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SUMMARY

A wind tunnel model of a supersonic V/STOL fighter configu-
ration has been tested to measure the aerodynamic interaction
effects which can result from geometrically close-coupled propul-
sion system/airframe components. The approach was to configure
the model to represent two different test techniques. One was a
conventional test technique composed of two test modes. In the
Flow-Through mode, absolute configuration aerodynamics were
measured, including inlet/airframe interactions. In the Jet-
Effects mode, incremental nozzle/airframe interactions were
measured, The other test technique was a propulsion simulator
approach, where a sub-scale, externally powered engine is mounted
in the model. This allowed proper measurement of inlet/ airframe

and nozzle/airframe interactions simultaneously.

Comparison of the measured aerodynamic <characteristics
between the two test techniques is a direct indication of the
extent to which inlet and nozzle flowfields are coupled together.
If significant coupling were to exist, there would be disagree-
ment between the two data sets. The simulator test technique may
then be required in the future to properly measure the aero-

dynamic characteristics of compact fighter configurations.

Measurement of these propulsion/airframe interaction effects
was carried out in a three phase experimental program, sponsored
by the NASA-Ames Research Center. Conceptual model design was
accomplished in Phase 1, detailed model design and fabrication in

Phase 2, and high speed testing in Phase 3.

The aerodynamic configuration tested was a canard/wing con-
cept designed for high transonic maneuverability, employing

non-axisymmetric, vectorable exhaust nozzles located near the

wing trailing edge.
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The overall character of the aerodynamic flowfield, includ-
ing the interactions due to inlet/nozzle coupling, were quanti-
fied by comparing force balance data between the different test
modes, and by comparing static pressure distributions over the

entire model surface.

The data analysis indicated that:

o The net effect of flowfield interactions was relatively
small for the tested configuration, which had unvectored

nozzles in the afterburning (A/B) power setting.

o The largest effect of inlet/nozzle coupling occurred
supersonically, when the simulator technique demonstrated
less drag than the conventional technique. Most of the
interaction effects were felt on the nozzle external

surfaces.

o Inlet MFR variations and canard angle deflections com-
bined to affect nozzle drag in the transonic regime.
Inlet fairing effects also propagated the entire length

of the nacelle to affect nozzle drag at these speeds.

o The operation of the simulators in a wind tunnel environ-
ment was generally reliable, although specific areas will

require further development.



l. INTRODUCTION

Configurations proposed for advanced, high speed V/STOL air-

craft can have vectoring nozzles, close-coupled inlet/nozzle
arrangements, and variable-incidence canards located near the
inlets. The complex propulsion/aerodynamic flowfield inter-

actions which may result from these highly integrated designs are
illustrated in Figure 1-1. These interactions are difficult if
not impossible to evaluate with conventional wind tunnel test
techniques. The conventional techniques, using Jet-effects and
flow-through models, cannot simulate inlet and nozzle flowfields

simultaneously, as illustrated in Figure 1-2.

An alternate test technique has been developed which pro-
vides simultaneous simulation of inlet and nozzle flowfields by

using a Compact Multimission Aircraft Propulsion Simulator

(CMAPS) . The CMAPS, Figure 1-3, 1is a miniature jet engine
powered by a high pressure air turbine. It can be installed and
operated in a sub-scale, supersonic wind tunnel model. A matrix

of inlet mass flows and nozzle pressure ratios representative of
the full-scale propulsion system can be simulated on a single

model.

Requirement: Accurate Simulation of Propulsion
System Flowfield Interactions on
A Single Wind Tunnel Model

GP53-0666-93-R

Figure 1-1. Typical Propulsion System Installation Susceptible
to Inlet/Nozzle Flowfield Coupling




Jet-Effets Test Technique

— Improper Inlet

— Proper Aft-End Geometry (Inlets

Geometry Faired)
— Proper Nozzle Pressure — No Inlet Flow
Ratio Simulation Simulation

— Distorted Aft-End

Geometry — Proper Inlet/

— Improper Airframe Geometry
Nozzle Pressure Ratio — Proper Inlet
Simulation Mass Flow Ratio

Simulation

GP53-0666-92-R

Figure 1-2. Characteristics of Conventional Wind Tunnel Test Techniques

CMAPS Characteristics

Lengths ....vewvemeremitasrmasemesmosmssen 26.4cm (10.41in.)
Maximum Diameter:............ ... ... ... 10.7cm (4.21n.)
Compressor Face Diameter ................... 7.6cm(3.0in.)
Weight: ... 5.4kg (11.81b)
Maximum Corrected Airflow: . ...... 0.758 kg/sec (1.67 lbm/sec)
Maximum Physical Rotor Speed .................. 88,000 RPM

ORIGINAL PAGE IS
OF POOR QUALITY

GP53-0666-53-R

Figure 1-3. Compact Multimission Aircraft Propulsion Simulator (CMAPS)
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The CMAPS was developed under the auspices of the Air Force
Aero Propulsion Laboratory by McDonnell Aircraft Company (MCAIR),

General Electric (GE), and Tech Development, Inc., Reference 1.

The NASA-Ames Research Center (ARC) and MCAIP have recently
completed an experimental program to evaluate the technology of
CMAPS testing in wind tunnel models. This program incluvded
design, fabrication, and testing of a supersonic V/STOL fighter
model which could accept two propulsion simulators. A photograph
of the wind tunnel model with the CMAPS installed is shown in
Figure 1-4. This program represented the first time that +twin
CMAPS were tested in a scale model of a full aircraft confiqura-
tion. Prior to this program, only single simulators had been
tested, and only in a simple nacelle/body wind tunnel model, as

described in Reference 2.

Total Pressure Rake

Compressor Face

= Model Support Sting

GP53-0666-94-R

Figure 1-4. Propulsion Simulator Installation



The primary objective of this program was to identify and
measure the net effect of inlet-to-nozzle flowfield interactions
by wusing the CMAPS. A secondary objective was to develop the
installation and test techniques for CMAPS-equipped wind tunnel

models of full aircraft configurations.

The approach was to use both simulator and conventional
techniques to test a sub-scale wind-tunnel model of a supersonic
V/STOL aircraft which employed a close-coupled propulsion
system/airframe arrangement. Any difference identified Dbetween
the conventional and simulator mode results is an indication of
inlet/nozzle flowfield coupling. The model, installed in the
NASA-ARC 11 ft +transonic wind tunnel, is shown in Figure 1-5.
This close-coupled model was originally developed for Jeteffects
and flow-through testing in the Advanced Nozzle Concepts (ANC)
program by the Air Force Wright Aeronautical Laboratories
(AFWAL), Reference 3. Under the NASA-ARC program discussed
herein, model hardware was designed and fabricated to provide for
testing with the propulsion simulators, as well as with jet-

effects and flow-through techniques.

GP53-0666-68-R

Figure 1-5. Supersonic V/ISTOL Wind Tunnel Model Installed in NASA-Ames Eleven
Foot Transonic Wind Tunnel



The results of the wind tunnel tests are presented in a
series of three NASA Contractor Reports. The surface pressure
data is reported in Volume I (Reference 4), the force and moment
data and data reduction procedures in Volume II (Reference 5),

and the aerodynamic data analysis in Volume III (Reference 6).

The kev program results are summarized in this Final Report,
Volume IV. The study configuration is described, and key aero-
dynamic test results presented. A major section is devoted tO
the operational experience gained from model design and testing
of the CMAPS units in a full configuration wind tunnel model.

Recommended improvements are also included.



2. AFERODYNAMIC CONFIGURATION DESCRIPTION

An advanced V/STOL aircraft with supersonic fighter/attack
capability was selected as the baseline aerodynamic configuration
for this study. Considerations in the development of the config-

uration included the following:

(1) Twin engine propulsion system with vectorable, non-

axisymmetric exhaust nozzles.

(2) Propulsion system integration and canard/wing configu-
ration which maximize the aerodynamic effects induced

by thrust vectoring.

(3) Configurations with high probability of demonstrating

inlet/nozzle flowfield coupling.

(4) Engine cycle compatibility with the CMAPS.

(5) Configurations common to other programs to minimize

model fabrication costs.

2.1 FULL SCALE VEHICLE

The full scale vehicle designed in this program was based on
a lift plus 1lift/cruise propulsion system. The configuration is
characterized by podded nacelles, inlet mounted canards, and
vectorable non-axisymmetric nozzles at the wing trailing edge.
The characteristics of the full scale study vehicle are shown in
Figure 2-1. In the VTOL mode, forward mounted direct 1lift
engines and vectored Augmented Deflector Exhaust Nozzles (ADENs)
on the turbofan lift/cruise engines provided the reguired normal

component of thrust.

A detailed discussion of sizing, selection criteria, and
utilization of this V/STOL concept is provided in Volume III

(Reference 6).



Propulsion
(2) Advanced Mixed Flow Turbofans
(2) Advanced Direct Lift Engines
L/C FNSLS! (ea) 87,314 N (19,630 Ib)
DLE FNSLSI (ea) 47,149 N (10,600 Ib) - 32°C (30°F) Day
Nozzles L/C: ADEN-DLE: Eye Lid
Inlet Normal Shock, Ag =0.39 m2/Engine (4.2 ft%/Engine)

Engines

GP53-0666-89-R

Figure 2-1. Full Scale Characteristics of Supersonic V/STOL
Study Configuration

2.2 SIMULATED V/STOL TEST CONFIGURATION

The scale of a CMAPS-equipped wind tunnel model of this
V/STOL configuration is set by matching the maximum airflow of
the CMAPS (0.748 kg/sec (1.65 1bm/sec)) to the maximim engine air-
flow (normally at sea level static condition). Specifically, the

model scale factor is determined as follows:

_+ /Max CMAPS Compressor Corrected Airflow
Scale Factor —\/ Max Engine Corrected Airflow

Application of this relationship to the turbofan, engines of the
lift/cruise concept (80.7 Kg/sec (178 1lbm/sec)) results in a
model scale of 9.62%.



An existing wind tunnel model of a similar aerodynamic con-
figuration was made available to this program by the Air Force
Wright Aeronautical Laboratories (AFWAL), thus reducing program
costs. The basic confiquration, shown in Figure 2-2, was
developed under prime contract (F33615-77-C-3094) +to AFWAL bhy
MCAIR in the Advanced Nozzle Concepts (ANC) program, Reference 3.
It is also characterized by widely spaced, podded nacelles,
canards and twin vectorable non-axisymmetric nozzles at the wing
trailing edge. The nozzle concept is a General Electric Aero-
dynamic Load Balanced Exhaust Nozzle (ALBEN), with fully

continuous vectoring capability to +30°.

a0 59
213 267 390 5(|30
= 4&2& ——
Do D o N O

GP53-0666-82-R

Figure 2-2. Air-to-Air Aerodynamic Configuration Developed in AFWAL/MCAIR
Advanced Nozzle Concepts (ANC) Program



A comparison of the key geometry parameters of the scaled
V/STOL configuration with the ANC model is provided in Figure
2-3. The ANC airframe parameters (i.e. wing, canard, fuselage,
nacelle) are somewhat larger than would be required for the
properly scaled V/STOL concept, as is the inlet capture area.
The nozzle throat areas are essentially correct. The ANC inlet
was therefore modified for the NASA program to reduce the capture

area to the properly scaled value (35.23 cm? or 5.46 in2).

Supersonic V/STOL ANC

L+ L/C Turbofan Air-to-Air

at 9.62% Scale Model
Overall Fuselage Length 1.72 m (5.63 ft) 1.79 m (5.88 ft)
Nacelle Length 0.79 m (2.59 ft) 0.86 m (2.83 ft)
Wing Span 1.16 m (3.81 ft) 1.30 m (4.28 ft)
Wing Area 0.39 m2 (4.15 ft2) 0.48 m? (5.22 ft?)
Canard Area 0.07 m2 (0.79 ft2) 0.09 m2 (1.02 ft?)
inlet Capture Area 34.00 cm? (5.27 in.2)  36.58 cm? (5.67 in.2)*
Nacelle Maximum Area 107.75 cm? (16.7 in.2)  116.14 cm? (18 in.2)
Nozzle Throat Area (Dry) 18.65 cm? (2.89in.2)  19.42 cm? (3.01 in.2)

Nozzle Throat Area (A/B)  32.78 cm? (5.08 in.2)  33.23 ¢m? (5.15 in.2)

*Modified t0 35.23 ¢cm2 (5.46 in.2) for NASA program
GP53-0666-69-R

Figure 2.3. Compaﬁson of Key Geometry Parameters
for Supersonic VISTOL System and ANC Model

An external geometry comparison of the modified (smaller in-
let area) model and the 1lift plus lift/cruise V/STOL configura-
tion at 9.62% scale, Figure 2-4, shows that the ANC model is an
excellent representation of the V/STOL concept. The propulsion
system components are properly scaled, as well as the relative

location of the canard/inlet and wing/nozzle.

This NASA program investigated vehicle performance during
the cruise and maneuver portions of a deck launched intercept mis-
sion. The 1lift engine was therefore not modeled during the test.
The existing ANC ALBEN is aerodynamically similar to the full
scale V/STOL ADEN at cruise and maneuver power settings. There-

fore, the ALBEN was used for all testing in this NMASA program.



9.62% V/STOL Concept
(Properly Scaled Airflow)

ANC Model
(Inlet and
Nozzie Matching

9.62% V/STOL Concept)

GP53.0866-84-R

Figure 2-4. External Geometry Comparison Between ANC Model
and 9.62% V/STOL Concept
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3. TEST APPROACH AND MODEL DESCRIPTION

The overall test approach, model design, and associated data
requirements were established to identify propulsion/airframe
interactions using both the propulsion simulator and conventional
model techniques. A major effort was made to ensure that any
differences between the conventional and simulator mode test
results were a true indication of propulsion/airframe aerodynamic
coupling, as opposed to a bias error due to different methods of
model design or data acquisition. To achieve this, model
commonality was maximized in the CMAPS, Flow-Through, and
Jet-Effects test modes.

An identical support system and metric arrangement were used
in all test modes. A single internal bhalance measured all
external aerodynamic forces except those on the exhaust nozzles,
Figure 3-1. External pressures were measured to evaluate the
nozzle aerodynamics. Common metric break 1locations and seal

bridging mechanisms were also maintained, Figure 3-2.

Aft Metric Break

Interchangeable
Nacelle Core Hardware
' (Nonmetric)

Inlet cht

(Metric) Nozzie (ALBEN Shown)

IIIILILIEAEIEEE (755

Vrrrr 7777220

Strut Metric Break

Support System aps 7R

Figure 3-1. Common Support System and Metric Arrangement
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‘\; Dp
TR
AN 17
Forward Duct Seal
(Butyl Rubber)

Strut Seal
(RTV Silicone Rubber) GP53.0871-20-R

Figure 3-2. Metric Seal Details and Materials

The single model was designed to accept three different
nacelle core hardware units. This allowed conversion to either
CMAPS, Flow-Through, or Jet-Effects test modes by installing a
simulator, jet-effects plenum, or flow-through duct inside the

nacelle, as shown in Figure 3-3.

For all test modes, the model was instrumented to obhtain the
external aerodynamic characteristics of the airframe and the
nozzles. The aerodynamic loads on the airframe were measured
with a common 2.5 in. Task MK XXXII strain gauge balance. Thrust

was not measured.

The non-metric ALBEN was instrumented with 49 external sur-
face pressure orifices. The resulting surface pressures were
used to perform a pressure-area integration from which 1ift,
drag, and pitching moment on the nozzles were calculated. A
total of 96 additional surface pressure measurements were pro-

vided on the wing, fuselage, and nacelle for diagnostic purposes.
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Inlet Jet Effects
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Fairing Air Supply Plenum GP§3.035311-R

Figure 3-3. Test Mode Conversion Concept

A brief description of the wind tunnel model for each test
mode is provided below. A more detailed description of the model
is presented in Volumes II and III of this report (References 5
and 6).

3.1 CMAPS Mode

The major feature of the model is, of course, its ability to
accept a CMAPS in each engine nacelle. In this program, the
CMAPS units were always set to produce symmetric inlet and nozzle

conditions left to right. However, each CMAPS was controlled
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independently. The airflow paths through the simulator and the
location of the engine instrumentation planes for the CMAPS are
shown in Figqure 3-4. High-pressure air, expanded through the
CMAPS' single-stage turbine, drives a four-stage, axial-flow com-
pressor. The turbine discharge air can be routed out of the
CMAPS through a bleed line or mixed with the compressor airflow
and exhausted through the nozzle. This approach makes it possi-
ble to simulate the inlet airflow and nozzle pressure ratio inde-
pendently over a range covered by most current turbofan engines
for supersonic fighters. The maximum achievable compressor
airflow is 0.748 kg/sec (1.65 1b/sec), which equates to 80.74
kg/sec full scale (178 1lb/sec). At this airflow, the CMAPS engine
pressure ratio (EPR) can be varied from approximately 1.2 to 4.0.
The simulator operating range for a nozzle in the afterburning

position is shown in Figure 3-5.

Drive Control
Valve Venturi
( [0.4]
o, 000000
.
Drive Bled Bleed Control
Airflow = Airflow -\ Valve Venturi
(X)

Plane 57 Turbine Discharge

Mixer Airflow Plane 8

Exhaust Nozzle Duct

Inlet
Airflow

Mixed
Nozzle

"]
Compressor Airflow

Plane 2
Compressor Infet Compressor Discharge

Figure 3-4. Simulator Internal Flow Paths
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Figure 3-5. Demonstrated CMAPS Flexibility
A/B Power ALBEN

A detailed description of the CMAPS operation and
performance is given by Wagenknecht and Bailey (References 8 and
9)

Pre-test static airflow calibrations of the CMAPS were
conducted in the NASA ARC 9 x 7 ft. supersonic wind tunnel at
NASA ARC. A photograph of both simulators mounted on the support
sting during the airflow calibrations is shown in Figure 3-6. A
calibrated bellmouth, shown on the right hand inlet in Figure
3-6, was used to determined the reference airflow. The airflow
through the model was used to correct the balance outputs for
axial stream thrust at the simulated enging face (Plane 2), and

to determine inlet mass flow ratio (MFR) and ram drag.
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GP53-0666-65-R

Figure 3-6. CMAPS Compressor Airflow Calibration Set-Up

The method used for CMAPS airflow calculation was based on
static pressure at the turbine discharge (Plane 57) and rctor
speed. Other methods of CMAPS inlet airflow calculation were
also investigated based on measurements at the engine face (Plane
2), the compressor discharge (Plane 15), and the exhaust duct
(Plane 8). However, the Plane 57 airflow calculation was shown
to have the lowest uncertainty, as discussed in Reference 10 by

S. C. Smith of NASA ARC.

3.2 FLOW-THROUGH MODE

During the Flow-Through mode, non-metric ducts replaced the
simulators in the engine nacelles. The duct units were designed
to model the propulsion simulators with respect to the internal
inlet flow, particularly at the simulated engine face.
Therefore, the Plane 2 instrumentation, inlet duct seals, and
compressor face hubs were identical for Flow-Through and CMAPS

modes .
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3.3 JET-EFFECTS MODE

To achieve the Jet-Effects mode, plenum chambers were
substituted for the simulators or flow-through ducts. The drive
and bleed lines in the support sting furnished two independently
controlled high pressure air sources to the plenum. The air was

mixed in the plenum and exhausted through the ALBENSs.

To maximize commonality between modes, this dual-flow plenum
was designed to duplicate the internal airflow paths and
resultant pressure and temperature patterns encountered in the
CMAPS mode. Also, the inlet duct seal was retained during the

Jet-Effects mode to maintain a common seal arrangement.
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4. AERODYNAMIC TEST RESULTS

The net aerodynamic effect of flowfield interactions was
investigated by comparing the basic CMAPS mode results with those
obtained in the data build~up from the conventional mode. Any
differences identified were attributed to inlet/nozzle flowfield
coupling. The surface pressures and force and moment characteris-—
tics of discrete regions on the model were also analyzed to iso-

late the effects of anv flowfield interactions.

4.1 TEST PROGRAM

The three test modes (CMAPS, Flow-Through, and Jet-Effects)
required four externally different aerodynamic test configura-
tions to identify the presence of flowfield coupling. These
configurations were termed: 1) Simulated Aircraft, 2) Common
Baseline, 3) Nozzle Extension, and 4) Nozzle Extension Baseline,
Figure 4-1. The external differences in these configurations
were only in the nacelle geometry; all other external model
features were common. Aerodynamic increments from the last three
configurations were combined to form the conventional mode data

bhase.

To eliminate a possible bias due to different methods of
inlet airflow measurement, the inlet/ airframe effects used in
the conventional mode data build-up were obtained with CMAPS
installed in the Nozzle Extension configuration, and again with
the flow-through ducts installeqd. Therefore, the chosen method
of inlet airflow calculation (Plane 57 method) was used in both

conventional and CMAPS test techniques.

The four test configurations were derived from two inlet and
two exhaust system configurations. The inlet could be tested
either flowing or faired and the exhaust system could simulate
either ALBRENs or nozzle extension tubes with exit chokes. The
extension tubes were used so the exhaust plume would not bias the

effects of inlet mass flow ratio (MFR) on the metric airframe.
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Figure 4-1. Comparison of Test Configuration

Four distinct nozzle configurations were tested in the Jet-
Effects mode: unvectored dry power ALBEM and maximum after-
burning (A/B) power ALBEN at 0°, 20°, and 30° thrust vectoring.
However, in the subsequent CMAPS mode testing the unvectored A/B
configuration was the only ALBEN tested due to a CMAPS O-ring
failure. This prematurely ended testing in this mode. There-
fore, all direct comparisons between conventional and simulator
modes presented herein are based on the Simnlated Aircraft

configuration with unvectored A/B ALBENs.

The testing was performed from Mach 0.4 to Mach 1.4, up to
20° angle-of-attack, in the 11 ft transonic unitary plan wind
tunnel at the NASA Ames Research Center, Mof fett Field,

California.
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4.2 TOTAL AERODYNAMIC PERFORMANCE

In the CMAPS mode, the aerodynamic characteristics of the
complete configuration were obtained directly at the actuval
inlet/nozzle operating conditions. This was possible because the
propulsion simulators permitted the simultaneous matching of the

inlet and nozzle flow conditions at the desired operating points.

The total aerodynamic performance characteristics from the
conventional mode are based on a bhuild-up of data from three sepa-
rate configqurations, as previously noted. The three conventional
mode configurations were combined using the force and moment
accounting procedure shown in Figqure 4-2. The basic airframe
aerodynamics, which included inlet/airframe interactions (i.e.
MFR effects) but not nozzle/airframe interactions, were obtained
from the metric portion of the Nozzle Extension configuration.
The effect of the nozzle extensions on the airframe aerodynamic
characteristics was obtained as the difference between the jetoff

Common Baseline and Nozzle Extension Baseline configurations

Conventional Mode Simuiator Mode
Metric |
“* Nonmetric
I’" Effects of:
re=-=-V Nozzle Extension ///_ — Iniet/Alrframe
+ ——
[ — Nozzie
Extension
147// Common Baseline ” Jet-Off imeraction Effects of:
(Due to © InletiAirframe

Method Interaction

Nozzle Extension fFIT '_ _____ =
L_ Baseline @:: ?‘estlng) ool Yy simelated Aircratt /87 =

Nozzle/Airframe
] Inlet/Nozzle Interaction

e Coupling
%9 TS| o
”/ / """ Airframe
Interaction
LCommon Baseline ﬁ Jet-Off

Region included
W in performance
4 puitd-up

GP53-0666-52-R

Figure 4-2. Aerodynamic Accounting Procedure
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Finally, the nozzle/airframe interactions, including
operating NPR effects, were obtained as the difference between
jet-on and Jjet-off runs of the Common Paseline configuration in
the JetEffects mode.

During the build-up, the <conventional mode data were
adjusted to the same MFR, NPR and angle-of-attack as the basic
CMAPS mode data. These small adjustments were obtained by

interpolation.

The 1largest differences in aerodynamic performance between
the CMAPS and conventional modes occurred supersonically. As
shown in Figure 4-3, the simulator technique demonstrated nearly
20 counts (one "count" is equal to D/qS,, = 0.0001) less drag than

the conventional mode build-up at a constant lift coefficient.

Nominal Engine Operating Condition

0.8 1 Ny I
—-8—Simulator mode
- == == Conventional mode build-up
0.6 Angle-of-Attack—
B
- - - - -
L 4 - g
-
C, 04 ’%0.4?
0.2
0
0.02 0.04 0.06 0.08 0.10 0.12 0.14
CD GP53-0666-50-R

Figure 4-3. Drag Polar Comparison
. Simulator vs Conventional Mode
Mach 1.4 Canard Angle =0°
Mass Flow Rotation=0.793 Nozzle Pressure Ratio =9.60
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The effects of these interactions can also be seen in the
trends of drag versus NPR. As shown in Figure 4-4, the basic
Jet-Effects mode results can be incremented by the flowing inlet
effects and nozzle extension effects to obtain the conventional
mode build-up. The basic assumption in such a build-up is that
the inlet/airframe effects are independent of NPR. The conven-
tional build~up curve is thus parallel to the basic Jet-Effects
curve. Any differences Dbetween the CMAPS and built-up conven-
tional mode curves is an indication of flowfield coupling. This
includes differences in shape, as well as magnitude. Supersonic-—
ally, the CMAPS mode predicts a nearly constant increment of 20

counts less drag than the conventional mode.

0.048 T ,
Nozzle/Airframe Ef.fects
os increment Due to
RS Inlet/Airframe and
\o_ Nozzle Extension Effects
0.046

L
* ACp =0.0020 o

cecaa,

Cp 0.044 Hh-_.

0.042

Mode MFR
Mach 1.4 Q JetEtfects Inlet faired
a=08° = == = Conventional 0.73
5,=0° build-up
0 cmaps 0.73
0.040 o n 5 m ~

Nozzle Pressure Ratio
GP53.03563-20-R

Figure 4-4. Effect of Flowfield Coupling on Full Configuration
Drag at Mach 1.4

Subsonically, the simulator technique generally exhibits
lower lift and drag than the conventional technique at a given
angle-of-attack. However, the drag polars from the two tech-

niques nearly coincide, Figure 4-5.
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Further evidence of subsonic interactions are seen in the
trends of drag versus NPR at Mach 0.6 and 0.9, Figure 4-6. In
this case, the flowfield interactions are reflected as a

difference in shape between the CMAPS and conventional mode

curves.
0.020 [
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Figure 4-6. Effect of Flowfield Coupling on
Full Configuration Drag
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Comparison of total aerodynamic performance from CMAPS and
conventional mode testing, as presented above, indicates the net
effect of any flowfield coupling which may occur. However,
localized flowfield coupling may exist which affects only dis-

crete aircraft components and not the overall performance.

4.3 ILOCAL FLOWFIELD INTERACTIONS

Localized flowfield interactions were identified by analyz-
ing the surface pressures and force and moment characteristics of
specific regions on the model. The most significant localized
interactions were observed on the nozzles and the nacelle upper

surface.

The largest differences in pressure-area integrated nozzle
drag between the Jet-Effects and CMAPS modes occurred supersonic-
ally. As shown in Figure 4-7, the CMAPS mode with flowing inlets
exhibits from 6 to 12 counts less nozzle drag than the correspond-
ing Jet-Effects mode with faired inlets. A constant incremental
difference in drag would be expected if the inlet fairing
produced a bias error. However, the changes in slope or shape of
the drag coefficient curve in Figure 4-7 indicate that flowfield
interactions exist. 1In this example, the difference between the
maximum inlet fairing bias and the minimum bhias is 6 drag counts

due to inlet/nozzle flowfield coupling.

Evidence of flowfield coupling on the nozzle was also seen
subsonically. As shown in Figure 4-8, the magnitude of the
nozzle drag for each test technique is nearly the same. However,
the trends with NPR are again different. In this comparison, the
CMAPS mode demonstrates from 2 counts more drag to 6 counts less

drag than the Jet-Effects mode.
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The differences between the CMAPS and Jet-Effects mode
nozzle drags presented above are attributed to inlet flowfield
differences affecting the nozzle flowfield. In this case, the
comparison was between a flowing and a faired inlet. The inlet
fairing effect on jet-on nozzle drag is a bias error inherent to

conventional mode testing.

A traditional method of addressing this bias error is to
determine a drag increment between a reference nozzle operating
at a very low flow~ through NPR (or a solid sting plume simula-
tion) and the correct nozzle geometry operating at the engine
operating NPR. However, this approach properly accounts for the
inlet fairing bias only at the very low flowthrough NPR. It
agsumes that the inlet fairing bias is constant and does not
affect the relationship between nozzle drag and NPR. In the
presence of inlet/nozzle flowfield coupling, this assumption is

not necessarily correct, as shown in Figures 4-7 and 4-8.

Another flowfield interaction effect investigated was the
variation of nozzle drag with MFR and NPR, over a specific canard
angle range. The comparison shown in Fiqure 4-9a, at constant
MFR and increasing NPR, indicates a nearly constant incremental
change in nozzle forces. This increment is thus a constant
throttle-dependent effect on the nozzles and is not considered an
indication of inlet/nozzle interactions. However, a decrease in
MFR for a constant NPR, Figure 4-9b, changes the basic shape of
the curves. This change in trend indicates that the inlet
flowfield is acting through the canard to affect the nozzle
flowfield.

The data presented in Figure 4-9 also indicates that the
canard alone interacts with the nozzle flowfield, regardless of
MFR and NPR. This is interesting because the approach for conven-
tional testing is to assume that the effects of the canard on
nozzle drag are negligible. Of course, this typeé of interaction
could be obtained with traditional Jet-Effects mode testing by

imposing canard angle variations.
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Figure 4-9. Inlet/Canard Effects on Nozzle Drag

These same canard/nozzle interactions were not observed at
lower subsonic speeds. As shown by CMAPS mode data at Mach 0.6,
Figure 4-10, there is essentially no variation of nozzle drag
with canard angle at angles-of-attack of 0° or 9°. This same
trend was also identified on the jet-off, Common Baseline configqu-
ration, Figure 4-11. The nozzle drag is affected by canard angle
deflection at Mach 0.2 but not at Mach 0.4 and 0.6.
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The data suggests that this coupling phenomena may be due to
unstable flowfield characteristics associated with transonic
flow. Within this regime, shock waves can form and move along
the wing, nacelle, and nozzle in response to canard angle varia-
tions. At Mach numbers above or below this transonic regime, the
flowfield is sufficiently stable that canard variations do not

significantly influence the nozzles.

Variations in nacelle surface pressure distributions also
indicate the interaction of forward and aft flowfields. The
largest indications of such inlet/nozzle flowfield interactions
were seen in comparisons of faired and flowing inlet configura-
tions. As shown in Figure 4-12, the presence of the fairing is
felt over the entire length of the nacelle and nozzle. However,
at a higher NPR, the fairing effects on the nozzle pressures
diminish, Figure 4-13. These trends are typical of the subsonic
results, and indicate that the inlet condition (flowing or
faired) impacts the flowfield around the nozzles. These results
substantiate the trends of subsonic nozzle drag with NPR varia-
tions presented earlier. Similar inlet fairing effects were also

identified supersonically.

The effects of aerodynamic coupling identified here could be
greater for other propulsion system geometries. For example, a
vectored or dry power nozzle configuration could present an even
higher potential for inlet/nozzle flowfield coupling than the
tested unvectored A/B configuration. The smaller exit area of a
dry power nozzle results in much more aft-facing projected area
than an A/B geometry. Further, the effects of vectored thrust
have been shown to propagate farther upstream than those of

unvectored thrust (Reference 3).
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5. CMAPS UTILIZATION

The experience gained during the design, calibration, and
testing of the CMAPS-equipped model is as important as the aero-
dynamic test results. Requirements in model design and calibra-
tion require additional considerations compared to conventional
wind tunnel models. The operation of the simulators in a wind
tunnel environment was found to be generally reliable, but
specific areas will require further development. The operational
experience gained during this program is therefore reviewed, and
effort recommended for continued development of ©propulsion

simulators.

5.1 MODEL DESIGN CONSIDERATIONS - Wind tunnel models desianed to

accent the current propulsion simulaters are subiject to various
constraints not usually present for conventional models. These
constraints result from the physical size of a CMAPS, the avail-
able balance systems, and the drive and bleed 1line airflow/
temperature extremes. Special considerations must therefore bhe
made regarding model scale, metric break arrancement, support

system type, and balance temperature control.

5.1.1 Model Scale -~ The physical size and airflow capabili-

ties of the existing propulsion simulators dictate the scale of
the wind tunnel model. The physical size is obviously important
in determininag scale factor since the units must fit inside the
model. Since a CMAPS is a tool for propulsion system testing,
the model's scaled airflow must also match full scale engine

capability.

Characteristic dimension and airflow parameters which are
common to both propulsion simulators and full-scale enaines are
used in the scalina exercise. The diameter of the compressor
face 1is the primarv characteristic dimension for scalina to
spatial constraints. The scale factor ecguation based on com-

pressor face diameter is simple:
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_ CMAPS COMPRESSOR FACE DIAMETER

Scale Factor = ENGINE COMPRESSOR FACE DIAMETER

DIAMETER

The maximum corrected airflow is the characteristic parameter for

scaling to airflow capability. The scale factor equation based

on airflow is:

MAX CMAPS COMPRESSOR CORRECTED AIRFLOW

Scale Factor = MAX ENGINE COPRECTED AIRFLOW

ATIRFLOW

Ideally, both size and airflow considerations would generate
the same model scale. Unfortunately, this is not often the case
when existing full-scale engines are scaled to the propulsion
simulator. A comparison of several current and advanced engines
scaled to the CMAPS' size and airflow is presented in Figure 5-1.
the model scale based on airflow is often less than

that based on

As shown,

dimensional constraints. This situation could

obviously result in difficulty in physically fitting the simula-

tors inside a model which is properly scaled for airflow.
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W, Corrected D Scale Scale
Engine Design m (izn.) Airflow Diameter
kg/sec (Ibmisec) {percent) (percent)
CMAPS 0.748 (1.65) 0.0762 (3.0) —_ -
F100-PW-100 102.8 (226.7) 0.884 (34.8) 8.53 8.62
F100-PW-220 100.9 (222.5) 0.884 (34.8) 8.61 8.62
PW 1128 110.0 (242.5) 0.884 (34.8) 8.25 8.62
PW 5000 113.9 (251.0) 0.905 (35.6) 8.11 8.43
F110-GE-100 119.4 (263.2) 0.913 (35.95) 7.92 8.34
F404-GE-400 64.2 (141.5) 0.709 (27.9) 10.80 10.75
PW Lift/Cruise
Turbofan 80.8 (178.0) 0.770 (30.3) 9.62 9.90

GP53-0801-14-R

Figure 5-1. Current and Advanced Engines Scaled to CMAPS

by Airflow and Compressor Diameter



Scaling for the present program illustrates a possible
approach. The lift/cruise turbofan engine selected for the study
configuration of this program is included in the table of Fiqgure
5-1. Scaling for this engine indicates the scale factor based on
compressor face diameter (9.90%) to bhe greater than that based on
airflow (9.62%). Since this proaram was intended to identify
inlet/nozzle flowfield coupling, the properly scaled airflow was
required. The physical installation of simulators in the model
was not a problem because an adequate CMAPS envelope was provided
when the model was originally fabricated for the ANC program
(Reference 3). However, this approach resulted in a model for
the NASA program which was somewhat larger than the study vehicle
scaled to 9.62%. The properly scaled airflow was maintained by
scaling down the existing inlet slightly to the 9.62% size, as

previously discussed in Section 2.2.

Although not a constraint for this NASA program, the overall
length of the CMAPS/nozzle assembly may impact the scale of
simulator powered models which represent more compact aircraft
designs. The distance from the compressor face to the nozzle
throat is a characteristic dimension for scaling to overall
length. An example of scaling to CMAPS length as compared to
airflow and engine face diameter is presented in Figure 5-2 for
an advanced General Electric engine. It may be difficult to
install a simulator with the tailpipe/nozzle assembly used in
this program inside a model sized to the airflow of the advanced
engine depicted in Figure 5-2. In such a case, some of the extra
length needed for the CMAPS installation may have to be gained in

the inlet diffuser duct or the augmentor.

It should be noted however, that shorter CMAPS/tailpipe/
nozzle assemhblies are possible. The shortest feasible length is
31 em (12.25 in.) which would translate into a model scale of

10.1% for the advanced engine in our example.
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D, ( Advanced Engine | Hy

/—\ __l L pe—

Advanced Engine:
W, = Design Corrected Airflow: 102 kg/sec (226 Ibm/sec)
D,. 89.9cm (34.41in.)
R: 257.4 cm (140.7 in.)

Assumse A Nozzie to Calculate *‘Ry’":

Lp/Hr=2.0 @ Dry Power

AR = Aspect Ratio=4

A,=Throat Area= 2445 cm? (379 in.2) @ W, =102 kg/sec
AR=A;/H2=4=H;=24.7 cm (9.73 in.)
Lp/Hy=2=Lp=49.4 cm (19.5 in.)
.". For This Engine/Nozzle = R;= 308 ¢cm (121.3 in.)
For CMAPS/Nozzle in This TestaRTC=48 cm (18.9in.)

Scale to Length: Scale to Diameter: Scale to Airflow:
Scale Factor = 48 cm 7.6 cm 0.75 kg/sec
308 cm 89.9 cm 102 kg/sec
=  15.6% Scale 8.5% Scale 8.6% Scale

GP53-0801-15-R

Figure 5-2. Scaling Model to Length of CMAPS/Nozzle Assembly

5.1.2 Metric Arrangement - CMAPS-equipped models can be

designed for any of the metric arrangements traditionally used
with conventional Jet-Fffects and Flow-Through models. However,
many of the conceivable metric arrangements may be difficult to
implement for a CMAPS model due to model volume constraints or

metric break tare considerations.
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The metric arrangements are of two major categories; metric
and non-metric CMAPS installations. Typical metric arrangements
with related comments are shown in Figure 5-3. Each arrangement
designed with metric CMAPS requires bridging a balance with at
least two high pressure air 1lines. It would be difficult to
install conventional, "off-the-shelf"” wind tunnel balances and
metric air-transfer systems inside a properly scaled wind tunnel
model to meet this reguirement. This situation could possibly be
solved with a self-contained, balance/air-transfer apparatus.
However, such a system does not yet exist to our knowledge. MNASA-
Ames 1is currently pursuing the conceptual design of a "flow-
through" balance to fill this void.

Metric CMAPS installations will also require a thrust cali-
bration in order to calculate thrust-removed drag during a wind
tunnel application. Such thrust calibrations can be conducted in
the NASA-Ames Propulsion Simulator Calibration Laboratory (PSCL)

following its scheduled completion in 1986, Reference 1l.

The concepts with non-metric simulators, or those with
metric simulators on a multiple balance system, require calcula-
tion of stream thrust at the metric break 1locations. These
locations are either forward of the CMAPS compressor face or aft
of the CMAPS mixer, or both, depending on the arrangement. Such
a calculation can be accurately performed at the compressor face
metric break with a reasonable amount of total/static pressure
instrumentation at that plane. The same calculation at a metric
break downstream of the mixer would require an unusual amount of
instrumentation to account for the high levels of pressure and
temperature distortion. Therefore, concepts which propose a
metric break between the CMAPS and tailpipe/nozzle assembly are

discouraged.
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One-Balance Concepts:
Metric Breaks

Comments
CMAPS, Nozzles
q ‘Pr_opulsion Metric:
 Simulator_ Iniet, Airframe

Pressure-Area Integrations:

%7 - Nozzle
Calculation of:
Stream Thrust Ram Drag

(Ground)

__Note: Selected for thistest __________ o ecceemccnaneena (.@i _ﬁlf ?ff .......... .@i _P_Iz-a?e-zn
é—: _ ; Nothing
q Propulsion” Metric:
_Simutator . All

Pressure-Area Integrations:

None
Calculation of:
Stream Thrust Ram Drag

Note: Requi}es flow-through balance @ Plane 2 @ Plane 2
CMAPS
Metric:
; _ . inlet, Airframe, Nozzle
. Propulsion’ - .
Metric Breaks Simulator Metric Breaks Pressure-Area Integrations:
| < = o None
\ Calculation of:
7 Stream Thrust Ram Drag
@ Plane 2 @ Plane 2
) @ Nozzle Entrance
Note: Stream thrust at nozzle @ Nozzle Exit

entrance difficult calculation
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Figure 5-3. Typical Metric Arrangements for CMAPS - Equipped Models
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Two Balance Concepts
With No Pressure-Area Integrations:

ﬂ—Metric Breaks

“*Propulsion-
S:mulator

P —
Ny —

EE&E % CMAPS, Nozzle |

Inlet, Airframe Thrust-Drag
Note: Requnras flow-through balance  Drag
M—Metﬂgﬁrgﬂks
; " Propulsion-
( Simulator
&—

Ny —
\ Aircraft

Note: Requires flow-through balance Thrust-Drag

N~ CMAPS, Nozzle

Thrust-Drag

Comments

Nothing

Metric:

Inlst, Airframe: Drag
CMAPS, Nozzle: Thrust-Drag

Calculation of:
Stream Thrust

@ Plane 2
@ Nozzle Exit

Ram Drag
@ Piane 2

Non-Metric:
Nothing

Metric:
Aircraft: Thrust-Drag
CMAPS, Nozzie: Thrust-Drag

Calculation of:
Stream Thrust

@ Plane 2
@ Nozzle Exit

Ram Drag
@ Plane 2

ﬂ— Metric Breaks
ﬁgﬁﬁm@

Simulator

-
-

Inlet, Airframe
Aircraft Drag

Note: Requires flow-through balance Thrust-Drag

L e Y e L L L L L L L T T T Y cecscssmsean

No Balance Concept

________
- ~
-

/7] Propulsion’
~=e.___31] . Simulator .

rm-—

Note: Large uncertainty under
pressure gradients

Non-Metric:
Nothing

Metric:

Aircraft: Thrust-Drag
Inlet, Airframe: Drag

Calculation of:
Stream Thrust
@ Plane 2
@ Nozzle Exit

Ram Drag
@ Piane 2

Comments

Non-Metric:

Full Aircraft

Metric:

Nothing

Pressure-Area Integration:

Aircraft External Surfaces,
Inlet Duct to Plane 2

Calculation of:

Stream Thrust Ram Drag
@ Plane 2 @ Plane 2
GP53.0801-20-R

Figure 5-3. (Concluded) Typical Metric Arrangements for CMAPS - Equipped Models
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The metric arrangement selected for this program is consid-
ered the most straightforward concept for measuring the six
aerodynamic components 1if thrust measurement is not a require-
ment. As described in Section 3, the selected arrangement
consists of three metric breaks and three associated seals. The
three seals are located at the simulated compressor face (duct
metric break), at the beginning of the nozzle Dboattail (aft
metric break), and between the strut and lower fuselage (strut
metric break). The strut and aft metric break concepts are not
new, and have bheen successfully employed in several recent nozzle
research investigations (e.g. References 3 and 12). The duct
metric break is somewhat unconventional, since usual practice for
conventional flow-through testing is a completely metric internal
duct. However, for a non-metric CMAPS installation, the only
Practical location for the duct metric break is at the CMAPS
inlet.

Methods of sealing the duct metric break present a design
challenge, however. This seal must provide a smooth, air-tight
transition from the metric internal duct to the non-metric simula-
tor within a relatively short distance. The Butyl rubber seal
design for this model was acceptable in meeting these
requirements, but could be improved. This is discussed further

in Section 5.3.

A fully non-metric, pressure-instrumented model arrangement
is another approach if measurement of CMAPS thrust forces are not
required. However, force and moment calculations bhased on
pressure-area integrations are subject to accuracy problems,
particularly where extreme pressure gradients exist. Adequacy of
such an approach obviously depends on the configurations beind
modeled and the Mach number/angle-of-attack combinations of

interest.
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5.1.3 Support System - The possible model support svstems

are somewhat limited. This is due primarily to the need to house
two high pressure air passages (drive and bleed) for each CMAPS
while maintaining the necessary stiffness in a low interference
design. The primary problem is the requirement for a large
passage for the turbine bleed flow. Small bleedline flow areas
result in compromises to the minimum EPR 1line of the CMAPS
flexibility map. The drive air passage is sized to deliver the
desired flowrate and pressure to the CMAPS based on the available
high pressure capabilities of the facility. It can therefore be

smaller in size and usually has less impact on the strut size.

The bleed air lines in this strut were sized to accommodate
the simulators' requirements throughout the entire flexibility
envelcpe. This resulted in a nominal bleed line area of 9.7 sq.
cm. (1.5 sg. in.) with slightly smaller areas inside the model
and larger areas near the end of the support strut, as shown inh

Figure 5-4.

Some simulator applications may not require the capability
to cover the entire flexibility map. For example, many advanced
turbojet or 1low bypass ratio turbofan engines are expected to
operate at higher average EPRs than demonstrated by current
engines. CMAPS-equipped models which represent such configura-
tions could possibly sacrifice the lower portion of the flexi-
bility map to achieve a smaller bleed line area. However, the
quantitative relationship between changes in the bleed line area
and flexibility map must be defined. A study which defines this
relationship could be performed in the NASA-Ames Propulsion

Simulator Calibration Laboratory (PSCL).

The support system selected for this program was a compro-

mise bhetween two traditional concepts: the 1lower fuselage
mounted "hockey stick" and the direct rear entry sting. In the
chosen design (Figure 5-4), adeguate internal volume and
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stiffness was provided in the same maximum thickness (6.35 cm.
(2.5 in.) near the model) that would be required for a "hockey
stick" strut. Flimination of the vertical “blade" portion of a
hockey stick was also achieved, acting to reduce interference at
high angles-of-attack. In a direct rear entry sting, the aft-end
is usually distorted. This was not acceptable for this program

since accurate nozzle/airframe effects were required.

15.2 cm
(6.0 in.) Dia

10.7 ¢cm
3.5¢cm (4.2 in.) Dia
(1.4 in.) Dia 3.8cm (1.5in.) Dia

3.8cm (1.5in.) Dia
Area=11.4 cm?

A=9.6 cm? Bleed Air Line
A=11.4 ¢cm?

Strutl¢ L_ -
WL 6.914 -

FS 69.050

FS 63.550

3.2¢cm

(1.3 in.) Dia
Instrumentation
Passage

FS 92.400

-
<::j‘::::::\‘ rro L
[} ] ] v T
WL 6.914 - -r .-:—_i-_-—-! '__| g =
| I 11 ] '

FS 32.200 | FS 41.106 | FS 50.689 FS 63.588 IFS 74‘0688lFS 84.0954| FS 92.900

FS 36.152 FS 46.367 FS58.120 FS 69.056 FS 79.0816 FS 89.1072 FS 104.900

GP53-0801-18-R

Figure 5-4. Details of Support Strut

The major disadvantage of the tested support system is the
potential for increased interference at 1low angles-of-attack.
Any interference effects should be confined to the lower aft fuse-
lage area, which is removed from the wide-spaced inlet/nacelle/
nozzle assemblies where the bulk of the interactions were identi-
fied. However, it must be assumed that any strut interference
would be reflected as a common bias error amoung the various test

modes.
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5.1.4 Temperature Control - Models equipped with propulsion

simulators are subject to a wider range of temperatures than con-
ventional models. Conventional models are heated by the tunnel
freestream and by any high pressure air delivered to the model.
In many high speed wind tunnels, temperature gradients inside a
model can generally be minimized by controlling the freestream
total temperature and the nozzle air supply temperature. How-
ever, CMAPS-equipped models are subject to additional heat
sources which cannot be independently controlled to minimize the

temperature gradients.

The three main temperature sources from a simulator are:
(1) turbine drive air at nearly 93 deg C (200 deg F), (2) turbine
bleed air at 10 to 74 deg C (50 to 165 deg F), and (3) compressor
discharge air up to 204 deg C (400 deg F). Significant errors
may be introduced in the force and moment results if these temp-
erature differences create a thermal gradient across the internal
strain-gage balance. Therefore, an active temperature control
system will normally be required to hold the balance at a

pre-determined, uniform temperature.

The thermal control system for this program consisted of
four separate heater blankets with feedback control. This system
was designed to maintain a nominal uniform balance operating
temperature of 71 deq C (160 deg F) throughout the test. A
schematic of the heater/thermocouple arrangement is shown 1in
Figure 5-5. Two heaters (#1 and #2) were located on the forward
and aft sections of the balance housing. Another heater (#3) was
located on the forward end of the balance taper insert. The
fourth heater (#4) was located beneath the balance. Very thin
(0.076 ecm (0.030 in)) custom heaters, manufactured by the Watlow
Corporation, were used for this application. Two of the heater
blankets (#1 and #2) can be seen in the photograph of the
partially assembled model is shown in Figure 5-6.
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4
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Balance Taper + L
' +
Balance Housing
A
Control and monitoring
| Heater No. 4 o® thammocouples
Section B-B Section A-A TT] Proportional temperature

j| | controller

Figure 5-5. Balance Thermal Control System apeseoi1e R
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Heater Blanket No. 2

Heater Blanket No. 1

Forward End of Balance Housing

Heater Blanket Leads

Thermocouple Leads
GP53-0801-20-R

Figure 5-6. Heater Blanket Installation to Balance Housing

Two thermocouples were provided for each of the four
heaters. One provided feedback to the proportional temperature
controller. The other thermocouple supplied information to the
data acquisition system for monitoring and back-up purposes. TO
avoid direct contact with the heaters, the thermocouples were
installed in wells milled into the balance housing and taper
adapter. The installation wells and trenches for the electrical
leads for three of the thermocouples are shown in the photograph

of Figure 5-7.
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Balance Housing

Forward End of
Balance Taper Insert

-<——Forward

Thermocouple
Installation Ports

GP53-0801-21-R
Figure 5-7. Balance Housing Prior to Heater Blanket Installation

This thermal control system maintained a nearly constant
balance housing temperature despite the range and variations of
temperature within the model. An example of the temperature
variations at five key locations in the CMAPS and air supply
system, together with variations of balance housing temperature,
are shown in Figure 5-8 for an FPR sweep at Mach 0.6. Over the
range of air temperatures from 22 deqg C to 123 deg C (72 deg F to
254 dea F), the thermal control system maintained a nearly

constant value of 71 dea C (160 deq F) along the balance hcusing.
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Figure 5-8. Model and Balance Housing Temperature Variation With EPR

5.2 PRE-TEST CALIBRATIONS - CMAPS-equipped models require pre-

test calibrations in addition to those normally performed on a

powered model. These calibrations are for inlet airflow, nozzle

pressure ratio, and nozzle airflow.
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5.2.1 Compressor Inlet Airflow - Similar to a full scale

inlet/engine installation, compressor inlet airflow for a CMAPS
cannot be accurately measured with conventional compressor face
pressure instrumentation. Therefore, alternate methods of calcu-
lating inlet airflow are being developed based on pressure
measurements inside or downstream of the CMAPS units. Currently,
the airflow calculation methods require a separate CMAPS calibra-
tion for each mixer/nozzle combination to be tested in the wind

tunnel.

In this program, both CMAPS units were calibrated statically
for airflow in the NASA-Ames 9x7 ft wind tunnel. Four separate
methods of calculating airflow were investigated bhased on measure-
ments at the compressor face, the compressor exit, the turbine
exit, and the nozzle entrance. A photograph of the simulators in
the 9x7 ft wind tunnel during the static airflow calibrations is
shown in Figure 5-9. The right hand CMAPS is shown with the bell-
mouth inlet and the ALBEN installed. The bellmouth inlet was
used to provide the reference airflow. For this program, the
calibrations at two different mixer/nozzle combinations required
about 5 weeks. For future test programs, these calilkrations
would be conducted by the facility with no adverse schedule

impact to the user.

Based on the NASA static calibrations, the airflow calcu-
lated from measurements made at the turbine exit was selected as
the primary airflow for all of the data reduction analysis.
Details of this airflow calculation method and others investi-

gated are presented in Volume TII, Reference 6.

5.2.2 Nozzle Pressure Ratio - The pressure distortion gene-

rated by a CMAPS mixer may adversely affect the measurement of
average total pressure in the region immediately downstream of
the simulator. In order to accurately calculate nozzle pressure
ratio (NPR), therefore, the nozzle total pressure instrumentation

should be calibrated prior to the test.
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Figure 5-9. CMAPS Airflow Calibration Set-Up

In this program, NASA-Ames performed the nozzle total pres-—
sure calibration during the inlet airflow calibrations. An
external rake, shown in Figure 5-10, was positioned to measure
total pressure at the throat of the ALBEN. The total pressures
measured at the 4-probe total pressure rake located just upstream
of the nozzle were then compared with those measured with the
external rake, thus generating a calibration factor. The cali-
bration arrangement is shown schematically in Figure 5-11. A
drawback to this technique is the potential for adverse effects
of blockage or flow angularity. In this program, the blockage
effects were isolated by performing comparative runs with and
without the external rake. These effects were incorporated into

the calibration factors.
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Figure 5-10. External Rake for ALBEN Total Pressure Calibration
Dry Power ALBEN

Standard Nozzle Total
Pressure Instrumentation

lfzf\
ﬁ(

[
i

Bellmouth Inlet

External Rake Assembly -\
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Figure 5-11. Schematic of Pre-Test CMAPS/Nozzle Calibration Arrangement
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A large range of total pressﬁre calibration factors resulted
from: 1) the changing pressure and temperature profiles down-
stream of the mixer and 2) the minimal instrumentation in +hat
reqgion. The pressure and temperature profiles changed throudghout
the engine operating map as the amounts of compressor and turbine
discharge flows through the mixer were varied. Although repeat-
able to within +0.005, the calibration factors varied from 0.92
to 1.08 across the NPR range tested. This change in calibration
factor is large and undesirable. An instrumentation rake mounted
in the tailpipe may require at least 20 total pressure and temp-
erature probes to more accurately account for these changing
distortion levels. Further discussion on the typical pressure
distortion downstream of the CMAPS mixer is provided in Reference
1.

Kiel probe surveys provide another method of calibrating
nozzle total pressures without the adverse blockage effects. 1In
this method, the nozzle approach duct just upstream of the throat
is traversed by a small number of Kiel probes (one or two) to
accurately measure this total pressure distribution with minimal
blockage or disturbances. A Kiel probe differs from a standard
total pressure probe in that the pitot probe is installed in the
center of a venturi. Thus, the pressure indicated by the Kiel
probe is insensitive to flow angularitv up to 40 deqg off axis.
These probes are especially suited for measuring total pressure
in a fluid stream where the flow direction is unknown or varies
with operating condition, as may be the case behind a CMAPS
mixer. An example of commercially available Kiel probes is shown
in PFigure 5-12. One disadvantage of the Kiel probe method is

that it is more time consuming than using external rakes.
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TYPE KA MINIATURE SENSING HEAD (1/16°° DIA.)

Probe Sensing Head
Ordering o9 P00y ongth Joining Compound
Part No. 6a meter ~in.) .
Description h a Metal Operating
Filler Temperature

KAA-6  1/16 in. Dia 6
KAA-8* 8 High-Temp
KAA-12*  Miniature 1716 4y Ay 1S00°F
KAA-24 24
KAC-6  Type ‘A" 6
KAC-8* 8 Hi-Temp o
KAC-12* (See llustration  © 12 Ay~ 1.500°F
KAC-24  Below) 24

Type A

UNITEDN ; contrOL CORP.
q sE o A Subsidiary of VNITED ELECTRIC CONTROLS TO.
—y L1, 88 CHOOL ST, WATERTOWN, MASE. 02172
Clearance 1/16 in.

Hole 1/8 in.

= -

Air.
Flow GP53.0801-13.R

Figure 5-12. Example of Commercially Available Kiel Probes’

5.2.3 Nozzle Airflow - Nozzle airflow calibrations are

often conducted prior to powered model wind tunnel +ests. How-
ever, standard isolated nozzle calibrations are not adequate for
a nozzle to be used on a simulator powered model unless the
temperature and pressure distortions typical of the CMAPS mixer
are accurately simulated. Therefore, any nozzle airflow calibra-
tions need to be performed during the other calibrations with the
CMAPS. Nozzles installed behind CMAPS units can be calibrated in
the NASA-Ames PSCL, where precise measurements of inlet, drive,

and bleed airflow will be available.
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5.3 CMAPS CONTROL AND OPERATION - The performance of the CMAPS

units during the 140 hours of calibration and testing provided
useful control and operation experience. The simulators proved
to be reliable test tools, performing well in over 200 consecu-
tive wind-on runs, at angles-of-attack ranging up to 20 deg and
in the Mach range from 0.4 to l1.4. For these test conditions,
the simulators demonstrated a significant tolerance to inlet

pressure distortion.

It is not meant to imply that the CMAPS test technique is
simple, or that improvements are not possible. The model is
complex and the amount of support equipment 1is significant.
However, once the model and test operations were well estab-
lished, the associated data acquisition rates were found to be

significantly better than the conventional test technigues.
In this section, the data acquisition rate is discussed, as
well as the CMAPS distortion tolerance and specific areas which

Yequire improvement in the CMAPS technique.

5.3.1 - Data Acquisition Rate - One of the major operational

advantages identified for simulator testing is the potential for
an improved data acquisition rate. In this program, the
conventional testing (Jet-Effects and Flow-Through) resulted in
200 wind-on runs requiring 60 hours of wind-on tunnel time and 11
working days on tunnel occupancy. Testing in the CMAPS mode
resulted in 224 wind-on runs, 45 wind-on hours, and 16 tunnel
occupancy days. Therefore, the CMAPS technique (at 5.0
runs/wind-on hour) acquired 50% more runs per hour than the
conventional methods (at 3.3 runs/wind-on hour). During one
portion of the test, the simulators were operated continuously
for 8.5 wind-on hours. Continuous variations of Mach, MFR, NPR,
and canard angle were performed without tunnel down time for

model changes.
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The improved data acquisition rate is primarily due to the
operation of the CMAPS control system. The MNASA CMAPS control
system, Figure 5-13, 1is capable of monitoring health parameters
and controlling the airflow and EPR of two CMAPS. In this test,
the controller was placed in the AUTO RPM mode, with MFR set
points obtained by "dialing-in" selected values of RPM. These
set point changes took 10 to 15 seconds depending upon the size
of RPM increment. The EPR set points were held manually DbY

operating the bleed valve. The time required to change EPR set

points was 40 to 50 seconds.

GP53-0801-17-R

Figure 5-13. NASA CMAPS Control System

The CMAPS control system 1is also capable of a FULL AUTO
mode. In this mode, both MFR and EPR set points are dialed-in
and controlled automatically. At the time of this test, an
efficient algorithm for controlling inlet airflow was not

available to make the FULL AIITO mode feasible.
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5.3.2 Distortion Tolerance - The simulator distortion

tolerance throughout the angle-of-attack and Mach ranges tested
exceeded expectations. The simple normal shock inlet tested on
this model produced significant levels of total pressure distor-

tion at certain Mach and angle-of-attack combinations. FHowever,

the simulators ran problem free behind +this inlet, even at
distortion 1levels of 30% (PTmax-PTmin)/PTavg). This exceeded
previously measured maximum levels of 21%, Reference 13. It

should he noted however, that during high distortion conditions,
the simulators were operated only at low to moderate compressor
pressure ratios. 30% distortion at higher airflow conditions may
have adversely affected the simulators. Also, the CMAPS
controller was able to hold the RPM set points to approximately +
1% variations at the highest levels of distortion. At distortion
levels 1less than 15%, the controller held the set points to

within + 0.5% variations.

5.3.3 CMAPS O-ring Seals - One problem encountered in this

particular test was a limitation in maximum engine pressure ratio
(EPR). As the turbine inlet pressures approached 1000 psi,
O-ring seals between the simulators and drive manifolds, Figure
5-14, hegan to leak excessively. Limits on the turbine inlet
pressure resulted ir a maximum EPR of 3.0, rather than the value
of 4.0 that simulators are capable of attaining. A redesign of
the O-ring installation should remedy this problem and permit
simulators to operate over nearly the same range of inlet and
nozzle conditions as current turbofan engines. NASA-Ames is

currently addressing this problem.

5.3.4 0il Supply System - Valuable experience was gained

during this test regarding the type of materials used in the oil

supply system of the simulator and in the model.
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In order to allow for changes in model attitude, portions of
the o0il supply lines were plumbed with flexible tubing. The rate
at which EPR could be increased was limited by the use of this
flexible tubing. The rate at which EPR could be increased was
limited by the use of this flexible tubing. This was caused by
the tendency for the tubing to expand in volume as EPR increased.
If EPR were increased too rapidly, the volume of the flexihle
tubing would also increase rapidly. However, the o0il supply
system could not quickly provide the o0il needed to fill the extra
tubing volume. This would have caused interruptions in the oil
flow to the aft hearing and a sudden increase of the bearing
temperature. Even slow changes in EPR would temporarily reduce
the o0il flow to the aft bearing, but not totally interrupt it.
It was therefore necessary to place the rate in which EPR could

be increased.
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The use of rigid oil 1lines throughout the supply system is
one possible corrective action, but is not always practical.
Another solution might be to modify the CMAPS controller to anti-
cipate and respond to situations which create oil deficiencies in

parts of the system.

Another problem was that o0il required to lubricate the simu-
lator bearings was found to react adversely with certain types of
plastic, rubber, and other petroleum-based materials used for
seals and pressure tubing. Future CMAPS test programs should
take steps to prevent bearing o0il from pooling inside the model
where it might attack these materials. One practice, which was
adopted during this test, is to return the model to a nose-high
inclined position during tunnel down-times. This allowed any

leaking oil to drain out of the model.
Other materials with better resistance to the effects of the
bearing o0il might also be considered. One such material is

VITON.

5.3.5 Duct Metric Break Seal - The duct metric break and

associated seal (Plane 2) are peculiar to testing of non-metric
CMAPS units. The seal used for this test provided a satisfac-
tory, air-tight transition from metric to non-metric hardware.
The seal created axial and normal force tares when subjected to a
pressure differential or deflection. Although repeatable, these
tares were not as small as desired. The duct metric break seal
is therefore an area for improvement if a similar metric arrange-

ment is used.

As the balance deflects due normal force and pitching moment
loads, a vertical offset is formed between the metric and non-
metric dvucts. The seal must bridge the offset, as shown concept-
ually in Figure 5-15. The shearing stresses imposed on the duct

seal during this condition create ripples in the side walls.
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| Further, pressure differentials across the seal cause the rubber
to deform. This deformation creates an axial tare force as the

tension in the seal "pulls" the metric duct aft.

Region of
Inlet Duct Seal
—N
Non-Metric
Metric \ By
a
7
! .
| CMAPS __ _ _ _ | // A _ _ _
¢ 4
; Pauct™> Peav /
e
/
<
Deformation Due Ripples in Seal
| to Pressure Side-Wall Due to
! Differential Shear Force GP53-0801-1-R

Figure 5-15. Conceptual Schematic of Duct Seal at Plane 2 Metric Break

The deformation and associated tares were alleviated in this
test by installing backstops behind the seal as shown in Figure

5-16. The ripples, however, were not eliminated.
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Figure 5-16. Schematic of Duct Seal With Backstop Assembly
Another method of reducing the deformation may be to fabri-

cate the rubber seals with circumferential windings, 1like those
used in an automobile tire. However, this approach may also be
ineffective 1in eliminating the ripples when subjected to shear
forces. An extremely short, highly flexible bhellows assembly
might be considered as a way to remedy both problems. However,
the metal bellows designs which are currently available usually
require a length of from 2 to 5 times the duct diameter to
deflect into an "S" shape when placed in shear. If the "S" shape
cannot be obtained, the bellows' coils will be in shear and a
large normal force tare will be generated. Such a length is not
feasible in most models scaled to house a CMAPS. These and other
alternatives should be considered prior to future  CMAPS

applications.
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5.3.6 Compressor Face Instrumentation Ring - The instrumen-

tation ring at the simulated compressor face housed a 5 leg total
pressure rake with a static pressure port at the base of each
leg. The legs of the pressure rake, Figure 5-17, were mounted in
the slots of the instrumentation ring shown in Figure 5-18.
Tubing was attached to the ports on the base of each leg and
routed to pressure transducers located elsewhere in the model.
The ring assembly was mounted to the engine face of the CMAPS, as
shown in Figure 5-19. This instrumentation ring was designed by
General Electric and Tech Development Inc. for the CMAPS

development program, Reference 1.

Access Ports
In Base

GP53-0801-5-R

Figure 5-17. Legs of Compressor Inlet Pressure Rake
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for Pressure Rake
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Figure 5-18. Compressor Inlet Instrumentation Ring

Figure 5-19. Compressor Inlet Instrumentation Ring Assembly
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Throughout +this test, the instrumentation ring assembly
occasionally experienced unacceptable pressure leaks. These
leaks have been attriputed to the method of attaching the
pressure tubing to the bases of the instrumentation legs. The
tubing was attached with a connector block which relied on
miniature O-rings for a positive pressure seal. These miniature
O-rings require very precise tolerances on the mating parts to
provide a positive seal If the part and the O-ring are at
opposite ends of their tolerance ranges, compression of the
O-ring will Dbe decreased, and leaks are 1likely to occur.
Furthermore, the wide range of pressure applied to these seals
could cause the position of the O-rings to shift as the pressure
differential changes from positive to negative. This could

account for the variations in the magnitude of the leaking.

A detailed design and evaluation will be required before any
changes to the instrumentation ring can be implemented. However,
two possible alternate approaches to the current concept are:
1) larger O-ring assemblies and 2) stainless steel tuhing routed
to each pressure port on the rake and joined to flexible tubing

elsewhere in the model.

5.3.7 Strut Thermal Bending - The support strut in this

test experienced a thermal gradient which induced unanticipated
upward bending. The thermal gradient occurred because of the
temperature differences bhetween the CMAPS drive and bleed air
passing through the upper and lower portions of the strut, respec-
tively. The airflow passages were machined directly into the
structure of the strut. A simplified thermal bending analysis on

the strut geometry, Figure 5-20, illustrates the problemn.
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Figure 5-20. Simplified Thermal Bending Analysis on Support Strut

In the data reduction, angle-of-attack was calculated by
correcting the measured strut angle with an analytical prediction
of the thermal bending, in addition to the standard corrections
for elastic bending. Angle-of-attack 1is believed accurate to
within 0.07 degrees. However, this situation could be averted in

the future by designing the support system with a different drive
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and bleed 1line arrangement. An alternate concept is shown in
Figure 5-21, where the drive/bleed arrangement 1is designed to
induce offsetting thermal gradients. Co-axial drive and bleed
lines should also eliminate the gradient problem, but could be
difficult and costly to implement.

Drive Air Lines

Bleed Air Lines

Instrumentation
Passage

,
| GP53-0801-9-R
Support Strut Cross-Section

Figure 5-21. Alternate Air Line Arrangement to Avoid Thermal Bending

5.3.8 Mixer Assembly - The mixer 1is another area for

potential improvement. The need for an improved mixer installa-
tion or variable area mixers is apparent from the simulator
flexibility map (see Figure 3-5). This flexibility is defined as
the range over which either compressor airflow or engine pressure
ratio (EPR) may be varied while holding the other parameter
fixed. EPR variations at a constant compressor airflow are
achieved hy directing all or part of the turbine discharge flow
throuach the mixer to combine with the compressor flow (Fiqure
3-4). Variations in mixer discharge area significantly affect
the obtainable EPR rance for a given nozzle throat area, as

discussed in Reference 2.
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For each nozzle throat area tested, more than one mixer dis-
charge area may be required to produce the desired EPR range.
The model used in this program required a significant tear-down
in order +to change mixer assemblies. If a program involved
parametrics on the nozzle throat area, such model changes could
reduce or eliminate any time savings gained by using simulators.
For such programs, an easily accessed mixer installation would be
desirable to reduce model down time. A mixer with discrete or
continuously variable discharge areas would bhe even more

attractive.

5.4 FUTURE EFFORT - The operational experience gained in this

program can be used to direct the continued development of propul-
sion simulators as a viable tool for wind tunnel testing. The
aforementioned NASA-Ames Propulsion Simulator Calibration
Laboratory can be used to address many of the developmental
needs. Following this near-term development, propulsion
simulators should be better suited for further wind tunnel model

applications.

5.4.1 Propulsion Simulator Calibration Laboratory - The

Propulsion Simulator Calibration Laboratory (PSCL) at NASA-AmeS
can be used to perform flowrate and thrust calibrations on any
applicable hardware. The PSCL is shown in the photographs of
Figure 5-22. The primary application will be the calibration of
all types of turbine powered simulator (TPS) units for installed
net and gross thrust under simulated ram and NPR conditions, as
well as calibrations for airflow. The PSCL is scheduled for
general usage in 1986 following safety qualification tests and
check-out calibrations. A complete description of the

capabilities of the PSCL is presented in Reference 11.
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Schematic of PSCL Airflow
and Balance Systems

%%Z

Outside PSCL Test Chamber PSCL System Control Console
and Control Room GP53-0801-24-R

Figure 5-22. NASA-Ames Propulsion Simulator Calibration Laboratory (PSCL)

In addition to routine calibration work, the PSCL can be
used as a testhed during the development of hardware and opera-
tion improvements for the CMAPS test technique. For example, new
designs for inlet duct and drive manifold O-ring seals could be
fully tested and evaluated in the PSCL prior to an actual wind
tunnel application. Also, the effects of pressure distortion on
the CMAPS performance and airflow calculations could be more

fully assessed in the controlled environment of the PSCL.

The completion of the PSCL will be a major step in the

continued development of propulsion simulators.
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5.4.2 Future Applications - Propulsion simulators could be

of great value in the final configuration trade studies which
occur in the latter stages of an aircraft concept development
program. Another valuable application may be in the development
of aircraft configurations which are expected to exhibit
inlet/airframe/nozzle interactions. CTOL configurations which
employ in-flight thrust vectoring or reversing may require wind
tunnel testing with propulsion simulators in order to accurately
measure the interactions. Such interactions can also be
significant during the transition and hover regimes cf a V/STOL
aircraft. The results of this program, which was the first
application of CMAPS in a full aircraft configuration, indicate
that even relatively small flowfield interactions can Dbe
identified and measured when hoth the inlet and nozzle flows are

modeled simultaneously.

The final <configuration trade studies in any concept
development program require an accurate definition of the
propulsion system contribution to the total vehicle aerodynamic
characteristics. Propulsion simulators could be used effectively
in this stage of the program to measure all external aerodynamic
effects related to the propulsion system (i.e., inlet and nozzle
drag) on a single wind tunnel model in a single test entry. This
technique would provide for the measurement of any inlet/nozzle
flowfield coupling which may occur; a feature not available with
the conventional combination of jet-effects and inlet drag
models. These propulsion system increments could then be added
to the basic vehicle aerodynamics, as measured on a conventional
flow-through model, for example. Inlet performance would likely
still be measured on a separate, large scale (10 to 20%) model
with proper bleed and mass flow simulation and possibly variable
ramp positioning. A schematic of such a CMAPS application
compared to a typical conventional mode approach 1is shown in

Figure 5-23 for a CTOL case. .
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Mode Approach

Model:
Aero Flow-Through

_* Sting Mounted .
e Small Scale (~5%)
* Yields Reference Force and

Moment Data

Inlet Drag

Cm ="

¢ Sting Mounted
e Larger Scale (8 ~ 15%)

¢ Yields Inlet Drag at
Operating MFR

Jet-Effects

Strut Mounted
Inlet Faired
Larger Scale (8 - 15%)

Yields Nozzle Drag and
Jet-Effects

inlet Performance and Development

Partial Model

e Larger Scale (10 - 20%)

1 ¢ Yields Inlet Internal Performance

(Distortion/Recovery)

Ao”-’

//<‘_’f g

All Bleed Flows and Movable
Surfaces Accurately Simulated

Example
Simulator
Mode Approach

Model:
Aero Flow-Through

e Sting Mounted
e Small Scale (~5%)

e Yields Reference Force and
Moment Data

e Strut Mounted

e Larger Scale
{8 -~ 15%)

¢ Inlet and Nozzle Drag Measured
Simultaneously

¢ [nteractions Measured

¢ Propuision Models Reduced/Test
Time Potentially Reduced

Inlet Performance and Development

Partial Model

All Bleed Fiows and Movable
Surfaces Accurately Simulated

Larger Scale (10 - 20%)
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GP53-0801-28-R

1 Figure 5-23. Example of Aero/Propulsive Performance Testing
Conventional vs Simulator Approaches
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As previously noted, V/STOL configurations may experience
the most significant flowfield interaction effects, especially
during the hover mode. A CMAPS-eguiped model supported by an
overhead support system could be used to assess these effects.
The inlet and exhaust flows of the lift/cruise engines would be
provided with the simulators, while either tip-driven fans or

ejectors might be used to simulate the 1lift engines.
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6. CONCLUSIONS

Supersonic propulsion simulators have been developed to pro-
vide proper simulation of inlet/airframe/nozzle flowfields on a
single wind tunnel model. The effects of inlet-to-nozzle flow-
field coupling were identified and measured by comparing the
simulator technique to conventional Jet-Effects and Flow-Through
methods. This program showed that twin CMAPS can be run in a
full configuration wind tunnel model and used to identify

interaction effects.

The aerodynamic coupling had the greatest impact on the
supersonic drag polar, where the CMAPS mode predicted approxi-
mately 20 counts less drag (at constant 1lift) than the conven-
tional mode. Subsonically, the CMAPS and conventional mode drag
polars were nearly coincident, although 1localized interactions
were identified. It is expected that configurations with vec-
tored or dry power nozzle settings, or with closer inlet/nozzle

spacing, may experience larger coupling effects.

The localized flowfield interactions were most prominent on
the ALBENs, where nozzle drag in the simulator mode was as much
as 10 counts different than the conventional test mode. The
interactions were due to inlet MFR and canard induced effects

which propagated to the nozzles.

Propulsion simulators were proven to be a generally reliable
wind tunnel test tool. Potential for an improved data acquisi-
tion rate was demonstrated, provided the test sequence is
tailored properly and the program schedule affords the additional
pre~test activity required. The angle-of-attack range tested
indicated that simulators can endure higher levels of total pres-
sure distortion than previously anticipated. Areas for CMAPS and
model design improvement were identified in several key areas,
such as model scale, support system, metric arrangement, and

metric break seals.
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The following recommendations regarding simulator test

technique are based on the experience gained from this program.

o Aircraft configurations which exhibit similar or more
closely~-coupled inlet/nozzle designs may require
propulsion simulator wind tunnel testing to accurately

predict the full configuration aerodynamic performance.

o Testing is recommended in an even closer coupled config-
uration to further quantify the effects of flowfield

coupling.

o Propulsion simulators may be of greatest value in the
latter stages of concept development, where precise
results are required. For example, a CMAPS model could
be used to measure all propulsion system related external
aerodynamic effects (i.e., inlet and nozzle drag) in a
single model. These results could be incremented to a
conventional flow-through model from which the basic

vehicle aerodynamic characteristics were defined.
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