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1. SCOPE

This document reviews the state of the art for data scaling issues associated with air induction system development for
turbine-engine-powered aircraft. In particular, the document addresses issues with obtaining high quality aerodynamic
data when testing inlets. These data are used in performance and inlet-engine compatibility analyses. Examples of such
data are: inlet recovery, inlet turbulence, and steady-state and dynamic total-pressure inlet distortion indices. Achieving
full-scale inlet/engine compatibility requires a deep understanding of three areas: 1) geometric scaling fidelity (referred to
here as just “scaling”), 2) impact of Reynolds number, and 3) ground and flight-test techniques (including relevant
environment simulation, data acquisition, and data reduction practices). The Model-to-Full Scale Subcommittee of the S-
16 Turbine Engine Inlet Flow Distortion Committee has examined archives and has obtained recollections of experts

regarding air induction system development experience to produce this document.

1.1 Purpose

The primary objective of
wind-tunnel scale-model
and steady-state and dy
current knowledge and

achieve consensus on le

1.2  Application

This document focuses
induction systems. No
jet/turbofan aircraft, turb
units. However, many
installations as long as t
use. This statement is
and who have judiciously

2. REFERENCES

The following publication
will apply. The applicabl
event of conflict between
Nothing in this documer
obtained.

2.1 Applicable Docum
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SAE Publicationg

testing in the prediction of full-scale flight characteristics such as inlet '
hamic total-pressure inlet distortion. Discussion is offered regarding the
inderstanding. Based on this discussion material, the SAE S:16 Com
ssons learned and to provide recommendations.

on turbine-engine-powered military air vehicles;including some rece
nformation is provided for commercial transpott\high-bypass turbofan i

pf the lessons learned and recommendations made in this document

pased on anecdotal discussions with gAgineers who work or have work
and successfully applied these lessons and recommendations.

s form a part of this document to the extent specified herein. The latest i
b issue of other publications will be the issue in effect on the date of th

t, however, supersedes applicable laws and regulations unless a speqg

bnts

b

this documentis 1o provide a consolidated record of what is known regatding the effectiveness of

covery, inlet turbulence,
se findings in light of our
mittee has been able to

ht advanced aircraft air-
hstallations, small turbo-

pprop aircraft, turbine-engine-powered missiles, ground vehicle installgtions, or auxiliary power

are applicable to these

e user recognizes and understands thelimitations of the information that he/she is attempting to

ed on such installations

ssue of SAE publications
e purchase order. In the

the text of this document and references cited here, the text of this docyment takes precedence.

ific exemption has been

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside
USA and Canada) or 724-776-4970 (outside USA), www.sae.org.

ARP1420

AIR1419

AIR5866 An Asse
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Gas Turbine Engine Inlet Flow Distortion Guidelines

Inlet Total-Pressure-Distortion Considerations for Gas-Turbine Engines

ssment of Planar Waves

dology of Assessing Inlet Swirl Distortion
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and Internal Flows,” NACA RM No. 8J05, October 1948.
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FSCP
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HARV
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NASA
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Pt
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Aerospace Recommended Practice
boundary layer control
computational fluid dynamics
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engine auxiliary inlet door
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full-scale flight-test vehicle

frequengy modulation

foreign gbject damage
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full-scale with engine

General|Electric
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High Angle-of-Attack Research Vehicle
Interfacg Control Document

inlet/endine compatibility

distortion descriptor sensitivity coefficients
length
leading ¢dge extension
massfloy rate

Mach nymber

McDonnell Douglas Corporation

National Advisory Committee for Aeronautics
National Aeronautics and Space Administration
Navy Advanced Tactical Fighter

pressure

time average pressure
total pressure

fan/compressor stability pressure ratio
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PRSM fan/compressor stability pressure ratio margin
P&W Pratt & Whitney

q dynamic pressure

R gas constant for air

Ry, RL Reynolds number based on length

Ry Reynolds number based on surface roughness
RPM revolutions per minute

S Strouhalhumber

SAE Society pf Automotive Engineers

SAFS seconddry airflow system

SPO system1rogram office

STOVL short taKeoff / vertical landing

T temperature

T time average temperature

T, total temperature

TFX Trigraph| for Joint Air Force — Navy Project resulting in F-111A/B
Tu turbulenge

\ velocity

WAT correctefl mass flow

Yo boundary layer diverter offset

APC ARP 1420 circumferential distortion descriptor
APR ARP 142U radial distortion descriptor

APRMS root mean square pressure variation

APRS fan/compressor stability pressure ratio change
AX boundary layer transition length

0 circumferential angular position

Y specific heat ratio of air

f frequency

& boundary layer displacement thickness

k surface roughness height
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n viscosity

Vv, Vg kinematic viscosity

T time scale

u, Uy velocity in boundary layer
Subscripts

0,00 freestream

2 aerodynamic interface plane (AIP) measurement station
cb centerbqdy

FS full scale

max maximuin

min minimunp

MS model s¢ale

st shock trap

Distortion Descriptors

IDC GE circymferential distortion index

IDL GE compined descriptor

IDR GE radial distortion index

IDT GE total|distortion index

Ko, Kineta Pratt & Whitney circimferential descriptor
Kaz Pratt & Whitney*combined descriptor

3. INTRODUCTION

Since the introduction of turbine engines into aircraft, practices used for developing, testing, and evaluating inlets have
evolved, largely due to three influences. The first influence is the expanding speed, maneuver, and survivability envelopes
of aircraft. The second is the improved understanding of the effects that highly turbulent flows, in particular, have on
engine operability. Finally, the third is the desire to reduce technical, schedule, and cost risks. This evolution has occurred
over the time span of a single generation of engineers. The SAE S-16 Committee deemed it prudent to capture the
background and lessons learned leading to current practices used for wind-tunnel testing, computational techniques, and
flight testing of inlet systems.

The design process leading to a final configuration of an inlet system is iterative in balancing technical and programmatic
goals or requirements. During these iterations, the evolution of the inlet and its integration into the airframe relies heavily
on wind-tunnel testing and computational fluid dynamic (CFD) analyses. Currently, wind-tunnel testing of subscale inlet
models remains the primary tool for acquiring dynamic total-pressure data at the aerodynamic interface plane (AIP), and
is the primary source for inlet data used for judging the compatibility of the propulsion system before flight. Inlet/engine
compatibility deficiencies can be identified and modifications proposed based on subscale inlet test data.
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Practices for inlet development, test, and evaluation are constantly being improved to fit within this evolving, iterative
design process. During the early design stages of a program, the design proceeds using empirical databases and CFD
tools to assess the need for alterations to the inlet's moldline and its integration with the airframe. These analyses are
typically done using full-scale geometry and flight conditions. As the design proceeds and the moldlines are sufficiently
matured, the practice of testing subscale inlet models in wind tunnels is introduced. In doing so, there is an assumption
based on fluid dynamic theory that data obtained using a subscale model in the tunnels is correlated with the
corresponding data of the full-scale vehicle in flight. Experiences garnered and reported on by this generation of
engineers have shown that this assumption is largely correct.

In early reports, “scaling” had two distinct meanings. The first meaning referred to the geometric relationship between the
subscale model and its components, and the corresponding full-scale geometry. The second meaning referred to the
mathematical relationship between the data obtained on the subscale model in the tunnel and data obtained on the full-scale
flight vehicle. Both relationships are examined in this report. That is to say, techniques are examined for scaling the geometry

to obtain similar flow cd
subscale models in wind

Information in this docun
followed to arrive at this
aircraft. The next sectio
F-111’s inlet developme
the F-22, are presented.
inlet systems. Current so

4. BACKGOUND

The understanding of inl
has been improving sing
turbine engines were be
guidelines for its charag
compression-system aer
adopted in various form
specific methodology us
have been the same.

Aircraft systems develo
destabilizing effect on e
important (e.g., steady-
Examining these early S
aircraft, and specifically
development is provided

nditions about the subscale and full-scale geometries. And the correl3
unnels to data taken with corresponding full-scale vehicles at flight conditig

nent is arranged to provide insight into the state of the art, and outlines t
state. Inlet/airframe integration practices took a dramatic turn‘with the d
h reviews the practices before the F-111. It also examiné€s ‘the pivota
nt. Case studies of inlet systems developed after the F=411, from the tir
The intent is to portray the evolution of scaling practices for developing
aling practices are reviewed along with lessons leatned by this generatig

bt dynamic distortion as a consideration.for inlet/engine operability in gag
e the late 1960s. In the mid-1970s, as<the destabilizing effects of inlet
tter recognized, the SAE S-16 Committee on Turbine Engine Inlet Fig
terization and formulated a methodology for correlating the resulting
pdynamic stability. The resulting recommendations outlined in ARP1420
S in essentially every major;aircraft turbine-engine installation design
ed in each program has-varied in practice, the essential components a

ped prior to the \E4111 had no insight that an inlet's dynamic total-p
ngine operability: At most, there was recognition that steady-state tota
state distortion methodology was applied in the development of the B
ystems listed in Table 1 provides insight into the evolution of inlet intq
bourdary-layer management approaches. For additional insight, an

in.Reference 2.2.2.

tions of data taken with
ns are examined.

he path that practitioners
evelopment of the F-111
events surrounding the
neframe of the RA-5C to
, testing, and evaluating
n of engineers.

turbine powered aircraft
lynamic distortion in gas
w Distortion established
effect on turbine-engine
and AIR1419 have been
since then. Although the
nd inherent assumptions

essure distortion had a
-pressure distortion was
B-58 (Reference 2.2.1)).
gration for early military
excellent survey of inlet

TABLE 1 - EARLY AIRCRAFT PROGRAMS OFFERING INSIGHT INTO THE EVOLUTION OF

INLET/AIRFRAME INTEGRATION TECHNOLOGY

Aircraft Engines First Flight Date
P-59 116-GE 1942
P-80 J33-A-21 1944
F-89 J35-A-35 1948
F-100 J57-P-21A 1953
F-101 J57-P-55 1954
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During and after the development of the F-111 aircraft, researchers focused on understanding and developing methods to
assess the effect that inlet dynamic total-pressure distortion had on engine operability. This work included the
development of methodologies for simulating dynamic distortion using subscale models tested in wind tunnels and
measuring such distortion in flight test. Most military aircraft programs initiated after the F-111 development benefited
from this research. A reduced number of these programs have had both wind-tunnel and flight-test elements, thus
allowing an evaluation of our understanding and ability to correlate inlet total-pressure-recovery and dynamic-distortion
data between subscale models tested in wind tunnels and full-scale aircraft tested in flight. Some of these aircraft

programs that have readi

ly accessable data are listed in Table 2 and are examined in Section 5.

TABLE 2 - AIRCRAFT PROGRAMS OFFERING WIND TUNNEL TO FLIGHT CORRELATIONS OF

INLET RECOVERY AND DYNAMIC TOTAL-PRESSURE DISTORTION

Aircraft Engines First Flight Date

F-111 TF30-P-103 1964

RA-5C* J79-GE-10 1958

YFR12 J58 1963

F-15 F100-PW-100 1972

B-1A F101-GE-100 1974

F-16 F110-GE-100 1989 (Re-engine activiity)
B-2 F118-GE-100 1989

F/A-18 E/F F414-GE-400 1998

F-22 F119-PW-100 1990

*The RA-5C aircraft
distortion research

4.1 Evolution of Inlet O
Development of inlet sy
(Reference 2.2.3). Inste
scale to establish pressu
models. Total-pressure g
during full-scale flight tes
were employed) was ng
operability problems tha
practices being success

b

and benign maneuverability envelopes. Also, many early turbine engines used centrifugal

after the F-111 experiences and.before subsequent aircraft developmen

evelopment, Test, and Evaluation Practices Prior to the F-111
stems used in early«turbine-powered aircraft did not involve the use

re loss and airflon/data. These were isolated inlet models in contrast to
istortion did_net'appear to be a consideration. Inlets used on these early
ts. Based.-on historical references, correlation of subscale inlet data (wh
t considered necessary in the calculation of installed engine performar
t arose were solved on the full-scale vehicle. A combination of factor
. including low-diffusion (small cross-sectional area changes) diffusers

vas developed before the F-111. It was, however, used as a flight-test veghicle for inlet dynamic

ts.

of subscale inlet testing

ad, generic inlet shapes were tested by NACA and industry in wind tlinnels at relatively large

integrated inlet/forebody
aircraft were first tested
en subscale inlet models
ce. Any performance or
5 resulted in these early
, subsonic flight speeds,

compressors that, when

compared with axial com

pressors, are relatively insensitive to total-pressure distortion.

An example of solving inlet problems during full-scale development of these early aircraft is inferred from the P-59 aircraft
(Figure 1). Little information regarding the development of this aircraft (circa 1943—1945) has survived. Examination of the
remaining example of this aircraft, in the National Museum of the United States Air Force at Wright-Patterson AFB,
suggests addition of an internal boundary-layer diverter system after the aircraft’s initial fabrication (Figure 2).
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ol
FIGURE @‘39 INLET APERTURE AND DIVERTER

The appearance of the [internal dive in the P-59, seen in Figure 2, suggests that this was added to the full-scale
hardware to alleviate gome probl?. Reference AIR5866). Pilots of these early aircraft reported a disconcerting
phenomenon that came| to be by the descriptive term “duct rumble.” This phenomenoh is now believed to be
associated with self-susfaine oscillations. Evidently, designers thought that the diverter wauld remove the forebody
boundary layer and solve th blem. The evidence of developmental problems associated with the forebody boundary-
layer management seerrscp e a harbinger of installations where sub- to-full-scale solutions wouyld have to be developed
(i.e., the scaling of the boundary-fayer diverter). And it illustrates a problem repeatedly underestimated by inlet designers
over the years.

Pilots encountered a similar forebody boundary-layer problem during flight tests of the P-80 seen in Figure 3. They
reported “rumble” (Reference 2.2.4) in the P-80 bifurcated inlet duct before an effective fuselage boundary-layer diverter
was developed. It was reported that this “rumble” was due to a side-to-side flow imbalance between the two branches of
the bifurcated duct. [This phenomena is now referred to as twin-duct instability.] Again, it is not clear whether wind-tunnel
tests of subscale inlets were ever involved, but designers came to understand that inlet/engine compatibility could be
compromised by viscous-flow interactions. They realized as well that the best way to avoid operability problems,
especially as they moved into supersonic flight, was to prevent (or at least minimize) boundary-layer entry into the inlet.
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FIG@KE 4 - F-89 INLET/DIVERTER INSTALLATION
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nce of the airframe. As a case in point, the F-100 aircraft (
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FIGURE 5 - F-100F INLET INSTALLATION
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Later, with the introduction of supersonic aircraft such as the F-89, F-101, F-102, and F-105, external diverters employed
splitter plates to avoid interaction of the inlet's normal-shock wave with the fuselage boundary layer. An example of this is
the F-101 aircraft (Figure 6). Eventually, when wind-tunnel tests of integrated inlet/forebody subscale models became the
norm for side-mounted installations, the standoff distance of the splitter plate and diverter from the fuselage was not
geometrically scaled on subscale models. Instead, the standoff distance was scaled by the thickness of the local fuselage
boundary-layer to avoid its ingestion at all anticipated test conditions. This process, in general, was assumed to work best
for large-scale (approximately 1/4-scale) models in which the viscous effects within the inlet itself were not far removed
from those found at full scale.

MSG$7-053206-088
AIR5687

FIGURE 6} F-101 INLET CONFIGURATION WITH:EXTERNAL DIVERTER AND SIDEPLATE
4.2 The F-111 Inlet/Ergine Compatibility Experience

During the 1940s and egrly 1950s, the approach to inlet/fengine compatibility could best be descriped as an art rather than
as a science. In 1956, NACA published the document, “Aerodynamic Principles for the Design of Jet-Engine Induction
Systems” (Reference 2.2.4). This document was considered the “bible” for air-induction-system design and inlet/engine
compatibility. The docurent included an extensive list of references and, in addition, an extepsive bibliography. If the
document itself did not have specific guidance for a given application, something useful usually could be found in the
references or the bibliodraphy. However,\there were only one or two references that described some sort of numerical
methodology relative to(inlet distortion~at the compressor face other than the simple relationghip of maximum-minus-
minimum pressure dividgd by the average pressure.

This document served the indUstry in the late 1950s and early 1960s. However, many instances ¢f inlet/engine operability
or compatibility problems were encountered, as were discussed in Section 4.1. By 1958, General Electric had defined a
numerical inlet distortion_methodology (Reference 2.2.5) for the GE J79 turbojet engine. Thisl methodology was used
extensively (and successfully) in the development of the inlets for the General Dynamics B-58A supersonic aircraft. Up to
this time, low-response compressor-face probes measured the pressures used in the numerical distortion methodology,
although several instances of concern about unsteadiness of the inlet flow were mentioned.

The F-111 program represented a turning point in the field of inlet/engine compatibility. The Requests for Proposals for
the dual service TFX (later the F-111) were issued October 1961. Other important dates for the F-111 program are listed
below for reference in the discussion that follows:

e General Dynamics announced as winner—November 1962.

e First flight—December 1964.

e Production contract —April 1965.

e First production aircraft delivery—July 1967.

e Production completed—November 1976.
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The F-111 (Figure 7) incorporated significant advances in aircraft/propulsion configuration complexity as noted in the
following list:

o First afterburning turbofan engine.

Largest range of afterburner thrust modulation to date—50% to 100%.
e Twin-spool engine for military aircraft.
e Low pressure rotor—three-stage fan plus six-stage low-pressure compressor.

e High pressure rotor—seven-stage high-pressure compressor.

¢ Airframe—twin engine.
e Variable sweep wing.
e Armpit inlet location+1/4th axisymmetric with translating centerbody, double-cong, second-cone variable angle.

¢ Primary mission desjgn points: Mach 1.2 dash at sea level, Mach 2.2 at altitude, 16 degreeq angle-of-attack at Mach
2.2, and over-speed fto Mach 2.5.

Boundary layer diverters

"f&%

Porous bleed

MSG07-053206-089
AIR5687

FIGURE 7 - INLET SYSTEM FOR THE F-111

The engine for the F-111 was the Pratt & Whitney TF-30. By the time the program started, Pratt & Whitney had defined a
numerical inlet distortion|methodology (KD2, Reference 2.2.6) for the engine. The validity of the methodology was verified
using distortion screen testingimground testcelisWind-tunmettestsof the intet withforebody showed that the steady-
state distortion levels were acceptable; thus, no engine stalls were predicted. The wind-tunnel tests used steady-state
probes located at the compressor face.

Note that engine stalls did occur during a full-scale wind-tunnel test of the inlet/engine system. This test hardware had a
partial forebody and wing designed to provide the correct local Mach number and flow angles at the inlet and was tested
with an operating engine at static and supersonic conditions. However, the wind-tunnel tests were performed at higher
altitudes than were in the vehicle flight envelope. As a result, the wind-tunnel Reynolds number was lower than what the
actual flight Reynolds number would be, possibly producing nonrepresentative test conditions. Because of this and
because the steady-state distortion levels were acceptable, the consensus judgment was that there would not be any
engine-related issues with flight tests.

Early flight testing of the F-111 was, however, plagued with engine stalls. The stalls resulted from dry power throttle transients,
afterburner lights, afterburner zone changes, aircraft angle of attack changes, and inlet spike and cone angle off-schedule
conditions. High-response instrumentation installed on the flight-test vehicles showed high levels of flow turbulence (total-
pressure RMS levels) at the compressor face, but low-response instrumentation showed acceptable total-pressure distortion
levels. Thus began a series of tests and changes to the engine and the inlet configuration that lasted for several years.
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The period from 1965 to 1969 was a time of intensive investigation to determine the causes of engine stall and to develop
an approach for predicting these stalls. Many theories were postulated. There were many analysis and test programs by
industry, universities, Air Force, Navy, and NASA Laboratories. Included among these programs was an experimental
investigation conducted at the Air Force Arnold Engineering Development Center (AEDC) in which an XB-70 inlet
simulator and YJ93 engine were tested in the supersonic tunnel of the Propulsion Wind Tunnel Facility (Reference 2.2.7).
During these tests, the engine appeared to drift into stall during conditions that were otherwise thought to have sufficient
stability margin. Flight tests of the XB-70 aircraft had also encountered engine stalls. The project conducted further
ground tests to study the effects of inlet-generated turbulence and distortion on YJ93 engine flow instabilities. These tests
showed that high levels of turbulence, albeit with low levels of distortion, resulted in the engine drifting into stall, even after
as much as 8 minutes on test condition.

This time period of investigation culminated in the “Aircraft-Propulsion System Compatibility Symposium” held in Miami
Beach, Florida, on June 24 through 26, 1969. The various papers given at this symposium are collected in Reference
2.2.7. The keynote address at this symposium by Mr. Joe Jones, Deputy Assistant Secretary of the Air Force, Research
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using this general apprgach,>but the time scale was different than the one rotor revolution. Later, the time scale was
changed to correspond {ofhe Plourde and Brimelow criteria even before the paper was published. Their initial test data
suggesting this approach was gathered in the spring 1968 and was passed on to the F-111 program. Application of this
approach in the later stages of the F-111 flight-test program contributed significantly to solving most of the engine stall
problems.

front’of\a TF30 engine. In the later parts of the F-111 flight-test progFm, data were collected

The Society of Automotive Engineers Committee S-16 was formed at the request of the Air Force in 1971. Its charter was
to develop a single methodology to address the inlet/engine compatibility problem using the knowledge that had evolved
in this period of extensive research. The Committee was composed of members from the airframe and engine industries,
the military, and the NASA Laboratories.

After several meetings (some of which were very contentious), a general consensus was reached that the Plourde and
Brimlow approach was valid and should be the basis of the methodology. This consensus was supported by F-111A
flight-test data reported by Burcham and Hughes (Reference 2.2.8). After considerable additional debate (supported by
analysis), the S-16 Committee agreed that a simple universal methodology for all engines was not possible (much to the
disappointment of the military and airframe community). It was at this point that a more general approach was adopted,
allowing the Committee to develop descriptors applicable to all engines, while recognizing that various coefficients and
constants would have to be determined for specific engines.
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Progress was slow even though the Committee was meeting four times a year during this initial time period. The
Committee’s first document, ARP1420, was published in March 1978 after approximately 20 meetings. The ARP1420
approach requires the airframe manufacturer to gather high-response total-pressure data at the AIP on their inlet models
and calculate distortion descriptors consistent with the specific numerical approach for a given engine. The location of the
AIP, and its associated set of instrumentation, within an inlet is mutually agreed upon by the airframe and engine
manufacturers following the guidelines in ARP1420.

The correlation of model- to full-scale high-response data gathered consistent with ARP1420 seems to be adequate to
ensure successful airframe development programs with few (if any) compatibility problems (fidelity of the model scale to
full scale is required). This approach, which was derived from military aircraft with engines having inlet guide vanes,
continues to serve the industry well as demonstrated in Section 5, Case Studies. Applications of the basic ARP1420
methodology to vehicles that have significant configuration differences from those that formed the basis for this
methodology should address the fundamental tenets of that methodology.
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inlet/engine compatibility mformatlon for future systems One of these programs conducted during 1969-1971, used the
RA-5C aircraft as a test vehicle. Its primary objective was to develop techniques for correlating wind-tunnel and flight-test
inlet performance data (Reference 2.2.9). Both scaling and Reynolds number effects were independently studied. This
program is the first known to report on these issues.

The twin-engine RA-5C had two inlet apertures, each mounted on opposite sides of the fuselage ahead of the wing. A
diverter was employed to standoff the inlet aperture from the forebody boundary layer. The external-compression inlets
were two-dimensional, variable horizontal-ramp geometries and operated at a Mach 2 design point with two oblique shock
waves followed by a normal shock wave. Each duct had a small amount of offset and a ratio of length to engine-face
diameter of 6.6. A photograph of the aircraft and schematic of the inlet geometry is provided in Figure 8.
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5.1.1.1  Test Item Configuration

The RA-5C program was unique in that data from two subscale models and the full-scale flig
allowing the influence of model scale and Reynolds number to be examined. The wind-tunnel
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was set to a computed local boundary-layer thickness, &8s, at Mach 2 and 50,000-foot altitude,

boundary-layer transition grit on the wind-tunnel models.

ht vehicle were obtained
test series included two
models of different scales; specifically, a 0.125-scale model and a 0.228-scale model were tested. Photographs of the
wind-tunnel models are provided in Figure 9. Geometric similarity of the forebody, ramps, duct, engine bullet-nose,
del. The starboard (right)
inlets were faired over and only a small span of the port wing was included. The height of the full-scale diverter, Hgi s,
i.e., Haiv Fs / OFs = 1. The
diverter height for each subscale model, Hqi, us, was such that the ratio Hgy ws / 8us = 1 where 8ys was the local boundary-
layer thickness computed at Mach = 2 and nominal tunnel conditions. No information was available regarding the use of

Forebody

0.228 scale model

Nosk boom Forebody Wing fillet

Recon package 0.125 scale model

Heat exchange du

mps

FIGURE 9 - RA-5C INLET WIND-TUNNEL MODELS

5.1.1.2 Test Conditions

The ground tests were conducted in the AEDC’s 16-foot transonic and 16-foot supersonic propulsion wind-tunnel facilities at
Mach numbers ranging from 0.65 to 2.0. The 0.125-scale model was strut mounted while the larger 0.228-scale model was
sting mounted. At the Mach numbers reported here, the inlets were operated as flowthrough systems. Data were obtained
10 degrees, respectively.

over an angle-of-attack and sideslip range of -4 degrees to +18 degrees and —10 degrees to +

MSG07-053206-091
AIR5687

Flight tests were conducted from the North American Rockwell, Columbus Division facility, in Columbus, Ohio.
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5113

Data Acquisition, Processing, and Analysis

The measured database included steady-state and dynamic total pressures from the two subscale models and the flight-
test aircraft. The AIP of each model was instrumented with 30 high-response transducers mounted in rakes at similar
locations and orientations. The probes at the AIP were arranged with five per rake and located on centers of equal area.
Pressure measurements for the 0.125-scale model were made using a concentric steady-state and dynamic pitot probe
with a 0.125-inch outer-diameter and a length-to-diameter ratio of about 10. The larger 0.228-scale model used a unique
probe with a 0.083-inch outer-diameter pitot probe of length-to-diameter ratio of about 3. Additionally, each probe
consisted of a single tube for measuring the total pressure. Then, within the rake housing, the single tube branched with
one leg measuring the steady-state pressure while the other leg was routed to the dynamic pressure transducer also
located inside the rake housing.

The flight-test vehicle also employed a 30-probe arrangement similar to the subscale models. The flight-test measured

steady and dynamic pres
in the wind tunnel. Howe

The dynamic-data acqui
each test point, the dyn3g
system. During the post
cutoff frequencies of 4 ki

The flight-test steady-sta
data were FM multiplexg
test ground station using
5114 Resultsand D
These data provided ins
(0.125, 0.228, and full s
scale, L, was the distang
are reported as “match

constant scale and Rey
losses across the inlet's
increases with Reynolds
though, for any constant
at Mach 1.8 for the wind{

Sures using concentric pitot probes similar to those used during the testing
er, each pitot probe was a 0.500-inch outer-diameter tube of length-to=diar

sition system used at AEDC was capable of measuring pressurésat fre
mic data were recorded for about 20 seconds and stored using a 72-ch
test data analysis, the dynamic data were digitized and, filtered such th
iz for the 0.228-scale model and 8 kHz for the 0.125-seale model.

te data were recorded at 120 samples per second using a pulse code
d onto an onboard tape recorder. Both the steadyrand dynamic data we

scussion

ght into the effects of model scale-and Reynolds number on total-press
cale) was tested over a range, of-Reynolds and Mach numbers. The
e from the leading edge of the'inlet ramp to the diffuser exit. The data pr

nolds numbers, the recovery is seen to decrease with increasing Mac
shock waves (followsCurve A in Figure 10). For any constant scale and

number presumably due to thinning boundary layers (follow Curve B
Mach and Reynelds number, recovery generally decreases with mode
tunnel models:(follow Curve C in Figure 10).

of the 0.125-scale model
heter ratio of about 2.

Huencies up to 8 kHz. At
annel FM multiplex tape
bt the resultant data had

modulator. The dynamic
re then sent to the flight-

telemeter links. The record length used in flight tests to obtain dynamic gata was 7.5 seconds.

ire recovery. Each scale
Reynolds number length
esented here (Figure 10)

hirflow” and presumed to be‘at engine airflow for sustained flight at that Mach number. For any

h number largely due to
Mach number, recovery
B in Figure 10). Of note
scale with an exception

b = mmmm(). 125 Scale ===s=s==ssss 0.228 Scale Flight Test
1.9q0 -
B
. p
olkn — u — :-:- .I“‘ —
8 Vach 0.9 C “‘____.. 09
.I
- 0.96 |—
E . - wmmmmanmt
= 1.6 ==
o 0.94}— 1.6 A
""-"""" 1.8
092 18"
0.90 ! ! Lo ! ! I T T
1.0 10.0 100.0

Reynolds Number (Re, x 10-6)

FIGURE 10 - VARIATION OF TOTAL-PRESSURE RECOVERY WITH
REYNOLDS AND MACH NUMBERS, AND SCALE

MSG07-053206-092

AIR5687


https://saenorm.com/api/?name=e9b293b8b637e734094e876126e66157

SAE AIR5687 Page 23 of 94

This database also provided insight into the behavior of dynamic pressure distortion with changes in scale, Mach and
Reynolds numbers. Several distortion indices were computed and screened, but the index Kyt is selected for review
here since circumferential distortion generally is stressed for engine operability. See Reference 2.2.10 for a description of
the Kieta distortion index. For any constant scale and Reynolds numbers, the distortion is seen (Figure 11) to increase
with Mach number, probably due to interactions of boundary layers with the inlet's shock waves. For constant scale and
Mach number, distortion generally decreases with Reynolds number probably due to thinning boundary layers. There
were exceptions, however, for which the causes were not reported. Changes in scale with constant Mach number
reportedly produced surprising trends. At Mach 0.9, distortion generally increased with model scale and Reynolds
number. At supersonic flight speeds, however, distortion was lowest for the 0.228-scale model regardless of Reynolds
number.
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FIGURE 11 - VAR
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NOLDS NUMBER

5.1.1.6 S-16 Committge Observations of RA-5C Data

Today, several key observations are noted pertaining to wind-tunnel to flight correlation for recovery and distortion. These
data produced results that generally follow expected trends based on aerodynamic similarity rules. Recovery measured
using the 0.125-scale model at Reynolds number used in wind tunnels could be used to estimate flight recovery. No
reason is seen to use a larger scale wind-tunnel model. At similar Mach numbers, a recovery improvement of up to 1%
may be expected for a Reynolds number correction from wind-tunnel to flight test.

The measurements indicate that, except at supersonic speeds, dynamic circumferential distortion decreased with
increasing Reynolds number for constant Mach number and scale. Other observations of dynamic distortion from this
database are less clear. For example, while similar levels of distortion were measured on the 0.125-scale model and the
full-scale vehicle, the 0.228-scale model yielded noticeably lower distortion. Several factors are offered to explain this.
First, the 0.228-scale model used probes having a small length-to-diameter ratio to measure the dynamic pressure data;
this might have introduced a bias in the measurements. Second, the small length-to-diameter ratio of the flight probes
might have introduced a bias.
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5.1.2 YF-12 Case Study

The YF-12 program allows comparison of inlet data from a 1/3-scale wind-tunnel model, a full-scale nacelle wind-tunnel
model with and without engine, and full-scale flight tests (Reference 2.2.11).

5.1.2.1  Test Item Configuration

The YF-12 had an axisymmetric mixed-compression inlet (Figure 12) designed for a cruise Mach number of 3.2. The inlet
had a translating centerbody spike with a 26-degree included angle; the spike also provides throat area control. Boundary-
layer bleed, using porous surfaces, was located upstream of the inlet throat on the centerbody. Boundary-layer bleed on the
cowl was in the form of a shock trap slot at the throat station. Forward bypass doors controlled the position of the normal-
shock wave, while the aft bypass doors provided airflow matching with the engine. The inlets were wing mounted, with slight
inward and downward cant (3.24 and 6.82 degrees, respectively). This placed a slight bend in the subsonic diffuser.

MSG07-053206-094
AIR5687

FIGURE 12 - YF-12 INLET AND INSTALLATION

All wind-tunnel models hgd the same_scaled contours for the translating spike centerbody and diffuser moldlines. Both the
1/3-scale inlet model and the full-scale-inlet model with cold-pipe were terminated with a massflow plug. The full-scale inlet
model and flight-test inlet had fixed-Aouvered exits for the centerbody bleed and forward bypass| while the 1/3-scale inlet
model had ducted exits with vatiable area that were used to match bleed massflow ratio to full scale. The full-scale inlet with
engine and the flight harqwarerouted the shock trap bleed and aft bypass to an ejector for engine cooling. The full-scale inlet
without engine and the 1/3-Scale inlet model controlled this flow with variable valves. Finally, the fulliscale and flight hardware
had 32 internal tubes to pass the shock trap bleed flow aft, while the 1/3-scale inlet model had 8 area-scaled tubes external
to the model. These model differences are shown in Figure 13. The forebody of the flight configuration introduced some
nonuniformity on the inlet approach flowfield. Mach number variation at the cowl plane was about 2.5%, and sideslip variation
was as much as 4 degrees. The upwash angle at the cowl plane was not significantly affected.
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FIGURE 13 - YF-12 INLET MODEL DETAILS
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Research Scale Type A|B|C|DJ|E]|] F]| G| Total
¢ . Number of Sensors
Steady 73132 | 8444|4740 | - 320
Ames 1/3 State
Dynamic 12| 6 |16 |12 ] 1 | 40 |- 87
Steady 75158 |128|94 | 45| 52 (- 402
Lewis Full State
Dynamic - 1127 - | 21724 | - 74
Steady 9 |17 |43 12247 | 50| 3 151
Hight Full State
Dynamic 4 | 4 | 88 51461 5 80
MSG07-053206-096
AIR5687|
FIGURE 14 - YF-12 INLET MODEL INSTRUMENTATION DETAILS
5.1.2.4 Results and Discussion
This section discusses the geometric scaling fidelity, Reynolds number effects, and ground test tgchniques.
Comparison of the inlet performance and djstortion at Mach 2.8 is shown in Figure 15. The data show variation of total-
pressure recovery, various massflow rates, and steady-state distortion as a function of engine massflow ratio (m,/m..) for
three models at similar Reynolds nutmbers. These data were obtained by varying the forward bypgass doors. The variation
of pressure recovery with engine massflow ratio correlates very well between the three models, although the flight-test
inlet remained started tQ a higher total-pressure recovery than the wind-tunnel models. There jare discrepancies in the
shock trap (mg/m..) and ¢enterbody bleed (m.,/m.) massflow ratios, which were attributed to diffdrences in bleed passage

geometry in the ‘I/3-sca|a

pressure distortion was

le~inlet wind-tunnel model and leakage in the flight-test inlet. Total

increased when measured on full-scale hardware compared to that obtained on the 1/3-scale model.
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FIGURE 16 - YF-12 PERFORMANCE AND DISTORTION, MACH 2.1

Findings of the Original YF-12 Studies

The results of the original YF-12 research indicated:

e Wind-tunnel results were a satisfactory indication of flight performance when inlet operating conditions were matched.

e Testing at less than flight Reynolds numbers did not affect data comparisons.

¢ Nonuniform flow at flight conditions did not have a detrimental effect on inlet performance.
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In general, comparison of steady-state data between ground and flight test was of sufficient quality that expectations were
that similar comparisons would be found using inlet dynamic data.

5.1.2.6 S-16 Committee Observations of YF-12 Data

The results of the YF-12 case study highlight the need to ensure consistent inlet operating conditions for mixed-
compression inlets. Seemingly insignificant geometry or secondary massflow control variations can result in substantial

differences in total-pressure recovery and distortion. It is felt, however, that when geometric and aerodynamic similarity is
maintained, then satisfactory correlation between ground and flight-test inlet data will be found. No references presenting

the dynamic total-pressure data have been found.
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compatibility flight-test
and compared the full-

aY

-

apture area design with
7. Boundary-layer bleed

rous surfaces on the second and third ramps, a throat slot bleed, and imboard/outboard sidewall

nlet was offset from the

j/

e —

\ - Diffuser ramp
Throat slot bypass

Cowl rotation pivot
Third ramp
Second ramp
First ramp
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FIGURE 17 - F-15 INLET CONFIGURATION
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Test articles included a 1/6th-scale forebody-inlet wind-tunnel model, a full-scale inlet model with partial forebody, and a
full-scale flight-test aircraft. The full-scale inlet model with partial forebody was tested with and without a full-scale engine.
These test articles, referred to as the subscale model (1/6th scale), full-scale with engine (FSE), full-scale with cold pipe’
(FSCP), and the full-scale flight-test vehicle (FLT) are shown in Figure 18.

Models and associated data
denoted as indicated

FLT

1/6 scale

MSG07-053206}100.ppt
hIR5687

FIGURE18 - F-15 INLET TEST ARTICLES

The 1/6th-scale model consisted of a fuselage forebody assembly, a remotely controlled left inlet with true aerodynamic
configuration up to the AIP. The duct«aft of the AIP station included a remotely-actuated massflow plug. The boundary-
layer bleed systems werg scaled idéntical to the air vehicle, but airflow was controlled using ducts with massflow plugs. A
modification of the boumdary-layerdiverter offset, Yp,, for the 1/6th-scale model was made {o account for Reynolds
number and scale differgnce between model scale and full scale using the following scaling relatipnship

(Ve —8) D
DIV JFS _— PFS

(Ypiv = 8)yis " Ds

where & is the boundary-layer thickness on the fuselage at the leading edge of the compression ramp, and D was the
diameter of the AIP. The full-scale boundary-layer thickness was estimated using a flat plate at Mach 2.2 at 40,000-foot
altitude; a similar procedure was used to estimate the boundary-layer thickness for a model-scale flat plate at Mach 2.2 at
test Reynolds numbers.

The full-scale inlet wind-tunnel models (FSE and FSCP) were constructed of full-scale flight weight hardware and represented
the true aerodynamic configuration and control system. The full-scale model could not be tested with the complete forebody
because of tunnel blockage limitations. Partial forebodies were designed to simulate the local transonic and supersonic inlet-
approach flowfields using data from an F-15 forebody flowfield development test. For the FSE, an XF100-PW-100 ground test
engine was used. This engine had the same basic aerodynamic configuration as production F100 engines. The FSCP
hardware consisted of a straight pipe with a mass flow-metering device mounted in place of the engine.

' Cold pipe refers to testing large or full-scale models without the presence of an engine or propulsion simulator.
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The flight-test aircraft (tail number AF 71-0281) was used during the F-15 propulsion-system development flight-test
program. The left engine nacelle was instrumented with an AIP rake having 48 high-response pressure sensors. The
flight-test aircraft was powered by two Pratt & Whitney F100-PW-100 turbofan engines.

Reference 2.2.13 contains substantial discussion of the steps taken to match inlet configurations, test conditions, airflow
rates, and time record length in order to have valid scaling comparisons. For the references cited above, the full-scale
wind-tunnel models and the flight-test aircraft had the same inlet configuration (e.g., inlet ramp positions and the bypass
door position) that were tested during the 1/6th-scale test.

5.1.3.2

Test Conditions

The test conditions (quasi-steady) included Mach number, angle-of-attack, and angle-of-sideslip, and are shown in Table 3.

TABLE 3 - F-15 TEST CONDITIONS

Pafameter Minimum Maximum
Mgch 0.4 2.5
Angle of attack —10 deg 12 deg
Angle of sideslip 0 deg 10'deg
Pefcentage airflow 47.3 108.6
Reynolds number/FT (million) 0.2 3.6

5.1.3.3 Data Acquisiti

n, Processing, and Analysis

An exact match of scalgd inlet corrected airflow rates was not-possible because the maneuve
required maximum throtfe position. Hence, only one flight airflow rate was available for compari
If the wind-tunnel articlgs did not test at the corresponding flight corrected airflow rate, then t

interpolated between th

two corrected airflow rates bracketing the flight-test corrected airflov

ring flight-test conditions
son with the wind tunnel.
ne wind-tunnel data was
v rate. The interpolation

technique assumed linear relationship of the Pratt & Whitney distortion descriptor parameters (both circumferential and

radial components) with
Pratt & Whitney distortio

During the flight test, it v
and altitude. The flight-td
for the 1/6th-scale wind;
variant data were randorj
filtered at 170 Hz for ful
were filtered at 1040 Hz.

corrected airflow rate. In the-data which follow, flagged symbols indica
N descriptors are defined-in Reference 2.2.10.

yas not possible to\hold the aircraft in extreme maneuver conditions an
st data record Jengths ranged from 0.6 to 2.8 seconds, resulting in equi
tunnel modelstest of 0.1 to 0.5 seconds, respectively. According to Rg
h and statistically stationary. The frequency scaling of the dynamic disto

(Note that the frequency scaling was not exact due to limitations of the fi

e interpolated data. The

I maintain Mach number
valent data analysis time
ference 2.2.10, the time
tion data were nominally

scale (the’cutoff frequency for the F100-PW-100 1/rev fan speed), while the 1/6th -scale data

tering equipment.)

For the F-15 developm

nf-program, the AIP total-pressure instrumentation had 48 low-respons

e and 48 high-response

total-pressure probes located on equal-area centers in an eight-leg and six-ring configuration. The same engine-face rake
was used for both the full-scale wind-tunnel tests and the flight tests. The 1/6th-scale test engine-face rake was scaled to
the full-scale configuration.
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5.1.3.4 Results and Discussion

The effects of scaling and testing techniques were determined for the following (1) geometric scaling, (2) presence of
engine, (3) Reynolds number, and (4) cutoff frequency effects. These are described below.

5.1.3.4.1 Engine Presence

The effect of engine presence on the distortion levels was obtained for supersonic freestream conditions using the data
from the FSE and the FSCP. The parameters examined included steady-state and instantaneous total-pressure patterns,
total-pressure recovery, turbulence levels, and fan distortion descriptors. The instantaneous total-pressure contours are
compared in Figure 19. The contour patterns demonstrated satisfactory agreement with the low- and high-pressure in the
same location, and a similar angular extent of the low pressure region. Total-pressure recovery, turbulence levels, and fan
distortion descriptor (P&W parameter K,,) are shown in Figure 20. The presence of the engine had a small favorable
effect on these parametdrs. Note the turbulence levels were relatively low.

Without Engine (FSCP)

Mach 2.2
o =11 DEG % relative to
B =0DEG face average

recovery

K3/ Tu=14.1/0.01
%WAT2 =60.8

Repeats With Engine (FSE)

2%

Ka2 / Tu=13.7/0.007 13.3/0.007

%WAT2 = 59.0 59.8
MSG07-053206-101

AIR5687

FIGURE 19 - EFFECT OF ENGINE PRESENCE ON PEAK DISTORTION
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FIGURE 20 - EFFECT OF ENGINE PRESENCE ON INLET PERFORMANCE PARAMETERS


https://saenorm.com/api/?name=e9b293b8b637e734094e876126e66157

SAE

AIR5687

5.1.3.4.2

A representative set of comparisons for total-pressure recovery, turbulence levels, and fan distortion values as a function
of Reynolds number are shown in Figure 21. The Reynolds number was based on a reference length of 1-foot for full
scale and 1/6-foot for model scale. The steady-state data exhibited the same trends as the corresponding peak dynamic
data. The data in Reference 2.2.10 indicated, that with few exceptions, the expected trends of increasing total-pressure
recovery and decreasing turbulence and peak dynamic distortion with increasing Reynolds number. Note again the

Scaling and Reynolds Number

turbulence values were low and that flagged symbols indicated interpolated data.

Total pressure recovery

Reynolds number x 10 based on scale
MSG07-053206-103

AIR5687
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5.1.3.4.3 Frequency Content

The effect of low-pass filter cutoff frequency on turbulence and peak dynamic distortion was also evaluated. Filter cutoff
frequencies used for full-scale data were 45, 100, 170, and 500 Hz resulting in 275-, 615-, 1040-, and 3070-Hz cutoff
frequencies for 1/6th scale, respectively. As expected, the turbulence and calculated peak dynamic distortion increased
with filter cutoff frequency in both scales. This was due to more local peaks being included as filter frequency increased,
with an increased probability for higher absolute peaks. The combined effects of filter cutoff frequency and Reynolds
number on peak time variant fan distortion and turbulence levels are shown in Figure 22. The data were consistent with
Reynolds number and scale effects. As cutoff filter frequency was increased, the peak time variant fan distortion and

turbulence levels increased.

1.6
AI’lcth seate WAT2 =80.7%
12—
S
&
S FLT
5 08l
2
©
c
©
w
04—
Solid symbol — steady state
Open symbol — corresponds to
peak time variant.fan distortion
. | | |
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Filtef;
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FIGURE 22 - EFFECT OF FILTER FREQUENCY ON INLET DATA AT MACH 1.8, o =-2 DEG, p = 0 DEG
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5.1.3.5

Findings of the Original F-15 Study

The results of the original F-15 research indicated:

[ ]
distortion.

Increasing Reynolds number and scale led to increasing pressure recovery, and decreasing turbulence and

Increasing the filtering cutoff frequency led to increased magnitudes of turbulence, and distortion.
The presence of an engine had small favorable influences on recovery, turbulence and distortion.

Peak distortion obtained using a subscale model was representative of distortion obtained in flight.

5.1.3.6

Within the data examin
pressure recovery and d
distortion becoming ind
approximately 2 x 10°).

Examination of Figure 2

without engines are marginally higher in magnitude than that which would be obtained when teste

Scaling rules for the bou
5.1.4 B-1 Case Study

The B-1 was developed

S-16 Committ&e Observations of F-15 Data

bd here, there is evidence that increasing Reynolds number has a f
stortion parameters. Further, examination of Figure 21 indicates-the pos
bpendent of Reynolds number when Re increases beyond a critical

D indicates that dynamic pressure distortion data_obtained from groung

ndary-layer diverter standoff distance and bleed systems were successfu

in the 1970s to provide a replacefment for the B-52. The B-1A was a vg

hvorable effect on total-
siblility of turbulence and
value (seen here to be

tests of full-scale inlets
d with an engine.

| for the F-15.

riable sweep supersonic

aircraft with podded nacglles in a wing-shielded installation. Each nacelle included two vertical ramp external compression

inlets mounted back-to-h
be a long-range vehiclg
although flight testing cqg
Mach number requireme

will not be addressed in this report.

The B-1A had an extens
test data. Initial inlet dev

ack, feeding two engines,-The' initial bomber, subsequently given the H
capable of speeds up te/Mach 2.2. The B-1A production program
ntinued into 1981. The B-1 was returned to development in 1981. A re
nt for the aircraft permitted a simpler fixed inlet. The redesigned vehic

ve inlet test/program, providing an opportunity to compare three different

trisonic blowdown wind
the development tests,

%

both in a cold pipe mode|and‘with an operating engine. The wind-tunnel testing was followed by 4

elopment(tests were conducted using a 0.1-scale model in the Rockwell
unnel-and at the AEDC’s 16-foot transonic (16T) and supersonic (16S
0.2-stdle model was tested in 16T and 16S. A full-scale model was the

B-1A designation, was to
was cancelled in 1977,
duction in the maximum
e, designated the B-1B,

scale models with flight-
International 7- by 7-foot
wind tunnels. Following
n tested in 16T and 16S,
series of flight tests.

The data presented here are from the wind tunnel and flight tests for the B-1A configuration (References 2.2.18 and
2.2.19). Sketches of the aircraft and inlet are shown in Figure 23.
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FIGURE 23 - B-1 AIRCRAFT AND INLET DETAILS
5.1.4.1 Test Article Cgnfiguration

The inlet for the B-1A proptilsion system was a variable geometry, two-dimensional, multi-ramlp, external compression
design with provisions for engine airflow matching by use of a bypass system. The inlet duct was|relatively straight, with a
length-to-diameter ratio of 4.3, a butt line offset of 0.28, and a waterline offset of 0.13. The compression system consisted
of one fixed ramp and two movable ramps followed by a variable throat (fourth) ramp. Boundary-layer control (BLC) was
provided through porous surfaces on the third ramp, fourth ramp, and portions of the upper and lower endplates (i.e.,
sidewalls). The low-pressure air from the third ramp and endplates was discharged through fixed aft-facing louvers under
the nacelle. The air from the throat ramp was discharged under the nacelle through doors that were open only at
supersonic speeds. A movable lip was opened for takeoff and landing conditions to reduce losses due to separation at the
cowl leading edge (Reference 2.2.20) and hence, to increase AIP total-pressure recovery.

All B-1A wind-tunnel inlet models were mounted on struts installed in the tunnel floor. The models were mounted in the inverted
position to minimize strut interference, facilitate handling of bulky hardware, and simplify model configuration changes.

Both the 0.1- and 0.2-scale wind-tunnel models included a complete forward fuselage, a major portion of the wing, and a
complete left-hand nacelle with both inlets (Figure 24 and Figure 25). The 0.2-scale model was designed specifically for
use at AEDC and was as large as the shock rhombus in 16S would permit. This model was the major source for subscale
inlet/engine compatibility data because its use in a continuous-flow tunnel provided the desired data sampling time, and
because its size was favorable from the standpoint of data scaling, the installation of instrumentation, and the duplication
of the boundary-layer bleed passages.
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The 0.1-scale model had a nominal diverter height of 0.7 inches, with shims that could be installed or removed to change
diverter height (Reference 2.2.21). No information was available about whether the diverter height was actually changed
during any of the tests. For the 0.2-scale model, the diverter height was fixed at 1.4 inches (Reference 2.2.22). The full-
scale model had a 3.8 inch diverter height.

M$G07-053206-106
AIR5687

FIGURE 24 - 0.1-SCALE B-1A IN AEDC TUNNEL 16S

MSG07-053206-107
AIR5687

FIGURE 25 - 0.20-SCALE B-1A INSTALLED IN AEDC TUNNEL 16S
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The full-scale inlet wind-tunnel test article was actual flight hardware (Figure 26). Only the outboard inlet was functional.

Because the model was

so large, the full-scale portion of the wing necessary to duplicate the local flow into the inlet could

not be installed in the wind tunnel. Instead, a wedge-shaped plate provided the correct local flowfield, with the design

based on results from th

e 0.1-scale inlet wind-tunnel test (Reference 2.2.19). The size of the model precluded any ability

to change model attitude, so the outboard inlet was tested at a fixed 2.67-degree angle of attack and 0.5-degree sideslip
angle, approximating the nominal cruise flowfield. In the case where the full-scale inlet wind-tunnel model was tested with

an engine, an XF101-G

E-100 was used. While the inlet was mounted inverted, the engine was installed right side up.

Sketches of all the models are shown in Figure 27.

Each test article had a g
vehicles used a 40-prob
The 0.1-scale inlet modg

MSG07-053206-108

AIR5687

FIGURE 26 - FULL-SCALE B-1A IN AEDC TUNNEL 16T

pmewhat.different arrangement of the AIP instrumentation. All wind-tunel models and flight-test
e ring/rake array (5 rings, 8 rakes) with steady-state and high-responge total-pressure probes.
| had rakes evenly spaced at 45 degrees apart, with the whole array clpcked 22.5 degrees from

top dead center. The 0.2

-scale inlet model had a rake array arrangement identical to the full-scale flight-test vehicle, but

rotated by 1 degree clockwise looking aft. The full-scale wind-tunnel test article inlet array was integral with the engine
front frame, with rakes positioned at 8, 44, 98, 134, 188, 224, 260, and 314 degrees from top dead center. Because the
inlet was inverted on the full-scale wind-tunnel test, but the engine face frame installed right side up, this arrangement
represents a 180-degree rake rotation for both the cold pipe and operational engine wind-tunnel tests relative to the flight-
test aircraft (Reference 2.2.19).
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FIGURE 27 - DETAILS OF B-1A INLET WIND TUNNEL MODELS
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The AIP probes for the wind-tunnel models were of a concentric design, with the high-response transducer centered
inside the tube used to measure the steady-state pressure. The high-response transducer measured only the dynamic
portion of the signal while the steady-state pressure was measured by a separate transducer.

The flight-test vehicle used a single high-response absolute transducer for each AIP probe to measure the instantaneous
absolute pressure. The zero offsets and sensitivities of the flight-test high-response transducers changed with
temperature, time, and turbulence level. To ensure valid data, the transducers were equipped with a system that allowed
them to be recalibrated and re-zeroed as required. During a typical flight test, a calibration was performed about once a
minute (Reference 2.2.19).

5.1.4.2 Test Conditions

The 0.1-scale inlet model was used for initial development and was tested primarily at the Rockwell International 7- by 7-

foot trisonic wind tunnel. The 0.2-scale and the full-scale inlet wind-tunnel models were tested at AEDC 16T and 16S.
Flight-test aircraft were flesignated A/C-T and A/C-Z. Comparison daia were available for freedtream Mach numbers of

0.0, 0.85, and 2.00. Th
ranging from 3.6 to 95.3
5.1.4.3 Data Processi

All dynamic pressure da

based on the time for or
2.2.19) also documents
processing on the peak

stationary.

51.4.4 Resultsand D

Data comparisons includ

geometry. The distortion
5.1.4.41
The data in Figure 28

performance and compa
Figure 28. The data we

Effect of Rey

b Reynolds number (based on the length of the subsonic diffuser)-v
million (Reference 2.2.19).

ng Effects

a were filtered at cutoff frequencies corresponding to full-scale frequen
e revolution of the engine at design RPM (Reference'2.2.18). Johnson
d the character of the dynamic data for the various models scales
dynamic distortion testing. All of the dynami¢:data was found to be

scussion

ed inlet performance, and steady-state and dynamic distortion at noming
indices were calculated using methodology provided by GE (Reference

nolds Number and Scale

fibility indices. Data.are shown for all model scales and from the aircraft
e interpolated ({o~Aominal airflow values. Except at the lowest Reynold

ried with Mach number,

y of 62.5 Hz, which was
(References 2.2.18 and
and the effect of data
random and statistically

| design airflow and inlet
P.2.19).

and Figure 29 show-the effect of Reynolds number and test article¢ scale on several inlet

flight tests at M = 0.85 in
s number, the effects of

Reynolds number and wind-tunnel model scale were insignificant for most indices. IDC (circum
was slightly lower for the full-scale~model, which had values close to that of the flight-test aircre
had slightly lower IDL (gombined-distortion index, the primary compatibility index for this vehic
index), and IDT (total digtortion index) values than the wind-tunnel test models. The data at the
included an indicated scatterdand. This scatter was due to nonrepresentative flow separation in
the low Reynolds number_-This indicated that there is a lower limit to the Reynaolds number at|
performed to ensure flow similarity.

ferential distortion index)
ft. The flight-test aircraft
e), IDR (radial distortion
owest Reynolds number
the inlet duct because of
which testing should be

Figure 29 indicates the effect of Reynolds number and scale for M = 2.0. Data from the 0.1-scale model were not
available for this condition. The wind-tunnel full-scale test was analyzed at a Mach number of 2.2, but the closest flight-
test data comparison point was at M = 2.0. The flight-test data were also acquired at slightly off-schedule inlet geometry.
Data from the 0.2-scale inlet test were used to adjust the recovery for the difference in Mach number. An examination of
these data also determined that there were no differences in recovery or distortion for a range of inlet geometries, so no
adjustment was necessary to account for the effects of the off-schedule geometry. The results showed recovery
increasing as Reynolds number increased. Distortion indices for the flight-test vehicle were generally within the range of
the wind-tunnel values for the different models with no apparent trends.
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FIGURE 28 - EFFECT OF REYNOLDS NUMBER AND SCALE AT M = 0.85
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HIGURE'29 - EFFECT OF REYNOLDS NUMBER AND SCALE ATM =20
Figure 30 contains the gomparison of recovery and combined distortion between wind-tunnel nodel and flight tests at

Mach numbers of 0.0, 0.85, and 2.0. The agreement at static conditions (M = 0) was very good. At M = 0.85, recovery
was slightly higher and distortion slightly lower for the flight-test vehicle at both low and high angles of attack. At M = 2.0,
the recovery for the flight-test vehicle was slightly higher than the full-scale wind-tunnel model and significantly higher
than the 0.2-scale model. Flight-test distortion levels fell within the range of wind-tunnel test results at this Mach number
(Reference 2.2.19).
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FIGURE 30 - COMPARISON OF FLIGHT TO WIND TUNNEL TEST
Other significant observations from Reference 2.2.19 are summarized |n thls paragraph The effect of Reynolds number
at constant model scalé O- ad 2.0. The engine face

turbulence patterns showed very Ilttle dlfferences at various Reynolds numbers The characterrshcs of the distortion time
traces near the peak IDL value were similar. No significant differences were found in the power spectral densities at
various Reynolds numbers. These results were also true for the effect of different model scales as well as the presence of
the engine. The only case where these results were not true is when the Reynolds number was lowest and
nonrepresentative flow separation occurred in the duct.

5.1.4.4.2 Effect of Engine Presence

The effect of engine presence was determined from the full-scale wind-tunnel inlet model, which was tested with a cold
pipe and with the engine. Comparison data were available at Mach 0.0 (Figure 31) and Mach 2.2 (Figure 32). (Note that
the supersonic flight-test data comparisons were at Mach 2.0, while these wind-tunnel data are at Mach 2.2.) In both
cases, the difference between testing the inlet with a cold pipe and with an operating engine was negligible except for a
small increase in total-pressure recovery with the cold pipe at static conditions (Mach 0.0). Static pressures around the
circumference of the engine face hub and tip did not change significantly between the engine and the cold pipe.
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FIGURE 32 - ENGINE EFFECTS ATM =2.2
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5.1.4.5

Findings of the Original B-1A Study

The results of the original B-1A research indicated:

Reynolds number effects due to model size or tunnel operating conditions were negligible at static conditions and

Mach 0.85. The full-scale model and flight vehicle had higher pressure recovery and lower distortion at supersonic

operating conditions.

characteristic that was examined.

5.14.6

S-16 Committee Observations of B-1A Data

The presence of the engine in full-scale tests had no significant effect on engine face distortion or any other flow

The data indicate that a
Figure 28, this threshol
separation may occur th

threshold Reynolds number limit must be exceeded in order to haveAflg
i value is estimated to be about Re, ~ 5X10°. At Reynolds numbers
at is not representative of flow at realistic flight Reynolds numbers’ F

implies a large model scale and sufficiently high freestream pressure.

Subsonic data correlate
vehicle. Supersonic data

well between subscale wind-tunnel models, full-scale: wind-tunnel te|
do not correlate as well as the subsonic data. The flight vehicle appeg

rates than the subscale model, a trend that has been noted for other vehicles.and will be discussg

515 F-18E/F Case S

tudy

The F/A-18E/F is a fighter/attack aircraft designed to meet carrier-suitability, extended-range, h

supersonic-dash require
inlets located under eag
fuselage and inlet and

Steady-state and high-
inlet/engine compatibility|
5.1.5.1 TestlItem Con
The 17.6% scale integrs
F/A-18E aircraft back to
with the exception of thg
64% span. The diverter

nominal wind-tunnel corn

ments. The aircraft, powered by F414-GE-400 turbofan engines, has f
h wing’'s leading-edge extension (LEX). Each inlet has two diverters, ¢

w similarity. As seen in
below this value, duct
br wind-tunnel tests, this

st article, and flight-test
rs to pass higher airflow
ed further later.

gh-maneuverability, and
xed-geometry waverider
ne located between the

he other between the LEX and_the inlet. An ECS inlet is located within each subsonic duct.

response total-pressure data.were obtained during wind-tunnel ang
More detailed information may be found in Reference 2.2.23.

igurations

ted inlet/forebody-wind-tunnel model (Model 404), seen in Figure 33, \
the wing trailing_edge. All external moldlines were geometrically scaled

wingspan,the*boundary-layer diverter, and the inlet bleed system. Th
vas scaled by boundary-layer thickness between a low-Reynolds-numbg
dition, <Fhe inlet bleed system was simulated only on the port inlet. Tl

located on the inboard

were scaled between Magdel 404 and the flight vehicle by holding total porosity and hole length-tg

i d thelupper compression ramps and the outboard cowl. The compress
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FIGURE 33 - F/A-18E INLET WIND TUNNEL MODEL 404 AND FLIGHT-TEST AIRCRAFT E2
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The flight database was obtained using an Engineering and Manufacturing Development F/A 18E/F flight-test aircraft,
designated E2, also seen in Figure 33. Although it was tested in various configurations, the data presented here
represents that of a “clean” configuration (e.g., no external fuel tanks) with a flight-test nose boom.

5.1.5.2 Test Conditions

Wind-tunnel testing was accomplished in various facilities including Boeing’'s Polysonic Wind Tunnel, the 11-foot
Transonic Wind Tunnel at NASA Ames Research Center, and the Propulsion Wind Tunnel Facility at the AEDC. The data
presented here were obtained in the early 1990s at AEDC’s Propulsion Wind Tunnels. Testing included a Mach number
range from O to supersonic speeds beyond that of the flight aircraft, angles of attack and sideslip beyond that permissible
by the flight aircraft, and inlet airflows from windmill to beyond maximum engine airflows. The test Reynolds number was
nominally 2x10° per foot.

The inlet/engine performance and compatibility flight testing was conducted at the Naval Air Weapons Center — Aircraft

Division, Patuxent River
tunnel database, althou
progressed from benign
flights using a fixed throt
Flight speeds ranged fro
5.1.5.3 Data Instrume
The AIP instrumentation
with 40 steady-state and

arrangement. The wind-
digitally sampled for 6

frequency for the high-reésponse signals was determined from Strouhal scaling (further explaine

F414 engine and model

The flight-test vehicle’s ¢
The probes were located
duct wall. The exposed

stabilized at 225°F using
low-cost instrumentation
transducer/acquisition sy
was filtered, digitally san

The definitions and com
correlations of inlet-distg
steady-state and dynan
radial distortion, and pla

Maryland, In the late 1990s. Data were obtained on the port inlet io
ph the starboard inlet was also instrumented for efficiency in theoflig
to aggressive flight conditions. Distortion data were acquired at oughly
le with the aircraft attitude stabilized sufficiently long to obtain statisticall

htation, Acquisition, Processing, and Analysis

was similar between the wind-tunnel model and-the flight-test vehicle.
high-response total-pressure probes located aticenters of equal area in
funnel model had concentric steady-state and, dynamic probes. The hi

Ecale.

ata-acquisition system was unique in that high-response absolute-pres
to maintain similarity to the.wind-tunnel model and were integrated into
ength of the each probe was‘about 6.6 times its diameter. Each of the
an integral heater element. The probes had the required accuracy, and

stem had a flat response of £1 dB over a frequency range of 0 to 225
pled, and recorded on board for postflight processing.

putation precedures used in assessing inlet/engine compatibility reflecte
rtion effects for the F404 engine family. Inlet-performance parameters v
ic total-pressure measurands. These parameters included inlet recoy
har wave indices. Definition of these indices may be found in Referencsg

M static to supersonic, and altitudes ranged from sea level te. 45,000 feef.

compare with the wind-
ht-test program. Testing
500 points on about 60
significant sample sets.

Both were instrumented
an eight-rake by five-ring
gh-response output was

seconds and summed to a reference préssure to arrive at an absollite pressure. The cutoff

d in Section 6.2) for the

sure sensors were used.
rakes mounted from the
10 probes was thermally
the result was a simple,

configuration for measuring both the steady-state and dynamic data. The overall pressure

Hz. Each probe’s signal

d a history of successful
bere computed using the
ery, circumferential and
2.2.24. For clarity here,

the planar wave index, P

Wptp, was defined as

where

max|P TFAVka:LK - min[PTrAvy Jk:I,K

PWptp =
PTrAv

k= Sample k of K total samples

K= Total
PTeav =

samples
Average Total-Pressure of AIP Probes

PTeavi = Instantaneous Spatial-Averaged Total-Pressure of AIP Probes

The data were screened to locate the maximum circumferential distortion index, (Ap7/pPT o for adjacent ring pairs. The
radial distortion, (APT / PT, ., corresponds to that present at the time of maximum circumferential distortion.
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5.1.5.4 Results and Discussion

Recovery measured at transonic cruise speeds on the E-2 vehicle, as well as the Model 404, is found in Figure 34.
Recovery is presented as a function of inlet airflow ratio. Inlet airflow ratio is defined as the ratio of the operating corrected
airflow to the maximum corrected airflow of the wind-tunnel test data at that Mach number. Error estimates for the flight
data are indicated. Good correlation between the flight-test data and the wind-tunnel data was found when the wind-
tunnel data were interpolated to the flight-test conditions. Recovery is seen to drop off at lower airflows where it is
observed that recovery is sensitive to angle-of-attack changes. At these low airflows, it appears that the flight and wind-
tunnel recoveries have similar values.

Pl
Pro
0N . : ! :
A001 O Flight?0.9 <a < 1.9

25N s —A— Wind Tunnel, o = 2.5 deg
: —x<Wind Tunnel, & = 0 deg
n . oN  Interpolated Wind Tunnel

0.0 0.2 0.4 0.6 0.8 1.

Inlet Airflow Ratio

HIGURE 34 - INLET RECOVERY AT TRANSONIC CRUISE CONDITION

[92)

The variation of recovery with unit Reynolds number was measured in flight and the wind tunnel.[The data were for cruise
attitudes and engine power settings) The expected trends of increasing recovery with unit Reynplds number were found
(Figure 35). The wind tunnel,, flight and 1/7 power-law trend lines were well correlated. A cofrection of inlet recovery
between wind tunnel and flightwas warranted when correlated with Reynolds number.
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FIGURE 35 - INLET RECOVERY VARIATION WITH UNIT REYNOLDS NUMBER

At transonic cruise and fnaneuver flight conditions, distortion from the wind-tunnel tests correlat¢d well with that found in
flight. Magnitudes and tiends in peak circumferential distortion with angle-of-attack correlated hetween wind tunnel and
flight (Figure 36). The lafger values of distortion were seen at cruise attitudes‘and decreased ag the angle of attack was
either increased or decrgased. Circumferential distortion did not increase again until the angle of [attack increased beyond
20 degrees or decreased beyond —3 degrees.

0.20 -
O Flight
—&— Wind Tunnel

005 |

M~ 0.8, Inlet Airflow Ratio ~ LB~ 0 deg

000 Loceoive i i
-5 0 5 10 15 20 25 30

Angle of Attack, deg

FIGURE 36 - PEAK CIRCUMFERENTIAL DISTORTION DURING MANEUVERS AT TRANSONIC SPEEDS

The peak radial distortion measured either in the wind tunnel or flight also correlated, Figure 37. Here, the largest values
of peak radial distortion were measured about the cruise attitudes and decreased as angle of attack was either decreased
or increased from there.
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sure patterns found in the wind tunnel and flight.at‘the times of peak
B. An instrumentation boom was on the flight vehicle but not on the windjtunnel model. Flight-test

7 - PEAK RADIAL DISTORTION DURING MANEUVERAT TRANSONI¢ SPEEDS

circumferential distortion

booms as installed on the F/A-18E typically have minimal effect on, total-pressure patterns 3t the AIP. The patterns

presented were similar:
the wind-tunnel pattern
0.80 and o ~ 30 degrees

Wind Tunnel

Flight

Solid Contours Penote Recoveries Below Average
Screened.ForMax Circumferential Distortion

A 180-degree one-per-revolution pattern having similar maximum and minimum pressures, with
being a good indication of that found later in flight. These patterns cortespond to flight at M.. ~
with no sideslip.

Aft Looking Forward

FIGURE 38 - PEAK TOTAL-PRESSURE PATTERNS DURING MANEUVER AT TRANSONIC SPEEDS

The planar wave content of the inlet flow found at transonic speeds in the wind tunnel was somewhat larger than that
found in flight tests. As seen in Figure 39, planar wave content increased as the inlet airflow dropped below about an inlet
airflow ratio of 0.6 in the wind tunnel. Sensitivity of planar wave content to model attitude was also found. In flight, similar
increases were measured but at lower inlet airflow ratios.
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FIGURE 39 - PLANAR WAVE CONTENT AT TRANSONIC SPEEDS

b engine operates principally at high airflow. Eor high airflows, Figure 40
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FIGURE 40 - INLET RECOVERY AT SUPERSONIC FLIGHT CONDITIONS

Peak circumferential distortion measured on the flight vehicle correlated well with that of the wind-tunnel model at high
inlet airflows (Figure 41). However, as the inlet airflow was reduced, more pronounced differences between the flight and
the wind-tunnel model were measured. This may be associated with unsteady flow at reduced airflows. From an overall
standpoint, the values of the peak circumferential distortion index measured in the wind tunnel indicated that no
operability issues should have been expected in flight, as indeed was the case. If anything, the wind tunnel provided a
conservative estimate of peak circumferential distortion as compared with flight.
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FIGURE 41 - PEAK CIRCUMFERENTIAL DISTORTION AT SUPERSONIC SHEEDS

In contrast to peak circdmferential distortion, radial distortion measured in.the wind tunnel was| a good indicator of that
found in flight (Figure 43). At high inlet airflows, the radial distortion of bath the wind-tunnel mogdel and the flight vehicle
was predominately tip raflial distortion. As inlet airflow was reduced, radial distortion transitioned {o a hub radial pattern.
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FIGURE 42 - PEAK RADIAL DISTORTION AT SUPERSONIC SPEEDS

The planar wave content of the flow measured on the wind-tunnel model provided a conservative indication of this type of
distortion when compared with that found in flight (Figure 43). As inlet airflow is reduced, the planar wave content of the
wind-tunnel model increased rapidly compared with that measured on the flight vehicle. Evidently, the test techniques
used in the tunnel were inadequate in reproducing flows found at low inlet airflows in supersonic, high-Reynolds-number
flight conditions.
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The total-pressure patte

Figure 44, both sets of data indicate a total-pressure pattern that is predoeminately a 180-degree

pattern is rotated roughly

pattern obtained in the wind tunnel provided correct guidance for an engine screen pattern.
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FIGURE 43 - PLANAR WAVE CONTENT AT SUPERSONIC SPEEDS
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FIGURE 44 - PEAK TOTAL-PRESSURE PATTERNS AT SUPERSONIC SPEEDS

5.1.5.5 Findings of Ori

The results of the F/A-18

ginal F/A-18E/F Study

E/F research indicated:

The F/A-18E/F benefited from a coordinated wind tunnel to flight-test program that measured dynamic total pressures at
the AIP. Overall, pressure recovery measured in the wind tunnel at high airflows correlated well with flight across the
Mach numbers examined. At transonic cruise flight conditions, recovery correlated well with Reynolds number and would
justify increments in recovery from wind tunnel to flight conditions. However, recovery measured at low airflows in the

wind tunnel forM=1.6 ¢

onditions was lower than obtained in flight.
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Dynamic total-pressure distortion measured in the wind tunnel correlated well with flight data. Distortion levels and trends
correlated with changes in inlet airflow, Mach number, and angles of attack. No basis was found for correcting the levels
of distortion measured in the wind tunnel to those found in flight. Total-pressure contours measured at the AIP of the
wind-tunnel model were similar to the contours measured in flight. In all cases examined, the type of pattern observed
(i.e., one per rev or two per rev) was the same. Differences were observed in the pattern orientation.

At subsonic and supersonic speeds, the planar wave levels and trends measured at high inlet airflows in the wind tunnel
were similar to those obtained in flight test. However, planar wave levels measured in the wind tunnel at reduced inlet
airflows were higher than found in flight test.

The use of single-barreled, temperature-controlled, absolute-pressure probes for the flight-test AIP rake was successful.
Use of these probes provided quality data at half the cost, hardware, and data processing. The flight data correlated well
with data obtained in the wind tunnel.

5.1.5.6 S-16 Committge Observations of F/A-18E/F Data

The data presented herg displays sensitivity of inlet recovery and distortion to angle-of-attack ch
both transonic and supgrsonic flight. This may be a manifestation of a (1) Reynolds’number
interactions with high pressure-gradient flows, and/or (2) nonstationary flows approaching and
research into similar phenomena on future inlet systems is warranted.

anges at low airflows for
effect of boundary-layer
within the inlet. Further

Higher amplitude planar|waves found in the wind tunnel may be due to the\location of the acous
scale model as compared to the flight-test aircraft. In flight, the acoustic reflection plane was

tic reflection plane in the
associated with the first

rotor of the fan. In the m
scaled-location of the firs
full-scale using Strouhal
interactions within the dy

bdel, the reflection plane was associated with@he flow plug which was lo
t rotor. While the frequency content of theiplanar waves may be correlz

cated downstream of the
ted between model- and

scaling, the wave amplitude is related-to the volume of the resonating duct and complex flow

ct.

The practices recommégnded by ARP1420, as implemented here, provided correct insigh

inlet/engine compatibility,

5.1.6 F-22 Case Study
The F-22 case study is t
planning and execution
study includes lessons |
section are a subset of
Engines, Reference 2.2.

and engine stability for the F/A;18E/F aircraft.

ne most recent instance of model to full-scale correlation. As a result, it
quired to allow success performing the model to full-scale comparison

e
1arned which,provide guidance for future projects. For brevity, case stu

material presented in a technical paper at the 2005 International Sym
5.

and understanding of

s a good example of the
5. Additionally, this case
dy data presented in this
bosium on Air Breathing

5.1.6.1 Test Item Configuration

5.1.6.1.1  F-22 Engine Inlet Overview

The F-22 engine inlet, shown in Figure 45, was sized to accommodate the F119-PW-100 (F119) engine and employs a
fixed external compression inlet with compression ramp bleed to maintain inlet shock stability during supersonic
operations. Inlet bleed air exits a fixed-area bleed exit on the upper surface of the engine inlet. The fixed-area screened
vent and actuated door were initially provided to increase bleed flow at high Mach numbers. However, part way through
the flight-test program, the variable inlet bleed door was removed from the aircraft to reduce cost and weight without
unduly sacrificing inlet performance or stability. The F-22 engine inlet uses a variable bypass system for inlet/engine
airflow matching and to maintain stable inlet operation at supersonic conditions. The bypass is located approximately two
engine-face diameters forward of the engine and dumps air overboard through the upper surface of the aircraft.
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FIGURE 45 - FULL-SCALE F-22 INLET WITH FIXED AND VARIABLE-BLEED
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bhase of YF-22A testing
compatibility testing.

nd internal duct and inlet
ct the production aircraft

configuration with fully-mpodeled inlet bleed and bypass systems. The inlet diverter height was geometrically scaled and

not adjusted for model-tg

and fan nose cone wer¢ not simulated. Al discussion included in this F-22 case study relates

(port) engine and inlet.

-full-scale Reynolds number boundary-layer effects. Flow blockage assq

ciated with the F119 fan
5 to testing the left-hand
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FIGURE 46 - SUBSCALE F-22 INLET TESTED IN THE AEDC 16-FT TRANSONIC AND

SUPERSONIC WIND TUNNELS

Bypass doors were variable and were remotely operated. Inlet airflow was controlled by an independent, remotely
operated, variable-exit area flow controller. Primary inlet auxiliary suction was provided by a high-pressure air-powered
ejector system at Mach numbers below approximately 1.2 where ram pressure ratio was insufficient to provide the

necessary flow rates.
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5.1.6.2 Test Conditions
5.1.6.2.1 Wind Tunnel Test Conditions

Subscale inlet testing of the IF3-2 model was conducted at static conditions and at Mach numbers ranging from 0.18 to
1.5 in 16T and from 1.6 to 2.1 in 16S. Model angle-of-attack ranged from -20 to +90 deg at sideslip angles from +30

degrees, depending on

Mach number.

Configuration variables included a simulated flight-test nose-boom assembly,

nose landing-gear assembly, inlet ramp-bleed porosity, inlet ramp-bleed exit area, weapons bay doors, bypass exit area,
air data probes, and a secondary air system.

5.1.6.2.2

Flight Test Conditions

F-22 engine and inlet compatibility testing included fixed and transient throttle movements during steady-state and
dynamic maneuvers throughout the F-22 envelope. Time-dependent inlet-total-pressure data were continuously recorded

at 800 samples per sec
speed compatibility test
altitude increments acro
wind-tunnel predictions.
combinations. These
maximum maneuver ca

A more traditional appro
speed compatibility testi
recoveries at increasing
angles of attack. Each
most severe inlet distort
remaining conditions, in

5.1.6.3 Data Acquisiti

5.1.6.3.1  Wind Tunne
The F-22 project used
distortion. It consisted of
The number 1 rake for th

nd during the maneuver sequences (maneuver entry, actual maneuver,
ng was not considered to be traditional aircraft envelope expansion
s the envelope were not used. In essence, high-speed testing was(an ir
High-speed testing was conducted by performing “maneuver blocks” at
neuver blocks consisted of 15 to 30 maneuvers and included inc
bility of the aircraft.

ch to flight envelope expansion was used for low-speed inlet/engine ¢
g consisted of three groups of tests: 1-g maneuvers at increasing angl
pitch angles, and elevated airspeed pull-up/push-over maneuvers to
roup included: 1) a buildup to lower dynami¢;pressures and temperat
on, 3) a buildup in horsepower extractionjxand 4) a buildup to the leas
luding throttle transients.

n, Processing, and Analysis
Data Acquisition and Processing
a typical 40-probe wind-tunnel inlet instrumentation array for meas

eight equiangular-spaced rakes with five probes per rake located at th
e IF3-2 model was'located 22.5 deg counterclockwise from top dead cer

The dynamic content of
the high- and low-frequ
was improved by tailori
components. The IF3-2
in Figure 47.

n
1? transducer and signal-conditioning ranges to maximize resolution f

total pressuresfor the F-22 inlet is relatively small, thus motivating the s
cy compoenents of total pressure. For IF3-2 testing and flight testing,

odelincluded 40 steady-state and 40 high-response total-pressure pro

!

and recovery). The high-
in that small Mach and
let survey to validate the
imited Mach and altitude
remental buildup to the

bmpatibility testing. Low-
es of attack, zoom climb
maximum and minimum
res, 2) a buildup to the
I-engine-stability-margin-

ring inlet recovery and
centers of equal areas.
ter (forward looking aft).

eparate measurement of
measurement accuracy
br each of the individual
bes at the AIP, as shown



https://saenorm.com/api/?name=e9b293b8b637e734094e876126e66157

SAE AIR5687

Page 56 of 94

e High-response pressure
Steady-state pressure

MSG07-053206-129
AIR5687

FIGURE 47 - WIND TUNNEL INLET RAKE GEGMETRY

measurements on the subscale IF3-2 model weré.acquired at the AIP u
ate total-pressure probes. Analog Root-Mean-Square (RMS) meters wi
etermine the RMS total-pressure amplitude;.6f turbulence. Analog datg
1z to match the compression-system dynamic-response characterist

High-response pressure
adjacent to the steady-s
of 4 KHz were used to
pass filtered to 1250 H
dB/octave) Bessel filters.
erroneous signals from the 40 high-response and 40 low-response steady-state probes at the

analytical techniques based on adjacent probes. The 40, steady-state and high-response press
combined, and the ARP[1420 (Reference 2.1.1) spatial distortion descriptors were evaluated. S
for the F119 fan and compressor was calculated using sensitivities provided by the engine ma
conditions, selected datg were also screened postitest for worst-case combinations of circumfere
radial distortion.

During wind-tunnel test joperations, the requested Mach number was set and the computer-cq
cycle initiated. The mogel was positioned to the desired attitude and data were obtained at
Engine corrected airflow was then yaried from the maximum value to the minimum value, or
occurred. For certain pre-selected conditions expected to challenge engine stability, data were
seconds and all peak d|stortion-déscriptors were computed and stored. On all other points,
acquired, and the data [werg“Sereened only for minimum remaining engine fan or compressd
remaining stability marginh for(either the fan or the compressor was less than 1 percent at hlgh ai

sing transducers located
th a low-pass cutoff filter
were digitized and low-
cs using four-pole (-24

The sampling rate was 6250 samples per second. Data were scregned during testing, and

AIP were replaced using
ure measurements were
lability margin remaining
nufacturer. For specified
ntial, hub-radial, and tip-

ntrolled data-acquisition
specified airflow values.
until inlet flow instability
digitally acquired for five
bne second of data was
r stability margin. If the
rflow points, or 2 percent

at lower airflows, an addit v
test configuration until data had been acquired at aII desired attltudes and Mach numbers
5.1.6.3.2 Flight Test Data Acquisition and Processing

The flight-test rake configuration was located very close to the AIP and was integral with the

vas repeated for a given

inlet guide vanes of the

F119-PW-100 engine. The rake consisted of eight instrumented struts with five ring locations and was incorporated into a

modified engine-inlet case as shown in Figure 48. As seen, the leading edge of the engine gu
with a small recessed area which housed the pressure and temperature instrumentation. The in

ide vanes were modified
strumentation included a

total of 40 high-response pressure transducers, 40 low-response differential pressure transducers, one absolute
reference pressure transducer, and 16 high-response thermocouples for armament gas ingestion testing, as shown in

Figure 49.
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FIGURE 48 - F119-PW-100 FLIGHT TEST ENGINE-FACE RAKE
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FIGURE 49 - FLIGHT TEST INLET RAKE GEOMETRY

Each instrumented strut contained five high-response pressure transducers and five total-pressure orifices and tubing
leading to the low-response steady-state transducer scanning module. The absolute-pressure reference transducer was
used in conjunction with a 48-channel scanning module to gather the low-response pressure data. Strut 1 was located 17
deg counter-clockwise from top dead center (forward looking aft) and incorporated an additional location between rings 2
and 3 for the reference pressure. It should also be noted since the flight-test rake was integral to the inlet guide vanes,

the rake angles used resulted in slight variations from the wind-tunnel configuration which had eight equiangularly-spaced
rakes.
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To increase accuracy, the low-frequency response pressure measurements were made with a scanning module located
in a remote, fuel-cooled environment. The scanner was mounted in a heated chamber, which was enclosed in a fuel-
cooled box located in the engine bay in close proximity to the AIP rake. This fuel-cooled box was required to maintain
near-constant temperature. The temperature inside the box was not monitored. The reference pressure transducer was
located in a side weapons bay, well removed from the engine compartment, and close-coupled to the AIP scanner
module. The plumbing required for the remote instrumentation resulted in a significant lag in the reference pressure
measurement. This lag proved to complicate a number of measurement system and data processing activities including
pretest calibrations, thermal corrections for the steady-state pressure measurements, instabilities in the digital filtering
algorithms used to filter the high-response pressure measurements, and configuration control of the data analysis
software. The effect of this lag was determined to be “self-compensating” since the steady-state differential pressures
were all measured relative to the same reference pressure sensed by the close-coupled transducer. No time lag was
introduced into the final computed results.

steady-state differential pressure transducers, the steady-state reference pressure transducer, ‘and the 40 high-response
pressure transducers. Hjgh-response pressure measurements for flight test were digitally\fecofded at 800 samples per
second (approximately 4.5 samples/cycle). High-response data were then band-pass-filtered between 2 and 178 Hz to
match the compression pystem dynamic response characteristics using a six-pole Butterworth filter. Initially, instabilities
were seen in the digital [filtering algorithms at frequencies between 0.20 and 1.00(Hz. As a result, the cutoff frequency
was increased to 2 Hz {o remove the observed instabilities from the filtered high-response prg¢ssure data. This band-
passed high-response-pfessure data were then combined with the steady-state/reference and dglta pressure data which
had been low-pass filter¢d to 2 Hz. Data were screened during testing, and_erroneous signals from the 40 high-response
and 40 low-response stgady-state probes at the AIP were replaced using the adjacent probes and Shepard’s inverse
distance-weighted interpolation method (Reference 2.2.26) to account,for slight variations in thHe probe locations at the
AIP. The 40 steady-state and high-response pressure measurements were combined to compute the ARP1420 spatial
distortion descriptors and the planar wave instability descriptors described in AIR5866 (Reference 2.1.3).

Data were acquired at pre-flight wind-off conditions 10 defermine and account for day-to-da;;" sensor drifts on the 40

5.1.6.3.3  Model-to-Flight Correlation Analysis Techniques
A quantitative assessment of F119 engine performance;and stability was performed at a number|of selected conditions to
assure inlet/engine conppatibility. Test conditions ;\from wind-tunnel and flight programs were defined in terms of
inlet/engine interface cohditions (airflow and total pressure), free stream Mach numbers, aircraft angles of attack and
sideslip, total-temperatufre, ambient pressure;.installation interfaces (e.g., customer bleed and power extraction), and
engine operating conditipns (e.g., engine_power settings and service bleeds, including anti-ice jand control trims). Inlet
recovery and distortion |levels were characterized primarily as a function of Mach number, gngle of attack, angle of
sideslip, bleed and bypass door positiens; altitude, and engine airflow.

F-22 flight testing included 61 flights of inlet compatibility testing over a period of nearly fou years (1999-2004) and
produced a significant Hnount of-test data. In general, secondary configuration variables (e.g., hose gear, weapons bay

doors, and air data probes) ‘rad a minimal effect on inlet flow stability and performance. Bleed |and bypass door angles
were considered primary| configuration variables even though the bleed door was removed early jn the test program. With
the simulated flight-test nose boom installed, reductions in inlet recovery and flow stability were seen during wind-tunnel
testing at supersonic speeds and specific angles of attack and sideslip. All flight-test results presented are with the nose
boom installed. Only limited amounts of wind-tunnel data were obtained with the nose boom installed, and as a result the
wind-tunnel and flight data available for comparison are limited.

5.1.6.3.4 Inlet Total-Pressure Recovery Analysis Techniques

Computational Fluid Dynamics (CFD) was used to determine the magnitude of the Reynolds number effect on the wind-
tunnel total-pressure recovery data. The CFD modeling was intended to determine only the internal duct effects
attributable to wall flow scrubbing. No attempt was made to determine the Reynolds number effect on the external flow
approaching and entering the inlet. Reynolds number effects on the fuselage boundary layer were not accounted for in
the sub-scale Reynolds number total-pressure recovery correction. The change in recovery as a function of flight unit
Reynolds number is shown in Figure 50 indicating the expected trend of increasing recovery as a function of increasing
Reynolds number. The Reynolds number effects on total-pressure recovery range from one-tenth of one percent to eight-
tenths of one percent. The wind-tunnel predictions (wind-tunnel data interpolated to flight-test conditions) and CFD
approximation of the Reynolds number effects were used to sort out inconsistencies in the flight-test recovery.
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FIGURE 50 - REYNOLDS NUMBER CORRECTION
5.1.6.3.5  Spatial Total Pressure Distortion Descriptor Analysis

Circumferential distortion was described for each instrumentation ring in terms of intensity, extent and multiple-per-
revolution elements. The ARP1420 circumferential distortion for each ring is the difference between the ring average
pressure and the ring low-pressure average, normalized by the ring average pressure. For the F-22 program, including
the data presented herein, the circumferential distortion intensity (APC/P) was defined as the average of the five-ring
circumferential-distortion intensities. The ARP1420 radial distortion intensity (APR/P) of a ring is defined as the difference
between the engine-face-average pressure and the ring-average pressure divided by the face-average pressure where
positive values reflect a ring-average pressure that is below the engine-face-average pressure. The radial-distortion
intensity of a ring was set to zero if the intensity was less than zero. The tip-radial-distortion intensity (APR/P)y, was
defined as the largest of radial-distortion intensities for the two outer rings, and the hub-radial distortion (APR/P)nyp
intensity was defined as the largest of the radial-distortion intensities for the two inner rings.
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5.1.6.3.6  Planar Instability (Buzz) Total-Pressure Distortion Descriptor Analysis

Flow interactions in aircraft inlets may produce one-dimensional, unsteady pressure fluctuations at the engine face. These
are often referred to as “planar waves,” “in-phase distortions,” “planar instabilities,” or “inlet buzz.” AIR5866 provides
guidance for the calculation and assessment of Planar Waves (Reference 2.1.3).

Compression-system performance and stability response depend on the amplitude and frequency of the planar waves.
Two different approaches to determining planar wave, designated “SUM40” and “Peak-to-Peak,” were used to
characterize planar wave (or in-phase pressure fluctuations, “inlet buzz”) for F-22 inlet compatibility testing and to
determine the minimum stable airflow for stable inlet operation. SUM40 is the RMS of the area-weighted average of the
dynamic pressures divided by the average engine-face total pressure. Peak-to-Peak (one cycle) is calculated using the
AC component of the dynamic engine-face total-pressure recovery. Local maxima (above zero) and minima (below zero)
are used to determine the peak-to-peak one-cycle magnitude of the planar wave. The Peak-to-Peak (one cycle) approach
is intended to be more sensitive than SUM40 to planar wave content. “RMS Turbulence” (the average compressor face

turbulence normalized by

The analog RMS meter
4KHz, low-pass cutoff f
Differences between the
with the flight-test data

and flight-test RMS turby
5.1.6.3.7 Peak Total-H
With constant statistica
investigated for the effe
used in this study to @
turbulence as a functior
were used post-test for

remaining for the fan an
worst-case stability-marg
pressure compressor
manufacturer. Key engir
each of the worst-case

the worst case circumfer|

g

J

the engine tace total pressure) was also analyzed.

5 used during the wind-tunnel inlet tests incorporated resistor packs in
equency. It was believed that the roll-off rate was equivalent.to’a 1-g
wind-tunnel RMS meter determination of RMS turbulence and’the digitd
vere believed to be the most significant factor associated With differen
lence values.

ressure Distortion Screening

properties and similar test conditions, data’from subscale-wind-tunn
cts of Reynolds number/scale effects, frequency content, and engine
uantify the magnitude of the predicted‘decrease in peak time-varia
of increasing Reynolds number/scale’ The eleven screening parame
he F-22 subscale wind-tunnel test-for some test conditions, with the w¢
d the compressor used on-line invreal time for all the data. All screenin
ins remaining for the fan andhe compressor were also used during flig
tability pressure ratio loSses were calculated using sensitivities ¢
e and aircraft parameters (including the 40 individual pressure measu
onditions corresponding to each of the screening parameters. Only tes
ential, tip- radial, and hub-radial distortions are presented in Figure 51.

the meters to provide a
ole filter (-6 dB/octave).
| filtering approach used
tes between wind-tunnel

el and flight tests were
resence. CFD was not
nt-distortion values and
ters shown in Figure 51
brst-case stability margin
g parameters except the
ht testing. Fan and high-
rovided by the engine
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t results associated with
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bsary to evaluate peak distortion descriptors generally require that the
cally stationary. A sufficient'velume of data was analyzed to verify the g

of the wind-tunnel and steady 1-g flight-test data..Wind-tunnel data were screened for one secon

during that period “stabil
repeated for five second
some peaks occurred du

ty-margin remaining’.was within one percent of the limit at high airflows
s to increase statistical confidence of capturing peak distortion. As c
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CONDS OF DATA

samples of time-variant
ssumption of stationarity
i at each condition and if
then the maneuver was
bn be seen in Figure 51

ring the one secand timeslice and some peaks occurred in the five second timeslice.

To make valid comparis
were screened with co

bns of peakccircumferential- and radial-distortion intensities, the wind-tdnnel and flight-test data

sistent screening parameters. Screening parameters associated with

margin remaining for thel fan and.compressor changed throughout the developmental engine pro|

below 1.5, most of the

indsturinel data were screened primarily at “worst-case stability-margin

the worst-case stability
gram. At Mach numbers
remaining for the fan or

compressor.” Engine-mandfacturer stability audits for the F119 engine indicate that for flight co

nditions below Mach 1.5,

the fan was twice as sensitive to stalling from elevated circumferential distortion as from radial distortion. As a result, the
minimume-stability-margin point generally occurred with the maximum-circumferential distortion intensity, making the wind-
tunnel “min-fan-stability-margin” screening parameter comparable to the maximum flight-test circumferential-distortion
intensity. [S-16 Committee Observation: A common set of screening parameters needs to be used for both wind-tunnel
and flight testing to ensure that the data obtained can be readily analyzed. When common screening parameters are not
possible, raw dynamic-pressure data should be saved to allow re-processing if necessary to allow direct comparision
between wind-tunnel and flight-test results.]
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5.1.6.4 Results and Discussion

5.1.6.4.1  Model-to-Flight Correlation

Wind tunnel-to-flight correlations were made throughout the aircraft flight envelope for steady-state 1-g flight conditions.
Wind-tunnel data were linearly interpolated as a function of Mach number, engine airflow, angle of attack, and angle of
sideslip to match the specific flight conditions. Only two examples of the flight correlation results (Reference 2.2.25), one
at low altitude/low-subsonic and another at mid altitude/high-supersonic trimmed-flight conditions, are presented here.
Additionally, peak-distortion data encountered during dynamic flight-test maneuvers are also compared to wind-tunnel

predictions from similar steady-state conditions.

For comparison purposes, the wind-tunnel total-pressure and turbulence contour plots presented in this section were

visually altered to reflect the presence of the engine bullet nose, which was not present duri

ng subscale wind-tunnel

testing. In this case, visually altering meant placing a blacked out circle on the center of eng
pressures were translat¢d in this process. Engine-face total-pressure contours presentedcher
Reynolds number.

5.1.6.4.2 Model-to-Flight Correlation, 1-g Low Altitude and Low Subsonic Flight Cenditions
At low altitudes and low|subsonic 1-g flight conditions, the wind tunnel/flight-test<correlation in tk
excellent, Figure 52, wi
higher airflows, Figure 52A. The excellent agreement was seen between the high- and low-press
total-pressure contour plots, Figure 52B, which were not corrected for Reynolds number, but ha
differences in wind-tunngl test conditions. The slight differences in_the;steady-state circumferen
Figure 52C and Figurg 52D, were insignificant considering the low value of the distortio
circumferential-distortion|intensities are of similar magnitude at thie*higher airflows, and the slight|
as well as the trend with airflow, may be attributable to the<difference in peaks used for sq
difference in the turbuler|ce levels, Figure 52E, was attributed to the difference in the low-pass ct
the RMS meters (nearly broadband) in the wind-tunnel t€sts and the digitized data in the fli
noteworthy that the locafjon of the higher turbulence area is common to both data sets, Figure 52

ne-face contour plot; no
e were not corrected for

e steady-state data was

the exception of the approximately 1-percent disagreement in total-pressure recovery at the

ure areas of engine-face
ve been interpolated for
tial and radial distortion,
n intensities. The peak
difference in magnitude,
reening. The significant
toff frequencies used for
ght tests. However, it is
F.
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5.1.6.4.3 Model-to-Flight Correlation, 1-g Mid Altitude and High Supersonic Flight Conditions

Flight-test recovery data at supersonic speeds are presented in Figure 53. Reynolds number-adjusted wind-tunnel
recovery data were about one-half percent lower, Figure 53A, than the flight-test data at some of the airflow conditions.
Wind-tunnel and flight-test engine-inlet total-pressure recovery contour plots at maximum airflow rates are shown in
Figure 53B. Total-pressure recovery contour plots were not corrected for Reynolds number effects but were interpolated
for differences in wind-tunnel test conditions. The distortion indices (steady-state and peak instantaneous) were within
0.01 of each other, Figure 53C and Figure 53D, but the flight circumferential-distortion data are lower than wind tunnel.
The difference in the turbulence levels, Figure 53E, was attributed to the difference in the low-pass cutoff frequencies
used for the RMS meters (nearly broadband) in the wind-tunnel tests and the digitized data in the flight tests. However,
the higher turbulence area was common to both data sets as seen in Figure 53F. While there were some differences and
inconsistencies in the wind-tunnel and flight-test data sets, at nominally steady conditions the wind-tunnel test did
accurately simulate the flight-vehicle inlet performance.
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5.1.6.4.4 Model-to-Flight Correlation, Aircraft Maneuvering

Peak-distortion data clouds from wind tunnel and flight test are presented in Figure 54 and Figure 55, and provide a
summary of peak-circumferential- and radial-distortion intensities encountered at two ranges of flight conditions, one
subsonic and one supersonic, respectively. In these peak distortion clouds, circumferential distortion intensity (APC/P)
was shown as a function of radial distortion intensity (APR/P); however, positive values of radial distortion were shown as
tip radial distortion, (APR/P)y,, and negative values were shown as positive hub-radial distortion, (APR/P)yb. Only data
with the bleed door closed were included in the peak-distortion comparison plots. Individual data points denoted with a
red triangle corresponded to the wind-tunnel data. Data points denoted with a blue diamond indicated the maximum
distortion intensity experienced during the flight-test maneuver. Data points denoted with a black square corresponded to
the maximum distortion intensity during the “on condition” portion of the maneuver (e.g., quasi-stable for 2-3 seconds at
Mach 0.4 and 75 degrees angle of attack). Tolerances for “on-condition” data were +1 degree of sideslip (AOS), %1
degree of angle of attack (AOA), and +£0.05 in Mach number. Inlet distortion data shown are for a range of Mach
numbers, angles of atta¢k and sideslip, and airflows. Data shown in Figure 54 and Figure 55 yere for wind-tunnel and
flight-test results having gimilar geometric configurations and screening parameters.

For the positive AOAs af low-subsonic flight conditions, Figure 54, the flight-test and wind-tunnel|results were in excellent
agreement. Good agreg¢ment was also found between the flight-test and wind-tunnel‘data at negative angles of attack.
However, the amount of flight-test data was too limited at negative angles of attack and at these Mach numbers to make a
complete comparison.
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FIGURE 54 - DISTOPRTION SUMMARY AT LOW-SUBSONIC SPEEDS WITH NEGATIVE AND POSITIVE AOA

Peak distortion data for the mid- to_Righ-supersonic flight conditions at both positive and negativg angles of attack, Figure
55, show flight-test results were iot'within the bounds of predicted wind-tunnel results. A determination as to why these
differences existed was pot performed since there were no inlet compatibility concerns identified furing F-22 flight testing.
Speculation as to the cqusegincluded a) not accounting for sensor lag associated with varying line lengths on the steady-
state pressure transducgfs; b) not accounting for the range of temperatures in which the prgssure transducers were
required to operate, c) impacts of flying with Taulty dynamic pressure transducers and the substitution process using
adjacent probes, or d) deficiencies in the wind-tunnel model (e.g., bleed system differences or diverter height scaling).
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5.1.6.5 Findings of Original F-22 Study

The results of the F-22 research indicated:

5.1.6.6 S-16 Committ¢e Observations

Steady-state and peak distortion intensities indicated by wind-tunnel data were representative of full-scale flight-test
data.

Sufficient technology exists to successfully predict inlet recovery and distortion intensities during the early phase of
the inlet/engine development program based on sub-scale model testing.

Use of analog RMS meters in the wind tunnel and digital filtering in the flight tests, and the different low-pass cutoff
characteristics of each, were believed to be the most significant factor contributing to differences between wind-tunnel
and flight-test RMS turbulence values. These differences prevented a quantitative comparison between wind-tunnel
and flight-test of RMS turbulence values.

Initial analysis of wind-tunnel and flight-test inlet total-pressure recovery data revealed inconsjstencies in the flight-test
data and, consequently, the algorithms used to calculate the steady-state pressure valdues. Sub-scale wind-tunnel
data and CFD wefe used to resolve inconsistencies in the flight-test total-pressure |recovery data. These
inconsistencies wer¢ incorrectly presumed to be a result of temperature effectsyyBased on detailed analysis, the
temperature comperjsation algorithms were eliminated, and another algorithm was used to ¢liminate the sensor bias
during wind-off condftions.

Challenges arose in the remote measurement of flight-test steady:-state total-pressure gata. The length of the
pressure tubing resulted in a significant lag in the reference-pressure measurement. The ovarall effect of this lag was

determined to be “gelf-compensating” since the steady-state pressures were all measurgd relative to the same
reference pressure.

Significant advances to [the state-of-the-art resulted from the F-22 program. Key observationg from this body of work

include:

Flight-test data shou|d be translated from the measurement location at the engine face to the |AIP location.

Effort should be made to use an inlet rake.in wind tunnel and flight test having the same rake geometry (rake angles
and probe radial locations).

The inlet rake should use total-pressure probes having an length-to-diameter on the order of ten, as opposed to
placing the transducers in recessed areas on the leading edge of inlet guide vanes.

RMS turbulence vajues_‘should be determined digitally with the cutoff frequency recommended by the engine
manufacturer.

Wind-tunnel models should account for the engine bullet nose to improve predictions.

Special care should be taken to assure that the thermal effect and/or other effects like zero shift on each pressure
measurement are properly accounted. Vigilant data analysis will assure these instrumentation and calibration errors
do not propagate into the final inlet compatibility evaluation. Pressure instrumentation available today, if properly
implemented, should eliminate these problems (e.g., thermally-controlled environment for pressure transducers).

Although flight-test analysis combines steady-state and dynamic pressures to calculate recovery and distortion, care
should be taken to eliminate any time lag associated with steady-state pressure transducers caused by using varying
line lengths. These differences may contribute to discrepancies between wind-tunnel and flight-test results.

Filter instabilities were seen in the initial flight-test digital-filtering algorithms that were used to filter the high-response
total-pressure measurements. This issue could have been addressed early in the inlet/engine development cycle
(well before initiation of flight test) if the analysis software used was common (other than for scale factors) between
test phases or was validated earlier in the inlet/engine development process.
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There is continuing debate over whether steady-state-pressure accuracy is improved by using smaller-range
differential-pressure transducers with a varying reference pressure as opposed to slightly larger-range absolute
transducers. It appears that the instrumentation capabilities have improved to the point that, for a well designed and
maintained system, the latter scheme may provide sufficiently accurate data.

A final lesson learned relates to screening the dynamic data for maximum distortion levels and determining RMS
turbulence values. To put things in perspective, the high-response, subscale wind-tunnel data were acquired on the
airframe-manufacturer's dynamic-data analysis system in the early 1990s, and four or five generations of computer
processors and storage media had come and gone prior to initiation of inlet compatibility flight testing. During that
same time, improvements were made to the fan and compressor hardware, and the fan and compressor stability
margins and sensitivities to total-pressure distortion were better defined. As a result, the majority of the wind-tunnel
data were screened during one-second test runs using only minimum F119 fan or core-stability-margin screening
parameters. Flight-test data were screened on minimum-stability-margin remaining points, but these points had
changed due to aerodynamic revisions in engine hardware. Flight-test data were also screened on worst-case
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5.21

F-16 Case Study

No high-response total-pressure rake data at the AIP were gathered during flight tests of the F-16 with production inlets.
Thus, model-to-full-scale comparisons could not be made. However, the initial predictions of possible flight-test
compatibility problems based on inlet model tests and engine tolerance to distortion were quite accurate. Stalls were
encountered, as expected, during throttle transients in the upper left-hand corner of the flight envelope. Subsequent

engine configuration and

control system changes solved the problems.

There are two examples of correlation of model-scale data to flight-test data related to inlet buzz (planar wave
instabilities) that are worth noting. These examples are discussed below.
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5.21.1 Flight-Test Nose Boom

During flight testing of a change in the engine control-system logic for the F110-GE-129 engine, an unexpected incident of
inlet buzz was encountered. The engine control was intentionally switched to the secondary control mode at a supersonic
Mach number. The available wind-tunnel data indicated that no inlet buzz should occur even though the airflow would
decrease. Significant buzz did occur at a higher airflow than expected.

Previous F-16 experience had indicated good correlation between buzz characteristics (freguency and amplitude) of the
wind-tunnel scale-model and full-scale vehicle even though the wind-tunnel model did not acoustically duplicate the
presence of the engine at the AIP with full fidelity (the choke plane was further aft than the effective location in the
engine).

Because this buzz situation was unacceptable for a production aircraft, additional wind-tunnel testing was initiated to

determine the cause of the unexpected inlet buzz. The cause was determined to be the use of th
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starting at a corrected airflow of 195 pounds per second (pps). The level of the buzz parameter at the “slight increase” is
below the level of 0.02 that is usually used as the buzz onset value. It is possible that this level of “buzz” would not be
detected in flight at a low “q” condition, but at the high “q” condition it becomes noticeable. The buzz parameter stays at
this slightly increased value until the usual large increase occurs. Based on this result, the total-temperature probes were
relocated. No “vibration” was encountered at the desired test condition in subsequent flights, and the test program was

able to continue. The overall Conformal Fuel Tank Test program including this incident is reported in Reference 2.2.28.
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FIGURE 56 - F-16 INLET MODEL WITH SIMULATED PROBES
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FIGURE 57 - F-16 INLET BUZZ TEST DATA

Several key lessons may be obtained from these experiences. Geometric similarity (e.g., for protuberances such as total-
temperature probes or the difference between flight-test and production nose booms) must be maintained between the
wind-tunnel model and the full-scale vehicle when using the wind-tunnel database. Additionally, these experiences
highlight that planar wave instabilities are sensitive to boundary-layer properties.

5.2.2 B-2 Case Study

The B-2 air-induction system configuration is the result of an extensive inlet development program that included
inlet/engine compatibility (IEC) and performance validation activities involving inlet/airfframe wind-tunnel testing and
analytical modeling (Reference 2.2.29). This was paralleled by the F118-GE-100 engine development program that
included inlet-distortion-screen ground-engine testing. Before flight test, the results of these activities culminated in the
successful completion of a comprehensive inlet/engine stability audit. “Classical”’ inlet/engine compatibility was
established by the prediction of unrestricted engine throttle capability throughout the operational flight envelope of the B-2
following the guidelines outlined in SAE ARP1420 and AIR1419.
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The B-2 inlets are integrated into the upper wing surface aft of the wing leading edge. Each inlet supplies flow to two
engines. The main aperture is sawtooth shaped, has a sharp-lipped cowl, and blends into the upper wing surface at
sharply angled inboard and outboard corners. The diffuser duct is highly offset, turning sharply down into the fuselage just
aft of the main inlet aperture, where it bifurcates to supply flow to the inboard and outboard situated engines.

A diverter slot is incorporated into the lower surface just forward of the inlet and serves to remove low-energy boundary-
layer flow developed over the wing upper surface aft of the leading edge. Flow through the diverter slot is diffused and
channeled to various internal circuits collectively known as the secondary airflow system (SAFS).

During low-speed and ground operations, flow to the engines is augmented by four engine auxiliary-inlet doors (EAID)
located on top of the inlet cowl and just forward of each engine face. Operation with the EAIDs open reduces the main
inlet mass-flow ratio and hence, the associated sharp-lip turning losses. Total-pressure recovery to the engines is raised
and inlet pressure-distortion levels are lowered, thus improving performance in low Mach flight regimes, particularly during
takeoff.

5.2.2.1 Inlet/Airframe Model
nel facility several times
angles-of-attack, angles-
Parametric diverter flow
mmetric power settings,

. The auxiliary-inlet door

The B-2 inlet/airframe ir:'legration model was tested in the mid-1980s at the AEDC’s 467 wind-tu
throughout the developnpent cycle. The model was tested over a wide range of Mach numbers,
of-sideslip, and engine girflows that encompassed the vehicle and engine operating envelopes.
effects, particularly at maneuvering conditions, were also investigated. In addition, effects of asy
engine-out or windmillini conditions, and inlet low-flow planar-wave boundaries were examined
system (for takeoff and Ignding) was also simulated and tested over its operating envelope.

The model was 12% scgle and employed a 40-probe array of steady-state and dynamic pressufe instrumentation at the
aerodynamic interface plane. The primary factors considered in.determining model scale were 1) required wingspan to
provide the correct upper-wing flowfield to the inlet system;<2) wind-tunnel blockage consideration at maneuvering
conditions in the AEDC |16T facility, and (3) AIP diameter-large enough to install the array of fequired dynamic probes
without significantly altening the local AIP flowfield. The key factor, required wingspan, was determined primarily from test
experience with a smalldr-scale inlet/airframe integration-development model that was tested in the NASA Langley 16-foot
Transonic Tunnel. In thig earlier model, which wag™8% scale, different wingspans were tested tp assess their impact on

inlet flowfield and inlet pgrformance.

Only the left-hand inlet] system was simulated on the AEDC model. This was based on t

bst experience with the

aforementioned NASA |model. Analysis\.of the impact of left-hand inlet-mass-flow ratio effect on static pressure

instrumentation from air¢raft centerline-fo the right-hand inlet location saw little or no effect, th
was little or no coupling| of the left-hand/right-hand inlet flowfields. Once the decision was mac
system was not required] the local'geometry needed to be shaped to simulate the right-hand inle
issue of flowfield simulafion ofy the AEDC model was the performance of air-data-system sens
effect on inlet-mass-flow ratio=-Data analysis showed little discrepancy between the inlet mode

erefore concluding there
e that a right-hand inlet
[ flowfield. Related to the
Or ports, particularly, the
with the truncated wing

and the full-span smallerlaero model, which suggests the flowfield simulation on the inlet model w

as fairly accurate.

The height of the boundary-layer diverter system on the AEDC inlet/airframe integration model was increased to account
for the relatively thicker boundary layer on the scale model with the test Reynolds number. The adjustment was based on
comparing boundary-layer conditions at a high-altitude/high-speed operating condition. The diverter height on the smaller
scale NASA model was also adjusted to account for the model- to full-scale boundary-layer thickness discrepancy.

As previously mentioned, the SAFS boundary-layer diverter system of the B-2 consists of various internal circuits. The
wind-tunnel-model internal circuits did not model the internal circuits of the air vehicle due to the complex geometry of the
system. The simplified wind-tunnel model used two flow plugs to control mass flow and dumped the flow into a plenum.
Because of wind-tunnel test matrix constraints, only limited high-percentage SAFS airflow sweeps were tested. As a
result, flow phenomena for low or no SAFS airflow was missed, and this had a tremendous effect on inlet distortion.

Two calibrated flow plugs were used to set engine airflows in the left-hand-inlet systems. Additional calibrated flow plugs
were used to set the airflow in the diverter system. High-pressure ejectors downstream of the flow plugs allowed testing of
the model at AEDC over the total flight envelope including the static condition.
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5.2.2.2  Flight Test Experience/Inlet Distortion

Propulsion flight tests with 40 steady-state and 40 high-response pressure probes located at the AIP of each inlet and
instrumented engines on the left side of Air Vehicle 2 (AV-2) began in January 1993 with propulsion system performance
and distortion survey testing. Early in testing, higher than predicted levels of inlet distortion (relative to wind-tunnel test
results) were measured at various conditions within the flight envelope. This began a long period of extensive flight test
and data analysis to determine the cause of the elevated distortion levels, reassess the engine distortion-handling
capabilities, and evaluate the overall effect on B-2 system capability.

During flight test of AV-2, elevated distortion levels were measured at extreme attitudes that approached the B-2 angle-of-
attack limits. The source of the high distortion was traced to the occurrence of flow separation on the wing surface forward
of the inlet at high angles of attack and off the sharp lip of the outboard cowl with windward sideslip. This drives a “break”
in inlet performance manifested by an abrupt increase in steady-state and dynamic distortion and inlet turbulence (see
Figure 58). A major fadior driving this characteristic was a Tower than predicted SAFS pum{ing performance, which

resulted in diverter flows below the range tested during inlet wind-tunnel model testing. As 'q result, the inlet “break”
behavior was not evident before flight test. However, the risk associated with the SAFS desigp was recognized during
early developmental tesfing of the ECS system. These test results led to design imprdvements in the SAFS that were
incorporated into the B2 aircraft beginning with AV-3 (modifications were identified doo late fo affect the first two air
vehicles).

Although AV-3 and subsgequent vehicles were not fully instrumented, analysis)of engine data at high angles of attack has
shown that the improved SAFS substantially improved inlet performance By delaying the inlet “Qreak” to higher angle-of-
attack conditions. All prppulsion compatibility flight testing, however, was conducted on AV-2, which has the original
SAFS design. Although| no adverse engine behavior was experienced during inlet breaks gn AV-2, a caution was
established for all aircraft corresponding to the AV-2 angle of attack of the inlet break. This anglg¢-of-attack boundary is a

function of Mach number and is indicated to the pilot by the aircraff\angle-of-attack indicator.
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5.2.2.3 Summary and Conclusions

The evaluation of B-2 inlet/engine compatibility included the analysis of AV-2 IEC flight data as well as the demonstration
of stall-free operation with several of the flight-test-aircraft extreme speed, altitude, angle-of-attack, and angle-of-sideslip
conditions. During B-2 propulsion flight testing, an extensive body of inlet-distortion data was recorded and processed
using classical engine-operability analysis methods. The results correlated with the wind-tunnel results at nominal
conditions. However, at extreme aircraft angles-of-attack and angles-of-sideslip, in the “high” Mach regime, flight-
measured inlet distortion and turbulence significantly exceeded levels measured in the wind tunnel. This was attributed to
the loss of effectiveness of the SAFS (particularly in AV-2), resulting in inlet boundary-layer separation leading to extreme
inlet distortion and turbulence. Under these conditions, the standard stability-audit approach failed to predict stable engine
operation while under the conditions of large distortion and turbulence levels that were outside of the engine
manufacturers’ distortion methodology, where flight tests repeatedly demonstrated stall-free engine operation with both
fixed and variable throttle.

It is also important to ¢mphasize that the Tack of secondary airflow sweep testing played an important part in not
determining the true flow phenomena for low or no SAFS airflows. These flow phenomenachad a tremendous effect on
inlet/engine distortion cHaracteristics. As B-2 full-scale development progressed, it becaméjapparent the SAFS was not
operating as expected. By eliminating a few wind-tunnel test points, the program paid a h&avy prige in future years.

6. SIMILARITIES AND[TEST TECHNIQUES
The following sections discuss methods of similarities and relevant test teechniques with the gqal of producing test and
computational data that jare representative of full-scale flight vehicle perfermance. This informatjon incorporates lessons
learned based on the cage studies as well as current recommended practices.
6.1  Geometric Similarifies

The question of accuracy in the approach outlined in ARP1420.¢6nsists of two separate issues:

a) Assessing the accuracy of the scaled-inlet-model wind-tunnel test in representing the engine-face spatial and time-
dependent distortion|of the full-scale vehicle in flight;

b) Determining the accpiracy of the fan/compressor stability assessment as a function of distortion at the AIP in the true
flight environment.

This document deals primarily with the, first issue: wind-tunnel model- to full-scale correlation. [Sources of error include
mismatches in freestream conditions{Mach number, wind-tunnel turbulence, and Reynolds nymber), model geometry,
angles of incidence, modlel primary-‘@and secondary-flow rates, instrumentation, and data reductjon. Several sets of data
comparing model- to full{scale inlet-distortion are available to make this assessment and were discussed in Section 5.

6.1.1 Moldline and SCTIing

Acquisition of representative subscale data is predicated on accurate geometric scaling of the full-scale vehicle external
and internal inlet duct contours—the outer and inner moldlines—with exceptions discussed below. Foresight in the choice
of the scale and the configuration of the inlet model will result in large dividends in subsequent analysis and when
comparing with full-scale data. Modeling techniques and guidelines discussed in the subsequent sections are used to
achieve high-quality, consistent data from the subscale model.

6.1.2 Subscale Model

Wind-tunnel tests of subscale models are used to acquire data that validate the designs of air vehicles during their
development cycle. Subscale inlet models can be used to provide adequate data to characterize inlet performance. Scale
models are usually used early in program development and are modified and retested as the design progresses to a final
configuration. Candidate designs are often evaluated with CFD to assess and refine the initial configuration before
progressing to the wind tunnel.
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Selection of the scale for a wind-tunnel model is influenced by several, sometimes competing, criteria. Typically, an
inlet/airframe model is built as large as possible to allow the most accurate representation of the vehicle geometry. The
process of scale selection begins with establishing the desired range of the test parameters: Mach number, q (dynamic
pressure), AOA (angle of attack), AOS (angle of sideslip), inlet mass flow, and so on. Once these ranges are identified,
existing hardware such as AIP instrumentation arrays, flow plug assemblies, and propulsion simulators (e.g., turbines and
ejectors) is considered. Existing test hardware often is used to save the time and cost associated with designing, building,
and calibrating new hardware. Other important factors in scale selection are the capabilities and blockage limitations of
the test facilities that are under consideration. Scale selection due to blockage is influenced by the amount of the vehicle
that needs to be simulated, the model angles of attack and sideslip required, the mass flow exiting the ejector, and the
size of support system hardware and ejector/vacuum system apparatus.

Integrated airframe-inlet testing adds complexity to the scaling issues because the airframe influences the local inlet
flowfield, resulting in significant changes to the inlet performance and operability characteristics. At all speed regimes, the
vehicle forebody will prqduce variations in local Mach number and flow angularity at the Inlet Jentrance. Moreover, the

vehicle forebody develops a boundary layer that, depending on the design, may or may noten
should accurately reprgsent the vehicle external moldline for those surfaces that \influe
Computational methods| may be used to make this determination provided internal -inlet

reproduced up to the AIR.

The model should be cppable of accommodating design variations with adequate fidelity wh
integrity and shape. Parfametric variations may include, but are not limited/to;/interchangeable
geometry components (¢.g., compression ramps, bleed doors, and auxiliary inlets). The parame
sufficiently broad to accdmmodate changes that may occur up to final meldline freeze.

The scale should be large enough to model any aircraft components that could have an effect on

er the inlet. Inlet models
nce the inlet flowfield.
surfaces are accurately

le maintaining structural
lip shapes and variable
etric variations should be

inlet performance. Some

of the features and protuberances that should be considered.for modeling are antennae, la
weapon bay doors, pyl

ding gear, gear doors,

s, stores, air data probes, flight-test.boom, refueling probe, wing slats/flaps, secondary inlets,

engine nose cone, and yent exhausts. Some of these may. be present throughout the flight regime; others may be only

deployed during specific[flight segments

Subscale models by the|r nature necessarily involye,;compromises in their ability to faithfully reproduce some features of
the full-scale vehicle. Al aerodynamic aspect needing consideration is boundary-layer growth gnd simulation of devices

used for boundary-layer [removal or control. Fer vehicle configurations with boundary-layer dive

height may need to be gltered in the model to maintain proper boundary-layer characteristics rq
lower Reynolds numbers$ of the subscale\test, the forebody boundary layer will be proportionatg
The model diverter may be designed:-with more offset relative to the full-scale geometry in o
portion of this thicker boundary layefr: Thus, the flow entering the model inlet has the same r
boundary-layer thicknespg as the.full-scale aircraft. Some examples of diverter height scaling
Studies, Section 5 (RA-pC, F-15, F-18E/F). However, it should be noted that the diverter can

ers, the diverter standoff
lative to the inlet. At the
ly thicker than full scale.
rder to capture a larger
atio of diverter height to
are given in the Case
be scaled for only one

condition, and at other conditions may be nonrepresentative.

Some configurations have removed the diverter from the design (the diverterless inlet, Reference 2.2.30). The test results
must rely on extensive model- to full-scale corrections to achieve full-scale integrated airframe-inlet performance and
distortion characteristics. These corrections would follow from extensive Reynolds number variation data acquired during
the test; CFD analysis may also be considered. For diverterless inlet configurations, testing in high Reynolds number
facilities is an option to be considered.

In addition to the thicker forebody boundary layer, testing at low Reynolds number will delay transition. An airframe-inlet
configuration designed to operate with turbulent boundary layers in full scale will often exhibit major transonic/supersonic
stability problems if the scale model boundary layer is laminar. To promote earlier transition in the model, boundary-layer
tripping techniques should be considered. This is accomplished by applying nonscale roughness to the model surface in
the form of grit or its equivalent (References 2.2.31 to 2.2.33). Even if the boundary layer is tripped to turbulent, the
growth rate will still be larger than full scale. As was discussed above, the diverter offset height may need to be adjusted
in the scale model. Techniques for boundary-layer tripping, such as epoxy dots, are described in Reference 2.2.34.
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While geometric accuracy is desired, as features become small, they are more difficult to reproduce in subscale models.
Overall outer moldlines are easy to duplicate, but details such as leading edge radii, boundary-layer bleed holes, and
bleed plate thickness may be difficult to replicate in small scale. Even though the bleed-hole diameter and plate thickness

may be difficult to simulate, the porosity of the perforated boundary-layer plate (screen) may be si

mulated.

The environmental control system (ECS) and other secondary flow systems should be modeled. As a minimum, the

apertures should be accurately simulated. ECS systems should include flow metering devices so

ECS flow may be varied

as a test parametric. Testing of secondary flow systems should cover the full flow capability, including the range of
intended operation. Depending on test requirements, it may be necessary to model most or all of the secondary ducting.

During early development, boundary-layer bleed system ducts can be modeled in such a way th
can be varied to optimize the bleed system sizing. During later testing, when the inlet system

at the flow through them
is more developed, the

internal bleed passages can be accurately modeled and routed to the exhaust location on the outer moldline of the model.

Surface finish is difficult
and more recently of st
roughness/waviness bas
gaps leave surface irreg
a filler material. Steps ar
full-scale production veh

reolithography plastic. The general practice is to polish the surfaces\{
ed on experience. However, the complication of instrumentation,assem
ilarities that proportionally exceed full-scale tolerances. Such features a
d gaps can generally be smoothed to a level consistent with the final st
cle.

6.1.3  Full-Scale Wind [Tunnel Hardware
Some development prog
engine flow simulation d
testing is performed prin

rams choose to perform full-scale inlet/airframe testing with operating engd
bvices (sometimes called cold pipe testing) similar to those used in subsg
narily for risk reduction and developing subscale to full-scale correlatior]
acquire static and limited-maneuvering performance data and to-optimize ramp and bleed sched
vehicle that can and shoyld be simulated in the tunnel varies greatly with the type of vehicle being 1
Tunnel blockage concerns and the apparatus needed to remeye engine exhaust limit the angle of at
range relative to that aghievable with the subscale model.” Because the model is built to full
tolerances on such aspdcts as waviness, surface roughness, steps, gaps, and leading edge sh
reproduced. Even in full-$cale ground tests, boundafy;layer simulation remains an issue that need
lower Reynolds numbers|{and model completeness. Frequently full-scale complete forebodies intro|
that restricts tunnel flow gnd, hence, desired test\range capability. Therefore, forebodies may be reg
shaped differently from the real production.fuselage (Figure 59) although they still must provide
tunnel limitations may remder actual flight Reynolds number unachievable for flight regimes of inter
boundary-layer growth op the model ferebody different from that of the flight vehicle. Full-scale t
conducted in the 1970s; if is now moteg likely to be performed for missiles.

J:o duplicate in model scale. Typical wind-tunnel models are made of alliminum and steel alloys,

O an acceptable surface
bly fasteners, steps, and
e usually smoothed with
bp and gap criteria of the

ines and/or with metered
cale testing. This type of
s and is mostly used to
uling. The amount of the
ested (missile or aircraft).
tack and angle of sideslip
scale, the manufacturing
arpness can be faithfully
5 to be addressed due to
duce excessive blockage
uired to be truncated and
representative flow. Also,
est. This would make the
bsting of large inlets was
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FIGURE 59 - FULL-SCALE F-15 INLET WITH MODIFIED FOREBODY
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