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Abstract

Two aft underwing nacelles housing afterburn-
ing J85 engines were added to an F106 to study
exhaust nozzles in flight at Mach numbers up to
1.3. Installation effects were determined for sev-
eral nozzles by comparing flight data to data from
an isolated wind tunnel model. Reynolds number ef-
fects were studied at subsonic flight speeds for
nozzles intended for use with afterburning turbo-
fan engines. A wide range of Reynolds number was
obtained by flying the F106 over a range of alti-
tude and by using 5 and 22% wind tunnel models of
the F106. A contoured nozzle had a boattail drag
as low as that of a longer circular arc nozzle over
the Reynolds number range studied.

Take-off flight velocity (Mg = 0.4) effects on
noise suppression and thrust of supersonic cruise
type nozzles and several noise suppression nozzles
were studied by comparing flyover data with static
data. Peak noise levels measured in flyover were
generally higher than predicted from static data.
Thrust performance of noise suppression nozzles was
degraded in flyover. When data were scaled to full
size engines and a sideline distance of 2128 ft
noise suppression effectiveness of 14.5 EPNdb was
obtained with 14.3% loss in thrust.

Introduction

A flight test program was undertaken by the
Lewis Research Center using a modified F106B. Mod-
ifications to the aircraft were made at the Lewis
Research Center and flight tests were begun in
1968. The purpose of the original program was to
study installation effects at transonic speeds for
propulsion systems applicable to supersonic trans-
port aircraft. Performance data could be obtained
from propulsion system components such as complex
exhaust nozzles that could not be tested in wind
tunnels because of transonic model size limita-
tions .

The F106 was modified to incorporate two
25 inch diameter underwing nacelles housing after-,
burning J85 engines. Provisions were made to mount
various exhaust nozzles behind them and measure
their overall thrust minus drag and component
drags. Many exhaust nozzles of various types were
subsequently built and flight tested. More than
240 flights have been made to date.

The original objectives of the flight program
have since been expanded to include other areas.
One of these was the study of the effect of Rey-
nolds number on nozzle boattail drag. Another was
the study of flight effects on jet noise. In addi-
tion, flight tests on inlets are now being con-
ducted. In carrying out these objectives, tests
were also conducted in the Lewis 8- by 6-foot
supersonic tunnel with scale models and on the F106
to statically measure jet noise. The purpose of
this paper is to discuss results that were obtained
in the above mentioned areas of exhaust nozzle
technology where the unique capabilities of the

flight program contributed to understanding.

Apparatus and Procedure

Modifications to Aircraft

The modifications to the aircraft (Fig. 1) are
described in References 1 to 5 and will be briefly
summarized herein. The two research nacelles added
to the aircraft were located symmetrically at the
32% semi-span position. The nacelles were attached
to the wing by means of two bearing supported
links. Load cells to measure thrust minus drag
were connected between the nacelles and the wing.
Fuel for the J85 engines was separate from the main
aircraft system and was contained in a tank located
in the missile bay. A digital and an analog data
system were located onboard. The digital data sys-
tem described in Reference 4 used 10 scani valves
which provided the capability of measuring 480
pressures along with 96 other parameters. Data
were obtained at flight Mach numbers from 0.4 to
1.3 and at altitudes from sea level to 55,000 ft.

Wind Tunnel Models

The models that were used in the 8x6 tunnel to
complement the flight program are shown in Fig-
ure 2. To determine installation effects, nozzles
were initially tested on an 8i inch diameter iso-
lated cold jet model. A wide variety of nozzles
were studied on this model at external flow Mach
numbers up to 2.0.(6-19) This isolated perform-
ance data was then compared to installed data ob-
tained from flight and from scaled wind tunnel F106
models.

The 5% scale F106 model was used to study al-
ternate nacelle configurations and the less complex
nozzles. This model incorporated jet boundary sim-
ulators and nozzle performance was determined by
integrating boattail pressures. Results from this
model are reported in References 20 to 23. Refer-
ence 24 is a flow survey under the wing with no
nacelles attached.

The 22% half-span F106 model was mounted on a
reflection plate and incorporated a powered turbo-
jet engine simulator. A description of the simu-
lator and its operation is given in Reference 25.

Description of Nozzles

Some of the exhaust nozzles used in the pro-
gram are shown in Figure 3. More complete descrip-
tions of these nozzles and their flight perform-
ance data are given in References 26-31. Four
supersonic cruise nozzles are shown in Figure 3(a).
They all had, in concept, variable features which
allowed them to cruise efficiently at both super-
sonic and subsonic flight speeds. They are all
shown in the subsonic cruise configuration. The
variable flap ejector (VFE) was fixed but in^con-
cept had trailing edge flaps that formed the boat-
tail surface. At subsonic cruise this nozzle had



the largest boattail projected area of all these
nozzles and a 15° boattall angle. The auxiliary
Inlet ejector (AIE) had inlets to admit external
air at low values of nozzle pressure ratio. This
reduced the required amount of boattailing.

The plug nozzle, in concept, had a fixed con-
ical centerbody and a translating outer shroud
which would extend to provide the required area
ratio at high nozzle pressure ratio. The version
shown was uncooled and was operated with the J85
engine in a nonafterburning mode. A convection
cooled version of this nozzle was also built and
flight tested on the F106 with the J85 engine oper-
ating to maximum afterburning.(32) Cooling air was
bled from the J85 compressor.

The wedge nozzle also had a shroud which, in
concept, could be translated. This nozzle type has
potential advantages for twin pod installations
where the wedge can fill in the interfairing
region. The internal performance of this nozzle is
reported in Ref. 33. The triangular sideplates
shown in the photograph were removed for the in-
stallation effect data at Mach number 0.9 in order
to obtain a comparison with isolated data from
Ref. 33. Noise data were taken with sideplates in-
stalled. The wedge was mounted horizontally as
shown for flight tests. It was rotated to a verti-
cal position for static noise measurements.

The nozzles shown in Fig. 3(b) are suitable
for use on military aircraft having supersonic dash
capability and powered by afterburning turbofan
engines. Three different approaches to boattail
design are represented. These nozzles were of the
variable flap type but had much larger boattail
projected area and steeper boattail angles than the
supersonic cruise nozzles of Fig. 3(a). The circu-
lar arc-conic nozzle had a 0.65 radius ratio arc
which blended into a 24° cone.<34>35) Radius ratio
is defined as the ratio of the radius of the boat-
tail shoulder to the radius of a complete circular
arc nozzle, with the same boattail angle and ratio
of nozzle exit area to nacelle area. The circular
arc nozzle was a complete circular arc having a 24°
angle at the trailing edge (radius ratio 1.00 noz-
zle of Ref. 34). The contoured nozzle had a boat-
tail with a very gradual initial turn given by the
coordinates on Fig. 3(c) with boattail angles as
high as 31°.

Some of the noise suppression nozzles tested
are shown on Fig. 3(d). The philosophy behind
these nozzles was to divide the main jet into small
jets and provide mixing with external air to lower
the jet velocity and thus reduce noise. A greater
portion of the noise energy will also be at higher
frequencies where the atmosphere is effective in
providing attenuation at large sideline distances.
More complete descriptions of these nozzles and
performance results are given in Refs. 36 to 41.

The nozzle geometry to accomplish these objec-
tives is generally not suitable for use at cruise
conditions and thus has to be made retractable.
Three of these nozzles were built around a plug
since it provides space for storage.

The 12 chute nozzle was one which, in concept,
would not be retracted. It did not divide the jet
into as many segments as the others and had long
chutes with gradual turning so that external air
could reach the plug surface between segments of

the primary jet. This nozzle was tested for per-
formance at both take-off and supersonic cruise
conditions in a static test facility.W2) A thrust
performance penalty of 1.5% was obtained for both
conditions referenced to an unsuppressed plug noz-
zle. The supersonic cruise penalty is rather large
to pay for the major portion of the flight in order
to obtain noise suppression at take-off.

The 48 tube nozzle had 6 nozzle boxes of
8 tubes each which, in concept, could be folded and
stored within the plug. The 32 spoke nozzle was a
General Electric Co. design. It was flight tested
in cooperation with General Electric and results
were reported in Refs. 38 and 39. In concept, the
spokes would fold and be stored on the plug surface.

A tube suppressor nozzle designed for use with
an auxiliary inlet ejector nozzle is shown in the
lower right of Fig. 3(d). This nozzle was patterned
after a Boeing Co. design.(̂ 3.44) The tubes would
be mounted on 4 hinged segments which would swing
away from the primary jet after take-off. This
nozzle is shown with an acoustic treated shroud that
could be removed. There was a similar shroud that
was tested on the 12 chute and 48 tube nozzles.

The acoustic treated shrouds were made with a
perforated inner liner followed by a bulk absorber
consisting of stainless steel wire mesh. Cavity
depths ranged up to 1.17 in. for the shroud used
with the 12 chute and 48 tube nozzles and 1.80 in.
for the one shown on the 104 tube nozzle. The 12
chute and 48 tube nozzles were tested with an
acoustically treated plug as well as with a hard
wall plug. The acoustically treated plug was fab-
ricated from perforated sheet metal and a bulk ab-
sorber similar to that used on the shrouds.

Exhaust Jet Noise Measurements

It has been the practice to evaluate noise
suppression devices on the basis of static tests.
However, when the maximum sideline noise is reached
during take-off the flight speed of advanced super-
sonic cruise aircraft can be as high as Mach 0.35.
At these flight speeds external air flowing over
the nozzle may affect its noise and thrust perform-
ance. The F106 flyover noise program was initiated
to study these flight velocity effects.

The F106 was found to be uniquely suited for
flyover noise measurements. The external flow en-
vironment was typical of supersonic cruise aircraft
and exhaust nozzle configurations could be easily
changed. Effects of external flow on noise direc-
tivity can be readily measured in flight. This is
difficult if not impossible to do in the acoustic
environment of wind tunnels. Flyover noise tests
have been made on several exhaust nozzles and re-
sults are presented in Refs. 36 to 41.

Flyover passes were made at an altitude of
300 ft. and Mach number 0.4 with the main engine
(J75) at idle (Fig. 4). One J85 engine was wind-
milled and the other was operated at a range of
power settings up to maximum afterburning. Data
from a microphone 4 feet above a concrete strip was
tape recorded. Background noise levels produced by
the airplane have been sufficiently below that pro-
duced by the various exhaust nozzles that no appre-
ciable interference has occurred.(36-39)



Flight velocity effects were studied by com-
paring the flyover noise data to static data.
Static data were obtained with the airplane on a
concrete taxi strip with microphones located on a
100 ft radius from the exhaust nozzle. Ground runs
were limited to nonafterburning operation of the
J85. Thrust performance was determined using the
load cell thrust measuring system(5) statically as
well as in flyover.

Results and Discussion

Nozzle Installation Effects

The major installation effect observed during
the early flight tests with the supersonic cruise
nozzles was a reduction in boattail drag. The
drag was reduced at high subsonic speeds and the :
drag rise was delayed to a Mach number of about
0.98. These effects are the result of a favorable
location of the boattail downstream of the wing
and interaction of the wing flow field with the
nacelle terminal shock which moves on to the boat-
tail as Mach number is increased in the subsonic
speed range. This effect is further explained in
References 20 to 23 and 27.

Detailed discussions of installation effects
on these nozzles are contained in References 25
through 31. However, a summary comparison for the
various nozzles is made in Fig. 5 at a Mach number
of 0.9 and nozzle pressure ratio of 3.9. The vari-
able flap ejector had the largest increase in in-
stalled performance due to a large reduction in
boattail drag. The auxiliary inlet ejector also
had a reduction in boattail drag but losses in ad-
mitting air through the auxiliary inlets resulted
in little net installation benefit. The terminal
shock interacted with the flow over the plug and
wedge to produce higher pressures and thus raise
installed performance for these nozzles by about
2%.

The variable flap ejector nozzle and the
auxiliary inlet ejector were tested on the 22% F106
model.(25) Good agreement with flight data was
obtained over most of the Mach number range for the
variable flap ejector (Fig. 6). Disagreement oc-
curred at Mach numbers near one, however, because
of delay in passage of the terminal shock over the
boattail in the wind tunnel due to model blockage
effects.

For the auxiliary inlet ejector, however, poor
agreement between flight and model performance was
obtained at all Mach numbers. Since the inlet
doors of the nozzle must obtain air from the
nacelle boundary layer, the performance of nozzles
of this type may be Reynolds number sensitive. At
a Mach number of 0.9 Reynolds number for the 22%
scale model was 18x10̂  and in flight it was 60x10̂
based on characteristic lengths as defined in the
symbols. Thus the poor agreement between the two
sets of data for this nozzle may be the result of
Reynolds number differences.

Reynolds Number Effects

Another category of nozzle that appears to be
Reynolds number sensitive is the supersonic dash
nozzle, because of their steep boattail angles and
large projected boattail areas (Fig. 3(b)). Data

obtained with a circular arc and 3 circular arc-
conic nozzles over a wide range of Reynolds number
in flight confirmed that they were Reynolds number
sensitive.(34) Boattail drag decreased with in-
creasing Reynolds number over the range tested.
This was caused by a decrease in the amount of sep-
aration on the boattail surface.

In subsequent teats the range of Reynolds num-
ber was extended to lower values by using data from
the 5 and 22% models in addition to the flight
data.(35) The trend observed in flight did not ex-
tend to the low Reynolds numbers of the wind tunnel
models. Instead the drag peaked near the lowest
flight Reynolds number and decreased to its lowest
value for the lowest Reynolds number of the 5%
scale model. These results are summarized schemat-
ically on Fig. 7. The solid lines shown are typi-
cal of the observed pressure distributions. The
dashed lines represent the expected pressure dis-
tribution for inviscid flow.

At the highest Reynolds number the boundary
layer over the nozzle was relatively thin and the
observed pressure distribution exhibited the ex-
pected overexpansion at the shoulder and recompres-
sion to values above free stream static pressure.
As the Reynolds number decreased the boundary layer
thickened and this low energy flow had a tendency
to separate. This reduced pressures in the recom-
pression region on the boattail and the drag in-
creased reaching a peak near the lowest flight
Reynolds number. At the much lower Reynolds number
of the 5% scale model the boundary layer became
very thick in proportion to the nozzle diameter.
This caused the overexpansion at the boattail
shoulder to be reduced which reduced boattail drag.

The boattails reported in Refs. 34 and 35 had
circular arc or combinations of circular arc and
conic sections with primary emphasis on minimizing
separation. The contoured nozzle of Fig. 3(c)
might be expected to provide a different type of
pressure distribution than the other nozzles.

Data have recently been obtained with the
contoured nozzle and a comparison of its drag is
made on Fig. 8 with drag from two boattail nozzles
with circular arc and circular arc-conic cross sec-
tions (Fig. 3(b)). Reynolds number is based on a
characteristic length of 5.18 meters (17 ft) which
takes into consideration the wind chord (approxi-
mately 7.32 meters (24 ft)) and the nacelle length
(approximately 3.96 meters (13 ft)) as in Ref. 34
and was appropriately scaled for the wind tunnel
models. Drag of the contoured nozzle was as low
as that of the longer circular arc nozzle and the
same trends with Reynolds number were obtained.
Boattail drag for both nozzles was relatively in-
sensitive to Reynolds number over the flight range.
However, boattail drag was negative (thrust) at the
very low Reynolds number of the 5% scale model.
The circular arc-conic nozzle which was similar in
length to the contoured nozzle had considerably
higher drag at the lowest flight Reynolds number.
Increasing Reynolds number to the highest flight
value decreased its drag to the same value as the
other nozzles. At the lower Reynolds numbers of
the 22% and 5% scale models, drag decreased but re-
mained higher than for the other nozzles.

Pressure distributions for all three nozzles
are shown on fig. 9 at the highest flight Reynolds



number. Data are shown along the bottom row of
static pressure orifices, and are presented rela-
tive to the percentage of boattail area. The cir-
cular arc-conic nozzle had the largest overexpan-
sion followed by recompression to a high value and
some separation indicated by a flattening of the
curve at about 80% of the boattail area. The cir-
cular arc nozzle had jless overexpansion followed
by a delayed recompression to a high value and very
little or no separation. The contoured nozzle had
the low overexpansion of the circular arc followed
by a more rapid recompression and then separation
over half the boattail area. These pressure dis-
tributions produced about the same boattail drag
on all three nozzles.

Data at the lowest Reynolds number obtained in
flight (Fig. 10) showed little change in pressure
distribution for the contoured nozzle from that at
the highest Reynolds number. The circular arc-
conic nozzle had a less rapid recompression and
more separation than previously. This accounts for
its higher drag. The pressure distribution for the
circular arc nozzle was little changed.

As Reynolds number was lowered further by go-
ing to the 5% scale model (Fig. 11), overexpansion
at the shoulder was noticeably less for all noz-
zles. Also recompression was accomplished more
rapidly and pressures on the aft portion were gen-
erally higher. The net result was the negative
boattail drag shown on Fig. 8.

Even though the contoured nozzle always had
separated flow over about half its projected area,
it achieved a boattail drag as low as the circular
arc nozzle. In making this comparison, it should
be pointed out that the contoured nozzle was
shorter and therefore potentially lighter. The
contoured nozzle achieved low drag because of low
overexpansion followed by a rapid recompression,
in spite of a large amount of separation.

It was not always clear whether the flow over
the nozzle boattails was separated or attached from
pressure data alone. In order to clarify this,
tufts mounted on the nozzle and photographed by a
camera in the tail were very useful. Tuft photo-
graphs in Refs. 34 and 35 confirmed that for circu-
lar arc-conic and circular arc nozzles there was
less tendency for flow to separate as Reynolds
number increased in the flight range. The amount
of separation also varied between nozzles.

Photographs of tufts on the contoured nozzle
are shown in Fig. 12 at the lowest and highest
values of flight Reynolds number. The dashed line
represents the 50% boattail area location. The
tufts show flow separation over the rear half of
the boattail area in both cases. This might be
expected based on the small change in boattail drag
over this Reynolds number range (Fig. 8) and the
flat pressure distribution curves of Figs. 9
and 10.

For nozzles which are sensitive to Reynolds
number the difficulty of predicting full scale
nozzle performance from wind tunnel model data is
obvious. Pressure distributions obtained from sub-
scale models can be considerably different from
flight values because of boundary layer effects
associated with low Reynolds number. To get rea-
sonably accurate boattail drags, it appears to be
necessary to have boattail shapes with very little

separation or a relatively stable separated region
such as obtained on the contoured nozzle. It also
appears necessary to test at a minimum Reynolds
number corresponding to about 30 million in the
current case.

Flight Velocity Effects on Jet Noise Suppression

Flight velocity effects on noise and thrust
performance of unsuppressed supersonic cruise type
nozzles and several noise suppression nozzles have
been previously reported in Refs. 36-41. A summary
comparison of their performance is given in Fig. 13.
In order to make the noise comparison, static noise
data taken at 100 ft radius were adjusted to the
300 ft sideline condition of flyover. This was
done using a computer program (Refs. 36 and 37)
which accounted for the differences in distance,
atmospheric attenuation, and ground effects. These
data are all for a relative jet velocity (ideal jet
velocity minus aircraft flight velocity) of
1760 ft/sec.

The peak noise levels during flyover were gen-
erally higher than predicted from static data by
as much as 3.5 PNdB. However, the auxiliary inlet
ejector and the 48 tube suppressor nozzle with
shroud had lower flyover noise. The auxiliary in-
let ejector nozzle was the noisiest under static
conditions but had a large reduction in flyover
noise.

With the auxiliary inlet ejector nozzle, extra
air was admitted through inlet doors at low nozzle
pressure ratio. Differences in the amount of this
air entering the nozzle between static and flyover
conditions may have accounted for its lower fly-
over noise.(36) There was also a change in the
directivity of the noise pattern with this nozzle
in flyover. The peak noise in flyover occurred at
40° from the jet centerline compared to 50° for
static conditions.(36) This contributed to the
lower peak noise in flyover because of the greater
slant distance between the microphone and the
source.

For the wedge nozzle, noise data were taken
with the wedge in a vertical position for static
data and horizontal for flyover data. This pro-
vided a similar orientation between the unsymmetri-
cal wedge nozzle and the microphone during static
and flyover testing.

Thrust performance for the unsuppressed noz-
zles was generally as high in flight as at static
conditions. Thrust performance of the VFE nozzle
was low both statically and in flyover because it
was being operated in an overexpanded condition.
Static thrust levels for the noise suppression
nozzles were significantly below those of the un-
suppressed nozzles. Also all the noise suppression
nozzles suffered large additional thrust losses in
flight except for the 12 chute nozzle. The larg-
est single reason for the additional thrust loss in
flyover was low pressure in base regions between
tubes and on spokes.

The flight velocity effects on both noise
suppression and thrust depend on the nozzle type.
Flight velocity effects in most cases make the
peak noise level higher and thrust lower.

Nozzle pressure ratio has an effect on gross
thrust coefficient as shown on Fig. 14 for the 104



tube nozzle. The thrust decrement experienced In
flyover becomes larger as the pressure ratio is
decreased. This was typical of the performance
observed with the other suppressor nozzles that
were tested. Statically addition of the shroud
provided about 2% higher thrust. In flyover no
thrust increase was obtained when the shroud was
installed.

The acoustic data from the flyover tests were
scaled up to full size engines using the Strouhal
number relationship and then adjusted to a side-
line distance of 2128 ft for an altitude of 1000
ft. Jet noise suppression was obtained 'by refer-
encing these noise levels to those from the plug
nozzle scaled in a like manner. The effect on
suppression of scaling and of increasing the dis-
tance between the noise source and the observer are
shown in Fig. 15 for the 104 tube suppressor nozzle
with acoustic shroud. The higher, more annoying
frequencies were more dominant for the suppressor
nozzle than for the plug nozzle. Scaling the spec-
trum to a larger nozzle lowered the frequencies
into a less annoying range and increased the sup-
pression 2 PNdB. Because the higher frequencies
are more attenuated by the atmosphere a further
suppression of 3 PNdB is obtained as the plug and
suppressor noise are adjusted for distance. Also
shown is the effect of time duration on suppres-
sion. Noise from this suppressor nozzle had a
somewhat shorter time duration reducing the annoy-
ance by 1 EPNdB relative to the reference plug
nozzle. The magnitude and even the direction of
these adjustments to full size and increased dis-
tance vary considerably depending on the nozzle
under consideration.

Suppressor nozzle effectiveness in terms of
effective perceived noise suppression versus per-
cent thrust loss is presented in Fig. 16 for a full
size aircraft. The 104 tube nozzle with acoustic
shroud was the most effective (14.5 EPNdB for
14.3% thrust loss). The plain 104 tube nozzle had
12.5 EPNdB suppression and the shroud accounted for
the remaining 2. The 12 chute nozzle also gave
1 EPNdB for 1% thrust loss but its maximum sup-
pression was only 5 EPNdB. The shroud used with
the 12 chute and 48 tube nozzles gave more suppres-
sion than obtained with the 104 tube shroud, but at
considerable loss in thrust. The acoustic treated
plug was found from comparisons not shown on the
figure to give very little noise suppression. The
J85 engine operates at jet exit velocities appro-
priate for turbofan engines. External flow effects
may be different at the higher velocities and pres-
sure ratios appropriate for turbojet engines.

Inlet Programs

For the flight program thus far discussed
simple pitot inlets on the research nacelles have
been adequate. Flight studies are now in progress
with other inlet types which are appropriate for
supersonic cruise and supersonic dash aircraft
(Fig. 17).

Installation effects on inlets installed in
an airframe flow field are being studied. The
effects of inlet flow field on nozzle performance
are being evaluated for some of the nozzles previ-
ously tested. Versions of these inlets will have
throat Mach numbers increased to choking to study
performance of inlets designed to suppress compres-
sor noise.

There are two versions of the spike inlet.
Other inlet types to be studied are a vertical wedge
and a horizontal wedge.

The dynamic character of flow around the fore-
body of a fighter aircraft can be important to
stable inlet-engine operation. Obtaining such data
in the wind tunnel at angle of attack appropriate
for current aircraft forces model blockage into a
region where- tunnel flow conditions can become
questionable. A forebody model will be mounted on
a boom from the nose of the F106 to obtain more
nearly interference-free flow than available in
wind tunnels. The flow field in the region of in-
lets will be surveyed in the transonic speed range
with the model at angle of attack to 40° and yaw to
10°.

Concluding Remarks

A modified F106 aircraft has been used to
study installation and flight velocity effects on
exhaust nozzles. Wind tunnel data from an isolated
nozzle test model and 5 and 22% scale F106 models
were used for comparison. Static noise and thrust
performance data obtained with the F106 for some of
the nozzles were also used. From the results of
over 240 flights which have been made since 1968
the following remarks can be made:

1. Installation effects: For nozzles mounted
in aft underwing nacelles installation effects have
been observed at high subsonic flight speeds. The
effect is to decrease boattail drag and delay its
drag rise Mach number to about 0.98. A nozzle hav-
ing auxiliary inlets did not benefit as much as a
simple variable flap ejector. Installed perform-
ance of plug and wedge nozzles was moderately higher
than isolated at high subsonic flight speeds because
of higher pressures on the plug and wedge surfaces.

2. Reynolds number effects: Boattail drag of
nozzles for use on supersonic dash aircraft has
been found to be sensitive to Reynolds number. In
flight, drag was highest at the lowest Reynolds
numbers obtained and decreased as Reynolds number
was increased. At the lower Reynolds numbers of
the scale models the boattail drag was lower. A
contoured nozzle with a stable separated region and
a full circular arc nozzle with little separation
had similar drag levels and showed little drag var-
iation over the flight Reynolds number range. A
circular arc-conic nozzle that exhibited a large
variation in the extent of separation between high
and low Reynolds number had a large variation in
drag and a high value of drag at the lowest flight
Reynolds number.

3. Flight velocity effects on jet noise sup-
pression: Static and flyover noise measurements
made with several nozzles showed that except for
special cases noise levels at take-off flight ve-
locity (Mach number 0.4) were higher than predicted
from static data. Thrust performance at static
conditions for noise suppression nozzles was gener-
ally lower than for unsuppressed nozzles and was
further degraded in flyover. Noise suppression ef-
fectiveness in terms of effective perceived noise
level at a sideline distance of 2128 ft for engines
scaled to full size but at 1760 ft per second rela-
tive jet velocity (typical of turbofan engines)
reached levels of 14.5 EPNdB for 14.3% loss in
thrust. Higher relative jet velocity operation
would probably show greater suppression.
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°D

C

EPNL

F - D

F1P

M0

PNL

V"0

Re

cross sectional area of cylindrical nacelle
section (3166.9 on2 (490.9 in.2))

boat tail drag coefficient, D/q.jA

pressure coefficient, (p - p-.)/q-

diameter of cylindrical nacelle section,
63.5 cm (25 in.)

effective perceived noise level, EPNdB

nozzle gross thrust coefficient

free stream Mach number

perceived noise level, PNdB

nozzle pressure ratio

Reynolds number based on a characteristic
length of 5.18 m (17 ft) for flight and
appropriately scaled values for the wind
tunnel models

axial distance along boattail

radial dimension from nozzle centerline to
outer surface

Nozzle abbreviations:

AIE auxiliary inlet ejector

VFE variable flap ejector
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