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PROBLEMS ON INLETS AND NOZZLES

D. Zonars

Air Force Flight Dynamics Laboratory
U.S. Air Force Systems Command

Abstract

The wide range of Mach number and altitude
requirements placed on high performance aircraft
has resulted in a number of inlet and nozzle
problems reflecting adversely upon flight perform-
ance and maneuverability. These circumstances
have emphasized the need for greater understanding
of the airframe induced flow fields and how these
fields interact with inlet and nozzle systems.
Inlet-airframe interactions involving local flow
angularities and Mach number effects measured
. about a wing-body wind tunnel model at transonic
and supersonic speeds are presented. Also, the
influence of internal inlet flow turbulence is
assessed since this phenomenon can contribute
significantly to engine instability during
supersonic flight. The nozzle portion of the
paper examines the drag losses associated mainly
with twin-jet configurations. Attendant varia-
tions in lateral nozzle spacing, aft-end fineness
ratio and nozzle pressure ratio are evaluated as
a function of transonic Mach numbers.

I. Introduction

Historically, the engine inlet and nozzle have -

played a secondary role in the design and develop-
ment of aircraft. However, recent flight vehicle
operational experience has shown the need for
proper integration of the airframe and propulsion
systems to achieve trouble free and effective
flight performance.
sor stalls have been associated with complex,
distorted inlet flow fields, while less than
desired aircraft range characteristics have
resulted from excessive aft-end drag. Develop-
ment emphasis of the inlet and nozzle systems
cannot be overlooked since these components are
of primary importance in the thrust producing
mechanism for transonic and supersonic flight.
The details of inlet and nozzle systems involve
major geometrical variations which must function
efficiently in a complex, changing flow environ-
ment dependent upon Mach number and aircraft
orientation. These circumstances have emphasized
the need for greater understanding of the air-
frame induced flow fields and how these fields
interact with inlet and nozzle systems.

Specifically, engine compres- .

II. Inlet Systems

In the past the inlet and the engine have been
developed on a component basis. Emphasis was
placed on the inlet system to generate the proper
pressure recovery with an acceptable steady state
distortion. The experience factor of current day
aircraft clearly indicates that flight vehicle
performance including stability and control must
be treated on an integrated basis with due
consideration for the large variations of inlet
airflows. Experience has also taught us that a
substantial similarity exists between the
characteristics of the captured flow and the
resultant flow to the compressor face. Since the
inlet operates in an external flow environment
which is strongly dependent upon :the shape of the
airframe, it behooves engineers to examine such
influences and sensitivities of inlets to local
flow angularities and nonuniformities of the on-
coming flow.

In recent years a considerable amount of wind

-tunnel work has been published concerning inlet

systems.1"9 More recently, the Air Force Flight
Dynamics Laboratory has undertaken a number of
programs to investigate flows about fuselage and
fuselage-wing configurations throughout the
subsonic, transonic and supersonic speed regimes.
The objectives of these programs are to develop
a clearer understanding of inlet-airframe
interactions. A typical effort is reported herein
with an ultimate goal of developing an experimen-
tal data bank and a corresponding analytical
approach for assessing the flight performance
characteristics of present day and future flight
vehicles. :

~ The basic wind tunnel model system employed in
one of these studies is shown in Figure 1. Test-.
ing was accomplished on a family of 7 fuselage
configurations including a wing stub which was
varied in 2 sweep positions. Representative
inlets were also tested ahead of and under the
wing. The approximate one-twelfth scale model
system was tested at Mach numbers of 0.8, 1.35,
1.8, 2.2 and 2.5 throughout an angle of attack
range varying from -3 to 24 degrees. In addition
sideslip angles were varied from -4 to +4 degrees.



The flow field survey system utilized in the
wind tunnel tests, also shown in Figure 1,
consisted of 3 conical pitot-static pressure
probes mounted on a remotely actuated drive
system. Each probe was 0.125 inches in diameter
with a 40 degree included cone angle. The probes

consisted of a pitot orifice in the nose along
with 4 pressure taps placed equidistantly around
the cone surface for determining local flow
angularities.

FIGURE 1
SYSTEM.

The model and survey systems de$cribed above
were utilized to develop the external flow field
in terms of local values of flow direction and
Mach number. Data presented herein treats the
.case of inlet location under the simultaneous
influence of the fuselage and wing. Although this
representative data is for one specific configura-

tion, a number of variations in nose droop, canopy,.

and fuselage cross-section were examined with and
without wing glove influences. Figure 2 shows
such characteristics for a free stream Mach number
of 0.8 and body angles of attack of 10, 15, and

19 degrees. The vectors show the local flow
directions in the cross-plane with the length of
vector denoting the magnitude of the angle rela-
tive to the free-stream. A reference length
equivalent of 20 degrees local flow magnitude is
shown inside the representative body-wing shape
for comparative analysis. For the most part
Figurg 2 shows the cross-flow pattern one would
expect with increasing angle of attack including
the obvious influence of the wing section. The
flow pattern shown for 19 degrees angle of attack
also suggests the development of some secondary
flow at the body-wing intersection. Constant Mach
number profiles are also presented in the same
figure. For all three (3) angles of attack, the
local Mach number profiles show a goodly amount of
similarity. There is very little cross-flow
acceleration which is interpreted as the result of
the decelerative influence caused by the wing. As
might be expected, the wing section serves to turn
and align the oncoming flow to the inlet and thus
aid in the compression assignment required of the
inlet.
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Figure 3 shows the local flow characteristics
about the same body-wing combination for Mach
number 1.35. The flow field near the clipped
portion of the wing tip displayed the same
characteristics as shown for Mach number 0.8.
However, the flow field adjacent to the body is
considerably different in that there is a strong
tendency for the flow to split, depending on
angle of attack, and to develop into a vortex
pattern. Here again, the Mach number is reduced
by approximately 0.3 as the flow nears the
underside of the wing.

The effects of increasing Mach number to 2.5

is shown in Figure 4. There is a strong
tendency for the flow to develop in a very
similar fashion as was experienced at Mach
number 1.35. Flow splitting effects appear to
prevail at a lower angle of attack with the devel-
opment of vortical flow next to the fuselage. In
addition, another flow disturbance is identified
in the outer portion of the flow field. This is
first seen at an angle of attack of 15 degrees.
Attendant with this condition is a substantial
reduction in Mach number with an outward flow
tendency. This disturbance tends to shift

- slightly in-board as the angle of attack is
raised to 20 degrees.

The wing-body combination reported above was
considered one of the more desirable configura-
tions for inlet location since the inlet entrance
was shielded by the lower wing surface. In
addition, the wing provided a compression of the
on-coming supersonic flow and consequently
reduced the capture area required of the inlet.
Subsonic flow characteristics were as might be
predicted, with good wing shielding character-
istics. However, the beneficial effects expected
supersonically were somewhat degraded due to the
development of the vortex adjacent to the body.
This vortex development was due to the shockwave-
boundary layer interaction brought on by the
conical shockwave system emanating from the wing
leading edge intersection with the body. The
magnitude of this vortex and the degree to which
it extended into the inviscid inlet flow field
was substantially greater than the boundary
layer thickness. This phenomenon and the
associated problem of properly positioning
inlets relative to the airframe must be given
serious consideration by future aircraft
designers.

ITI. Inlet Pressure Fluctuations -
Engine Instability

Inlet steady-state distortion resulting from
both external and internal flow conditions has
been one of the primary causes of propulsion
instabilities. The solution to this problem has
been achieved through ground test techniques in
which screens, flow deflectors, etc. have been
used to simulate loss of total pressure head to
the engine. Many combinations of circumferential
and radial patterns have been investigated to
determine the effects of these flow irregularities
on engine stability and performance. However,
with the advent of supersonic flight, the unsteady
nature of inlet flows has had a profound effect in
reducing the engine operational stability margin

and consequently causing compressor stalls. The
primary source of these inlet flow pulsations or
fluctuations has been identified as shock-bound-
ary layer interactions and flow separations.
These fluctuations are generally random in both
time and space and are often referred to as

“"'turbulence".

Early experimental investigations on inlet
"turbulence' were performed at the NASA Lewis
Research Center‘“ and the Air Force Arnold
Engineering Centerll. In these two studies,
turbojet engines operating at static conditions
were subjected to fluctuating inlet flows. Tests
showed a reduction in compressor surge margin due
to the "'turbulence" encountered. Subsequent to
these two basic studies, a limited number of
investigations!<~'® have been carried out in
order to shed light on this problem area. A
typical example of the more recent programs was
reported by Plourde and Brimelow"’/. In this
effort a fan and low pressure compressor of the
Pratt and Whitney Aircraft TF30 turbofan engine
was selected as the test article to study the
effects of '"turbulence' on engine stall margin.
Figure 5 shows a schematic of the TF30 3-stage
fan and 6-stage low pressure compressor system.
The forward section of the compressor was connect-
ed to a '"turbulence" generator duct similar to the
convergent-divergent device developed by Kimseyl8,
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FIGURE 5 TF30 FAN AND LOW PRESSURE COMPRESSOR
SYSTEM.

Figure 6 shows a cutaway of this "turbulence"
generator which included a movable plug center-
body followed by a constant area duct. The
purpose of this plug was to develop a sonic throat
followed by supersonic flow and a normal shock
system. The interaction of the shockwave with the
duct boundary layer generated the fluctuating or
"turbulent flow' conditions. The '"turbulence"
generator included a section just ahead of the
compressor wherein a variety of stream obstruc-
tions such as 1/2-inch rods or 3-inch pipes could
be placed in front of the compressor face to
further increase or change the ''turbulence"
spectrum. Figure 7 shows the 3-inch rod system.
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High frequency response pressure transducers
were used to measure both static and total
pressures at the compressor face. A typical
inlet rake and total pressure probe utilizing
Kistler transducers and low frequency response
sensing tubes is shown in Figure 8. These total
pressure rakes were positicned around the compres-

"sor inlet at 0°, 45°, 135°, 225°, 282.5°, and 315°
when facing upstream.

i

FIGURE & HIGH RESPONSE INLET RAKE AND TYPICAL
TOTAL PRESSURE PROBE.

-function of "turbulence' level intensity.

The power spectral densities resulting from the
turbulence generators along with the spectra
produced by the 1/2-inch and 3-inch rods is
shown in Figure 9. The installation of the 1/2-
inch grill system generated a fairly flat spectrum
over the entire compressor face. The spectrum
established from the 3-inch rods contained dis-
crete frequencies as a result of shed vortices
which were not yet dissipated to small scale
"turbulence",
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FIGURE 9 POWER SPECTRAL DENSITY COMPARISON.

The effects of unsteady flow on compressor
performance is now assessed. Gabriel, Wallner,
and Lubickl® first showed that a sinusoidal
varying plane flow displayed detrimental effects
on the compressor stall characteristics. In
addition, their analog simulation of a turbo-jet
axial flow compressor utilizing volumetric
dynamics and steady-state total pressure air flow
relationships was sufficient to establish the
unsteady flow characteristics through an engine.
A comparison of the analytical procedure with
experiment showed excellent agreement. Now, the
effects of "turbulence'" can be described by an
instantaneous spatial pressure distortion which
is a function of pressure variation in amplitude
and geometric location of the peak to peak
pressure regions over the compressor face. The

~ effects of this "turbulence" on the compressor

performance, is shown in Figure 10. Base line
characteristics for the compressor performance
were determined from bellmouth tests and are so
indicated. The unmodified "turbulence'" generator
characteristics (in other words, without the 1/2"
and 3'" pipe or other grill installations) shows a
reduction in primary airflow, and more importantly
a reduction in the stall line. Figure 10 also
shows the effects of 1/4-inch and 3-inch pipe
installations. As expected, further decreases in
primary flow were experienced along with some
reduction in the operating stall line. Figure 11
shows the loss of compressor surge line as a

Here 1t
is clearly shown that compressor stall is related
to instantaneous spatial distortion.
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Today, there are a number of different theories
advanced by numerous investigators to predict
compressor stall. One effective method of
describing the phenomenon is an instantaneous
spatial distortion pattern. That is, although
the time dependence of the fluctuations at a
point is important, this effect may be approximat-
ed by the instantaneous spatial variation. With
this assumption, the description of ''turbulence"

reduces to a weighted spatial integration produc-
ing an instantaneous distortion parameter which
can be used to correlate the effects of "turbu-
lenge.". The instantaneous distortion parameter
Kg is expressed as follows:

i
'z (ﬁ‘_) p"'av 1
3 _— -
i=1 |\P max| i Qv Dy
Ke =
i
S L
i1 B
" where
i = number of pressure instrumented
ring
D = diameter of the pressure instru-
mented ring
Qy = average inlet velocity head at
compressor face
= afa? 2
M % * bn
8 = circumferential angle
’t
an = -— (8) cos né de
v,
. m .
1 .
b, = ;/ Pt (6) sin no do
P
- tav
with
p @«
4 -1+Zalcose+azc0529
Pe n=1
av
+ ... a, cos no + b1 sin 6
+ by sin 26 + ... bn sin né
and
Py = impact pressure
Py = average impact pressure

av

Correlation of the computed instantaneous
circunferential distortion parameter with
experiment is shown in Figure 12, This figure
shows reasonably good agreement between computa-
tion and the various configurations employed to
develop ''turbulence'.
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Recently, Burcham and Hughes19 have modified
and utilized the Pratt and Whitney Kpa distortion
factor for predicting surge. The engine compres-
sor face was sub-divided into S equal-areas
through concentric circles or rings. Probes were
placed on rings which were maintained at a
constant radii from the compressor centerline.
The modified KDA distortion parameter was defined
as follows:

: Pe " by
1 Z max min
2 P, % 4
i=1 av i
Kpm = = x 100
2 G
i=1
where
C = ratio of compressor inlet radius to:
ring radius
i = number of ring
©~ = largest continuous arc of the ring
over which the total pressure is
below the ring average pressure
| = ring maximum total pressure
max
P = ring average pressure
av
P_ = ring minimum total pressure
tmin

This modified distortion parameter was found to
be 80% effective in identifying surge when engine
stall occurred within approximately 90% of the
maximum steady state distortion value. Needless
to say, more exacting methods must be developed
to predict engine instability due to dynamic
inlet conditions. For the time being, the loss
of compressor stability margin can be attributed
to random inlet pressure fluctuations which vary
in amplitude and location and which are within
the frequency sensitivity range of a compressor.

~

IV. Nozzles

The high performance characteristics of
modern day aircraft require substantial propul-
sion jet area variations through the transonic
and supersonic flight regimes. A minimum jet
area is required for subsonic speeds; however,
boat-tail effects become an important considera-
tion since there is a large amount of aft-facing
aircraft area involved. The greatest aggravation
in this respect is flow separation wherein the
aircraft aft section is engulfed in unsteady and
low surface pressures associated with the flow
separation point. Increasing the flight speed to
transonic values requires higher nozzle exhaust
pressure ratios. This results in under-expanded
nozzle flow plumes which can be beneficialein-the.
development of a recompression flow field acting
on the aft-facing projected area, or, the
recompression can serve to cause flow separation
on the same surface and thereby induce significant
losses due to drag. Further speed increases to
supersonic flight velocities tend to improve
matters slightly providing there is no after-body
flow separation. Figure 13 shows the range of
convergent-divergent nozzle performance as a
function of Mach number. The transonic portion
of the flight regime should be noted with interest
since the nozzle characteristics are least
efficient near Mach number unity. This situation,
in conjunction with aircraft drag rise, becomes a
serious problem area for vehicles designed to fly
in /this speed regime.
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FIGURE 13 CONVERGENT-DIVERGENT NOZZLE PERFORMANCE

CHARACTERISTICS.

The transonic flight regime has always been
one of great analytical complexity. Even the
simplest of practical flight configurations has
not been amenable to any reasonable analytical
exactness. Hence, one must .turn to ground and
flight test means of the past20-23 to investigate
all flight configurations prior to development.
Although this has been the only practical

~recourse in the past, one must constantly be

aware of the fact that such configurations have
suffered some degree of data inexactness due to
low Reynolds number properties of present day
wind tunnels along with blockage effects when
testing very near the speed of sound.



performed to »s5 the aircraft performance
sensitivities resulting fyom the integration of
the airframe and nozzle., This situation is a
compromise between nonuniform external flow
generated by body and tail and the variable
geometry requirements set up by nozzle area

i Isolated, internal nozzle performance
teristics are fairly well understcod today.
, the influence of an irregular external
flow ouding the aft aircrafrt section has been
very difficult to determine analytiually24. To a
greater extent, the characteristics of a twin-jet
or multiple exhaust nozzle system is virtually
impossible to correctly assess. A number of
comprehensive boattail studies on multi-exhaust
nozzle systems have been conducted by Runckel®®
in order to assess the interference effects
between nozzles. Figure 14 shows results of
such interference effects, 1t is observed that
the employment of a closely spaced multi-exhaust
nozzle system further reduces the flight perform-
ance efficiency.

However

the
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Wilcox, Samanich and Blaha?0 have recently
reported on nozzle installation effects of an
F-106B aircraft which was medified to test two
underwing nacelles containing J85-GE~13 afterburn-
ing turbojet engines. One of the objectives of
this program was to compare isolated, cold flow
ozzle data from wind tunnel tests with flight
characteristics on various nozzle cenfigurations.
Figure 15 shows the cold flow isolated nozzle
installed in the NASA Lewis Research Centar 8 by
6-Foot Supersonic Wind Tunnel. The flight data
as compared to the isolated cold flow wind Tunnel
data for a nozzle system with and without rounding
gt the boattail juncture i own in Figure 16.
Classical transonic drag rise effects are shown
here with lesser boattail pressure drag observed
on the flight article than measured on the isolat-
In addition, a substantial
ail drag reduction was achieved by
the juncture point. This data
vely that one can not rely upon
teristies to
ht nozzle rmance.
on nozzle configuration
e interference effects.
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Development of exhaust nozzle technology for
application to various emerging advanced aircraft
designs is lagging behind induction system
studies. Comprehensive Studies are needed to
fill technological gaps involving viscous and
divergence losses, effects of nozzle operation on
vehicle stability and control, and many other
parametric variations for optimizing aircraft
performance. Swavely4/ recently undertook a
study to systematically determine the aft-end
performance characteristics of a twin-jet configu-



ration. Figure 17 shows the specific configura-
tion examined for variations in Mach number and
nozzle pressure ratio. Tests of this model in the
United Aircraft Research Laboratories 8-Foot Wind
Tunnel involved afterbody and nozzle thrust minus
drag measurements, boundary layer characteristics
at the metric plane and static pressure distribu-
tions for equivalent bodies of revolution.
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Figure 18 shows the aft-end drag characteris-
tics at Mach number 0.7, a nozzle pressure ratio
of 2.5, lateral spacing ratio of 0.61 and 1.10 and
for indicated ranges of AE/A amd L/D__. The
carpet plot shows that incre¥d8¥ng the 1ateral
spacing ratio decreases the aft end drag while
decreasing the longitudinal spacing ratio also
decreases the drag. The need for a shortened
length of longitudinal run clearly indicates the
effect of reduced wetted area and hence a lower
skin friction drag contribution.

0.06

Lateral Spacing Ratio, S/Deq = 0.61

AE/A max

0.05—

L/Deq = 2.64

o

[=]
Y
|

©
[=}
«

I

0.02

Lateral Spacing Ratio, 5/Deq = 1.1

o4
(=]
w»

L/Deq = 264

AFT-END DRAG COEFFICIENT - CD apax
o
o
o

0.02

FIGURE 1§ AFT-END DRAG CHARACTERISTICS: MACH
NUMBER = 0.7, EXHAUST NOZZLE PRESSURE

RATIO = 2.5.

The same type of plot is shown in Figure 19 for
Mach number 0.9. The beneficial effects of in-
creased lateral spacing are similar as experienced
at Mach number 0.7. However, a dilemma arises in
that inverse longitudinal spacing characteristics
are experienced. This fact is undoubtedly
associated with the rate at which transonic flows
can be recompressed as a function of effective
slenderness ratio. Alseo, an increase in skin
friction at Mach number 0.9 contributes to higher
drag for the increased length.
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Increasing the nozzle jet pressure ratio from
2.5 to 6.0 at Mach number 0.9 serves to pressurize
the aft section of the configuration as shown in
Figure 20. This would be as expected since the
pluming effects of the jet would tend to establish
a decelerating flow field which acts on the aft-
facing body surfaces and thus provides a reduced
drag condition.

V. Discussions and Conclusions

Airframe-propulsion compatibility has become a
critical problem area for both commercial and
military high performance aircraft. Classically
the solution to overcoming the problem of
compressor stall has been through reduction of
the pressure distortion generated by the inlet
and increased distortion tolerance of the engine.
Intensive efforts are preseutly underway in
ground and flight test facilities to understand
the effects of coupled steady-state and dynamic
inlet distortion. Also, considerable research is
being directed toward the cause and effect
relationship of non-uniform flow fields entering
the inlet system of turbo jet engines. Many of
these flow field examinations show local angles
of attack and yaw which far exceed aircraft
attitude values. Inlet designers are presently
faced with a very difficult task to match inlet
geometry with the large variations in flow
conditions developed about many reasonable
airframe geometries. Flow field studies will
continue on many airframe configurations to
determine optimum inlet positioning.

The effects of '"turbulence'", or specifically,
the fluctuating nature of the measured total
pressures at the compressor face have been found
to have a strong influence on the stall margin of
most engines. This phenomenon normally commences
at low supersonic speeds with increasing
disturbance intensity as a function of increasing
Mach number. . This "'turbulence" exhibits a wide
range of amplitude-frequency content. For low
frequency disturbances, engine performance is
basically similar to steady-state operation since
the engine outlet pressures will follow the inlet
flow variations in magnitude and phase, such that
overall compressor pressure ratio will remain the
same. However, the majority of time dependent
total pressure fluctuations are found to be

significantly faster than the aforementioned flow -

properties. Under these circumstances, outlet
pressures lag the inlet pressure variations in
both amplitude and phase. Consequently, the
pressure ratio across the compressor can differ
considerably from a steady-state value, and
conditions can develop wherein compressor stall
margin is completely negated. For years the use
of a frequently referred to "turbulence factor",

( & pt)tms/Ptayes averaged over the compressor
face has raised many doubts concerning its useful-
ness. The results of the study presented in this
paper clearly indicates that instantaneous spatial
distortion calculations are necessary to judge the
performance characteristics of combined inlet and
engine. Future couplings between inlets and
engines must account for the dynamic or time
dependent characteristics of the ducted flow as
caused by a number of physical phenomenon such as
shock wave-boundary layer interaction and flow
separation. The development of small-scale
powered simulators for wind tunnel use can be very
beneficial in establishing inlet-engine compati-
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bility.

The exhaust nozzle of military and commercial
airplanes alike is a critical airframe-propulsive
component utilized in attaining the desired
aircraft performance. Many nozzle systems have
been studied to insure compatibility with
advanced turbo-jet and turbo-fan engines;
however, the influence of externmal air flow upon
the performance characteristics of these nozzles
has received little attention. In this paper an
effort was made to show the primary problem in
installation effects and exhaust nozzle integra-
tion with a twin-jet aircraft. It was found that
closely spaced nozzles interfere with each other,
and at times, with surrounding tail surfaces.
Also, it was observed that extreme care must be
taken in integrating the nozzle system with the
aircraft during wind tunnel tests in order to
minimize installation effects. New test tech-
niques utilizing small powered engines with
combustion and correct exhaust gas temperatures
appear necessary in order to evaluate nozzle and
engine installation effects. Although general-
ized techniques for predicting the aft-end
performance characteristics have been developed
for the correlation of experimental twin-jet
data, there are still some inherent limitations
in the test methods utilized. More extensive
model and flight test data are needed to improve
our experimental techniques and to establish
appropriate analytical models. A concentrated
effort involving Reynolds number effects on
interactions between the airframe and the nozzle
system must be pursued. Model data can certainly
be used to check analytical procedures; however,
in-flight tests are necessary to establish the
sensitivities of boundary layer develppment,
shock-boundary layer interactions, divergence
losses and external flow non-uniformities.
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