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FOREWORD

As applications for turbine engines have become more sophisticated and the operating conditions more severe, inlet
planar time-variant full-face total-pressure variations, usually accompanied by spatial total pressure distortion, can
become a significant destabilizing factor. The SAE S-16 Turbine Engine Inlet Flow Distortion Committee has recognized
the need for guidelines and procedures that would address inlet planar waves and the desirability of documentation
similar to SAE documents ARP1420 and AIR1419 that were written for inlet spatial total-pressure distortion.

This Aerospace Information Report (AIR) brings together information and ideas that are required to address the planar
wave problem. A common industry practice has yet to be established.
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1. SCOPE

“An Assessment of Planar Waves” provides background on some of the history of planar waves, which are time-
dependent variations of inlet recovery, as well as establishing a hierarchy for categorizing various types of planar waves.
It further identifies approaches for establishing compression-component and engine sensitivities to planar waves, and
methods for accounting for the destabilizing effects of planar waves. This document contains an extensive list and
categorization (see Appendix A) of references to aid both the newcomer and the practitioner on this subject.

The committee acknowledges that this document addresses only the impact of planar waves on compression-component
stability and does not address the impact of planar waves on augmenter rumble, engine structural issues, and/or pilot

discomfort.
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2.4  List of Nomenclature and Symbols
TABLE 1

SYMBOL TITLE UNITS
AMP One Half of Peak-to-Peak Planar Wave Pressure Fluctuation psi
Ao/Ac Inlet Mass Flow Ratio -
AIP Aerodynamic Interface Plane -
C Offset Coefficient -
CR Empirically Determined Factor Used to Relate APRSPEAK and APRSRMS -
ECS Environmental Control System -
G Gain -
Hz Frequency inCyctesperSecond sec
IDC Inlet Distortion, Circumferential -
IDCMX Inlet Distortion, Circumferential Maximum -
IDR Inlet Distortion, Radial -
IDRH Inlet Distortion, Radial at Fan Hub -
IDRT Inlet Distortion, Radial at Fan Tip -
Kp(f) Sensitivity of Compression Component to Planar Waves, (APRS/(AP/PIGY)) | -
M Mach number -
NLR Low Pressure Rotor Corrected Speed NAO rpm
(PAV)I Ring i Average Total Pressure psi
(PAVLOW)i | Circumferential Distortion Intensity Element for Ring i psi
PFAV Average Total Pressure at Fan Inlet psi
Pi (t) Time-Varying Total Pressure at the i-th of N probes psi
PIGV Total Pressure at Engine/lnlet Guide \anes psi
|5(t) Time-varying Spatial-Average Total Pressure at the AIP psi
P-P Peak-to-Peak Pressure Differential psi
PTO Free-Stream Total Pressure psi
PT1/PTO Total Pressure Recovery.at Measurement Plane -
AP Incremental Pressure psi
PSD Power Spectral Density (PT0)*/HZ (psi)*/Hz
(APC/P)i Circumferential Distortion Intensity Element, Ring i -
(APR/P)i Radial Distortion Intensity Element, Ring i -
APRS Loss of Stability Pressure Ratio -
S Sensitivity, APRS/(AP/PIGV) -
W1R Corrected Airflow at the Engine Face WV6/3 Ib/s
o Angle of Attack deg
B Angle of Sideslip deg
) Ratio of pressure to standard reference pressure -
() Phase change from input to output deg
Wy Angle of Yaw deg
nr Inlet total pressure recovery -
n(t) Time variant total pressure recovery at AlP -
0 Ratio of temperature to standard reference temperature -
(0)i Circumferential Distortion Extent Element, Ring i deg
O(f) Power Spectral Density Function (psi)*/Hz
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3. SUMMARY

The subject of planar total-pressure waves has been reviewed to determine the feasibility of developing a consensus
methodology that can account for the effect of planar waves on inlet/engine compatibility.

The review includes a problem assessment, a discussion of possible approaches to methodology definition, a description
of testing requirements, conclusions, recommendations, and the results of a document review of planar wave material.

The problem assessment showed that planar waves have occurred at propulsion system operating conditions within
normal flight envelopes during a number of aircraft development programs. Planar waves generally occur at low mass
flow ratio and become more severe with increasing Mach number and decreasing airflow. Other sources, both internal
and external, also can generate planar waves.

hbilizing event may not
nature of the combined

Planar waves often ocgur in combination with spatial total pressure distortion. The peak dest

correspond to either a (g
disturbance problem an

eak planar excursion or a peak spatial distortion. Because of the complex
d the practice of exercising avoidance procedures, no well-develgped cq

nsensus method exists
proach that is useful in

for treatment of the corbined planar wave/spatial distortion problem. This report definés an ap
methodology development.

ng four key elements:
B) planar wave analysis
lity margin accounting.

A potential approach fo methodology development is discussed which in€ludes the followi
(1) categorization of inlgt planar waves, (2) determination of engine response.fo planar waves, (
methods, and (4) combined spatial total-pressure distortion and planar waves, including stab
Elements of methodology validation are discussed in Appendix C.

gy to a specific system.
em testing defines the

ystem component testing will be required to‘apply the proposed methodolc
define the planar wave component atithe AIP and compression sys
5sion components to planar waves.

Inlet and compression s
Inlet testing is used td
response of the compre

i some recent data that
e test techniques and

vailable data and published inforfmation from a document review identifie
bracteristics of planar waves-'Several publications describe planar wa
plytical models.

An assessment of the 4
define the physical ch
compression system an

ducted to explore the
ns.

ds that a well-planned analytical and experimental program be con
ngines to planar waves in combination with various spatial distortion patter

This report recommen
sensitivities of turbine e

4. INTRODUCTION

The information contain pasibility of establishing
otal-pressure waves on
Td for steady-state total-

ed in this-report represents the results from an effort to determine the f
and recommending a cpnsenSus methodology for identifying and assessing the effect of planar
inlet/engine compatibility. It\is-intended to provide complementary guidance to the material provid
pressure distortion in Re¢ferences 2.1.1.1 and 2.1.1.2.

This effort was undertaken because it has been determined by engine tests and simulations that engine stability margin
loss may occur due to one-dimensional, unsteady total-pressure fluctuations at the compressor face. These fluctuations
are hereinafter referred to as planar waves and occur as in-phase total pressure oscillations. Reported sources of planar
waves include both inlet-generated and externally-generated disturbances. The inlet-generated disturbances include
separation, shock/boundary layer interaction, supersonic flight buzz/unstart, interaction with adjacent inlet/engines,
instability during subsonic flight at low mass flow ratio, and supersonic inlet response to inlet control system inputs.
Externally-generated total-pressure oscillations include vortex ingestion and ingestion of wakes from nose gear and/or
bomb bay doors. Other external disturbances such as atmospheric gusts and explosions produce planar pressure ramps
that are not oscillatory in nature. Explosions and armament firings have temperature ramps and/or spatial distortions
associated with them. This document does not address either planar pressure ramps or temperature ramp/distortion
effects. For an assessment of inlet/engine temperature ramp and distortion effects, the reader is referred to Reference
21.1.3.
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Current recommended practices for handling engine inlet flow distortion do not account for the effects of planar waves on
engine stability. Guidelines for handling planar waves and planar waves in combination with spatial total-pressure
distortions are needed for inlet/engine systems.

This report assesses the planar wave problem through case histories and a discussion of combined spatial pressure
distortion and planar pressure waves. It reviews techniques for categorizing inlet planar waves, reviews techniques for
predicting engine response characteristics, presents an analysis methodology, and discusses the application of the
methodology to combined planar waves and spatial pressure distortion. Validation of the methodology and testing
requirements are also discussed. Finally, conclusions and recommendations are presented. Results of a review of
documents related to planar waves are included in Appendix A.

The terms stability limit line, stability margin, and the loss of stability pressure ratio are used in this report to define
impacts on the stability_of a compression component. These terms are intended to represent, as appropriate or
applicable, surge, stall, fotating stall, or other stability limits.

5. PROBLEM ASSES$MENT

In a number of aircraft development programs, planar waves have been detécted by |
measurements at the agrodynamic interface plane (AIP). The planar waves have occurred at fligh

igh-response pressure
t and propulsion system

operational conditions
maneuver envelopes. T
engine stability can be 4

Trends in aircraft design

in increased risk of

aircraft maneuverin

Active control of thq
parts of the flight en

Minimizing the inlet
Mach number condi

e Low observables fe

Increased use of infernal bays for weapons carriage and thetheed to have full envelope weap

Aircraft post-stall maneuvering capabilities, which could lead to conflicts between flow dy

vithin normal envelopes, i.e., their occurrence is not restricted to extrems
bsts and computer simulations of compressors and engines with planar w
dversely affected by these waves, depending on thefrequency and ampli

that may impact planar wave generation include:

wake ingestion when they are open.

J requirements not previously @ncountered in traditional designs.

b engine stability margin for performance optimization. This reduces ava
velope, compared to-prior stability margin design criteria.

engine airflow‘for “supersonic lock-up" to improve aircraft deceleration @
tions.

btures’in.the air induction system.

corners of the flight or
ves have indicated that
de of the disturbance.

ons capability, resulting

namic boundaries and

lable stability margin in

haracteristics from high

With these items incre

hsing the probability of encountering inlet planar waves, there is reaso

h to believe that future

designs are at increased risk. Therefore, it was considered necessary o defermine whether a methodology could be
established to predict the effect of planar waves on stability margin, in order to ensure continued inlet/engine
compatibility.

To assess the planar wave problem, case histories where planar waves occurred were examined and the problems of
analyzing combined planar waves and spatial total pressure distortion were investigated. The results from these studies
are presented in Sections 5.1 and 5.2.
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5.1 Case History Studies

Two recent case histories were selected as examples of situations in which planar waves have occurred. These cases
illustrate some of the causes of planar waves, provide examples of instrumentation used to detect and measure planar
waves, and indicate the extent of configuration and operational changes accomplished to eliminate or reduce the
magnitude of the planar wave problem.

5.1.1 System “A”

During the wind tunnel and flight test development program of System “A,” several sources of planar waves were

encountered. These sources included: (1) inlet duct resonance at low engine power settings and therefore low mass flow
ratios, (2) Environmental Control System (ECS) precooler duct resonance and (3) nose gear wake ingestion. Details of

in Reference 2.2.1

these data are presente

5.1.1.1 Inlet Duct Ref
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adverse pressure grad
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the inlet station. Local r
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L =
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duct length from cowl lip.te the reflection plane represented by the engine

onance

ource of low mass flow ratio planar waves is local flow separation and
rward of the cowl during leeward sideslip as shown in Figure 1) This sepz

eslip increases, the flow expands around the ramp leading edge, and the
Bmp pressures decrease near the leading edge whighhallow boundary lay|
h-pressure-gradient region. The process is similar; although at much lowe
sed by shock wave and boundary layer interactions. Horizontal ramg
egative angles of attack; vertical ramp inlets experience this phenomenon

hnel and flight test distortion characteristics measured at Mach 0.85 are
5 identify the presence of discrete frequency components with a fundame
ble). This frequency corresponds wellwith open-closed end organ pipe the

P ol[4(L+X)]

al frequency.of-the duct

corréction (sometimes set to 1.4 x effective diameter of duct)

e-attachment along the
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ent forward of the cowl lip station interacting with the boundary layer along the forward ramp
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r amplitudes, to buzz at
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presented in Figure 2.
ntal frequency of 60 Hz
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FIGURE 1 - LOCAL FLOW SEPARATION ON INLET RAMP DURING OFF DESIGN
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FIGURE 2 - WIND TUNNEL/FLIGHT TEST COMPARISON OF PLANAR WAVES, MACH 0.85

Magnitudes of the planar waves are strong functions of geometry, corrected airflow, attitude and Mach number. Examples
of some of these factors are shown in Figure 3. The planar wave effect increases with increased Mach number and
decreased flow. The peak-to-peak amplitudes of the planar waves can become quite large (e.g., 16 to 20% of mean total
pressure). Representative total-pressure spatial-distortion characteristics are presented in Figure 4 as specific distortion
indices. Circumferential distortion is the predominant spatial component, although both components increase almost
proportionately with corrected airflow. Flight test results generally confirm wind tunnel results.

There were no discernible effects on stability due to the planar waves. A manually operated idle speed lock-up feature
was incorporated to increase the minimum airflow and thereby reduce the amplitude of the planar wave.
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FIGURE 3 - PLANAR WAVE AMPLITUDE
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FIGURE 4 - SPATIAL DISTORTION CHARACTERISTICS
5.1.1.2 Inlet Precoolgr Resonance

Auxiliary air inlets were plso found to be a source of internally generated disturbances. A scoop ingtalled on the ramp side
of each inlet to precool|[ECS bleed air (Figure 5) acted as a résonator (open-closed organ pipe)| The resulting pressure
disturbance propagated to the AIP. High-response pressure transducers located just upstream of the flapper door in the
aircraft identified duct rgsonance at frequencies corresponding to an open-closed organ pipe. During static operation at
maximum engine airfloy, power spectral densities (Rigure 6) identified a fundamental frequency|at 77 Hz (full-scale) as
well as the presence of several harmonics. RMS amplitudes were approximately 2.4 psi. Becayse of the design of the
original ECS air scoop,| resonance could lead to structural damage. The flapper door was redgsigned to eliminate the
problem.

5.1.1.3 Nose Gear Wake Ingestion

Nose gear wake ingegtion wasfound to be a source of externally generated disturbances| System “A” flight test
investigations showed that the nese gear produced planar waves (Figure 7). Peak-to-peak amplifudes of the engine-face
average total pressure weredapproximately seven percent of the mean total pressure. The fundamental frequency was
18 Hz (full-scale) at Mach Q40 increasing to 28 Hz at Mach 0.60. A three-position cowl lip was incorporated into the
System “A” design whic| i ' ip i iti inimi f the landing gear wake
ingestion. In this position, the disturbances caused no discernable impact on engine stability.

5.1.2 System “B”

During the flight test program of System “B” aircraft, planar waves were recorded at a number of flight conditions (Figure
8) when the engine was operating at idle and below idle airflows during engine airstarts. These planar waves had a peak-
to-peak pressure fluctuation amplitude of as much as 20% and occurred at a frequency of 11 Hz at sub-idle airflow. A
data trace showing typical planar waveforms from the high-response data as well as a data trace showing the pressure
fluctuations measured without the presence of planar waves are presented in Figure 9.

An analysis of the engine and inlet operating conditions at the times the planar waves occurred (Figure 10) shows that the
planar waves occurred at idle and below idle airflows. Also presented in Figure 10 are the conditions where planar waves
occurred as a function of inlet mass flow ratio, illustrating again the low airflow conditions under which the planar waves
have occurred. The data show that these planar waves occur at low mass flow ratio and become more severe with
increasing Mach number and decreasing airflow.
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FIGURE 5 - ECS PRECOOLER ASSEMBLY
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FIGURE 6 - RESONANCE CHARACTERISTICS IN ECS SCOOP INLET
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During development of System “B” aircraft, 1/7-scale wind tunnel model high-response data were measured. These data
were analyzed to provide the compressor face waveform and total-pressure contour plots for idle airflow conditions at
Mach 0.90 and 0.75. Some of these data for Mach 0.90 are presented in Figure 11 to illustrate typical planar waveforms
and spatial distortion parameters. These distortion parameters were generated with procedures similar to those defined in
ARP1420 (Reference 2.1.1.1). Power spectral density (PSD) plots of the waveforms and spatial distortion factors are
presented in Figure 12. These PSDs identify a fundamental frequency of 50 Hz (model scale) as well as several harmonic
frequencies.

From the results of the flight test experience of System “B,” it can be inferred that the potential exists for heavy pressure
fluctuations at airspeeds above 240 knots during air starts. The impact of these pressure fluctuations on engine starting,
however, is undefined. During the flight test program, no engine instabilities were observed during operation with planar
waves at idle power setting and above.

5.2 Combined Spatial Pressure Distortion and Planar Waves
Spatial time-variant tofal pressure distortion induced at the AIP by inlet turbulence®is” rarjdom in nature and is
accompanied by randoin variations in face-average total pressure. An example illustrating the variation of inlet recovery
factor accompanying th¢ variation in a typical spatial-distortion-descriptor is presented/in‘Figure 13. For most applications,
the planar wave contripution is small and may be neglected. Thus, the spatiak distortion el¢gments and descriptors
formulated in ARP1420|(Reference 2.1.1.1) and AIR1419 (Reference 2.1.1.2) donot distinguish between time-variant and
steady-state face-average total pressure.

As indicated in Section

supersonic inlets can gi

Data taken from Systen
cyclic or random in timg
state face-average pre
distortion on engine stal

One approach is provid

7 of Reference 2.1.1.2 and discussed earlier in. this report, shock/bound
e rise to distortion with a high planar wave or in*phase” pressure compor

n “B” (3.1.2) present a further example. The planar waves can take varig
. Where the planar-wave amplitude bégins to become significant (on the
ssure), the need for a methodology~to account for the combined effect
bility margin should be considered.as part of inlet/engine compatibility asse

ed by Burstadt and Wenzel (Reference 2.2.2). The possible accounting m

Section 6, but it is wortl mentioning here that all methods require quantification of the intensities

spatial distortion eleme
event may correspond t

As a result of the inlet/
combined disturbance

nts in a combinatorial algebra that takes into account their time phasing
b neither a peak planar nor a peak spatial distortion.

bngine design.practice to avoid planar waves, a well-developed method
has not been developed. Thus, while the problem is theoretically

straightforward comput

tionally,little or no direct validation data for multispool engines exist,

codification. This repor] presents a methodology for assessing the effects of combined spatial
and planar waves on compression system stability.

ary layer interactions in
ent.

us forms and be either
order of 1% of steady-
s of spatial and planar
ssment.

ethods are discussed in
of the planar-wave and
The peak destabilizing

for the treatment of the
tractable and appears
bt least in a systematic
total-pressure distortion

6. APPROACH TO PLANAR WAVE METHODOLOGY

In developing the proposed planar wave stability methodology, one of the primary ground rules has been to retain the
stability accounting approach used in ARP1420. That is, the definitions and measurements needed to evaluate time-
variant spatial distortion should not be required to change. Stability margin accounting should continue to be implemented
at constant corrected engine airflow.

In addition, a methodology to account for the effects of planar waves on engine stability should include the following three
elements: (1) categorization of the planar waves produced by the inlet and upstream systems and the flight conditions at
which they can be expected to occur, (2) determination of the engine response to the types of planar waves that can be
expected, and (3) a prediction methodology that relates the measured inlet pressure oscillations and the engine response
characteristics to a loss of stability margin. The above three elements are presented in this section of the document.
Methodologies for combining planar wave effects and spatial total-pressure distortion are also presented.
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WAVEFORMS
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6.1  Categorization of [nlet Planar Waves
Planar waves can be categorized-through use of the power spectral density (PSD) of the time-varying compressor-face-

average total-pressure fecovery. That is, planar waves are defined for the N probes of an inlet AIP rake-probe array as
follows:

N

> P(t)

= (Eq. 1)

P(t) =

Z|=

where:

P (t) =time-varying total pressure at the i-th of N probes

I5(t) = time-varying spatial-average total pressure at the AIP

The various types of planar waves commonly encountered are summarized in Figure 14. Periodic variations such as
short-duration ramps may also occur, e.g., as a result of supersonic intake compression surface movement. Four
categories of inlet data are identified, and illustrated as time-trace and power-spectral-density (PSD) data. Typical
distortion sources are shown. The amplitude and frequency content of the planar wave distortion depends on the severity
of the disturbance and intake scale. Buzz frequencies are typically on the order of 20 Hz or less at full scale.
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FIGURE 14 - CATEGORIZATION OF INLET DATA

erministic planar waves thathave a finite number of constituent frequen
ent harmonics by Fourieranalysis. They can then be described as the s
litude, P(t),, circular frequency, (n), and phase, ¢ (n):

By =Py + Y [, o Sino,t + 9,)]

n

sity of periodic waves consists of numbers of discrete spikes at each fre
ceptually, the harmonics of the periodic waves can be analyzed using ¢
bstablished for discrete-frequency disturbances and the resulting n

cies and can be broken
ummations of series of

(Eq. 2)

quency with, ideally, no
ompression-component
alues of APRS added
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phase relationships between the wave components have to be taken into account.

siderations involving the

Early categorization of the type of planar wave to which an engine is being subjected is helpful in establishing the degree
of sophistication needed to estimate the loss of stability margin due to inlet planar waves. This will be discussed later in
this section. It is important to examine all the frequencies with high power levels since the total effect of all harmonics may
cause a greater loss of stability pressure ratio (APRS) than the fundamental frequency. For the purposes of calculating a
planar waveform as in Equation 1, current practice would dictate using inlet probe data with the same frequency response
as is used for the time-varying spatial distortion calculations, that is, data typically low-pass filtered to one rotor revolution

(Reference 2.1.1.1).
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6.2 Determination of Engine Response to Planar Waves

Considerable care must be exercised in generating stability results obtained from vehicles tested with planar pressure
waves. As will be discussed, a typical method for the presentation of sensitivity to planar waves is to formulate the ratio of
the loss of stability pressure ratio (based on the average operating point of a compression component at instability) to the
amplitude of the planar wave at a given frequency. This formulation is similar to defining spatial distortion sensitivities and
defines a sensitivity that requires that the wave content at the given frequency be purely sinusoidal.

Further, the inlet waveform depends importantly on the inlet and exit duct lengths and the placement of the flow-
measuring plane relative to the engine face, for the standing wave that acts as an acoustic reflection plane in the vehicle
installation. As previously mentioned, the standing-wave structure plays an integral part in determining the planar wave

amplitude.
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ations

responses to inlet-generated planar.waves requires using appropriate e
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h be used to determine the maximum lumped-volume length that can be
is choice has been made, then the compression component can be ap
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j frequengy/capability.
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b result with a computer
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the employment of the
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roach. Discussion of
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omputer simulation are
sing sophistication and

ent model may be used.

As the frequency range|

inCreases, gas-path volume dynamics become increasingly important an

d need to be accounted

for, initially on a compression-component basis (with appropriate duct volume assignments), then progressively by
modeling on a stage-group basis (Reference 2.2.3), a stage-by-stage basis (Reference 2.3.4) and, ultimately a blade row
basis (References 2.2.5 and 2.2.6). Current inlet problems have not required a model of higher order than a stage-by-
stage model. Overall compression system models operate up to approximately 30 Hz and cover most inlet problems of
interest.

In addition to the loss of compression system stability by direct aerodynamic effects, the engine might respond to planar
waves through its control system via sensors in the gas path that could result in transient changes in fuel flow. The total
effect on the engine will be governed by the response (amplitude and phase) of individual components of the control and
fuel systems, e.g., transducer sensitivity, tubing lengths from the sensor head, control logic, fuel pump, etc. Fuel control
during transients may be affected, for example, through any pressure-ratio limiter.
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h relation to the length of a fan or compressor. These components can b
brall ‘basis. A considerable simplification results when the instantaneous
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encies greater than 5 Hz would be expected. Engine experience to date (with large engines)

har-wave amplitudes of

sensitivities, computer
anar waves.

tem from the frequency
bblem.

5 of the total-pressure
b regarded as operating
bressure ratio of the fan

or compressor and het

++ $aolailit + F'HH ' la ol £ 4l I
IUC, Tto Sstauvliity Thiarygnt uthZaturts,  Lall UT CUITIPULTU TTUTTT U1 PTidost 1

lationships across the

component. A simple semi-analytical expression may be formulated using the magnitude of the phase-change
relationship established numerically from lumped-volume or distributed-volume gas dynamics models.

An analytical model for estimating compressor sensitivity to a sinusoidal total-pressure planar wave is presented in
Appendix B. The compressor instantaneous pressure ratio is formulated in terms of inlet and outlet total-pressures and
the gain, G, and phase, ¢, across the compressor. These are functions of frequency. The stationary value of the
instantaneous pressure-ratio relationship provides the maximum excursion that then yields an expression for the planar-
wave sensitivity of the compressor in terms solely of the phase change. Approximately, for small amplitude distortion, the
sensitivity, S, is given as

S = Sin ®

(Eqa. 3)
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The sensitivity, represented by the maximum instantaneous operating point pressure ratio change per unit planar-wave
amplitude, is equivalent to the loss of stability pressure ratio, APRS, per unit amplitude, consistent with the ARP1420
definition of sensitivity. At low frequencies, approaching zero, the compressor phase shift, f, tends to zero and the
sensitivity tends to zero. For a typical compressor with a time constant, t, of 3 ms:

§$=0.19
S$=0.35

f=10 Hz
f=20 Hz

¢=10.7°
0 =20.7°

The results of Equation 3 when plotted give the results shown in Figure 16. It is important to note that at zero frequency,
the sensitivity is zero, that is, the discharge pressure of the compressor stays in phase with the inlet pressure to the
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(6.3)." The results of an estimate for the effects of the periodic wave exan

Fall compressor characteristics, stage-by-stage, or blade-row simulationg

pressor having a 10%

shown in Figure 17. As

planar wave amplitude

assumes that the clean-flow stability limit line may be used for the ass¢ssment of planar wave
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xceeded transiently and
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5ion components exhibit
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and one-dimensional,
hple illustrated in Figure

e one-dimensional flow-

19 are shown in Figure

5 20 and 21._The model nmpln\llnd a Illmpnd_\mlnmn rnpmannfnﬁnn of th

conservation equations in a spool-coupled compression system comprised of a fan and high-pressure compressor. Time
variations in the stability margins of the fan (Figure 20) and the HPC (Figure 21), expressed in terms of available APRS at
a flow, are shown. In this example, the available APRS dropped from the initial, undistorted values of 17% and 21% for
the fan and HPC to 8% and 16%, respectively. That is, peak APRS losses for the fan and HPC were about 10% and 5%
for the planar wave having a maximum peak-to-peak magnitude of 16%.
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Legend:
O RC 50 7-stage compressor (RR results)-PRS = 12.4 %
A YJ 93 11-stage compressor (AFAPL-TR-70-51)
O NACA 8-stage compressor
— -15-stage turbojet (1AS preprint 709)
+ Dual spool, 3-stage fan + 10-stage HPC (ASME 82 GT 189)

Wave amplitude to stall (APP) %

a | | | | | 1 i
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Frequency (Hz)

FIGURE 18 - INLET PLANAR PRESSURE WAVE - PREDICTED
AMPLITUDE TO CAUSE STALL, SINE WAVES
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FIGURE 20 - PERIODIC PLANAR WAVES, FAN STABILITY MARGIN VARIATION (EXAMPLE)
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6.3 Planar Wave Methodology Approaches

Because inlet data obt
efforts have been mini

the inlet to the other) v
unison over the whole
defining the response o
pressure ratio attributab

Currently, there are twq
waves. One method u
compression system or
6.3.1  Computer Simu

If an appropriate comp

ined from the standard forty-probe ‘AIP array are used, additional data
ized. Further, the definition of Equation 1 assures that spatially random ¢
ill be averaged out and components of the time-varying total pressure
engine face. Having definedcwhat is meant by a planar wave, the tas
f the compression system¢or turbofan engine to a planar wave, that is, wh
e to the presence of a planar wave at the engine face.

methods (though'not unrelated) for assessing the loss of stability pres
ses the planar waveform (defined by Equation 1) as input to a com
engine and the-second uses a sensitivity analysis. Each has its utility as d

ation Prediction

uter\Simulation exists for the compression component or engine of inte

gathering and analysis
events (from one side of
will be those that act in
K now becomes that of
at is the loss of stability

sure ratio due to planar
puter simulation of the
scussed below.

rest, the average time-

aveform (as defined by Equation 1) can be used as input to the computer

varying total-pressure

simulation. By throttling

each compression component to aerodynamic instability, the loss of stability pressure ratio at constant corrected flow
measured from the average compression-component operating point to the clean stability limit line can be determined for
the given corrected speed. This assumes that the computer model has frequency response capability in excess of the
highest frequency content contained in the planar wave of interest.

6.3.2 Sensitivity Analysis

If one were interested in screening a large amount of inlet data to assess the impact of planar waves on inlet-engine
compatibility, the sensitivity approach as reported in Reference 2.2.7 would be appropriate. Further, this approach
provides a method for generalizing planar wave test data. This sensitivity approach is similar to the distortion sensitivity
approach used to analyze the circumferential and radial components of spatial total-pressure distortion. The sensitivity of
a compression component to the loss of stability pressure ratio due to the presence of time-varying planar total-pressure
waves as a function of frequency has been determined both experimentally and by the use of digital computer
simulations. In both of these cases, the sensitivity to planar waves was reported as a loss in stability pressure ratio per
unit planar wave amplitude (one-half of the peak-to-peak value) at each given frequency as follows:
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K. (f) = APRS/\ o (Eq. 4)

An example of the sensitivity of a large two-stage fan to inlet total-pressure waves is presented in Figure 22 as taken from
Reference 2.2.8.

The results of several unpublished computer simulations and the modeling discussed in 4.2.3 show that the sensitivity
function of Figure 22 goes to zero at zero frequency. Therefore, based on the results of these studies, the results of
Figure 22 have been extended using the computer simulation results in the low-frequency range, and fairing the computer
and experimental results together in the 30 to 40 Hz range. The sensitivity function obtained in this manner is shown in
Figure 23.
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The root-mean-square response of a compression component to inlet planar waves can be formulated using the power
spectral density of the inlet planar wave (input) and a compression component sensitivity to planar waves that is a
function of frequency (gain factor) as follows:

APRS,,. = lo) < 2 (1) ] (Eq.5)

where K(f) is a sensitivity and APRSgrys is the root-mean-square loss of compression component stability pressure ratio
due to inlet total-pressure waves. (For additional details, the reader should consult Reference 2.2.7). Hence, because this
is a generalized formulation, it is applicable to inlet planar total-pressure waves with arbitrary frequency content, that is,
random, periodic (pure or harmonic), or any combination thereof. For specific types of waveforms, Equation 5 can be

shown to reduce to simpler expressions that aid interpretation.
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(Eq. 7)

f stability pressure ratio
hed from Fourier series

t that the sensitivity is a

waves that-are random in content, the situation is complicated by the fac
n. Thus,the loss of stability pressure ratio as a function of time is not
nat Gaussian statistics apply. The immediate implication of these facts i

respectively. However, i

n~(rms) levels do not have their usual 84.1, 97.7, and 99.9% occu

APRS

= C, * APRS__

peak R

andom and one cannot
that the one, two, and
rence representations,
follows.

(Eq. 8)

Cr is defined as the “crest factor” for random waves. Studies will have to be accomplished to determine the magnitude of
Cr that encompasses the peak loss of stability pressure ratio for approximately 99% of the time. It is thought that since
the sensitivity function attenuates the high frequency components, the factor Cr will have a value considerably less than
3.0. A value of 2.0 (based on judgment) is recommended until further studies can be conducted to provide a more refined
value. Validation and use of this methodology are presented in Appendix C.
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6.4 Combined Spatial Total-Pressure Distortion and Planar Waves

Any methodology for handling planar waves must also address the manner in which any concomitant time-varying spatial
distortion is to be assessed. The methodology should assure that both stability limit line and operating line effects would
be taken into account in any stability assessment.

Because of the complexities noted above, the planar-wave analysis problem was divided into a number of analytical sub-
problems that would permit different simplifying assumptions to be employed depending on the frequency range of
interest and the level of spatial total-pressure distortion present. The summary shown in Figure 24 for the purposes of
illustration represents choices that are by no means unique. Other investigators may choose to subdivide the problem in a
different manner. Examination of the chart will reveal that the intent is to take advantage of regions where linear

superposition should be

valid.
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(Ea.9)

Circumferential Extent, (67) = 6,, — 0,

(Eq. 10)

_ (PFAV) — (PAV),

Radial Intensity, (APR/P),
(PFAV)

(Eq. 11)

The Circumferential Intensity and Extent Elements are illustrated in Figure 25 for a one-per-revolution total-pressure

distortion pattern.

The Radial Intensity is il

lustrated in Figure 26 for the tip-radial distortion pattern.

The Circumferential Multiple-Per-Revolution element MPR is formulated on an instrumentation ring basis and treats
patterns having several low total-pressure regions either as an equivalent one-per-revolution pattern or as a factor on the
maximum low-pressure region, depending on the structure of the distortion (Reference 2.2.1).
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The spatial distortion descriptor elements can be related to the loss of compressor stability pressure ratio by the general
relationship

N
APRS = Y’ [KC(APC /P), — KR (APR /P), + C ] x 100 (Eq. 12)
i=1

where:

APRS = loss of stability pressure ratio due to the spatial distortion, expressed as a percent of the undistorted stability
pressure ratio

N = number of AIP instrumentation rings

KC = generalizefd circumferential distortion sensitivity
KR = generalizefd radial distortion sensitivity

C = an offset tgrm

The sensitivities and offset coefficients vary with distortion (extent, multiplesper-rev, etc.), compression system design,
and operating conditior}s. Downstream compression components are treated according to Equation 10 using distortion
transfer characteristics across upstream compressor components.
6.4.2 Stability Margin

The ARP 1420 definition| of stability margin (Figure 27) is

ASM = ((PR1*-PRO)/ PRO) x 100 (Eq. 13)

The stability margin is defined at the operating airflow and normalized by the operating pressure ratio.
The loss of stability pregsure ratio (APRS) due-10 the spatial total-pressure distortion (Figure 27) is
APRS = ((PR1 - PRDS)/PR1) x 100 (Eq. 14)

UNDISTORTED FLOW
STABILITY LIMIT LINE\

o

PRESSURE
RATIO
(PR}

DISTORTED
FLOW
STABILITY LIMIT
LIME

i[ OPERATING AIRFLOW AND PRESSURE RATIO
i

CORRECTED AIAFLOW

FIGURE 27 - STABILITY MARGIN DEFINITION
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In the case that planar wave distortion arises, then PRO and corrected airflow vary with time. The impact on stability
margin accounting is discussed in 6.4.3. Where compression component geometry is set by gas-path sensors which
respond to planar-wave disturbances, variations in the compression component map will occur and will affect the stability
margin accounting.

6.4.3  Stability Margin Accounting

A consensus method that accounts for the effects of combined planar waves and spatial distortions on engine stability
has yet to be established. As shown earlier (Figure 24), various categories of problem and analysis techniques arise,
each requiring individual treatment. Two general approaches to the problem of quantifying the loss of stability can be
made. These two approaches arise as a result of the choices available for defining the face-average total pressure,
PFAV. The choices available for PFAV are (1) the time-variant face-average pressure PFAV+y or (2) the time-averaged

(steady-state) value of the face-average pressure PFAV.. Care must be exercised in defini
uires that the time-dependent values be integrated over an infinite time s
ssible and an approximation must be used. For the case of planar waveg
e consistent with engine system responses including controls and-the

cted will likely be empirical and dependent on the particular characteris

definition of PFAVgs re
such an interval is not
should be selected to
wave. The interval selg
evaluated.

In ARP1420, spatial timpe-variant distortion was described. This is a sufficient{description of thq

when the fluctuations in
wave content is negligi
cancel, as might occur
becomes increasingly

increase. A larger plana

If the selected descriptd
of the spatial distortion
procedures of ARP142
would need to be dev

PFAV or planar wave amplitudes due to intake turbulence are sufficien
ble. In such cases, the values of the time-variant.ring-average pressure
in the turbulent flow at the AIP, so that their sum does not vary signifig
Linlikely as cross-correlations between probes; reflecting a growth in
I wave component would then arise.

r system is based on the time-variant face-average pressure PFAVty, the
on the compression system, APRS, can be accounted for using the
D and AIR1419. An additional déscriptor with a separate compression-s
ploped to account for the destabilizing effect of the planar wave. The

combined spatial distorfion and planar wave would be accounted for by some form of superposit

be termed a “two-para
phasing between peaks

If the selected descriptd
the combined spatial dif
“one-parameter system

meter system”. The superposition procedure would need to take into
and troughs in the spatial distortion and the PFAV fluctuations.

stortion and planar wave is accounted for in one descriptor and the metho
". Compression-system APRS can then be accounted for using a co

includes planar-wave and spatial.distortion sensitivities. Separate APRS accounting for the plana

In this case, the combin

ptional-algebra lies within the engine distortion-response algorithm.

ng PFAVss. A rigorous
an. For practical cases,
, the integration interval
frequency of the planar
ics of the engine being

flow quality at the AIP
tly small that the planar
5 (PAV); in some sense
antly. This cancellation
turbulence eddy sizes,

n the destabilizing effect
conventional sensitivity
ystem APRS sensitivity
total APRS due to the
ion and the system can
consideration the time-

r system is based_on steady-state face-average pressure PFAVg, then the destabilizing effect of

dology can be termed a
mposite sensitivity that
wave is not necessary.

combined spatial distortion and planar wave, both forms of destabilizing

isturbances can cause

In the general case of

losses of stability pressure ratio (APRS) and shifts in mean operating line point, PRO, of Figure 27.

At low frequencies, the loss of compressor stability pressure ratio due to planar waves may be accounted for entirely by
examining the movement of the transient operating point. However, as the frequency increases, the transient operating
point can exceed the clean-inlet-flow steady-state stability limit line for increasing amounts of time without incurring an
aerodynamic instability. At sufficiently high planar-wave frequencies, the mean operating point can lie on or almost on the
clean-inlet-flow stability-limit line without incurring any loss of stability pressure ratio although the transient operating point
may spend a major portion of a planar wave cycle above the clean inlet flow stability-limit line. Under these
circumstances, the loss of stability pressure ratio is a function of frequency and must be accounted for accordingly. In the
cases that are encountered most often, the frequencies are low, being those associated with buzz or subsonic low-flow
instability.
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6.4.3.1 Two-Parameter Approach

The total loss of compression-component stability margin can be accounted by assessing the loss of stability pressure
ratio due to the spatial distortion and treating the effect of the planar wave as a rise in operating-point pressure ratio, as
illustrated in Figure 28. PRDS represents the stability pressure ratio in the spatially-distorted flow and PRDO represents
the raised operating pressure ratio due to the planar wave, both being defined at constant inlet corrected airflow,
consistent with ARP1420 methodology. Both pressure ratios represent the maximum-loss values in the time-variant
process. For the planar-wave excursion, the actual trajectory of the transient operating point may involve changes in
corrected airflow, as illustrated schematically in Figure 29 for a sinusoidal planar wave. PRDO, defined at constant
corrected flow, WC, represents the peak of the time-variant pressure-ratio loop.

The loss of stability margin is approximately proportional to the sum of the changes in stability-limit-line and operating-line
pressure ratios due to the spatial distortion and the planar wave. respectively.

The loss of stability due|
to the planar wave is d
planar-wave APRO to a

where, APRS is defined

and APRO is given by:

Hence, the conversion
PRO to PR1.

The total loss of comprg

to the spatial distortion is fully described in the methodology of ARR1420
bscribed in 6.2 and 6.3 of the present report. For some purposes{it-is cq
N equivalent loss of stability pressure ratio. This is accomplishedreadily by

APRS — APRO
1+ SM
by:
APRS = M % 100
PR1
APRO o [ PRDO - PRO) 4
PRO

rom APRO to ABRS.involves a change only in the undistorted flow refersg

ssion-system stability can then be expressed consistently as:

AP RS TOTAL = AP RS PLANAR + AP RS SPATIAL

and AIR1419. That due
nvenient to convert the
means of the relation:

(Eq. 15)

(Eq. 16)

(Eq. 17)

nce pressure ratio from

(Eq. 18)

The equations above describe the fundamental approach to the accounting of the destabilizing e

fect of combined planar

waves and spatial distortion. The description is based on synthesizing the total loss of stability margin from the individual
destabilizing factors in the overall distortion.

It is important to recognize that what matters is the total loss of engine stability and that, in some instances, in particular
those where spatial distortion and planar-wave amplitudes and waveforms are large and complex, e.g., case F of Figure
24, it may be difficult to separate the individual effects, as described, from the time-variant inlet distortion ahead of the
installed engine. Here, linear superposition, as illustrated by the previous equation, cannot be used.
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The APRS due to spatial distortion can be related to the spatial distortion at the AIP using the ARP1420 distortion
elements. The general relationship for APRS is given by Equation 12 (Paragraph 6.4.1). The APRS due to the planar
wave may be related to an appropriate wave amplitude by a relevant distortion sensitivity: Equations 4 to 8 (6.3.2). As
stated earlier, this approach necessitates accounting for the combined distortion using separate descriptors for spatial
distortion and for planar waves, their respective sensitivities with the spatial distortion descriptor being consistent with
ARP1420 methodology.

The planar wave descriptor or intensity element will be defined from the time-variant, face-average total pressure PFAVy
and the steady-state average total pressure PFAVss in @ manner consistent with the planar-wave methodology of 6.3. For
a simple sinusoidal disturbance, this element (e.g., AMP, Equation 4, 6.3.2) may be defined as the “amplitude” (one half
of peak-to-peak value) of the disturbance as:

AMP = (PFAV,, — PFAV,, ) /(PFAV,,) (Eq. 19)
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The benefits of the two-parameter approach are threefold: (1) The definitions and stability accounting remain consistent
with ARP1420 and AIR1419 documentation, (2) new data remain consistent with past data bases, and (3) the impact of
time-variant spatial distortion and planar waves can be separately identified. The latter is important since the inlet design
factors that can influence inlet/engine incompatibility due to combined spatial and planar distortion, in each case can differ
significantly.

Reference 2.2.7 is an example in which planar waves were analyzed giving a more realistic insight into the impact of

planar waves.

6.4.3.2 One-Parameter Approach

In this approach, the descriptor system is defined such that all spatial and time-variant perturbations in total pressure from

steady, uniform-flow conditions at the AIP are accounted relative to the steady-state, face-

verage total pressure,

(PFAV)ss.

Separate accounting of
said to provide a “one-p|
core-engine descriptors|
distortion, the distortion
This need is a consequ
wave. The approach co

the planar-wave and spatial disturbances is dispensed with, and if’this s¢
prameter” approach to the unsteady-flow problem. As the distortion descri
in the case of the two-stream turbofan engine) is no longer/concerned
elements defined in ARP1420 are not applicable directlycand extended
ence of the avoidance of a separate and additional eletment, or elements

Composite Descriptor
The general nature of t

total-pressure-distortion
spatial distortion. The ti

data presented in Figure 30 show a large planar-wave disturbance co-¢
me traces derive from a supersonic wind-tunnel test of a sub-scale mode
Mach 2. The upper curvie shows the variation of the face-avérage total pressure, (PFAV )y, with tir
steady-state or time-average total pressure, (PFAV)ss. Significant troughs in the curve occur and
the engine. The lower curves show the variations with-time of a spatial-distortion descriptor, base
composite descriptor based on (PFAV)ss. The former time trace exhibits the characteristic randg
turbulence-induced spatial distortion, while the latter, composite time-trace captures the planar-
overall distortion.

A noteworthy feature of the data recordlis) that the peak of the composite descriptor coincides
trough of the planar-wgve disturbanee: This occurred because, in this case, the planar-wave o
total disturbance as can be seen frem the magnitudes of the individual terms. In cases where 1
wave and spatial distorfion disturbances are comparable, the peak of the composite descriptor g
peak of the spatial-distgrtion descriptor nor to a minimum of the planar-wave so that significant

between the distortion gompenents (it is this difference that has to be accounted for in the two-pa

nse, the system can be
btor (or possibly fan and
exclusively with spatial
definitions are needed.
, o describe the planar

nstitutes a global description of the combined planar waye/spatial distortion problem.

ne method of describing the distortion at the, AP is best explained by means of an example. Inlet

xisting with time-variant
| of a combat aircraft at
ne plotted relative to the
these act to destabilize
d on (PFAV)y, and of a
mness that is typical of
wave component of the

vith the minimum of the
5cillation dominated the
he levels of the planar-
orresponds neither to a
phase differences occur
rameter approach to the

combined distortion problem).

The composite descriptor, DPcom can be expressed in terms of the steady face-average pressure and an average low

total pressure, defined to encompass the total-pressure defect region of interest, as:

DP,, = (PFAV,, — PAVLOW,,) /(PFAV),,

(Eq. 20)
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FIGURE 30 - AIR-INTAKE TIME-VARIANT SPATIAL DISTORTION WITH

EMBEDDED PLANAR WAVE

Here, the average low tptal pressure, PAVLOW+y, is defined as the’time-variant minimum pressure, in the usual way, for

an appropriate region of

the AIP.

An example, illustrating|a descriptor defined over the whele)of the AIP for a one-per-rev spatial digtortion pattern is shown
in Figure 31. The averagee minimum pressure is defined!to lie within a circumferential sector of extent 6, .

The corresponding timefvariant spatial-distortion-descriptor, DPsp, is in this case, given by:

where the steady face-4
pressure.

By defining the planar-w

De 2 (PFAV,, — PAVLOW,,) /(PFAV),,

(Eq. 21)

verage pressure in the composite descriptor has been replaced by the time-variant, face-average

avedintensity element, (AP/P)py, as:

(AP TP),, = (PFAV,, — PFAV,, ) I(PFAV).,

(Eq. 22)

the relationship between the composite and the time-variant spatial-distortion descriptors can easily be shown to be given

by:

[1-(1-DP,)]x[1- (AP /P),,]
SPATIAL PLANAR

DP,., =

COM

COMPOSITE

(Eq. 23)
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y be seen that for the case of zero spatial distartion, DPsp = 0, we have:
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har-wave intensity, (AP/P)pw = 0,"We have:

DP
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= DP

sp

posite descriptor ~This is illustrated in Figure 32 where values of the ¢
bmponent intensities of the overall distortion as the dotted curves.

ure represent an approximate relationship between the composite, spatial

um_of’the spatial-distortion and planar-wave descriptors and is thus a

n-r‘nmpnnnnf available cf:\hilify mnrgine

FIGURE 31 - COMPOSITE DISTORTION DESCRIPTOR-OVERALL FACHE

y “instantaneously” to each time-slice of the tilme-variant pressure reco

blanar-wave disturbanee increases, the level of the spatial distortion des

second=order terms in the expansion of the right-hand-side of Equat

twith the linearization of superposition processes and the limited size of

'd. By inspection of the

(Eq. 24)

(Eq. 25)

scriptor decreases for a
bmposite descriptor are

and planar-wave terms
jon 23. The composite
inear relationship. This
terms allowable by the

Alternatively, the linear relationship may be derived exactly by defining the spatial-distortion descriptor to be:

DP, = (PFAV,, — PAVLOW,, ) /(PFAV),,

(Eq. 26)

by replacing the time-variant face-average pressure in the denominator of the spatial descriptor by the steady-state face-

average pressure.
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system, the distortion tolerance of the engine.at given operating conditio
descriptor. The relationships illustrated .in~Figure 32 exemplify the eq
pined distortion and the separate planarswave and spatial distortion de
r-wave and spatial-distortion levels for e fixed, allowable composite-descri

ucting a descriptor system appropriate to a specific propulsion-system
spatial-distortion and planar-wave elements of the combined distortion
n, the spatial-distortion eleménts are time-variant and consistent with the
roach, these may not apply and modified radial and circumferential inte
he accounting systemivadopted and on the sensitivity of the compression
Various options for-cembining the absolute, point pressure readings of th
the forms of the{oyerall descriptor example provided earlier.

ensitivity
br usedto"describe the distortion limit of the engine provides a screening [

bility.-reSponse of the engine to the combined distortion will involve the w
duencies up to 20 Hz or so, nominally, due to the effect of the wave on

ns can be expressed in
uivalence between this
scription, and show the
btor level.

development to ensure
. In the two-parameter
ARP1420 definitions. In
nsity elements may be
-system components to
e probes at the AIP will

arameter for the engine
hole engine, particularly
he operating lines of the

components of the eng

ne and the transient rematching or the components. [his situation airre

rs from that of the pure

time-variant, spatial distortion case where the effect of the spatial distortion on the stability of the engine is almost entirely
dictated by the response of the compression-system components.

Bearing in mind the equivalence between the change in operating pressure-ratio, APRO, and the loss of stability pressure
ratio, APRS, described in 6.4.3.1, the total loss of fan or compressor stability due to the combined distortion can be
accounted for using a composite sensitivity factor, Kcom, defined by the equation:

APRSTOTAL = KCOM X (DP)COM

(Eq. 27)
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The composite sensitivity represents a weighted combination of planar-wave and spatial-distortion sensitivities and other
compression-system distortion-response parameters, such as superposition, spool transfer, and spool flow-coupling
factors as appropriate. Separate assessments of the effects on APRS of planar-wave and spatial-distortion disturbances
and their addition with the attendant problem of accounting for the phase relationships between the two forms of
disturbance, are avoided in the explicit methodology (but are implicit in the composite sensitivity). In the “one-parameter”
approach, the combinational algebra for accounting for the individual PRS losses is included in the dynamic-response
algorithm of the engine.

A key feature of methods for assessing the effect of the combined distortion is that the range of possible planar-wave and
spatial-distortion intensities is bounded by the stability margins available for dealing with the combined problem
(maximum margins in the range up to approximately 30%). The problem of estimating the loss of stability of the engine is
in some sense “self-limiting,” enabllng reasonable assessments to be made by Ilnearlzed methods for engineering
purposes. Insufficient in i 1SSIQ elations, but a bandwidth
of 2% APRS, as suggested for spatlal dlstor‘uon correlatlons in ARP1420 is thought to be a reaspnable target.

In so far as correlation] of losses of compression-system stability margin with “one-pafameter| descriptors is needed
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ty-accounting accuracy,
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on and phase assumptions of both methods need critical examination.

7. TESTING REQUIREMENTS

To apply the methodology presented in Section 6 to a specific system will require inlet and, if needed, compression
system component/engine testing. Inlet testing defines the planar wave component at the AIP and compression system
and/or engine testing defines the response to planar waves. (As discussed in 6.2, engine response can be determined by
analytical or computer modeling.) Reviewing the case histories shows that the occurrence of planar waves is highly
system configuration dependent. A review of the system configuration should cover any potential external sources of
planar waves due to vortex shedding such as landing gear struts or external pods. The mission requirements should be
reviewed to identify points where low airflow and high subsonic flight Mach numbers may lead to planar waves. Normally,
buzz is designed out of the engine flight envelope, but it represents an extreme case of planar waves and should be
considered with the other factors when defining the scope of a testing program to assess planar waves.
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7.1 Inlet Testing

Equation 1 in Section 6 defines the fundamental inlet information required to perform a planar wave assessment. Model
or full-scale inlet testing can provide this information with little additional equipment required over and above that required
for time-variant spatial distortion. A review of planar wave experience indicates that the potential for planar waves is
higher at low airflow and high subsonic flight Mach numbers. Therefore to capture the planar wave data, an expansion of
the inlet test matrix may be required over that required for time-variant spatial distortion.

Propulsion systems in aircraft executing large rates of change in attitude (o. and B) such as fighter aircraft may encounter
AIP conditions at a specified attitude set (o0 and B) which are different than those encountered at the same attitude set
with no (or small) rates of change. Possible contributing mechanisms may include transient ingestion of displaced vortices
from forward structures and inlet internal separation that is affected by the motion of the aircraft. Therefore, the inclusion
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measure the time histories of the instantaneous pressures. These time histories can then be analyzed by PSD analyses
to determine the existence of planar wave content. To provide realistic duct dynamic characteristics for these test runs,
the primary flow control valve should be located as close as possible behind the engine face station. An example of a
special type of butterfly flow control valve that was used to achieve this is reported in Reference 2.2.1. As mentioned
above, the generation of realistic planar wave frequency components for internally generated disturbances depends on
the simulated engine face acting as an acoustic reflection plane. The use of a suitable computer code (References 2.2.10,
2.2.11, and 2.2.12) should be considered to aid in interpreting geometric differences necessitated by the experimental
configurations.
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b) Four-probe arrangement for planar waves and RMS turbulence

FIGURE 34 - TYPICAL LIMITED PROBE ARRANGEMENTS

Planar waves should be investigated within the operational ranges of Mach number, inlet mass flow, and angles of attack
and sideslip where aircraft requirements dictate. It is particularly important that the idle, sub-idle, and windmill airflow
ranges be investigated as appropriate in the subsonic envelope(s) as air starting characteristics can be affected by the
presence of planar waves. Further in the supersonic envelope, special consideration is needed for supercruise aircraft
where aircraft deceleration requirements must be met by mass flow reductions to reduce thrust. (Planar waves occur at
much higher mass flows ratios in this part of the aircraft envelope and represent a challenge for both the airframe and
engine manufacturers to meet overall aircraft performance requirements.)
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The low-speed inlet/forebody model testing is conducted using a large-scale model (~0.2) that incorporates the forward
forebody and wing surfaces that can influence flow into the inlet. Other devices that can influence flow into the inlet at low
speed are also simulated, if present, such as takeoff doors, nose gear, probes, and stores. The larger model scale
enables the installation of a complete set of forty high-response probes at the AIP for measuring instantaneous pressure
versus time histories from which PSD analysis can be used to determine planar wave content. A full range of low-speed
angles of attack, sideslip, and Mach numbers from zero up to approximately 0.40 should be tested.

After development of the inlet is completed, inlet verification tests are accomplished with a large-scale (>0.20)
inlet/forebody model that incorporates forty high-response probes at the AIP. This model is tested over the complete
subsonic/transonic/supersonic Mach number range, o and 3 range, and range of inlet mass flow ratios to verify the inlet
performance, distortion, and flow stability characteristics at all key operating points. The AIP instrumentation is similar to

that used for the 0.20-scale low-speed model.
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It is further recommended that some of the above planar wave tests be accomplished simultaneously with spatial
distortion to determine if the spatial and planar wave stability margin losses are directly additive as has been assumed in
the analysis of this report and what the values of the coupling coefficients are.
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7.1.3 Instrumentation

The standard 40-probe AIP instrumentation array described in References 2.1.1.1 and 2.1.1.2 is more than adequate to
define the planar wave amplitude and frequency. If planar waves were the only item of interest on a particular test, then a
smaller number of high response probes distributed over the AIP may be sufficient, since by definition a planar wave
affects the entire AIP and the cross-correlation function or phase relationship between probes should be high. As noted
previously, a significant consideration in the configuration of the inlet test is the proper simulation of the engine acoustic
reflection plane. Case History A shows an instance of planar waves occurring at a frequency which corresponds with
open-closed organ pipe theory. The resonant frequency is dependent on the length of the pipe from the cowl lip (open
end) to the engine face (closed end) that leads to the requirement for simulating the acoustic reflection plane. A flow-
measuring plug downstream of the AIP in an inlet test serves this purpose and should be located as near as practical to
the engine acoustic reflection plane. If the flow plug is choked, the inlet will be isolated from downstream disturbances.
These disturbances would otherwise be sensed by the AIP instrumentation and lead to invalid conclusions about inlet
disturbances both in frequency and amplitude.

7.1.4 Data Processing and Screening

The first step in procesding the inlet data is to obtain the time-varying spatial average ofithe AIP p
1 of Section 6. The timge-variant spatial average becomes the input to a Power Spectral Density
PSD will identify frequencies where planar wave activity is occurring. All of the guidance in Sectio
concerning data procesging would apply to the planar wave data processing®A schematic of the
the AIP pressures to thg PSD determination is shown in Figure 35.
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n 6 of Reference 2.1.1.2
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To conduct a test of this scope with a single planar wave generator could be extremely difficult. A combined
experimental/analytical approach may be appropriate in this case. With the availability of the one-dimensional transient
compressor model, the test program can be designed to validate the model predictions at certain points and then the
model would be exercised to generate the full sensitivity curve and the transfer characteristics. This is the approach used
in Reference 2.2.5.

The methodology of Section 6 is a general methodology capable of assessing any and all planar waves present in the
inlet data. If analysis of the inlet data justifies a simplification of the methodology to deal with a few significant frequencies,
the compression system component testing could also be simplified. A planar wave generator could be selected or
designed to meet the specific requirements of the program and to avoid the limitations of these devices when trying to use
them over a wide frequency range.
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7.2.1 Planar Wave Generators

The methodology of Section 6 requires a sensitivity (K,) as a function of frequency to assess the stability impact of planar
waves. The K, generated from a fan test conducted during the early 1970s is shown in Figure 36 (same as Figure 22,
repeated here for convenience). In this test, a device called the Planar Pressure Pulse Generator (P°G) was installed
upstream of the fan rig to produce the planar waves. The device consisted of a perforated rotor and stator (see Figure
37). By varying rotor speed, the frequency can be varied, and by changing the rotor to stator spacing, the amplitude is
varied. Note that there are no data below 40 Hz due to mechanical resonances. A similar concept consisting of a spoked
rotor and spoked stator was tested at frequencies above 78 Hz (Reference 2.2.13, see Figure 38). Various levels of
blockage were tested and the effects of attenuation with axial distance downstream of the device were investigated. It
was discovered that planarity of the wave increased for some distance.
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