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FLIGHT INVESTIGATION OF AN UNDERWING NACELLE INSTALLATION

OF THREE VARIABLE-FLAP EJECTOR NOZZLES

by Verion 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 a variable-flap ejec-
tor nozzle. Nozzle gross thrust coefficients, boattail drag coefficients, and boundary-
layer characteristics were obtained for three nozzles with 15° conical boattails and
boattail juncture radii of curvature equal to 0.5 nozzle diameter. Comparisons are
made to a basic nozzle configuration with a projected boattail area equal to 54. 8 percent
of the nozzle maximum projected area. The two nozzles tested and compared with the
basic nozzle were a shortened nozzle with the exit 0. 48 nozzle diameter closer to the
primary exit and a smaller exit area nozzle which increased the boattail area to 62. 8
percent of the nozzle area. All other dimensions were the same as the basic nozzle.
All three nozzles were tested at nonreheat and reheat power settings.

Shortening the ejector nozzle by 0. 48 nozzle diameter lowered the drag rise Mach
number from 0.97 to 0.95. Decreasing the nozzle exit diameter, which reduced the
ejector- to primary-nozzle-exit-diameter ratio from 1.30 to 1.18, increased the gross
thrust coefficient 4.8 percent at Mach 0.9. Relocation of two of the six rake positions
indicated there is an even greater circumferential variation in nacelle boundary-layer
characteristics than was determined from previous tests.

INTRODUCTION

As a continuing part of a current program in airbreathing propulsion, the Lewis
Research Center is investigating airframe installation effects on the performance of ex-
haust nozzle systems appropriate for use at supersonic speeds. In the program, air-
frame installation effects are being investigated in both wind tunnel and flight tests at
off-design subsonic and transonic speeds.



Recent experience has shown that performance of a nozzle system can be appre-
ciably affected by installation on an aircraft, especially at off-design conditions (refs. 1
to 7). With an engine nacelle installation typical of 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 between the nacelle and wing. To investigate
the effect of the transonic airframe flow field on nozzle performance for a nacelle of
this type, the Lewis Research Center is conducting a flight test program using a modi-
fied F-106B aircraft with underwing engine nacelles. The nacelles house J85-GE-13
afterburning turbojet engines. This flight system provides the capability of testing com-
plex nozzles at a larger size than possible in wind tunnels where models are limited to
small size to avoid wall interference effects.

The exhaust nozzles reported herein simulated the geometry of a variable-flap ejec-
tor (VFE) nozzle operating at off-design subsonic and transonic speeds. With this type
of nozzle, the required expansion ratio for efficient operation over a wide range in noz-
zle pressure ratios and flight speeds is obtained by modulating the position of the vari-
able shroud flaps. At high subsonic speeds, for example, the required exit area will be
considerably smaller than that required at supersonic cruise. The flaps may be located
at various positions depending upon the flap design, pumping characteristics, and pres-
sure ratio schedule for any particular nozzle.

One intent of this test series was to investigate the effect on boattail drag of moving
the nozzle forward underneath the wing by shortening the shroud of the basic nozzle
(ref. 8; radius ratio, 0. 5; boattail angle, 15°). Shortening the shroud moves the nozzle
exit closer to the primary exit. Another configuration was tested where the location
underneath the wing was the same as the basic nozzle but the nozzle exit diameter was
decreased (less overexpanded) to improve the internal thrust performance. This low-
area-ratio nozzle provided a more optimum design for installed operation, where the
boattail drag is much less than the isolated value. For this series of tests, nozzle gross
thrust coefficients and boattail drag coefficients were obtained. The internal thrusts are
compared to tests performed in an altitude-propulsion test facility at the Lewis Research
Center (ref. 9). The boattail drag coefficients are compared with the results obtained
for the basic nozzle from aaearlier series of tests on the F-106 aircraft (ref. 8).
Thrust coefficients were obtained by using the turbojet gas generator method of refer-
ence 10 and the thrust measuring system described in reference 11. This report also
includes more information on the nacelle boundary-layer characteristics. These tests
were performed over a Mach number range from 0.6 to 1.3 at nonreheat and reheat
power settings.



APPARATUS AND PROCEDURE

Aircraft and Nacelles

The modified F-106B aircraft is shown in flight (fig. 1) with aft-mounted underwing
engine nacelles. Installed underneath the right wing is the reference nozzle used to ob-
tain the nacelle drag (ref. 11); a VFE nozzle is shown installed underneath the left wing.
This aircraft uses a low, .delta-wing design. Figure 2 is a closeup view of the basic
VFE nozzle showing how the nozzle is located under the wing. Figure 3 is a closeup
view of the shortened nozzle showing the forward location under the wing, and figure 4
is a view from the rear of the same nozzle showing the extreme downward position of the
eleven and the elevon cutout area. Figure 5 is a closeup view of the low-area-ratio noz-
zle in its position under the wing.

A schematic drawing of the aircraft details and nacelle installation and dimensions
are shown in reference 8. The aircraft is 20.076 meters (790.4 in.) long and has a 60°
sweptback delta-wing planform with a 5. 812-meter (228. 8-in.) semispan. The wing has
an approximate 4-percent-thick NACA 0004-65 airfoil section with a cambered leading
edge. The nacelles were mounted to the wing aft lower surface by two attachment links
(which were enclosed by strut fairings) on each side of the fuselage at a spanwise dis-
tance of 1.863 meters (73.34 in.), or 32.05-percent semispan. Each nacelle houses a
J85-GE-13 afterburning turbojet engine; a normal shock (or pitot) inlet with a 6.1° cowl
angle was used ahead of the engine. The nacelles included an interface at either end,
permitting the testing of various types of inlets and nozzles.

The three fixed-geometry VFE nozzle configurations that were tested are shown in
figure 6. All three nozzles had boattail angles of 15° and boattail juncture radius ratios
of 0.5. The basic VFE nozzle is one of the same nozzles discussed in reference 8, in
which boattail drag coefficients were reported. The second configuration is the short-
ened VFE nozzle, which has the same dimensions as the basic nozzle except for the
ejector shroud length which is 30. 48 centimeters (12 in.) shorter. The third nozzle has
the same dimensions as the basic nozzle except that the nozzle exit area has been re-
duced, which increases the boattail area from 54. 8 percent of the projected nozzle area
An/A to 62.8 percent. This made it necessary to restrict the maximum power setting
to minimum reheat to avoid overheating the engine compartment. The basic nozzle and
the shortened nozzle with an internal diameter of 42.67 centimeters (16. 8 in.) were
sized to provide adequate secondary cooling air during maximum reheat operation and
were therefore slightly larger than would be required for subsonic cruise at minimum
reheat power setting.



Instrumentation

The aircraft was equipped with a digital data system that multiplexed and recorded
quasi-static data on magnetic tape (ref. 11). The data system used Scanivalves to mea-
sure pressures and had the capability of measuring 578 parameters. A flight-calibrated
test boom located on the aircraft nose was used to determine free-stream static and
total pressure along with aircraft angle of attack and yaw angle.

The nozzles were instrumented with 12 external static-pressure taps located up-
stream of the boattail shoulder, with three pressure stations at each of four angular
coordinates, as shown in figure 7. The boattails were instrumented with a total of
90 static-pressure orifices located at 10 angular coordinates, with nine axial stations
for each angular coordinate. The nine orifices at each angular coordinate were located
such that an equal projected area was assigned to each orifice. These orifices were
then used to obtain the boattail axial pressure drag coefficient defined as follows:

rC

where C . is the local boattail pressure coefficient and A. is the projected area as-
" ' th 1

signed to the i orifice. The average pressure measured by the eight internal orifices
located at the nozzle trailing edge was used as the exit static pressure. This average
pressure ratioed to free -stream static was used to indicate if the nozzle was over-
expanded or under expanded.

Nozzle boundary -layer rake instrumentation details are shown in figure 8. Nacelle
boundary -layer rake data were obtained at six angular coordinate positions. The three
outboard rakes each had six total -pressure tubes and a rake height of 7. 62 centimeters
(3.0 in.); these are a duplicate of the rakes reported in reference 8. Three rakes each
of which had eight total -pressure tubes were added to the inboard side of the nozzle.
The rake height was increased to 12. 8 centimeters (5.04 in.) because in reference 8 the
boundary layer was found to be somewhat thicker than 7.62 centimeters at Mach num-
bers near 0.95. Two of the rakes were located differently than in reference 8 to get a
better idea of the circumferential variation of the boundary layer. The two new posi-
tions were located at 217° and 255°. The static -pressure orifice used to calculate each
tube Mach number was located near the base of each rake flush with the nozzle surface .

Procedure

Tests were conducted at flight Mach numbers from 0. 5 to 1. 3 and Reynolds numbers
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that varied from 8. 5xl06 per meter (2. 6xl06/ft) at Mach 0.6 to 14xl06 per meter
C

(4. 4x10 /ft) at Mach 1.3. The aircraft was flown at a nominal altitude - Mach number
profile, as shown in figure 9. This altitude profile resulted in the nominal angles of
attack and trim elevon deflections shown in figure 10.

A schematic drawing of the engine installation in the nacelle is shown in figure 11,
along with the nacelle station designations. The J-85 engine had a variable-area primary
nozzle that modulated with changes in power setting. This modulation changes the loca-
tion of the primary exit plane and convergence angle as shown in figure ll(b). A more
detailed description of the J-85 and the calibrations of the engines to determine the air-
flow conditions entering the VFE nozzles are found in reference 10. Secondary cooling
air to the nozzles was determined from in-flight calibrations (ref. 11) of the flow control
valves using the calibrated pumping characteristics of a reference nozzle (ref. 9). Tests
were conducted at the nozzle pressure ratio schedules for the three VFE nozzles, as
shown by figure 12. The basic nozzle and the low-area-ratio nozzle were tested on the
left nacelle, while the shortened nozzle was tested on the right nacelle. A thrust mea-
suring system described in reference 11 was used to determine the gross thrust of the
installed nozzles. The gross thrust of the nozzle is equal to the thrust measured by the
load cell plus the calibrated nacelle tare force coefficient as described in reference 11.

RESULTS AND DISCUSSION

Nozzle Thrust Characteristics

Flight tests were conducted to determine the thrust characteristics of the three
VFE nozzles operating at reheat and nonreheat power settings with various amounts of
secondary airflow. Figure 13 shows a comparison of the thrust characteristics for the
three nozzles tested in (military) nonreheat and minimum reheat power settings. Thrust
data in maximum reheat power were taken with the shortened nozzle only and, therefore,
were not used for comparison purposes. The minimum reheat power setting provides a
primary- to nozzle-external-diameter ratio typical of that required for an advanced pro-
pulsion system operating at subsonic cruise.

The nonreheat (military) power setting resulted in ejector- to primary-exit-nominal-
effective-diameter ratios dg/de g of 1.450, 1.415, and 1.330 or ejector nozzle -
external-diameter-to-primary-exit-effective-diameter ratios d /d fi of 2.17, 2.11,n " j o
and 2.18 for basic, shortened, and low-area-ratio VFE nozzles, respectively. With a
minimum reheat power setting, the resulting ejector- to primary-exit-diameter ratios
were 1.300, 1.285, and 1.180 or d /d0 n of 1.93, 1.91, and 1.93 for the same threen 6 j o
respective nozzles.



The low-area-ratio nozzle produced the highest gross thrust coefficient of the three
nozzles tested for both minimum reheat and nonreheat (military) power settings. This
was due to an improvement of the internal performance, which results because the de-
creased exit diameter provides an ejector- to primary-nozzle-exit-area ratio which
more nearly matches the ideal expansion ratio. The installed boattail drag coefficient
is near zero, so that boattail area causes very little thrust loss. The shortened nozzle
had the next highest thrust except between Mach 0.96 and 0. 99 for nonreheat (military)
power setting and between 0.93 and 1.10 for minimum reheat (see ref. 9; fig. 25, basic
ejector against shortened ejector). The reason for the poorer thrust near Mach 1.0 was
because the drag rise occurred at a lower Mach number for the shortened nozzle than for
the basic ejector.

The gross thrust coefficient for the installed basic ejector nozzle and a comparison
of the internal performance coefficient with the quiescent data in reference 9 for non-
reheat (military) and minimum reheat power settings are shown in figure 14. The flight
data were taken over a range of secondary corrected weight flows of 0.03 to 0.06, and
the nominal values are presented in the lower half of the figure. In the upper half of
each figure the flight data were interpolated at specific values of corrected secondary
flow ratio. For this comparison with static data, the boattail drag in flight was deter-
mined from the measured pressure drag, and an estimated skin friction drag was used.
The boattail drag and skin friction drag were added together to obtain the total external
drag D .. The internal performance in flight agreed well with the static data, espe-
cially at Mach numbers from 0. 8 to 1.0 for the nonreheat condition shown in figure 14(a).
The largest difference was at Mach 0.69, where the flight internal performance coeffi-
cient fell 0.0175 below the curve predicted by the static calibration with 0. 04 corrected
secondary-weight-flow ratio.

The flight results and a comparison with the static calibration for minimum reheat
power setting are shown in figure 14(b). Again, the results show that the flight data are
very close to the static calibration from Mach 0. 8 to 1.0, but are much lower at Mach
0.69 than with the nonreheat power setting.

The flight results for the shortened nozzle and a comparison with the static calibra-
tion of internal performance coefficient are shown in figure 15 for nonreheat (military),
minimum reheat, and maximum reheat settings. Results are presented in a manner
similar to that of figure 14. There is fairly good agreement between the flight data and
the static calibration up to Mach 0.9 for the nonreheat power setting. Above Mach 0.9
the flight data are generally higher and exhibit quite a lot of scatter. With a minimum
reheat power setting, the flight data agreed well with the static calibration only for
Mach 0. 8 to 1.0 with 0.04 corrected secondary-weight-flow ratio; the data were lower
below Mach 0. 8 and higher at the higher Mach numbers. For 0.06 and 0.08 corrected
secondary-weight-flow ratios, all the flight data were higher except at Mach 0.6 where
the flight data were very close to the static calibration. In the maximum reheat power
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setting, no comparison was attempted because no static data were taken at ejector
nozzle-exit- to primary-nozzle-diameter ratios smaller than 1.18.

The flight data for the low-area-ratio ejector nozzle is shown in figure 16 for non-
reheat (military) and minimum reheat primary power settings. This ejector was not
tested in the static altitude facility. This nozzle proved to have the highest gross thrust
coefficient of the three tested because of the better internal performance even with the
penalty of a slightly higher boattail drag. Typical values of thrust coefficient in mini-
mum reheat at Mach 0.9 with a 0.04 corrected secondary weight flow ratio are 0.978
for the low-area-ratio nozzle, 0.930 for the basic nozzle, and 0.953 for the shortened
nozzle. With the favorable interference effect obtained with this nozzle, the peak per-
formance occurred at Mach 0.95 and resulted in a thrust coefficient of 0.998.

Boattail Drag

The ratios of nozzle boattail pressure drag to ideal primary thrust for the three
nozzles with the various power settings are shown in figure 17. All three nozzles had
essentially the same ratio of drag to ideal primary thrust from Mach numbers of 0. 6
to 0. 8, and the basic and shortened nozzles were about the same up to Mach 0.9. The
shortened nozzle drag rise started at Mach 0.9; the basic and low-area-ratio nozzles
exhibited a sudden drop in drag at Mach 0.9 and reached a minimum at Mach 0.95, and
then the drag rise occurred. The sudden drop in drag exhibited by the other two nozzles
did not occur for the shortened nozzle because the 30. 48-centimeter (12-in.), more for-
ward location of the shortened nozzle placed the boattail in the lower pressure region
and some of the boattail had separated flow. The low-area-ratio nozzle with the largest
boattail area (62. 8 percent of A against 54. 8 for the basic nozzle) had a slightly higher
drag ratio from Mach 0. 8 to 0.95 and at supersonic Mach numbers than the basic nozzle
in nonreheat (military) and minimum reheat power settings.

The boattail drag coefficients (fig. 18) had essentially the same characteristics and
relative levels as did the boattail- to ideal-primary-thrust ratios since the ideal primary
thrust is approximately the same for each nozzle at each power setting. The basic noz-
zle curves are from results reported in reference 8, which also presents the boattail
pressure distributions for the 10 rows of static-pressure orifices. It should be noted
that the drag rise occurs at a lower Mach number for the shortened nozzle at all three
power settings than for the basic or low-area-ratio nozzles due to its more forward
location underneath the wing. The shortened nozzle had a higher supersonic drag coef-
ficient than the basic nozzle but lower than the low-area-ratio nozzle, which had the
largest boattail area.

The boattail pressure distribution for the shortened nozzle is presented in figure 19
for maximum reheat power. The overall level of the pressure coefficients is lower than



the data of reference 8. Also there were some regions of flow separation for some of
the upper rows, where the boattail is closest to the lower surface of the wing. The pres-
sure distribution for the low-area-ratio nozzle is presented in figure 20 but only up to
Mach 1.085 and for minimum reheat instead of maximum reheat power setting since no
data were obtained in maximum reheat. It can be seen that with the low-area-ratio noz-
zle which has the boattail beyond the trailing edge of the wing there was no separation of
the flow over the boattail.

Nacelle Boundary Layer

Earlier results of the static-pressure measurements on the nozzle boattails showed
there was quite a circumferential variation of static pressure, especially on the forward
part of the boattail (ref. 8). The same trend is seen from the test results reported
herein and shown in figures 19 and 20. Test data were obtained in order to calculate and
study the boundary-layer characteristics of the flow approaching the nozzle boattail.
Previous measurements of the nacelle boundary layer reported in reference 8 showed the
boundary layer was quite thick and distorted, with regions of possible separation. To
further investigate this circumferential variation and distortion, three rows of tufts
were attached to the outboard side of the right nacelle with a reference nozzle installed,
and the heights of the rakes were increased on the inboard side.

The momentum thickness and displacement thickness were calculated by integrating
the boundary-layer profile out to the tube which read the highest total pressure. The
momentum thickness for each rake for a Mach number range of 0. 7 to 1.3 is shown in
figure 21 (a) for the capture mass flow ratio that would be required for a military power
setting and a 0.04 corrected secondary-weight-flow ratio. Shown also in this figure are
the values that would be obtained using flatplate theory with a 1/7 power profile. Results
from the boundary-layer calculations show both the displacement and momentum thick-
nesses to be greater than would be calculated theoretically except for the rakes at 45°
and 217°. The data agreed closely with those reported in reference 8 for those rake po-
sitions that were the same (45°, 105°, 165°, and 255°). The two new positions (217°
and 285°) show that the circumferential variations are even greater than those first
measured (ref. 8) and that at 217° the momentum thickness is less than predicted by
flatplate theory. The momentum thickness at the 285° position is also quite small and
close to a 1/7 profile. The ratio of displacement thickness to momentum thickness is
shown in figure 21(b) for the six rakes. As to be expected, the rake at 217° shows a very
high exponent (greater than 11), which would be required to give lower momentum thick-
ness values than a 1/7 profile.

Tufts were attached on the outboard side of the nacelle, and motion pictures were
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taken at various Mach numbers to give a visual indication of the boundary-layer flow
over the nacelle. A number of frames taken from the motion-picture film at a Mach
number of 0.9 are shown in figure 22. The tufts in all three rows beyond the point of
maximum nacelle cross-sectional area showed quite a bit of oscillation from side to
side. The fourth tuft (labeled A in fig. 22) from the back in the bottom row seemed to be
the worst, with about 120° total movement. The tufts were installed only on the outboard
side since it was more convenient to photograph, although the inboard side showed the
most distorted profiles, as can be seen in the individual velocity profiles in figure 23.

The individual velocity profiles for the six rakes are shown for various Mach num-
bers from 0.78 to 1.3. Some of the other important parameters are listed for each
rake, such as the capture mass flow ratio, rake maximum velocity to free-stream veloc-
ity ratio, maximum total-pressure to free-stream total-pressure ratio, and momentum
thickness to nacelle maximum diameter ratio. It can be seen that the only location where
the boundary-layer thickness exceeded the shorter rake height of 7.62 centimeters
(3.0 in.; x/d = 0.12) was at 255°. At Mach 0.95 all the rakes show their highest value
of momentum thickness, and some have quite distorted profiles.

SUMMARY OF RESULTS

To further investigate airframe installation effects on variable-flap ejector nozzles
at subsonic and transonic speeds, a flight test investigation was conducted using a modi-
fied F-106B aircraft with underwing engine nacelles. From earlier tests (ref. 8), it was
found that the boattail drag coefficient was significantly reduced at transonic flight Mach
numbers for an underwing installation. With this fact known, a low-area-ratio nozzle
which has a larger boattail area was tested to determine the overall installation effect.
The decrease in exit diameter resulted in a smaller ejector nozzle- to primary-exit-
diameter ratio, which resulted in an improved internal performance coefficient. To de-
termine if nozzle location has a significant effect on the boattail drag characteristics, a
shortened nozzle configuration was tested. Also, additional data were taken to further
investigate the viscous flow field around the nozzle. The nozzles were investigated over
a Mach number range from 0.6 to 1.3. Using the basic nozzle configuration from refer-
ence 8 as a reference for comparison, the following results were obtained:

1. The nozzle gross thrust coefficient was improved significantly by reducing the
ratio of ejector exit area to primary nozzle area. Reducing the exit area changed the
area ratio from 1.69 to 1.39 and increased the gross thrust coefficient from 0.930 to
0.978 at a Mach number of 0.9 with 0.04-percent corrected secondary-weight-flow ratio.
This increased the boattail area, but the boattail drag was very small compared to the
nozzle thrust for this installation. Therefore, the reason for this gain in performance
was almost entirely due to the increased internal performance.



2. Shortening the nozzle, which effectively moved the nozzle boattail 0.48 nozzle
diameter forward underneath the wing, caused the boattail drag rise to occur earlier by
0.02 Mach number. Also, the boattail drag coefficient was higher between Mach 0.9
and 0.95, and no longer exhibited a large drop at Mach 0.95. This change in drag coef-
ficient caused the nozzle gross thrust coefficient to peak at Mach 0.9 instead of Mach
0.95 for the minimum reheat condition.

3. A series of tests with measurements taken to determine the boundary-layer char-
acteristics immediately upstream of the nozzle boattail showed that, for small variations
in circumferential location, there were even greater circumferential variations in
nacelle boundary-layer characteristics than was determined from previous tests (ref. 8).

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, October 12, 1971,
764-74.
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APPENDIX - SYMBOLS

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

A. projected area of nozzle boattail

Cn axial boattail pressure drag coefficient in direction of nozzle axis, (Axial
P force)/q()An

C pressure coefficient, (p - P0)/q0

D drag in direction parallel to nozzle axis

d diameter

F axial thrust

h pressure altitude

M Mach number

mn mass flow at free-stream conditions through an area equal to nacelle inlet cap-
ture area

m.. mass flow captured by nacelle inlet

N exponent in boundary-layer velocity equation, V/V,, = (z/6) '

P total pressure

p static pressure
2

q dynamic pressure, 0.7p,JVI0

R radius

r boattail juncture radius of curvature

V velocity

x nozzle axial distance coordinate

z radial distance from nozzle external surface

O?Q aircraft angle of attack

a primary nozzle convergence angle

6 boundary-layer thickness

6* boundary-layer displacement thickness

6** boundary-layer momentum thickness

6 elevon deflection angle', +down, -up

T ratio of secondary to primary total temperatures at station 8
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<p nozzle angular coordinate

oj ratio of secondary to primary weight flows at station 8

a) f T corrected secondary-weight-flow ratio

Subscripts:

bl boundary layer

e effective

ext external

f external surface friction

ip ideal primary

max maximum parameter measured or calculated in boundary layer

n nozzle

p primary

s secondary

0 free-stream or flight condition

1-9 nacelle and nozzle stations (fig. 11)
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C-69-1732

Figure 1. - Modified F-106B aircraft in flight, showing underwing installation of nozzles.

C-69-385

Figure 2. - Basic variable-flap ejector nozzle located under trailing edge of wing.
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C-69-3928

Figure 3. - Shortened variable-flap ejector nozzle located under trailing edge of wing.

C-69-3929

Figure 4. - Shortened variable-flap ejector nozzle showing eleven cutout area
with elevens deflected down.
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C-70-2580

Figure 5. - Low-area-ratio variable-flap ejector nozzle located under trailing edge of wing with
elevons deflected down.
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x n / d n = 1.133
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,^x
n
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-R- 10.16(4.00)
xn/dn- 2.0196

(a) Basic nozzle.

-xn/dn = 0.869 (boattail shoulder)

1.5396

(bl Shortened nozzle

(c) Low-area-ratio nozzle.

Figure 6. - Details of variable-flap ejector nozzle geometry. Shortened nozzle and low-area-
ratio nozzle are the same as basic nozzle except as shown. (Dimensions are in cm (in.).)
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Figure 7. - Nozzle static-pressure instrumentation.
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(a) Boundary-layer rake locations.
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(b) Boundary-layer rake dimensions.

Figures. - Details of boundary-layer instrumentation.
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Figure 9. - Nominal flight test altitude - Mach number profile.
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Figure 10. - Nominal angle of attack and eleven deflection with nacelles
installed.

20



Station
designation:

Inlet cowl Compres- Compressor Turbine Primary Nozzle Ambient
lip sor inlet discharge discharge exit exit

1 2 3 5 8 9 0

f
\

Secondary
coolant

Afterburner

Nacelle inlet-' \ \~~ ^Turbine /
Secondary flow valve-'' / \ ^Combustor j

Compressor- -Engine accessory ^__/
package SL \̂

h*

J,

—Test nozzle

(a) Engine installation and station designation.

Station

ff 16

ro

X

68

st
at

i

'C o
26

25

oc
at

i

64

62

^X *v^
"V,X

^
^ X

^ X
8 30 32 34 36 38 4C

Primary nozzle diameter, dg, cm

| | | |
12 13 14 15

Primary nozzle diameter, dg, in.

(b) Location of primary nozzle exit and convergence angle.

Figure 11. - Schematic of engine installation and details of primary nozzle.
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Figure 13. - Comparison of nozzle gross thrust coefficients from flight data.
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0 0.037 to 0.04C
D .047 to .05C
O .062to .06!

^

"V\\

t\1

V̂
-- ;

^

U
JlR

A

/de,
ehec

•v--^
LQ

• " I

()

—TV3*

285

_ —

— (
•fr

) —

^^•L
— — '

i-̂*~-

_. 1
_ — -

3-
"

— c

0
3

fr

D.03
.04

D

a?

I t o t
to

.033

.054 JiR
"ue.
ehes

r

= '1)

n

12

.6 . 7 .9 1.0 1.2 .9 1.0 1. 11.3 1.4 .6 .7 .1
Flight Mach number, Mg

(b) Minimum reheat power setting. (c) Maximum reheat power setting.

Figure 15. - Shortened variable-flap ejector nozzle performance.

1.2 1.3 1.4

25



Corrected
secondary-weight -

flow ratio,
wVr
0.04

.06

.08

1.0

.9 9

'

>- -•LJ

,--
/<

I.JI --

—0
— -L

"fi
7

*p\I
I
t
l
1
\
t

J

D 0. 054 toO. 057 1H

0 .07610 .080/d9/ae, 1.33

(a) Nonreheat (military) power setting.

0.04
.06
.08

0.041 toO. 044 Wde 8

.061 to .064/(Reheat)

.6 .7 .8 .9
Flight Mach number,

1.0 1.1

(b) Minimum reheat power setting.

Figure 16. - Low-area-ratio variable-flap ejector nozzle performance.

26



.20

.16

.12

.08

.04

-.04

.20

"l~ .16
~

.12

.08

.04

Ratio of ejector ex
diameter to primar

nozzle effective
diameter,

Vde,8

D 1.30 (Rehe

T^nS — -6m
^

t
Y -C

r

at)L

*d/
\

o t

~^

D
1
1

1,

-^ ~^r

—

1

""•

~O

•-c •*.

(a) Basic nozzle.

.2 -.04

.24

.20

.16

.08

.04

D
O

1.4151 i
1.285 ^Reheat
1.120J

B t3TJD.

xx

(b) Shortened nozzle.

-.04

D
1.33
1.18 (Reheat)"

_JD--S

"d

.6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4
Flight Mach number, Mg

(c) Low-area-ratio nozzle.

Figure 17. - Ratio of nozzle boattail drag to ideal primary thrust.

27



.28

-.04

.04

-.04
.5

(a) Nonreheat (militaryl power setting.

(b) Minimum reheat power setting.

Nozzle

Basic (ref. 81
O Shortened
D Low area ratio

Ratio of ejactor exit diam- Corrected
eter to primary nozzle secondary-weight-

effedive diameter, flow ratio,
dg/de g uV?

1.450 0.04
1.415 0.041 to 0.08
1.330 .045(0 .08

Basic (ref. 8)
O Shortened
O Low area ratio

Basic (ref. 8)
Shortened

.7 .8 .9 1.0 1.1 1.2 1.3
Flight Mach number, MQ

1.4

(cl Maximum reheat power setting.

Figure 18. - Comparison of variable-flap ejector boattail drag coefficients.

1.300
1.285
1. 180

1.14
1.12

0.04
0.037 to 0.068

.042 to .064

0.065
0.031 to 0.054

28



•p
0)
•H
O

o
o

M
CO

.8

.6

.4

.2

.0

-.2

- X

1 X

+
A

S B
1

4

»
B

CIRCUM. LOCATION

a - o-
0 - 30'
& - 60'
+ - 300'
X - 330'

• 1
)

1

ft ft! j

(a-l) Upper half.

.8

.6

.4

.2

.0

-.4

-.6

-.8

1 n

i
1 1

i
/

8
p

s *p

CIRCUM. LOCATION
0 - 90'
0 - 135'
V - 180'
V - 225'
0 - 270'

^'p 1

a S

.4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Distance along nozzle, x/dn

(a) MQ

(a-2) Lower half.

0.806; dg/dg = 1.10; cu 0.049.

Figure 19. - Shortened variable-flap ejector nozzle
boattail pressure distributions, for several val-
ues of flight Mach number M_, ratio of ejector
exit diameter to primary nozzle exit diameter

and corrected secondary-weight-flow ratio
Maximum reheat power setting.

29



ao

.p
ta

o
o

.8

.6

4

.0

-.2

- K

I1 o

A

B iX •
ft

a
B

CIRCUM. LOCATION
D - 0'
0 - 30"
i - 60'
+ - 300'
X - 330'

iI

A
1 j

j.

(b-1) Upper half.

.8

.6

.4

.2

.0

-.2

-.4

-.6

- R

1 n

I I

8

&

0
17

,1
TT5

i

CIRCUM. LOCATION
0 - 90'
0 - 135'
7 - 180'
P - 225'
0 - 270'

I B
]

B i !5 fl

.4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Distance along nozzle, x/dn

(b-2) Lower half.

(b) M0 = 0.901; d9/d8 = 1.120; o>

Figure 19. - Continued.

0.054.

30



.8

.4

.2

.0

-.2

- c

[ 1 ?

A

I t
i

CIRCUM. LOCATION

D - 0'
0 - 30'
A - 60'
+ - 300'
X - 330'

i A
A

I 1

a» i D
< *

(c-l) Upper half.

.8

.6

K

A

n

i ,
1

'

0

V

R

0

o e

CIRCUM. LOCATION
0 - 90'
0 - 135'
V - 180'
V - 225'
0 - 270'

•
a u

1

1
0

A

i 0

.4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Distance along nozzle, x/dn

(c-2) Lower half.

(c) MQ = 0.962; d9/d8 = 1.131; cu

Figure 19. - Continued.

0.053.

31



ao

G
0)

o
•H
CM

O
O

ra
ra
0)

.8

.6

.4

A

- ?

- C

- a

1 n

1

0
X

1 *u

, »
0

o 4

+
A

U
8+

CIRCUM. LOCATION
D - 0-
0 - 30'
A - 60'
+ - 300'
X - 330'

|! '

-t.o

(d-l) Upper half.

1
1

1

1

1' 8

$
a o
A
P

8

CIRCUM. LOCATION
0 - 90'
6 - 135'
V - 180'
17 - 225'
0 - 270'

. A

B
1

0 il

.4 .5 .6 .7 .8 .9 t.O 1.1 1.2 1.3 1.4 1.5 1.6
Distance along nozzle, x/dn

(d-2) Lower half.

(d) M0 = 1.004; dg/d8 = 1.102; oa -

Figure 19. - Continued.

0.048.

32



1.0

o.o •

£

a)
o
o

a
to
a;

1

0

X
A

1 0

3
X

O
<

a
x
e

•f

L

,

CIRCUM. LOCATION
0 - 0'
0 - 30'
A - 60'
+ - 300'
X - 330'

I 1f
.1 !

(e-l) Upper half.

1
I
I

1 J ft flfl 8

9
A

CIRCUM. LOCATION
0 - 90'
A - 135'
V - 180'
V - 225'
0 - 270'

ft
9 »

.4 .5 .6 .7 .8 .9 1.0 1.1 1.2 K3 1.4 1.5 1.6
Distance along nozzle,

(e-2) Lower half.

(e) M0 = 1.092; dg/dg = 1.121; CD

Figure 19. - Continued.

0.053.

33



fto

-P
<u

O
O

ra
I)

.8

6 ,

-.2

- c

|
D

X

0

8 8X g

o +

*

, .5

C I R C U M . LOCATION
a - o-
0 - 30'
A - GO'
* - 300'
X - 330'

l l 1
fl

9

(f-l) Upper half.

.6

.4

.2

.0

-.2

-.4

- 6

-.8

i n

\
t

,1
1

' 8

V

II
t

CIRCUM. LOCATION
0 - 90'
0 - 135'
7 - 180'
V - 225'
0 - 270'

1 A

' n

! »
JZ
B l!

.7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Distance along nozzle, x

.4 .5 .6
Dist

(f-2) Lower half.

(f) MQ = 1.201; d9/d8 = 1.121; o> ̂ r = 0.051.

Figure 19. - Concluded.

34



1.0

o.
o

J->
a)
,H

IHa>
o
o

D

0

n
A

1 J *

C1RCUM. LOCATION
0- D

30' 0
60' A

300' +
330' X

4 <
T

(a-1) Upper half.

.8

.e

.4

.2

.0

-.2

-.4

- £

- g

1 n

9 §
9

A

I

ft

a §
)

a

CIRCUM. LOCATION
90' 0

135' 0
180' V
225' V
270' 0

ft
P

I , 1
1

.8 .9 1.0 1.2 1.4 1.6 1.8
Distance along nozzle, x/dn

(a-2) Lower half.

2.0 2.2

(a) MO ~ 0.610; dg/d8 = 1.19; 0.0441.

Figure 20. - Low-area-ratio variable-flap ejector
nozzle boattail pressure distributions, for sev-
eral values of flight Mach number MO, ratio of
ejector exit diameter to primary nozzle exit di-
ameter dg/dg, and corrected secondary-weight-
flow ratio cu yT. Minimum reheat power setting.

35



.8

.6

.4

a
o

4-T ~ 61

0 0

0

+

• A

CIRCUM. LOCATION
0- D
30' 0
60' A

300' +
330' X

A i
|

S (b-1) Upper half.
1-4
O

0>
oo

ro
ra
OJ

.8

.6

.4

.2

.0

_ •?

_ 4

- C

- R

1 n

0
7

?

9
0

1

^

0 1
y

CIRCUM. LOCATION
90' 0

135' 0
180' V
225' V
270' 0

1 1,
1 I'

(

4

.8 .9 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Distance along nozzle, x/dn

(b-2) Lower half.

(b) MQ = 0.792; dg/dg = 1.17; 00^?= 0.0424.

Figure 20. - Continued.

36



fto

,

u
D

D
0

8
i'

.
'

c

0

RCUM. LOCATION
0- D

30' 0
60' A

300' +
330' X

J

b"
i i 1

(c-l) Upper half.

.8

.5

.4

.2

.0

-.2

- A

- A

- ft

1 n

U
V 0

9

8
0

f\

, t
I

ftp

CIRCUM. LOCATION
90' 0

135' 0
180' V
225' V
270' 0

I

8 P

, — i —

> (
cc

.8 .9 1.0

(c)

1.2 1.4 1.6 1.8 2.0
Distance along nozzle, x/dn

2.2

(c-2) Lower half.

= 0.890; dg/de = 1.18; 0)^

Figure 20. - Continued.

0.0434.

37



.8

.6

.4

.2

.0

-.2

-.4

a
0 -.6

a
0) _ D

•

D
n u

X

) "
x

pI

CIRCUM. LOCATION
0- D

30' 0
60' A

300' *
330' X

1

i 1
' 1

1

(d-l) Upper half.

u) • •
o 1 .0
o
<u
£H Q

to
to
(1)

£ -6

4

.2

-.2

- 4

_ c

~ 8

8 9
5 0

§

f)
p

CIRCUM. LOCATION
90' 0

135' 0
180' V
225' V
270' Q

ft

fl
|

, <

nI
• *

.8 .9 1.0 1.2 1.4 1.6 1.8 2.0 2.. . .
Distance along nozzle, x/dn

(d-2) Lower half.

(d) MO = 0.958; dg/ds = 1.18; oa

Figure 20. - Continued.

0.0422.

38



ao

0
0

fi
A

) 5J K

A
u
D
X

*

C I R C U M . L O C A T I O N
0- D

30' 0
60' A

300' +
330' X

8
X

X

I1

(e-l) Upper half.

.8

.6

.4

.2

.0

.2

ft

r

»

a
n

0

0

0 11

8

\

0

9 o

0

7

0

CIRCUM. LOCATION
90' 0

135' a
180' V
225' V
270' 0

ft

0

a

1
, !

.9 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Distance along nozzle, x/dn

(e-2) Lower half.

(e) MQ = 1.011; dg/d8 - 1.19; CD y? = 0.0632.

Figure 20. - Continued.

39



P.o

-P
c
cu
nH
O
T-)
<M

CD
O
O

Q)
f-,

CO
CO
0)

.8

.6

.4

.2

.0

-.2

-.4

„ c

- B

D
D

0

! \ 8

J +

1!

CIRCUM. LOCATION
0- D

30' 0
60' A

300* +
330' X

I
S !

1 '

r
1

(f-l) Upper half.

.8

.6

.4

.2

n

-3

4

8

0
V
0

0

V
0

0
1

8

f\

Q

n n
9 6

6
0

V

0

C I R C U M . L O C A T I O N
90' 0

135' 0
180' V
225' V
270' 0

\

0

I
0
I

| i
f

I

.8 .9 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Distance along nozzle, x/dn

(f-2) Lower half.

(f) MQ = 1.085; d9/d8 = 1.17; uj ̂ i" = 0.0435.

Figure 20. - Concluded.

40



Circumferential location,

Outboard

.024

.020

.016

.012
C

TI3

^ .008
L_"
OJ

«

•-5 -004

165°

Looking upstream

451
105
165
217
255 wyr = 0.04

285.

Flatplate theory, 1/7 profile

F-106 flight data;
d9 /de g= 1.485;

(a) Momentum thickness.

E
13

g

1.0 1.1 1.2 1.3 1.4

(b) Ratio of displacement to momentum thickness showing exponent in
boundary-layer velocity equation V/Vb| = (z/6)l'N.

Figure 21. - Nacelle boundary-layer characteristics, nonreheat (military) power
setting.

41



-C

5

E1

i

42



.28

U
o
."•
p
a
•d

•1
B

o
o
• •
p

.20

. 1 6

.12

.08

.04

.00

CIRCUM. LOCATION Vmo«/Vo Pmo»/Po 6*Vdn
0 - 45'
0 - 105'
A - 165'
0 - 217'
0 - 255'
0 - 285'

0.958
0.987
0.978
0.967
0.992
0.991

0.975
0.990
0.979
0.991
0.992
0.991

0.0054
0.0098
0.0135
0.0056
0.0110
0.0074

(a) M 0.786; 0.838.

CIRCUM. LOCATION Vmo»/vo Pmo»/Po
D - 45
0-105
A - 165
0 - 217
- 255

0 - 285

0.873
0.979
945

0.948
0.982
0.977

0.899
0.991
955
993
986

0.0047
0.0130
0.0151

0033
0.0172
0.0080

.5 .6 .7 .8 .9
Boundary-layer velocity ratio, V/Vbl

(b) M0 - 0.894; m1/m0 = 0.812.

Figure 23. - Nacelle boundary-layer velocity pro-
files, for several values of flight Mach number
MQ and mass flow ratio m-^/mQ. Nonreheat (mili
tary) power setting; corrected secondary-weight-
flow ratio, CJO^T - 0.039.

43



.28

.24

.20

.16

.12

01
E
M
--t
:•>

tu

B
a
a
c

B
O
c

in
^
-d

r ^

ca

•d

o
o

.28

.24

.20

.1C

.12

.08

.04

.00

CIRCUM. LOCATION Vma«/Vo P«o»/Po 6'Vdn

0.910
0.978
0.939

.942

.999

0.895
0.981
0.943
0.985
.985

0.0060
0.0130
0.0131
0.0044
0.0216
0.0102

0 - 45'
0 - 1 0 5 '
A - 165'
0 - 217'
0 - 255'
0 - 285'

(c) MQ - 0.946; rr^/rriQ = 0.802.

CIRCUM. LOCATION Vma«/Vo Pmoi/Po «*Vdn

D - 45'
0 - 105'
A - 165'
0 - 217'
0 - 255'
0 - 285'

1.009
1.046
1.027
0.979
1.046
1.025

0.944
0.980
0.946
0.983
0.984
0.983

0.0042
0.0113
0.0119
0.0037
0.0175
0.0075

.4 .5 .6 .7 .8 .9
Boundary-layer velocity ratio, V/V,,

1.0

(d) M0 - 0.986; m-^/mQ - 0.799.

Figure 23. - Continued.
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^Ĵ}7
.4 .5 .6 .7 .8 .9

Boundary-layer velocity ratio,

(f) M0 - 1.199; m1/m0 - 0.803.
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