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FLIGHT INVESTIGATION OF AN UNDERWING NACELLE INSTALLATION OF AN

AUXILIARY-INLET EJECTOR NOZZLE WITH A CLAMSHELL

FLOW DIVERTER FROM MACH 0.6 TO 1.3

by Verlon L. Head

Lewis Research Center

SUMMARY

A flight test program was conducted using a modified F-106B aircraft with under-
wing engine nacelles to investigate airframe installation effects on an auxiliary-inlet
ejector nozzle with a clamshell flow diverter over a Mach number range of 0. 6 to 1. 3.
The clamshell flow diverter was tested in a 17° position, and only double-hinged syn-
chronized floating doors were used. The ejector nozzle trailing-edge flaps were simu-
lated in the closed position with a rigid structure which provided a boattail angle of 10°.
Data were obtained over a range of secondary weight flows and diameter ratios of 1. 74,
1. 59, and 1. 50, which resulted in an exhaust gas temperature variation of 975 to 1561 K
(1755° to 2810° R).

Comparing installed flight performance with isolated cold-flow nozzle efficiency at
the same average auxiliary door position and a subsonic cruise configuration
(dg/d g = 1. 59) indicates that the installed flight performance is higher for subsonic
Mach numbers. Compared with the plain auxiliary-inlet nozzle, the clamshell nozzle
has lower performance, apparently due to the additional drag associated with adding the
clamshell flow diverter.

INTRODUCTION

In its current program in airbreathing propulsion, the Lewis Research Center is in-
vestigating airframe installation effects on the performance of exhaust nozzle concepts
appropriate for use at supersonic speeds. The local flow field approaching an installed
nozzle may vary from isolated test conditions, thereby affecting nozzle performance
(ref. 1). With an engine nacelle installation typical of a supersonic cruise aircraft, the



nacelle may be installed close to the lower surface of a large wing, with the nozzle ex-
tending downstream of the wing trailing edge. This aft location of the nacelle provides
shielding of the inlet by the forward wing surface to minimize angle-of-attack effects
and may also provide favorable interference effects between the wing and nacelle flow
fields.

Flight data have been taken for various configurations of the variable-flap ejector,
plug nozzle, and auxiliary-inlet ejector (refs. 2 to 5). From these tests, various in-
stallation effects which are both favorable and unfavorable have been found. With a
nozzle type such as an auxiliary-inlet ejector, the auxiliary inlets are designed to admit
tertiary air from the free stream to prevent excessive overexpansion of the primary and
secondary streams at low pressure ratios. This nozzle type has the potential for being
lighter than more complex variable-geometry designs (ref. 6). This weight reduction
results from the use of self-actuation for both the auxiliary-inlet doors and the trailing-
edge flaps, which are positioned by the pressure differential across them. The effect of
nacelle installation on the local flow field can affect the nozzle by changing the tertiary-
air inlet conditions and the external pressure drag. As an aircraft accelerates through
the transonic speed range, the nozzle tertiary doors may close prematurely or the
trailing-edge flaps may open too early giving too large an exit area, thereby producing
overexpansion losses. A variation in boundary-layer height and profile can also affect
the tertiary flow and, therefore, the internal performance.

The auxiliary-inlet ejector with a clamshell flow diverter investigated for this re-
port was similar to the plain auxiliary-inlet ejector nozzle described in reference 5. It
used the same floating-door hardware, and the doors were located in the same position
relative to the primary nozzle as with the palin auxiliary-inlet nozzle. The clamshell
provides the blockage necessary for reverse-thrust operation when it is rotated to the
fully closed position. In the fully open (or supersonic cruise) position, the clamshell is
intended to provide a conical expansion surface for efficient high-pressure-ratio opera-
tion. In the partly closed (or subsonic cruise) position, the secondary throat area is
increased and additional flow area is provided for the tertiary flow around the outside
of the clamshell.

This nozzle was previously tested in a static test facility (ref. 7) with various fixed
tertiary-door positions. The purpose of the present investigation was to determine its
flight performance and compare it with results of an isolated cold-flow model tested in
the 8- by 6-Foot Supersonic Wind Tunnel (ref. 8). The podded engine nacelle was tan-
gent to the wing lower surface at the trailing edge, with the nozzle extending beyond the
wing approximately 1 nacelle diameter. A wing cutout area was provided so that the top
three auxiliary doors opened to the flow from over the top of the wing. Only synchronized
floating doors were tested; these doors simulated single-hinged trailing flaps in the



the closed position, which resulted in a 10° boattail angle. The clamshell was fixed in
a position which simulated a subsonic cruise condition.

The nozzle was mounted behind a previously calibrated J85-GE-13 afterburning
turbojet engine (ref. 9). The secondary air, which was required for cooling of the en-
gine and the primary leaves, was taken from the nacelle inlet. The engine was operated
over a range of power settings which resulted in primary exhaust temperature variation
from 975 to 1561 K (1755° to 2810° R) and diameter ratios dg/de8 of 1. 74, 1. 59,
and l.'SO. The effect of corrected-secondary-weight-flow ratio on performance was also
investigated. The nozzle was flight tested over a Mach number range of 0.6 to 1.3 and
an altitude range of 4572 to 7620 meters (15 000 to 25 000 ft).

APPARATUS AND PROCEDURE

Flight Installation

Flight tests for this research program were conducted with an F-106B aircraft
modified to carry two underwing nacelles, which provides a test facility for investigating
nozzle and inlet concepts. The aircraft in flight is shown in figure 1 with the auxiliary-
inlet ejector nozzle installed on the left nacelle. The 63. 5-centimeter (25-in.) diameter
nacelles were located at approximately 32-percent semispan, with the exhaust nozzles
extending beyond the wing trailing edge. More details of the basic aircraft dimensions
and nacelle details are given in reference 2. For this test the fixed eleven cutout section
was modified to form a trough to feed air from over the wing into the top three
auxiliary-door openings. Also, a wide nacelle strut, which faired back into the trough,
was used. Details of the nacelle strut are also given in reference 2. A schematic
drawing of the nacelle-engine installation is shown in figure 2, along with the nacelle
station designations. The nacelle had a normal shock pitot inlet and contained a cali-
brated J85-GE-13 afterburning turbojet engine. Secondary air to cool the engine and the
afterburner was supplied to the nozzle through a conical rotating valve located at the
periphery of the compressor face. Secondary flow was directed underneath the nozzle
housing ring to assure cooling of the primary nozzle leaves (fig. 2).

The nacelle support system consisted of a front link, a rear link, and a load-cell
assembly located between the links. The nacelle axial force was transmitted to the wing
through the load cell, whose axis was parallel to that of the nacelle. An accelerometer
in the nacelle allowed the load cell to be compensated for axial acceleration. The axial
force transmitted to the compensated load cell can be divided into two parts: (1) nacelle
drag forward of the research nozzle, referred to as the tare force; and (2) research-



nozzle gross thrust minus drag. The tare force was determined from previous research
test data obtained by using a calibrated cylindrical ejector nozzle (ref. 10). The
research-nozzle gross thrust minus drag was determined by adding the tare force to the
compensated load-cell measurement.

Primary Nozzle

The variable-area primary exhaust nozzle is made up of overlapping leaves that
provide a nearly circular throat area. The leaves translate on a roller-track-cage
arrangement, causing a change in the nozzle convergence angle and the location of the
exit plane (fig. 3). Nozzle stations are measured from the leading edge of the nacelle
inlet.

Auxiliary-Inlet Clamshell Nozzle

A side view of the ejector nozzle showing its installation relative to the trailing edge
of the wing and the cover plate blocking off the door at 270° is given in figure 4. The in-
ternal geometry of the nozzle with the clamshell flow diverter in a 17° position and the
J-85 variable primary nozzle closed to its minimum-area position is shown in figure 5.

The ejector trailing-edge flaps, which were simulated in the closed position, pro-
vided a boattail angle of 10° and a small radius at the boattail juncture of 0.04 nozzle
diameter of 52. 58 centimeters (20. 7 in.), and the remaining dimensions are as shown in
figure 6. The primary nozzle housing had a series of 24 rectangular holes located cir-
cumferentially around the ring. These holes were covered by a metal band so that the
secondary cooling air stayed under the nozzle housing and passed over the primary
leaves. The secondary flow deflector had to be positioned ahead of the holes to avoid in-
terfering with the floating doors.

Details and dimensions of the eleven trough are given in figure 7. Figure 7(a) shows
a view of the eleven trough and its position relative to the three auxiliary inlets to which
it channeled the air that flowed from over the wing.

The ejector nozzle incorporated a series of 16 auxiliary inlets located around the
periphery of the external skin ahead of the primary nozzle exit. Details of the double-
hinged floating doors mounted in these inlets are shown in figure 8. The two doors on
the sides were blocked to simulate space required for clamshell actuating mechanisms.
The doors were allowed to float under the influence of air loads but were synchronized
together by means of a spring clip fixture linking each door together. The doors have a
2-to-l ratio between the aft and forward ramp angles, with the forward and aft door



ramps the same length. Each floating door had a variable-friction device consisting of
spring washers and a self-locking nut (fig. 8). The doors were installed with the spring
washers loose because results of a shake-table test indicated that the doors were less
subject to vibration with no damping.

The principal purpose of the doors is to allow outside air to enter the ejector and
to provide an aerodynamically smaller ejector exit area, which helps reduce the over-
expansion of the primary jet at low values of nozzle pressure ratio. When the doors are
full open (10°-20°), there is a tertiary flow area of 1052 square centimeters (163 in. );
and when they are at one-half their travel (5°-10°), the flow area is 576. 8 square centi-
meters (89.4 in. ).

Instrumentation

Total pressure and temperature of the secondary air were obtained from probes
located at the exit of the flow passage under the primary nozzle housing ring, as indi-
cated in figure 2. The probes were located at circumferential positions of 0°, 90°,
180°, and 270°. The thermocouples were Chromel-Alumel and had radiation shields.

Instrumentation for the ejector nozzle body, auxiliary doors, and clamshell flow
diverter is presented in figure 9. Boundary-layer rakes were positioned both upstream
and downstream of the auxiliary doors at the three circumferential positions shown in
figure 9(a). Also shown in figure 9(a) are the five tertiary total-pressure rakes located
just downstream of the door trailing edge. Each of the same five doors has a row of
equally spaced external static-pressure orifices located along the door centerline, with
their locations given in figure 9(b). The static pressures acting on the internal surface
of the doors were obtained from orifices located on the inside surface of four of the
struts between doors, as shown in figure 9(c). All the floating doors, except the two
blocked ones, were instrumented to record door position with the use of potentiometers.
The external static-pressure orifices on the ejector nozzle are shown in figure 9(d).
Three rows of static-pressure orifices were located on the cylindrical section upstream
of the doors at 0°, 135°, and 180 . Three rows of static-pressure orifices were located
downstream of the doors on the cylindrical section and the boattail at 0°, 90°, and 180°.
Internal static-pressure and wall-surf ace-temperature instrumentation on the ejector
shroud is shown in figure 9(e). Four rows of static-pressure orifices were located at
0°, 45°, 90°, and 180°. One row of wall-surface-temperature sensors were located at
90°, plus additional single ones at 0°, 180°, and 270° near the shroud trailing edge.
Static-pressure and surf ace-temperature instrumentation on the clamshell flow diverter
is shown in figure 9(f). Both the inside and outside surfaces were instrumented with



static-pressure orifices in order to calculate drag. Only the inside surfaces were in-
strumented to obtain surface temperatures.

An onboard digital data system was used to record the pressures and temperatures
on magnetic tape. It had the capability of recording 578 parameters in 11. 52 seconds
(ref. 10). There was also a 14-channel onboard analog data system. Positions of all
the doors were recorded on the digital system, and five door positions were also re-
corded on the analog system to study their dynamic behavior.

A flight-calibrated test boom located on the aircraft nose was used to determine the
free-stream static and total pressures, aircraft angle of attack, and yaw angle.

APPARATUS AND PROCEDURE

Procedure

Performance characteristics of the ejector nozzle were obtained over flight Mach
f*

numbers from 0. 6 to 1. 3 and at Reynolds numbers that varied from 8. 5x10 per meter
(2.6xl06/ft) at Mach 0.6, to 14xl06 per meter (4.4xl06/ft) at Mach 1. 3. The aircraft
was flown at the nominal altitude - Mach number profile shown in figure 10(a), which re-
sulted in the angles of attack and eleven deflection shown in figure 10(b). The exhaust
nozzle pressure ratio schedule is given in figure 10(c) as a function of Mach number..
Three power settings were investigated and the resulting values of primary nozzle ef-
fective area A g and corresponding values of diameter ratio dg/d g, exhaust gas tem-
perature Tg, and corrected-secondary-weight-flow ratio co^r are given in table I.

Data Reduction

Engine airflow was determined by using the calibration results from reference 9,
along with measurements of engine speed and total pressure and temperature at the com-
pressor face. Fuel flows were obtained from calibrated flow meters. Total tempera-
ture To, total pressure Pg, and effective area A g were obtained by using the values
of engine airflow and fuel flow, the measured values of total pressure and temperature
at the turbine discharge (station 5), and afterburner temperature rise and pressure drop
calibration results from reference 9.

Three different performance parameters are presented. The first, nozzle effi-
ciency, is defined as ejector nozzle gross thrust minus drag divided by the sum of the
ideal trhust of the primary and secondary streams:



F - D
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The second performance parameter, gross thrust coefficient, is similar to the first ex-

cept the gross thrust minus drag is divided by only the ideal thrust of the primary
stream:

F - D

The third parameter, internal performance coefficient, excludes the external forces on
the nozzle:

F - D , D g + D f + D a u x
— T — - • —

ip ip

The ideal thrust of the primary stream F. was determined from the calculated pri-
mary mass flow expanded isentropically to ambient pressure from its value of total
pressure and temperature at station 8 (primary exit). The drag is the sum of the pres-

sure drag on the boattail and auxiliary doors and the skin-friction drag. Skin-friction
calculations were based on an equivalent wetted area of a flat plate and an average
Reynolds number. Pressure drags were obtained by assigning to each pressure orifice

an incremental area projected on a plane normal to the nozzle axis and summing the in-

cremental forces. For the boattail, the drag force was calculated as follows:

(Z P13-2l0o
}0=1

The 270° quadrant is assumed to have the same pressure distribution as the 90° quad-

rant is weighted twice as much as the 0° and 180° quadrants. The auxiliary-inlet-door
drag was calculated by using the following equation:
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Each static-pressure orifice on the doors was located in the center of equal areas and
the door area A0 _ is the total surface area of the 16 doors. The five instrumented

clUX

doors (1, 2, 3, 7, and 9) were considered typical for various numbers of uninstrumented
doors which determined the weighting factors used in the preceding equation. The static-
pressure orifice numbers in the preceding two equations correspond to the locations
shown in figure 9.

The clamshell static-pressure orifices were not located in the center of equal
areas, so each orifice had its own individual area assigned to it. The drag of the clam-
shell is simply the difference of the sum of the pressure-area products Q^PXA ) for the
upstream-facing surfaces and the sum of the pressure-area products (Y^ p A \for the
downstream-facing surfaces. The drag for the internal surface of the shroud was cal-
culated similar to the boattail drag, where each row of pressure orifices was assigned
an area-weighting factor, except that within each row the individual pressure orifices
did not have the same area assigned to them.

RESULTS AND DISCUSSION

The flight performance data of this investigation are compared to isolated perform-
ance data from a 21.6-centimeter (8. 5-in.) diameter cold-flow model taken in the
Lewis 8- by 6-Foot Supersonic Wind Tunnel (ref. 8). The isolated model did not have
floating inlet doors but was tested with fixed double-hinged doors at positions of 0°,
5°-10°, 8°-16°, and 10°-20°.

A comparison of the efficiency of the installed nozzle, at minimum reheat power,
with the peak efficiency of the isolated wind tunnel model shows very little difference
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from Mach 0. 7 to 0.98, as shown in figure 11. Comparisons are made for only the
minimum-reheat power setting because this closely matches a typical subsonic cruise
area ratio and pressure ratio for a supersonic cruise aircraft.

If the isolated data are interpolated for the same door position as well as for a
pressure ratio that matched the flight data, the isolated nozzle efficiency is considerably
lower from Mach 0.68 to 0.985. Below Mach 0.68 the isolated nozzle efficiency is
slightly higher.

The clamshell ejector nozzle performance characteristics are shown in figure 12
for diameter ratios of 1. 74 (nonreheat), 1. 59 (minimum reheat), and 1. 50 (reheat B).
A comparison is made with the plain auxiliary-inlet nozzle for the minimum reheat con-
dition (ref. 5).

The gross thrust coefficient for the installed nozzle is presented in figure 12(a) for
the three power settings tested. The performance is quite low for both the military
(nonreheat) and minimum-reheat power settings at all Mach numbers. Figure 12(b)
shows the internal performance coefficient for the same three power settings, which
again is low. The pumping characteristics are shown in figure 12(c). In all three parts
of figure 12 the performance of the plain auxiliary-inlet ejector (AIE) nozzle is shown
for a comparison in minimum reheat since this is close to a typical subsonic cruise area
ratio. The plain AIE nozzle was similar except for the clamshell flow diverter and a
29. 5-percent-larger exit area (dg/d o of 1. 40 as compared to 1. 59).

The plain auxiliary-inlet nozzle had a higher gross thrust coefficient and internal
performance coefficient than the AIE-clamshell nozzle at subsonic Mach numbers, as
shown in figure 12(a) and (b). The largest difference was 5 percent and occurred at a
flight Mach number of 0.95. At Mach numbers from 1. 0 to 1. 3 the AIE is only 1. 5 to
2 percent higher. Figure 12(c) shows the plain AIE to be a better pumper until Mach
1. 08. Above Mach 1.08 the AIE-clamshell nozzle is better since its minimum pumping
pressure ratio PS/PO is lower than that of the plain AIE with its smaller diameter
ratio.

A breakdown of the ejector component drag is shown in figure 13. Shown in the fig-
ure are the boattail drag coefficients and ratios of boattail, auxiliary door, internal
shroud, and total ejector nozzle drags to the ideal primary thrust as a function of Mach
number for the three primary power settings. The trend of low and nearly constant
values of boattail drag coefficient below Mach 0.95 seen from nozzle data previously ob-
tained on the F-106 is again evident for this nozzle. It is shown in figure 13(d) that the
clamshell produces a thrust for military and mini mum-reheat power settings below
Mach 0.95 and a drag at higher Mach numbers. In the region where a drag is produced,
the clamshell could be rotated towards zero degrees to eliminate or at least reduce the
drag, as indicated from the isolated data of reference 8. For the reheat B power
setting, the clamshell could be rotated at all Mach numbers tested to reduce the clam-



shell drag. There were limitations to the amount of instrumentation that could be used
on the clamshell, so the leading edges and the hinge-pin support area were not instru-
mented. If instrumented, these areas would have shown up as drag forces and reduced
or possibly cancelled the thrust force calculated from the available instrumentation for
Mach numbers less than 0.95 and increased the magnitude of the drag force at higher
Mach numbers. It should be noted in figure 13(f) that the total drag of the ejector in the
subsonic region is fairly low, which does not explain why it has a lower internal per-
formance coefficient than the plain AIE nozzle. As already mentioned, more complete
instrumentation for the clamshell would increase its drag force and possibly account for
most of the difference between the two nozzles.

The effect of secondary flow on nozzle performance characteristics is shown in fig-
ure 14 for a flight Mach number of 0. 9. The corrected-secondary-weight-flow ratio was
varied from 0.024 to 0.073 for military and minimum reheat. For reheat B, only small
variations around a value of 0.07 were obtained because of cooling requirements. The
effect of increasing secondary flow was to raise the nozzle gross thrust coefficient by
about 2 percent (fig. 14(a)). If the nozzle gross thrust coefficient were penalized for the
ram drag of the secondary flow, there would be no noticeable change in performance.

In figure 14(b) the boattail drag ratioed to ideal primary thrust is presented as a
function of secondary airflow. The results show a slight increase in drag with increasing
secondary flow and a slight lowering of the flap moment coefficient, as shown in fig-
ure 14(c). Another result was that the doors floated to a more closed position because of
the higher secondary pressure that was required. The variation in door position and
ratio of secondary to primary total pressure as a function of secondary flow is shown in
figures 14(d) and (e), respectively.

Although the floating auxiliary-inlet doors were synchronized, the linkage between
doors did allow some relative movement between each door. This is illustrated in fig-
ure 15 for a minimum-reheat power setting and a flight Mach number of 0. 9. Although
inlet openings for doors 5 and 13 were closed off, they still affected the movement of the
doors adjacent to them since the doors remained linked together. It can be seen from
the figure that there is a large circumferential variation in door position.

The trailing-edge flap moment and auxiliary-inlet floating door characteristics are
shown in figure 16. The average position of the 14 doors (excludes the two closed doors)
is shown in figure 16(a). The door positions did not change much until Mach 0. 9, then
the doors became more closed - almost fully closed with the reheat B power setting.
With a military or minimum-reheat power setting, as the Mach number was raised above
0. 97 the doors became more open, with a peak occurring at Mach 1. 05 before they be-
came more closed again.

The flap moment coefficient presented in figure 16(b) shows that the trailing flap,
if made floating, would have opened for all power settings and flight speeds except near
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Mach 0.9. At Mach 0.97 the boattail drag rise begins as the shock passes over the
boattail, emerging it in supersonic flow. This lowers the boattail pressures, thereby
increasing the flap opening moment coefficient, which peaks at Mach 1.03. As flight
Mach number is increased above 1.05 and the nozzle pressure ratio goes up, the nozzle
becomes less overexpanded, thus lowering the internal wall static pressures relative to
ambient. This fact, in addition to the boattail pressures increasing slightly with Mach
number, lowers the opening moment on the flap for military and minimum-reheat power
settings. For reheat B (dq/d „ = 1.5) the flap moment stays the same because the wall
static pressures are increasing above Mach 1.05 to just offset the increasing boattail
pressures.

Moment coefficients and door positions are shown in figure 17 for the five floating
doors which had static-pressure instrumentation. Free-floating doors would normally
indicate a zero moment; but with synchronized doors under the influence of a circum-
ferential static-pressure variation such as this underwing installation produces, the
doors do not always indicate a zero moment. This is shown in figure 17(a) for a
minimum-reheat power setting. In figure 17(b) the same individual door positions are
presented to show the wide circumferential variation in door position that exists over the
Mach number range tested.

The boundary-layer velocity profiles also vary around the circumference of the
nozzle ahead of the auxiliary-door openings, as shown in figure 18. The velocity pro-
files are presented for three angular positions at four flight Mach numbers to 0.95. The
values for momentum thickness calculated from each of the profiles are also given. As
can be seen from the figure, the local velocities near the .surface are a lower fraction
of free-stream velocity than would be expected to give good pressure recovery in the
auxiliary inlets. This is confirmed by examining the results obtained from the total-
pressure measurements taken at the trailing edge of five doors for a Mach number of
0. 9, which are presented in figure 19.

The static-pressure distribution along the internal surface of the nozzle shroud
downstream of the tertiary-door openings at a flight Mach number of 0.9 is shown in
figure 20 for a minimum-reheat power setting. The tertiary doors are almost full open;
and although the nozzle is still overexpanded, there must be enough tertiary air entering
the doors to keep the static pressure slightly above ambient over most of the shroud in-
ternal surface. The static pressure and clamshell surface temperature distributions
are shown in figure 21 for the same nozzle conditions as for figure 20. The static pres-
sures on both the inside and outside surfaces of the clamshell are near or slightly above
ambient. As expected, the peak temperature occurs at the trailing edge of the clam-
shell, as shown in figure 21(c).

11



SUMMARY OF RESULTS

A flight investigation was conducted to determine the performance of an installed
auxiliary-inlet ejector nozzle with a clamshell flow diverter over a Mach number range
of 0.6 to 1. 3 and to compare it with isolated cold-flow results. The clamshell flow
diverter was fixed in the subsonic cruise position (17°), and the trailing-edge flaps were
simulated in the closed position. Only double-hinged synchronized floating doors were
used.

Data were obtained over a range of secondary weight flows and diameter ratios of
1. 74, 1. 59, and 1. 50. Results of the investigation are summarized as follows:

1. The installed flight performance is higher than the isolated cold-flow nozzle
efficiency at the same average door position and a subsonic cruise configuration
(d9/deg = 1.59) to 0.985.

2. There is little difference between the nozzle efficiency from the flight tests and
that from tests of the isolated model with a fixed door position that gave the highest
efficiency.

3. Compared with the plain auxiliary-inlet nozzle, the clamshell nozzle has lower
performance, apparently because of the additional drag associated with adding the clam-
shell flow diverter.

4. If the trailing-edge flaps had been floating rather than fixed, they would have
moved off the inner stops at all Mach numbers except near 0.965, and thus the overall
performance would have been lower.

5. Increasing secondary-corrected-weight-flow ratio from 0.024 to 0.070 at Mach
0.9 increased the gross thrust coefficient about 1.6 percent for the subsonic cruise con-
figuration. However, this increase would be lost if the nozzle were penalized for the
ram drag of the secondary flow.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, August 3, 1972,
764-74.
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APPENDIX - SYMBOLS

2 2A cross-sectional area (cold), cm (in. )
2 2A cross-sectional area of nozzle cylindrical section, 3166.9 cm (490.9 in. )

C maximum chord length of clamshell flow diverter, 33.02 cm (13 in.)

Cjj axial boattail pressure drag coefficient in direction of nozzle axis, Axial force/

* Vn
C moment coefficient, Moment/q^A d

D drag in direction of zero nozzle axis, kN (Ibf)

d diameter, cm (in.)

d diameter of nozzle cylindrical section, 63. 5 cm (25 in.)

F nozzle thrust along nozzle axis, kN (Ibf)

h geopotential pressure altitude, m (ft)

L distance from leading edge of clamshell flow diverter, cm (in.)

M Mach number
2

P absolute total pressure, kN/m (psi)
o

p absolute static pressure, kN/m (psi)
2 2

q dynamic pressure, 0. 7 PQMO' kN/111 (Psi)

r boattail juncture radius, cm (in.)

T absolute total temperature, K (°R)

T clamshell surface temperature, K (°R)
Yt

V boundary-layer velocity, m/sec (ft/sec)

VL maximum velocity calculated in boundary layer, m/sec (ft/sec)

VQ free-stream vellcity, m/sec (ft/sec)

W weight flow, kg/sec (Ibm/sec)

x axial distance from primary nozzle exit, cm (in.)

x primary nozzle exit location, cm (in.)

y distance from nozzle external surface, cm (in.)

z distance from nozzle shroud internal surface, cm (in.)

13



aircraft angle of attack, deg

primary nozzle con

boattail angle, deg

a primary nozzle convergence angle, deg

6 eleven deflection (+ down, - up), deg

6** boundary-layer momentum thickness, cm (in.)

v auxiliary-inlet-door ramp angle, deg

(p angular position (looking upstream), deg

T ratio of secondary to primary total temperatures at station 8

u> ratio of secondary to primary weight flows at station 8

(t)\/~r corrected-secondary-weight-flow ratio

Subscripts:

aux auxiliary-inlet door

elm clamshell flow diverter

d downstream auxiliary door ramp

e effective

ext external nozzle surface including auxiliary doors

F trailing- edge flap

f aerodynamic skin friction

ip ideal primary

is ideal secondary

n nozzle

p primary

SI shroud internal surface

s secondary

T total shroud plus flow -diverter surfaces

ter tertiary

u upstream auxiliary door ramp

w internal shroud wall surface

0 free stream

1-9 nacelle and nozzle stations (see fig. 2)
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TABLE I. - ENGINE POWER SETTINGS

J85 power

setting

Nonreheat
(military)

Minimum reheat
Reheat B

Nozzle throat
effective

area,

A 8

2cm

695 to 732

849 to 878
930 to 964

„ 2in.

107 to 113

132 to 136
144 to 149

Nominal ratio of ejector

exit diameter to pri-
mary nozzle effec-

tive diameter,

Vde8

1.74

1.59
1.50

Nozzle throat total

temperature,
T8

K

975 to 999

1221 to 1313
1413 to 1561

°R

1755 to 1799

2197 to 2363
2543 to 2810

Corrected- secondary-

weight-flow ratio,

ia^r

0.025 to 0.073

.024 to .072

.066 to .074

C-69-1732

Figure l. - Modified F-106B aircraft in flight, showing underwing installation of nozzles.

16



Compressor Compressor Turbine Primary Nozzle Ambient
Station Inlet cowl Up inlet discharge discharge exit exit
designation: j 2 3 5 8 9 0

c
^

^^^^^

Compressor Combustor ,E
i_

Primary nozzle
housing ring-j

\
r Secondary \
\ coolant *

Afterburner

^
•sV J *

,==

fori

-\

M-— ̂ =^~ — • — '

^Nacelle
inlet

i
I
LTest nozzle

LSecondary
flow valve

^Engine
accessory
package

Figure 2. - Schematic of nacelle-engine installation and station designation.
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Figure 3. - Location of primary nozzle exit plane and nozzle conver-
gence angle variation.
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-71-3226

Figure 4. - Auxiliary-inlet ejector nozzle with clamshell flow diverter located under trailing edge of wing.
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-71-3227

Figure 5. - Internal geometry of ejector nozzle, showing clamshell flow diverter in a 17° position and primary variable nozzle in minimum-area
position (nonreheat, dg/dgg • 1.74).

20



Primary nozzle housing ring-/

Secondary flow deflector-.
rClamshell flow diverter
1 (shown in 17° position)

Secondary
cooling flow

Station 355.98
(140.15)

Band covering 24 \
rectangular holes-1

386.46
(152.15)

404.01 1 Pivot
(159.06)Jpoint4255g

(16?! 55)

52.58
(2.07)

456.28
(179.64)

\ I
387.96

(152.74)

LVariable primary nozzle

Figure 6. - Dimensional characteristics of ejector nozzle. (All dimensions are in cm (in.).)
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Station 488.87
(192.47)

2.29
(0.90)

Section A-A

Figure 8. - Dimensional characteristics of floating auxiliary-inlet doors. Door width, 9.83 centimeters (3.87 in.).
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Station
344.0
(135.43)—'

Looking upstream: Boundary-layer rakes
(Stations 344.0(135.43)
and 357.33 (140.681)

-Station
357.33
(140.68)

Tertiary rakes
(Station 388.49 (152.95))

Boundary-layer rakes
(Station 393.65 (155))

0

5

4y
3 —

I !=

Tube

1
2
3
4
5
6

V^n
0.0114

.0342

.0684

.1140

.1710

.2400
\\\\\\\\\\\\\\\\\\\\v

Boundary-layer rakes
at 5° and 349° positions

Tertiary rakes

o

5

y 4—

h=
Tube

1
2
3
4
5
6

y'dn
0.0059
.0170
.0342
.0568
.0848
.1200

Boundary-layer rakes
at other locations

(a) Boundary-layer and tertiary rakes.

Figure 9. - Ejector nozzle instrumentation details.
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Station 355.98
(140.15) Orifice:

Orifice

4
5
6
7
8
9

Door position, deg

vu - vd = 0° vu = 5°, vd - 10° uu - 10°, vd = 20°

Station

cm

358.52
363.55
368.55
373.50
378.41
383.29

in.

141. 15
143. 13
145. 10
147.05
148.98
150. 90

cm

358.50
363.52
368.53
373.58
378.33
383.21

in.

141. 14
143. 12
145.09
147.08
148.95
150.87

cm

358.47
358. 39
368.53
373.38
378. 13
382.98

in.

141. 13
141. 10
145.09
147.00
148.87
150.78

(b) Auxiliary-inlet-door external static pressures. Circumferential location
of instrumented doors: 0°, 221/2, 45°, 135°, 180° (looking upstream).

Station 362.41
(142.68)

•1233/4°

Looking upstream

(c) Auxiliary-inlet-door internal static-pressure orifices.

Figure 9. - Continued.
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12 14 16 18 20

Looking upstream

Orifice

1
2
3

10
11
12
13
14

Station

cm

322. 73
339.44
355.98
387.09
405.26
424.05
425.63
428. 98

in.

127.06
133.64
140.15
152.40
159. 55
166. 95
167.57
168. 89

Orifice

15
16
17
18
19
20
21

Station

cm

432.43
435. 91
439.42
443.00
446.76
450.44
454.38

in.

170.25
171.62
173.00
174.41
175. 89
177.34
178. 89

(d) External static-pressure orifices.

Figure 9. - Continued.
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Station 8

XP

n
"es

1
I 2 3 4

i l l i l l

Static-
pressure

orifice

1
2
3
4
5
6
7
8
9

Station

cm

388.49
397. 87
409.55
419.71
424. 79
432.66
440.54
448.41
455.65

in.

152. 95
156.64
161.24
165.24
167.24
170.34
173.44
176.54
179. 39 Wall

temper-
ature

instrum-
entation

1
2
3
4

Station

cm

432.66
440.54
448.41
455.65

in.

170.34
173.44
176.54
179. 39

180°

Section A-A

(looking upstream)

le) Internal static-pressure and wall-temperature instrumentation.
Ix = Station - xp, xp - f(de8) (see fig. 3).)

Figure 9. - Continued.
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Lower clamshell

Upper clam shell-

Static pressures

Angular
position,

f

L/C Distance from
leading edge,

L

cm in.

Inside surface

5°. 175°

31°, 149°

59°, 121°

86°, 94°

0.096
.287
.479
.670
.862

0.096
.328
.560
.793

0.096
.371
.646

0.096
.326

3.175
9.525

15. 875
22.225
28.575

3.175
10.874
18.572
26.271

3.175
12.294
21.412

3.175
10.795

1.25
3.75
6.25
8.75

11.25

1.25
4.28
7.31

10.34

1.25
4.84
8.43

1.25
4.25

Outside surface

194°, 346°

220°, 320°

241°, 293°

0.153
.460
.766

0.153
.651

0.153
.479

5.080
15.240
25.400

5.080
21.590

5.080
15.875

2.00
6.00

10.00

2.00
8.50

2.00
6.25

270° =4^ •sferw0

180°

Looking upstream

Inside-surface temperatures

Angular
position,

V

5°, 175°

31°, 149°

59°, 121°

86°'

L/C

0.115
.527
.939

0.115
.871

0.115
.716

0.038
.556

Distance from
leading edge,

L

cm

3.810
17.463
31. 115

3.810
28.887

3.810
23. 749

1.27
18.415

in.

1.50
6.87

12.25

1.50
11.37

1.50
9.35

0.50
2.75

(f) Clamshell instrumentation.

Figure 9. - Concluded.
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.6 .7 .8 .9 1.0

FlightMach number,
1.1 1.2 1.3

•S
42

(a) Nominal flight test altitude - Mach number profile.

6,

.3

S

Nominal ratio of
ejector exit diameter

to primary nozzle
effective diameter,

d9/de8
OL 74 (non reheat)
ai.59<min. reheat)
01.50 (reheat B)

Corrected-
secondary-
weight-flow

ratio,
wVr

0.035
.038
067r

.7 1.0 1.1 1.2 1.3 .6
FlightMach number,

.7

(b) Nominal angle of attack and eleven deflection with nacelles
installed.

.8 .9 1.0 1.1 1.2 1.3

(c) Nozzle pressure ratio.

Figure 10. - Right test conditions.
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Nominal ratio of ejector Corrected-secondary-
exit diameter to primary weight-flow ratio,
nozzle effective diameter,

.14 O1.74 (nonreheat)
D 1.59 (minimum reheat)
01.501 reheat B)

(dl Ratio of clamshell drag to ideal primary thrust.

(a) Boattail drag coefficient.

(e) Ratio of auxiliary-inlet-door drag to ideal primary thrust.

(bl Ratio of boattail drag to ideal primary thrust.

1.2 1.3 '"6
Flight Mach number,

(c) Ratio of shroud internal drag to ideal primary thrust. (f) Ratio of total ejector drag to ideal primary thrust.

Figure 13. - Component drag characteristics.
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Figure 14. - Effect of corrected-secondary-weight-flow ratio on performance characteristics atMach 0.9.
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Outboard Inboard

/- Faired eleven trough

Closed

Trailing edge
of door

Figure 15. - Positions of synchronized floating doors. Mach number,
0.9; corrected-secondary-weight-flow ratio oiyT, 0.038; nominal
ratio of ejector exit diameter to primary nozzle effective diameter
<ydeg, 1.594 (minimum reheat); average door angle, 6.7°.
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effective diameter d9/deg, 1. 594 (minimum reheatt; corrected-secondary-
weight-flow ratio WT, 0.038; gas temperature at nozzle throat T8, 1259 K
(2267° Rl.
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