, and horizontal stabilizer deflec-
tions were tested with the rudder undeflected.

Little change in aft-end drag with horizontal stabilizer
deflection was observed. The variation in drag which does
occur is confined to the portion of the nozzle aft of the
horizontal stabilizer and the fuselage fairing.

Since a four degree rudder deflection to the right as
viewed looking forward causes the right-hand nozzle drag
with the normal power convergent-divergent nozzles in-
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Fig. 12 Effect of fuselage area distribution on aft-end drag -
Mach 1.6.

stalled to decrease and the left-hand nozzle drag with the
normal power unshrouded plug nozzles installed to in-
crease, little change in aft-end drag with rudder deflection
is expected. However, this conclusion cannot be substan-
tiated since no nozzles were tested with active nozzle bal-
ances on both sides of the model.

Fuselage Area Distribution Effects

The effects of fuselage area distribution on the aft-end
and forebody drags were determined for the basic and al-
ternate narrow-spaced fuselage configurations (designated
BIN and B2N, respectively) and the basic and alternate
wide-spaced fuselage configurations (designated B±w and
B2w, respectively). The fuselage cross-sectional area dis-
tributions for these configurations are presented in Fig.
11. The data from the alternate narrow-spaced and wide-
spaced fuselage configurations were used previously in de-
termining nozzle lateral spacing effects.
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Fig. 13 Effect of strut interference on aft-end drag.

The aft-end drag of the alternate narrow-spaced fuse-
lage configurations is slightly greater than that of the
basic narrow-spaced configurations at subsonic speeds and
substantially higher at supersonic speeds, as illustrated by
the Mach 1.6 data presented in Fig. 12. This higher drag
is due to both the larger projected frontal area of the al-
ternate configurations and the associated larger magni-
tude negative pressure coefficients on the aft-facing sur-
faces. The forebody drag of the alternate configurations is
approximately the same as that of the basic configurations
since the difference in the sum of forward and aft-facing
projected frontal areas is only 10 in.2

The aft-end drag of the basic wide-spaced fuselage con-
figurations is approximately 1 counts greater than that of
the alternate narrow-spaced configurations at subsonic
speeds and significantly higher at supersonic speeds, as
illustrated by the Mach 1.6 data in Fig. 12. The higher
drag of the basic configurations is due to both a higher
Mach number at the metric break station and a larger
projected frontal area. At subsonic speeds, no consistent
forebody drag trend was observed. At supersonic speeds,
however, the forebody drag of the basic configurations is
consistently about 14 counts higher than that of the alter-
nate configurations. The forebody drag increase for the
basic configurations is due to a 50 in.2 larger sum of for-
ward and aft-facing projected frontal areas.

Model to Aircraft Drag Corrections

Strut Interference Effects

The effects of strut interference on aft-end drag were
determined by testing the model with a twin-sting sup-
port, which stimulates the nozzle exhaust plumes, and
with a strut support in combination with a dummy twin-
sting arrangement. In order to isolate the strut interfer-
ence effect, the dummy stings were designed to duplicate
a sufficient portion of the load-carrying sting geometry so
that both types of stings would have the same influence
on aft-end drag, as determined from potential flow analy-
sis results. The achievement of this design objective was
confirmed during the wind-tunnel test when no significant
difference in nozzle drag was obtained when a wedge fair-
ing was both installed and removed from the dummy
stings. This fairing was similar to the one used to connect
the twin load-carrying model stings to the single tunnel
sting/strut support. Both types of stings were designed to
simulate the nozzle exhaust plumes so that the aft-end
geometry would represent, as closely as possible, an actual
aircraft installation.

Since aft-end drag increments are generally applied to a
reference aircraft model drag in a conventional accounting
system, the variation of strut interference drag with
nozzle power setting and exhaust plume shape was inves-
tigated for several nozzle types and lateral spacings. As
shown in Fig. 13, strut interference effects on aft-end drag
are 10 drag counts or less at all test Mach numbers except
0.9 and 1.2, where the interference effects are up to 20
drag counts. Strut interference causes lower aft-end drag
forces at all test Mach numbers except 1.2, where the
strut interference effects are unfavorable. The favorable
interference effects increase with increasing nozzle boat-
tail angle and exhaust plume size and are larger for the
narrow-spaced configurations than for the wide-spaced
configurations at subsonic speeds and smaller at superson-
ic speeds.

Inlet Spillage Effects

Inlet spillage corrections for different nozzle power set-
ting positions and lateral spacings were determined by
comparing the aft-end drag obtained for faired-over inlet
configurations with that obtained for the flow-through
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Fig. 14 Effect of inlet spillage on bottom center body/after-
body/nozzle pressure distributions — Mach 1.6.

inlet configurations operating at the inlet mass ratio re-
quired by the aircraft. Mass flow ratios near unity were
obtained by providing an unblocked flow area from the
cowl lip to the nozzle exit. Reduced inlet mass flow ratios
were created by providing orifice plates within the model.
Cylindrical extensions were attached to the nozzles so
that inlet spillage effects on aft-end drag could be isolated
from nozzle pressure ratio effects.

The effects of inlet mass flow ratio and inlet geometry
at zero mass flow ratio on aft-end drag are within 5 drag
counts for all configurations examined. The aft-end drag
is slightly lower for the faired-over inlet model than that
for the blocked inlet model at subsonic speeds and slightly
higher at supersonic speeds. A slight rise in drag at the
higher mass flow ratios occurs for the narrow-spaced con-
figurations. As shown by the pressure distributions in Fig.
14, the inlet disturbances dimmish as they propagate aft
and have little effect on the aft-end drag of the model
tested.

Wing and Stabilizer Span Reduction Effects

Tests were conducted with and without the wing installed
on the aircraft model and with stabilizers of different span
to determine the effects of these changes on aft-end drag.

The aft-end drag increases by approximately 8 drag
counts when the wing is removed at subsonic speeds and
decreases by about the same amount at supersonic speeds.
The presence of the stabilizers makes little difference in
the drag increment due to the wing.

The effects of stabilizer span reduction on aft-end drag
can be significant at subsonic speeds, as shown in Fig. 15,
and are negligible at supersonic speeds. The changes from
partial to short span and from short span to fuselage fair-
ing alone result in significant reductions in aft-end drag at
subsonic speeds. Little effect is evident for stabilizer span
reduction from full to partial span or from fuselage fairing
alone to no stabilizer and no fairing.

Reynolds Number Effects

As would be expected from considerations of skin fric-
tion drag trends, the aircraft drag coefficient decreases
with increasing Reynolds number. The aircraft pressure
drag coefficient, however, increases with increasing Rey-

nolds number with most of the increase occurring on the
aft-end portion of the aircraft. The aircraft drag coeffi-
cients were obtained from force balance data, and the air-
craft pressure drag coefficients were obtained by subtract-
ing the calculated skin friction drag coefficient from the
measured values.

The aft-end drag coefficient trend within the Reynolds
number range tested is just the opposite of that for the
aircraft. As shown by the Mach 0.9 data presented in Fig.
16, the aft-end drag coefficient increases at a decreasing
rate with increasing Reynolds number, even though the
friction component of the drag coefficient decreases. At
Reynolds numbers equal to or greater than the basic test
Reynolds number of 2.5 million per foot, the change in
aft-end drag coefficients is small and within the accuracy
of the force balance data. An examination of aft-end pres-
sure data indicates that most of the Reynolds number ef-
fect occurs on the initial part of the aftbody and almost
no effect exists within the recompression region near the
nozzle exit. The Reynolds number effects were approxi-
mately the same for both the strut-supported and sting-
supported models.

Conclusions

The best aft-end design examined during the program,
as determined by using the measured jet-effects model
data in conducting mission analysis studies for seven se-
lected configurations, consists of convergent-divergent
nozzles, a high horizontal wedge interfairing with the
trailing edge at the nozzle exit, a single vertical stabilizer,
and a narrow nozzle lateral spacing. The mission radii for
a fixed aircraft TOGW (takeoff gross weight) of 45,000 Ibs
was 35% less for the worst configuration, which was still a
realistic design, than that for the best configuration for a
subsonic air superiority mission and as much as 50% less
for a supersonic point intercept mission.

Since the aircraft, mission radii can be significantly af-
fected by aft-end design changes and the aft-end drag as-
sociated with the reference aircraft model is generally
small due to shallow boattail angles, the aft-end drag in-
crement obtained from the jet-effects model data must be
accurately determined early in the aircraft design cycle.
Sufficient jet-effects model data should be obtained so
that nozzle power setting and pressure ratio effects on aft-
end drag can be determined for all flight conditions with-
in the mission envelope. If equivalent body techniques are
used to calculate the reference aircraft model drag, then
an aft-end drag increment must be determined to account
for twin-nozzle/aftbody/stabilizer interaction effects.

The lack of aircraft flowfield simulation, as related to
strut interference, inlet spillage, wing and stabilizer span
reduction, and tunnel Reynolds number, can have a sig-
nificant effect on aft-end drag. Although these effects
tended to cancel in the computation of the aft-end drag
increments for the twin-jet model of this program, such a
situation may not exist for other models, especially ones
of smaller scale with large separated flow regions, closely
coupled inlet/nozzles systems, and a support strut located
near the aft-end portion of the aircraft. As a result, air-
craft flowfield simulation effects on jet-effects model data
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Fig. 15 Effect of stabilizer span reduction on aft-end drag -
Mach 0.9.
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Fig. 16 Effect of Reynolds number on aft-end drag - Mach 0.9.
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should be investigated during the aircraft design cycle,
even if larger scale models with less flowfield simulation
are utilized initially.
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Vortex Measurements Behind a Swept
Wing Transport Model

K. L. Orloff* and D. L. Ciffonet
NASA Ames Research Center, Moffett Field, Calif.

Introduction

A CONSIDERABLE amount of information documenting
the structure of aircraft wake turbulence has been pro-
duced over the last several years. Quantitative detailing of
the flow has, however, been primarily restricted to wings
with simple near-rectangular or elliptic span loadings.
The need for experimental velocity distributions from
models of wings representative of today's modern trans-
port aircraft is the rationale for the measurements being
reported.

A backscatter laser Doppler velocimeter (LDV) which
simultaneously senses two components of the velocity
(axial and tangential), has been used to traverse and mea-
sure the velocity distributions in the near wake of a swept
wing semi-span transport model in the NASA-Ames 7- by
10-foot wind tunnel.1 This LDV instrument has previously
been used to measure the velocity distributions in the
wake of a rectangular airfoil.2'3'4 The model configuration
included nacelles, pylons, anti-shock bodies, and wing
flaps which could be deflected 27°. Further details of this
semispan wing model are available in Ref. 5.

Apparatus and Procedure

The semispan model was mounted vertically from the
floor of the wind tunnel. The test Reynolds number per
meter was nominally 1.24 X 106. Since the LDV system
was restricted to the location of the optical window, the
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wing model was placed in a forward position in the test
section to allow data to be obtained at the maximum aft
location x/b = 1.25 where x is distance measured down-
stream from the wing tip and b is the wing span (6/2 =
91.5 cm.). Data were also obtained at x/b = 0.49, and a
full study was made of the streamwise dependence of the
velocity fields with changes in wing configuration.1 At
each location both the LDV measuring station and the
model position were well within the test section to insure
flow uniformity.

LDV scanning was performed in a direction normal to
the tunnel centerline, with the upper wing surface closest
to the window through which the measurements were
taken. The complication of vortex movement within the
test section has been overcome as a result of the spatial
scanning capability of the laser velocimeter. The Doppler
information was processed on two separate spectrum ana-
lyzer systems as the focal point of the velocimeter was
continuously traversing the vortex. The scan automatical-
ly reversed at end limits which were preset to contain the
flow area of interest. Full details on signal processing,
data acquisition, and core identification are given in Refs.
1,2, and 3.

Velocity distributions are presented as fractions of free-
stream velocity, 17 , and location Z, relative to the trail-
ing edge (Z = 0), normalized by the span, b. A positive
value for Z/b indicates a location on the side below the
wing planform.

Results and Discussion

Typical wake vortex velocity profiles are presented in
Figs. 1 and 2 for the flaps-retracted and the flaps-de-
ployed 27° configurations, respectively. It can be seen that
the repeatability of the data for different traverses is ex-
cellent, and the vortex structure can be accurately de-
fined. The data show a slightly higher axial velocity defect
for the flaps-deployed configuration, but no perceptible
change in the maximum tangential velocity. While de-
ployment of the flaps increases the total circulation
[which should increase fV0/£/oo)max], it also alters the lift
distribution, moving the center of vorticity inboard along


