INTERNATIONAL-

The intent of this docu

AIR1419™

AEROSPACE

REV.D

INFORMATION REPORT

Issued 1983-05
Reaffirmed 2011-07
Revised 2023-08
Superseding AIR1419C

Inlet Total-Pressure Distortion Consideration
for Gas-Turbine Engines

S

RATIONALE

ent is to prn\/ir'ln a basic ||nr'lnrefnnr'ling of the effects of inlet fnfnl_prnssure distortion on the

performance of gas turb
In Revision D, only chan
These changes includeg
Recommended Practice

In Revision C, an introd
describes usages of dist

Revisions to AIR1419B

Computational fluid
Highly offset inlets h
Full authority digital

New methods of dis

New techniques for

Testing methodolog

Some previously sta

ine engines, particularly in military applications.

ges to Section 3 have been made to make the document consistent with AR
removing definitions inconsistent with the intent of the previgusly mer

s (ARPs) and to add clarity to the remaining definitions.

iction was incorporated to include material inadvertently‘omitted from Rev
ortion assessments during typical phases of aircraft propulsion system dev

were made to reflect new knowledge in the following areas:
dynamics (CFD) has become widely used for design and analysis,
ave imposed additional challenges,

electronic control (FADEC) systems have become commonplace,

tortion synthesis have been developed,

New instrumentatiofn techniques have been developed,

data acquisitiof, storage, and processing have been developed,
y/procedures have changed, and

te-of-the-art techniques have become obsolete.

RP1420C and ARP6420.
tioned SAE Aerospace

sion B. The introduction
blopment and operation.

The philosophy that was adopted to implement the changes was:

e Dated references to

Only material was added that did not exist in original document, and

“state-of-the-art,” “current technology,” etc. were revised.

SAE Executive Standards Committee Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences. The use of this report is
entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be revised, reaffirmed, stabilized, or cancelled. SAE invites your written comments and

suggestions.

Copyright © 2023 SAE International
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means, electronic, mechanical, photocopying,

recording, or otherwise, without the prior written permission of SAE.
TO PLACE A DOCUMENT ORDER:

SAE WEB ADDRESS:

Tel: 877-606-7323 (inside USA and Canada)
Tel: +1 724-776-4970 (outside USA)
Fax: 724-776-0790

For more information on this

https://www.sae.org/standards/content/AIR1419D/

standard, visit

Email: CustomerService@sae.org

http://www.sae.org



https://www.sae.org/standards/content/AIR1419D/
https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 2 of 224

PREFACE

Industry and government agencies concerned with aircraft design and operation recognize a need to improve methodology
and communication on spatial total-pressure distortion aspects of the inlet/engine compatibility problem. The appearance
of modern turbofan engines in the late 1960s focused attention on this need, and there followed a period of intense activity
to develop engineering techniques for assuring adequate stability. These techniques were identified, formulated, and
exercised independently in various parts of industry to solve flow distortion problems on specific systems. The aircraft and
engine companies form a matrix of cooperative engineering activity in the international military and civil aircraft market, and
a third dimension is added by the group of customers. The three groups needed to consolidate individual experience,
establish common ground, and gain a perspective concerning the applicability and accuracy of these techniques. Adequate
resolution of the aircraft/engine stability problem would depend upon generating generally usable guidelines addressing
analysis, test, data processing, and information transfer which would be applied in a manner consistent with the expected
severity of the problem.

The SAE International Ae D achhrical-Co 6—{(Turbine S
Committee) was formed in 1972 to examine the aircraft gas turbine engine/inlet compatibility(d
affected by flow distortjon, to assess what experience was common throughout industry, rorow
desirable to make common. The Committee formulated a number of guidelines to improveieomm
repetitive workloads ampng program participants. It recognized that practices employed.to cope w
were young and changing and that in several critical areas, practice was not sufficiently commg
establishing guidelines.|For these reasons, the guidelines were purposely limited{and were org
March 1978 as Aerospace Recommended Practice ARP1420, Gas TurbinelEngine Inlet Floy
ARP1420 was circulated widely in the U.S. and European aeronautical industries. Significant comn
expressed, and were carefully considered by the Committee prior to submitting the ARP to the SA

ine Inlet Flow Distortion

bvelopment process, as
hat could be agreed as
Linications and minimize
th flow distortion effects
n or defined to warrant
hnized and published in
v Distortion Guidelines.
nents and opinions were
E Aerospace Council for

publication.

distortion-related corponate knowledge of the industry as it existed in the mid-1970s time period. The Committee decided
that this information, organized into a generally available dogiment, would provide a source of nowledge for engineers
new to the problems of inlet-engine compatibility. The Committee, therefore, compiled Aerospace Information Report
AIR1419, Inlet-Total-Prg¢ssure Distortion Considerations for Gas-Turbine Engines, to amplify the {nformation contained in
ARP1420 and to provid¢ a corporate memory.

The S-16, in its proceedjngs, produced a wealth of information whieh, in its entirety, contained a sijnificant part of the flow-

SAE Technical Committ
government and indust
propulsion systems. Thg
ARP1420, AIR1419, an

pe S-16, through its members and liaison representatives, represents a crgss section of the part of
y having the major share of the responsibility for assuring economical, safe, and instability-free
b organizations that sponsor S-16 and make possible, through the members and representatives,
i other inlet distortion documents, should be commended. These documents exist today because
of their active concern fgr the distortion-problem and their willingness to provide resources to obtain|solutions. The members
and representatives collectively contributed hundreds of hours of work between Committee meetings to assure worthwhile
results and productive npeetings:

INTRODUCTION

This document contains engineering information for use as reference material and for guidance. Inlet total-pressure
distortion and other forms of flow distortion that can influence inlet/engine compatibility require examination to establish the
effect on engine stability and performance. This report centers on inlet-generated total-pressure distortion measured at the
Aerodynamic Interface Plane (AIP), not because this is necessarily the sole concern, but because it has been given sufficient
attention in the aircraft and engine communities to produce generally accepted engineering practices for dealing with it. The
report does not address procedures for dealing with performance destabilizing influences other than those due to total-
pressure distortion, or with the effects of any distortion on aeroelastic stability. The propulsion system designer must be
careful to assure that, throughout the development process, other forms of inlet flow distortion, which can have just as
serious effects on system stability and performance, have been effectively addressed.

The report deals with spatial total-pressure distortion, as defined by an array of high-response total-pressure probes. Time-
variant total-pressure distortion, synthesized from statistical data, can provide useful information. However, the consensus
of SAE S-16 is that such techniques are not developed sufficiently to permit general guidelines to be formulated.
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Concepts which are fundamental to this report are:

a.

derived from an array of high-response total-pressure probes.

b. Propulsion system stability can be controlled by the aircraft and engine designers.

c. Engine stability can

Inlet flow quality can be characterized, in a form relevant to engine distortion response, with numerical descriptors

be demonstrated by tests using equivalent levels of steady state distortion.

The report is organized into nine technical sections (Sections 3 through 11) followed by a summary, expanding upon the
ideas and recommended practice set forth in ARP1420. Sections 3 and 4 deal with stability margin, loss of stability pressure
ratio, and procedures for correlating the loss of stability pressure ratio with total-pressure distortion. Through use of the
terms and procedures discussed earlier, Sections 5 and 6 develop engine stability and performance assessment techniques
for handling total-pressure distortion by putting them into context with other destabilizing influences and performance

dirac  aocoriomant

detriments. Section 7 d anc—rethods
information needed to
acquisition system accu
necessary to minimize g
techniques that can be
other forms of distortion

affect engine operability],
A summary of the informpation in the document is presented in Section 12.

The distortion descriptof

outset well into field u
representation of the me
and for communicating
correlating them with pe
of the descriptors vary,
constant: to assess stat

The activities associateq
that there is little consen
them.

rib ¢ toct otirrantly
CSEAPDEeS—VarousS—test pluuUuulGo, SR Retoas uullUlll.ly ava

apply distortion assessment techniques. Section 8 discusses interface
racy, frequency response, record length, recording systems, and the data n
ommunication errors among participating organizations. Section 9.reviews
used to model compressor response to inlet distortion. Section{10 provid
at the inlet/engine Aerodynamic Interface Plane, while Sectiont1 describ
along with a review of other considerations involved in assessments of ir]

CYOTPTICTIG

be of the system. ARP1420 defines the distortion descriptor as a non
basured inlet pressure distribution, and provides a means for identifying cri
during propulsion system development. Central issues are the distortion
formance and stability changes, and test'and information acquisition techn
depending upon the stage of the engine development, but their definitio
s, forecast stability, and identify required engineering activity.

sus concerning the definitions of these phases and that no clear lines of de

rajlable for generating the

instrumentation, data-
hanagement procedures
available computational
es a brief discussion of
bs other factors that can
let/engine compatibility.

is the vehicle by which engine reaction to inlet distortion is forecast and assessed, from program

dimensional, numerical
ical inlet flow distortions
descriptors, methods of
ques. Use and accuracy
ns and purpose remain

with distortion descriptor usecan be categorized for convenience in phasgs (Table 1), recognizing

marcation exist between
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Table 1 - Distortion assessment uses during the propulsion system life cycle

PHASE

ACTIVITY

AIRFRAME MANUFACTURER

ENGINE MANUFACTURER

STATUS AT
END OF PHASE

. Conceptual Studies 1. Analytical evaluation of candidate 1. Establish inlet distortion trends . Include inlet distortion effects in 1. Candidates that can potentially
aircraft and propulsion system 2. Evaluate alternative inlet designs and locations selection of engine configurations meet requirements
configurations 3. Estimate maneuver limitations based on past experience 2. Preliminary definition of

2. Mission evaluation 4. Evaluate armament locations stability requirements
5. Evaluate airframe/propulsion system integration
. Preliminary Design 1. Design, analysis, and tesflof inlet and 1. Determine preliminary distortion characteristics . Define stability-njargin 1. Distortion goals defined
engine components 2. Evaluate airframe/propulsion system integration requirements‘ang select 2. Mission defined
2. System design selection 3. Determine preliminary airflow matching compression sygtem design 3. Inlet/engine compatibility
3. Establish flight maneuverjenvelope 4. Establish distortion level goals for inlet . Define engine digtortion tolerance approach defined
goals 5. Perform periodic stability assessments jointly with goals 4. Propulsion system defined
engine manufacturer

. Development 1. Development of required guality 1. Verify airflow matching Establish distortipn level 1. Distortion commitments
through continuing analysjs and test 2. Define inlet design effects on distortion commitments agreed upon
of airframe and engine components 3. Identify critical distortion patterns/levels . Define patterns fpr qualification 2. Data bank established
and systems 4. Establish distortion level commitments tests 3. Full scale inlet/engine

5. Perform periodic stability assessment jointly.with . Correlate stability margin and compatibility tests performed if
engine manufacturer performance chgnges due to necessary
distortion 4. Propulsion system ready for
production

. Engine 1. Demonstration of required levels of 1. Perform joint stability assessments . Demonstrate engine operation 1. Propulsion system with

Qualification or propulsion system 2. Perform wind tunnel tests of proeduction changes with distortion acceptable performance and
Certification stability/compatibility 3. Perform installed performance.ealculations of stability at specified conditions
“status” configuration

. Flight Test 1. Demonstration of propulsipon system 1. Establish flight/maneuver-envelopes . Correlate flight ahd development 1. Propulsion system

operation 2. Determine distortionevels at propulsion system data performance and stability

2. Inlet and engine improverpents flight- limits . Identify sources pf flight-revealed demonstrated over flight and
tested to produce best combination of 3. Resolve deficiéncies stability problem$ maneuver envelopes
performance and stability 4. Compare flight tést and wind tunnel data

. Operational 1. Collection of operational data 1. Evaluate propulsion system modifications . Service, overhayl, and 1. Operational capability

2. Propulsion system modifi¢d as 2. Evaluate, operational anomalies modification evaluation monitored
necessary . Operational troulpleshooting
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1. Conceptual Studies Phase

This phase, the initial step in the life cycle for an aircraft system, is characterized by analytical evaluations of candidate
aircraft/propulsion system configurations. Generally, no new testing is planned for this phase and information for the
evaluations is based on historical sources. Recognition of and planning for a stability assessment during concept evaluation
serves to assure that (1) distortion effects are a prime consideration in the selection of the candidate propulsion system,
(2) those conditions that are considered areas of risk are given particular attention during the subsequent design and
development phases, and (3) distortion patterns, inherent to the type of aircraft inlet, are defined to enable the engine to be
designed with consideration for predominant patterns.

The distortion descriptor is used to determine the relative standing of several candidate inlet configurations. Specific items
to be evaluated include design concept and location, inlet performance, and aircraft maneuverability, as affected by
distortion, armament location, approximate inlet/engine matching characteristics, overall distortion trends with inlet
geometry, and primary and secondary airflow requirements. The descriptor is used to evaluate the stability characteristics

of candidate compress

and-enaine-confiaurations—their sensitivitv to-distortion-the-stabilibvmaral
SRa-8hRgt AHGHHHORSHR8H-S8RSHIVHYO-GHStoFHoRtRe-Stabhity-RaFgt

n available for distortion,

and potential problems

This phase should end
mission requirements a
identified, including but
water ingestion, arman
consequence of loss off
established for continuo|

2. Preliminary Design

This phase is the secon
a baseline vehicle has |
models to update comp
the extent of the distortid

located at the inlet/engine aerodynamic interface plane. Fan and compressor performance maps,

blade sizes are estim
characteristic of the inle

The distortion descripto
Preliminary distortion ch
used to assess the effeq
control logic, are initiate
and to aid in establishin

Engine distortion tolerance < estimates are used to establish the allowable airflow range for

supercritical or subcriti

beculiar to the various thermodynamic cycles and engine control modes:

when the overall aircraft and the propulsion system configurations that ca
re defined. Limiting operating conditions within the anticipated.flight enve

nent-exhaust-gas ingestion, and unusual amounts of engine bleed or
stability margin associated with these conditions should have been ass
usly tracking compatibility throughout the developmentprogram.

Phase

[ step in the development cycle, during which 'mission requirements are dq
pbeen selected. Airframe-inlet integration.ahd inlet component testing have
ptibility estimates and to define the extent of required development work. H
n problems to be expected are identified using data obtained from steady s

bted. Where appropriate, applicable engine components are tested
s being considered by theairframe contractor.

r is used to aid in selecting those inlet/airframe components that result i
aracteristics are determined for critical aircraft operating conditions. The g
ts of distortion on.the engine and its components. Engine simulations, with
| and used topetform preliminary engine stability audits, to define engine sf
j distortiop-goals for the inlet.

bal. limits, start/unstart procedures, control criteria, bleed configuration,

design, noise requirem

h best meet generalized
tlope should have been

not limited to those due to inlet total-pressure distortion, unstart{buzz, temperature distortion, swirl,

power extraction. The
essed and a procedure

fined in more detail and
begun with small scale
reliminary indications of
ate and dynamic probes
flow path geometry, and
ith distortion patterns

h a favorable flow field.
istortion descriptors are
transient capability and
ability margin utilization,

inlet/engine matching,
boundary layer diverter

ents, maneuver capability, lip shape and radius, low-speed flow augme

ntation, and low-speed

crosswind capability.

At the end of this phase, initial stability audit coordination has occurred between engine and airframe companies. The basic
inlet and engine configurations have been defined but require further refinement. The vehicle mission has become well-
defined. Provisions for coordinating any mission changes will have been made. Agreement should exist between airframe
and engine contractors on:

e The distortion goals for the inlet and the engine at specific points within the flight envelope. These represent the
maximum level of distortion the inlet will generate and the level the engine will tolerate.

e The type, severity, and number of equivalent classical patterns to be used during initial development testing.


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL

AIR1419™D

Page 6 of 224

The distortion patterns from subscale inlet testing to be used for engine development tests.

A well-defined compatibility program including the definition of the data transmission formats, test sequence, criteria for

decision making, the scope of dynamic distortion tests, demonstration points, type of instrumentation, and location of

aerodynamic interfa

3.

ce plane.

Development Phase

This phase starts when system mechanical configurations are defined and terminates when the propulsion system is ready
for field use. The airframe, inlet, and engine configurations are refined through extensive test programs. The performance
and compatibility of the airframe/inlet system are developed through wind-tunnel tests of large-scale models, and of the
engine, through engine and component tests using suitable distortion generators. A full complement of dynamic
instrumentation, located at the agreed AIP, is utilized during testing. Prior inlet distortion and engine tolerance commitments
are updated based on realistic test data and changing requirements.

Updated stability margin
tests with inlet distortion
design changes occur.

and stability pressure ratio changes due to distortion are obtained from,€o
Distortion stability coefficients are adjusted correspondingly, and the procel
The descriptor is used to verify inlet distortion levels, and design.variable

ramp position, cowl shape, bleed and bypass are examined for their effects on distoftion. Upd

obtained from wind tunn
simulations are used to
and engine have demor

4. Engine Qualificatior

bl and flight tests, are used to refine stability and performance.assessments|
ocus attention on components requiring further development) At the end of
strated compatibility throughout the required flight envelope.

or Certification Phase

This phase represents {he period during which tests are performed.tasclear the engine for initial

production, and eventu
performance and stabili
inlet/engine interface teg

¢ Inlet/engine interfac

o Airflow

o Total pressure
o Total temperatu
o Altitude ambien

Installation interface

blly, for full production. Qualification or cetiification requires quantitative
y at a number of selected conditions. Distortion patterns are used during
5t conditions. The test conditions are defined in terms that include:

e conditions

local point-by-point values)
re
pressure

conditions (aircraft service requirements)

mpressor rig and engine
SS is repeated as engine
S such as throat height,
hted distortion patterns,
Descriptors and engine
this phase, the airframe

flight testing, for limited
assessments of engine
this phase to define the

o Customer blee

o

Power extraction

Engine operating conditions

Engine service bleeds (inter-compressor, anti-ice)

o Engine power setting
@)
o Control trim status

At the conclusion of this phase, the engine configuration will have demonstrated acceptable performance and stability for
the specified sets of operating conditions.
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5. Flight Test Phase

Distortion testing through the early part of the development phase defines necessary design changes and provides an
assessment of system performance and stability well in advance of flight. Flight testing may identify design changes and
may uncover problems requiring further development because ground test facilities are limited in their ability to simulate the

full flight and maneuver

envelopes.

The primary engine uses of distortion descriptors are to correlate flight and ground test data, and to identify sources of flight-
revealed performance and stability problems. Comparisons are made with previous engine stability predictions at specific
steady-state and transient operating conditions. Stability assessment procedures may be updated and improved. Flight
stability limits are identified and tracked in terms of descriptor level, aircraft Mach number, altitude, attitude, and inlet and
engine control parameters.

The flight test phase is complete when adequate aircraft propulsion system performance and stability have been

demonstrated over thg

fliaht and manarivar anuvalanac and thara Ara A fiothar raor e

compatibility informatior

6. Operational Phase

Myt oo oo veT— oy CTOpCo—ana—tiCTro—ar T oot e ToqonTCrTe

prior to certification for full production.

During this phase, system engineering changes, alterations in aircraft usage, maintenance effect

assessed for their impa
distortion descriptors wq

The complexity and ex

Ct upon inlet/engine compatibility. If additional testing and instrumentation
uld be identical to that previously described in the flight.t€st phase.

pbense of a compatibility program to execute the ‘multi-phased process d

system requirements. The program for a re-engining of an existing aircraft;.or development of a pod
significant background g
to execute. More stringgnt mission requirements may force severe.departures from experience, t

ts for flight-generated

5, and aging effects are

are required, use of the

pscribed will depend on
Hed installation for which

ata exist based on similar designs and similar@pplications, may be uncomplicated and inexpensive

hus incurring added risk

and therefore added prg
development method to
descriptor formulation 4
program should be cons

gram complexity and expense. The information in this report can be used @s necessary to create a

minimize the risk of inlet/engine compatibility problems. The degree to whi
nd use, assessment techniques, and testing outlined in this document
istent with the expected severity of the compatibility problem.
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1. SCOPE

This SAE Aerospace Information Report (AIR) addresses many of the significant issues associated with effects of inlet
total-pressure distortion on turbine-engine performance and stability. It provides a review of the development of techniques
used to assess engine stability margins in the presence of inlet total-pressure distortion. Specific performance and stability
issues that are covered by this document include total-pressure recovery and turbulence effects and steady and dynamic
inlet total-pressure distortion.

1.1 Purpose

The purpose of this document is to provide specific information about determining the effects of inlet total-pressure distortion
on turbine-engine performance and stability. Testing methodologies and computational fluid dynamics (CFD) approaches
are described. Types and scales of testing hardware are discussed with applications for each.

2. REFERENCES

2.1 Applicable Documents

The following publicatio
shall apply. The applica
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1D, 1-D One dimensional
3D, 3-D Threqd dimensional
A Area
A/B Afterurner
AC Alternating current
A/IC Aircraft
A/D Analog-to-digital
AEDC Arnold Engineering Development Center
AGARD Advisory Group for Aerospace Research and Development
AIP Aerodynamic interface plane
AIR Aerospace Information Report
AOA Angle of attack, degrees
AOS Sideslip angle, degrees
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APD
ARP
ASME
ATF
Ap

At

BLC
bp
bt

CcC

cC

T

CDGC,
CDTC,

CFD

DFRC

Amplitude probability density

Aerospace Recommended Practice

Amer

ican Society of Mechanical Engineers

Altitude test facility

Pressure distortion transfer function

Temperature distortion transfer function

Stability limit line loss weighting or superposition factor

AlIP d
Boun
The .
radial
Supe
comp

Circu
passi

Circu

not passing through the origin

Disto
Disto

Comp

Radig

Cons

stortiomparameterweighting orsuperposition factor
lary layer control

atio of the loss of stability pressure ratio due to a 180 degree one-per-rev |

pnents of total-temperature distortion

ng through the origin

mferential total-temperature distortion\offset coefficient for sensitivity or p

tion generation coefficient
tion transfer coefficient

utational fluid dynamics

| offset tefm for the hub

anti(offset) for ring i

oW pressure region with

distortion to the loss of stability pressure ratio due to a pure_circumferential 180 degree one-per-
rev pattern

position function which accounts for coupling effects between the circumferential and radial

mferential total-pressure distortion offset cogfficient for sensitivity or portign of sensitivity lines not

prtion of sensitivity lines

Radial total-pressure distortion offset coefficient for sensitivity or portion of sensitivity lines not passing
through the origin

Tip radial total-pressure distortion offset coefficient for sensitivity or portion of sensitivity lines not passing

through the origin; radial total-temperature distortion offset coefficient for sensitivity or portion of sensitivity
lines not passing through the origin

Radial offset term for the tip

Diameter

Dryden Flight Research Center
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DPC Circumferential distortion parameter

DPR Radial distortion parameter

DPS AIP distortion screening parameter

DTC Temperature distortion parameter

ECS Environmental control system

EXp Extent function which accounts for change in loss of stability pressure ratio due to the extent of the total-

pressure pattern differing from 180 degrees

EX; Extent function which accounts for change in loss of stability pressure ratio due to the extent of the total-
température pattern differing from 180 degrees

f Freqyency

F Force

FADEC Full apthority digital electronic control

Fy Grosg thrust

FOD Foreign object damage

f(0) Combined pressure and temperature distortionisuperposition and spatial orientgtion function

f(ei’) Extent function

FX Axial force distribution

g Acceleration due to gravity,

HCF High cycle fatigue

HP High-pressure

HPC High-pressure.compressor

ID Inner (digmeter

IGV Inlet guide vanes

5 Radial intensity parameter

JSF Joint Strike Fighter

KC, Circumferential distortion sensitivity for ring i

KCp Circumferential total-pressure distortion sensitivity

KC; Circumferential total-temperature distortion sensitivity

K Average radial sensitivity
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KRAD

KR

KR,

KR,

K

.
Ko

L

LP
LPC

LwcC

MFR
MLC
MPR

MVD

NACA
NAPC
NASA
NATO
NC

Nc

NF
NR
NSMS

oD

Radial distortion factor

Radial distortion sensitivity for ring i

Radial total-pressure distortion sensitivity

Tip radial total-pressure distortion sensitivity

Temperature distortion sensitivity

Circumferential distortion factor

Characteristic length

Low-{
Low-{
Liquid
Mass

Mach

Mass
Mass
Mean
Multig

Medid
diame

Numj
Natio

Nava

ressure

ressure compressor

water content, the mass of the supercooled liquid in a unit volume of dry air

number

flux

flow ratio

line code

le per revolution

n volumetric diametef\(half of the LWC is of greater diameter and half
bter)

er of instrumentation rings; turbine engine rpm
nal Advisery Committee for Aeronautics

AiriRropulsion Center

National Aeronautics and Space Administration

North

Atlantic Treaty Organization

Core speed, rpm

Engine rpm corrected to standard sea level conditions

Fans

peed, rpm

Non-random

Noninterference Stress Measuring System

Outer diameter

of the LWC is of lower
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P
PAV

|:>AVG

PAVLOW
PFAV
PLA

|:’MAX

P

MIN

PR1

PRDS

PRi, PR(i), PR
PRDS

PRO

PSD

RANS
RFG
RMS
rpm

RSS

SFC
SLCC
SM
SSA

S-16

Static pressure
Average pressure, usually for a ring

Average total pressure of the AIP

Average pressure in the extent
AIP average total pressure
Power lever angle

Maximum total pressure of the AIP

Minimum total pressure of the AIP

Presdure ratio on undistorted flow stability limit line
Distorted flow pressure ratio

Presgure ratio i

Presgure ratio on distorted flow stability limit line
Presdure ratio on undistorted operating line
Power spectral density

Relative total pressure

Rate pf heat added to a fluid
Radiys
Reynolds averaged Navier-Stokes
Randpm frequen€y-generator

Root means/square

Revolutions per minute

Root-sum-square

Superposition function which accounts for coupling effects between total-pressure distortion and total-
temperature distortion

Specific fuel consumption
Streamline curvature code
Stability margin

Statistical stability assessment

SAE Turbine Engine Inlet Flow Distortion Committee
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SW
T
TDC

TR

VSTOL
Vi

WA, WA2

a, AOA
ai

B, AOS

Bmetal

APC/P
AP/PC
AP/PR
APR/P
APRS

APRS,
APRS,
APRS,

ASL

Shaft

work

Temperature

Top d
Total

Veloc

ead center
temperature ratio

ity, local wheel speed

Convective velocity

Veloc

ity; absolute velocity

Axial

Relat
Vertig
Tangg
Comy

Mass

velocity

ve velocity

al/Short Takeoff and Landing
bntial velocity

ressor inlet corrected airflow

transfer rate across boundary

Test article angle of attack; absolute air angle

Weig

nting factor for ring i

Test article angle of sideslip; relative‘air angle

Blade

Ratio
Temp

Circu

metal angle

of specific heats
erature ratio; deviation

mferential pressure distortion intensity element

Circu

mferential total pressure distortion term

Radial total pressure distortion term

Radial pressure distortion intensity element

Loss of stability pressure ratio

Stabil

Stabil

Stabil

ity pressure ratio loss due to circumferential total pressure distortion
ity pressure ratio loss due to radial total pressure distortion

ity pressure ratio loss due to temperature distortion

Loss of stability limit line
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ASM
AT/TC
AT/TR

(AT/TC)2s
n
.

9+

¢

Q)
Subscripts
1

180

25

HPC

HUB

Loss in stability margin

Circumferential total temperature distortion term

Radial total temperature distortion term

Level of HPC inlet circumferential total-temperature distortion
Efficiency

Extent in degrees of a low-pressure region

Extent in degrees of a high-pressure region

Wavelength

Density of air

One standard deviation
Characteristic time or time constant
Auto-power spectra

Presgure ratio loss

Bladd entrance

Related to a 180 degree pattern
Bladd exit

Inlet/@ngine station 25
Circupnferential

Hub

High-pressure compressor

Related to the hub

Ring number

Pressure

Radial

Related to the tip

Temperature

Associated with velocity component U

Related to extent
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3. STABILITY MARGIN AND LOSS OF STABILITY PRESSURE RATIO

Compressor stability margin definitions fall into two general classes: (1) stability margin defined at constant corrected airflow,
usually at the compressor inlet, and (2) stability margin defined at constant corrected rotor speed.

Stability margin defined at constant airflow has advantages for inlet-engine airflow matching and stability assessment. With
this definition, both inlet distortion and engine distortion tolerance can be expressed as functions of airflow. Consequently,
the corrected airflow passing through the aerodynamic interface plane can be used as the common denominator for both
inlet distortion and engine distortion tolerance.

Stability margin defined at constant corrected rotor speed has advantages for the engine manufacturer as most compressor
design procedures and testing are carried out at constant corrected rotor speeds. Also, stability margin at the limiting rotor
speed can typically be experimentally determined without extrapolation. Some engine configurations (e.g., auxiliary power

units and single spool turboprops) are designed to operate at constant mechanical speed. It often makes sense to consider

ron-accacomante pioina tha ~anctant ~areantad onand annapintins s

completing stability ma
configurations. Addition
ratio changes with relati
improve the resolution g

NOTE: When constant
compressor cof
corrected airfloy

The inlet/engine compa
constant corrected airflo
corresponding constant
method.

3.1 ARP1420 Definiti
ARP1420 recommends
defined at the inlet of f{

difference between the s
Referring to Figure 1, th

T T oo oo to— ooyt C— SOttt CoOTC ot U—op e o—acTour g —

blly, for compression components which exhibit flat speed-line characteris
ely large changes in corrected airflow), constant corrected speed stability nf
f the destabilizing terms used in the assessment.

corrected speed stability accounting methods are being used{’it is often
v matching at the aerodynamic interface plane.

tibility guidelines of ARP1420 recommend a total-pressure distortion nj
w accounting. This section discusses that definitionr and the rationale for its
corrected speed stability accounting definitions are provided to facilitate
bns and Rationale

hat stability margin accounting be déefined using the constant corrected airfl
he compression component, (The recommended ARP1420 stability mar

stability pressure ratio andthe operating pressure ratio, normalized by the
e ARP1420 undistorted percent stability margin available is defined as:

_PR1-PRO_
PRO

SM 100

UNDISTORTED FLOW

>thod for these engine
tics (i.e., small pressure
nargin assessments can

necessary to provide a

rected airflow versus corrected speed characteristic to théinlet design {eam thereby facilitating

ethodology which uses
choice. Additionally, the
appropriate use of that

bw approach with airflow
jin is calculated as the
bperating pressure ratio.

(Eq. 1)

STABILITY LIMIT leE\

PRESSURE A
RATIO g k
{PR) RDS
DISTORTED
FLOW
PRO  STABILITY LIMIT
LINE
OPERATING AIRFLOW

CORRECTED AIRFLOW

Figure 1 - ARP1420 stability margin definition
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The ARP1420 loss in stability pressure ratio due to inlet total pressure distortion (APRS) also is measured at constant inlet
corrected airflow with the variable geometry, if any, in the scheduled position. APRS is the loss in percent stability pressure
ratio due to inlet distortion normalized by the undistorted stability pressure ratio. With reference to Figure 1:

PR1- PRDSX
PR1

APRS = 100

(Ea. 2)

The loss in stability pressure ratio is normalized by the undistorted stability pressure ratio rather than by the operating
pressure ratio because the operating pressure ratio may not have been defined when compressor rig tests were made to
determine the effect of distortion on compressor stability. Also, a better comparison among compressors from different
engines can be made using a distortion sensitivity that is independent of the operating point. By creating a distortion
sensitivity correlation for the compression system that is independent of the operating point, the same correlation can be

used in multiple engine configurations which are derived from that single unique compression system.

While stability margin a
there are sometimes go
approach. Such an app
system pressure ratio W
corrected speed line. E

constant corrected airtflow Is the recommended approach for typical stal
pd reasons to consider conducting stability margin assessments using_a-¢
roach might be used for operating condition changes that result inpsmall ¢
hile at the same time exhibiting large changes in compressor corrected
hgines which are routinely operated at constant mechanical speed, low-

some centrifugal compressors exhibit such behavior. For that reason, stability margin‘accounting al

speed has become a st3
used in Equations 1 and

NOTE: All margin and
process must b
margin and all li
for the specific ¢
stability margin
corrected speeq
designations wi
equations desig

Fan data, both with and
of stability pressure ratiq

bility margin accounting approach used by some enginesmanufacturers. E
2 are typically used for constant corrected speed stability margin account

jestabilizing factors associated with a specific operating condition in a stg
b consistently accounted for. That is, constant Corrected airflow-based au
he item destabilizing factors must be derivedftém a single consistent const
perating condition being evaluated, while constant corrected speed-based
and all line item destabilizing factors fnust follow the corresponding sir
| line associated with the specific operating condition being evaluated. I
th an "a" are associated with distortion-based constant corrected airflow
nated with a "b" are associated with distortion-based constant corrected sy

without inlet distortion, are.shown in Figure 2 to illustrate the definitions of
due to inlet distortion:

bility margin accounting,
bnstant corrected speed
hanges in compression
birflow along a constant
bressure-ratio fans, and
bng a constant corrected
Huations similar to those

ng.

bility margin accounting
dits require that stability
Ant corrected airflow line
audits must ensure that
gle consistent constant
what follows, equation
stability accounting and
eed accounting.

stability margin and loss
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2.8 -
Undistorted Flow
Stability LimitLine
2.6 -
.2
)
©
(2’4 /
(]
= 24 —
(7]
o -
a Distorted Flow
Stability Limit Line
2.2 1
\Operating
Line
2 1] 1] 1
85 90 95 100

Corrected Airflow

Point Number Corrected Airflow Pressure Ratio
1 87.9 2.45
2 89.3 2.49
3 92.2 2.58
4 96.4 2.72
5 89.3 2.45
6 93.1 2.58
7 96.4 2.70
8 89.3 2.07
9 94 .4 2.28

0 96.4 2.36

Figure 2 - Fan map to illustrate stability margin definition

Using the nomenclature of Figure 2, ARP1420 constant corrected airflow stability margin, with no inlet distortion, at 89.3%
airflow is:

v (PR)2 ~(PR)

x100 = 20.29% (Eq. 3a)
(PR)g

Alternatively, the corresponding constant corrected speed undistorted flow stability margin is calculated as:

(PR/WA), —(PRIWA)s 00—
(PR/WA ), B

SM = 15.40% (Eq. 3b)
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In the example shown in Figure 2, the dashed lines represent a shift in performance due to inlet distortion. The loss in
stability pressure ratio at constant corrected airflow due to distortion is calculated at the stability limit airflow with inlet
distortion. At 89.3% inlet airflow:

(PR); —(PR)s
(PR),

APRS = x100 =1.61% (Eq. 4a)

Alternatively, the equivalent distorted constant corrected speed loss of stability limit line, ASL, is calculated as:

(PR/WA), - (PR/WA)
(PR/WA),

ASL = %100 =1.57% (Eq. 4b)

With reference to Figures 1 and 2, the stability margin with distorted flow for constant corrected airflow is:

sM, — PRDS=PRO_, 0, _ (PR)s —(PR);

x100 = 18.36% (Eq. 5a)
PRO (PR)g

In a similar fashion, the corresponding distorted stability margin at constant corrected.speed is:

(PR/WA)s — (PR/WA ),

SMy =
dist (PR/WA),

x100£13.59% (Eq. 5b)

The change in stability margin at constant corrected airflow is related.to the loss of stability pressure ratio, APRS, by:

PR1

ASM = —_APRS = ((PR)Z

(PR)s

JAPRS = (1 + %)APRS (Eq. 6a)

PRO

Similarly, the change in [stability margin at constant cerrected speed is related to the loss of stability limit line, ASL, by:

(PR/WA),
(PR/WA),

ASM= ASL = (1 + %)ASL (Eq. 6b)

Substituting the corresppnding numerical values from this example yield for constant corrected airflow:

ASM = 2321 61=[14 2022 ) ¢4 (Eq. 7a)
2.07 100

While for constant corrected speed accounting we get:

ASM=M1.57= 1+H 1.57 (Eq. 7b)
2.28/94 .4 100
For the constant corrected airflow example, at 89.3% airflow:
ASM =1.2029 x1.61=1.93% (Eq. 8a)

While the corresponding constant corrected speed accounting passing through the same stability limit point yields:

ASM =1.1540 x 1.57 = 1.81% (Eq. 8b)
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3.2 Recommended Definitions of Stability Margin

While many definitions of stability margin have been used in the past, the propulsion community has generally reached
consensus on the two stability margin accounting approaches discussed and illustrated in 3.1. The current consensus
stability margin definitions in terms of the nomenclature and numerical values of the undistorted flow lines in Figure 2 are
provided in Table 2, illustrating that the numerical value of stability margin is dependent on the stability margin definition.

The list of stability margin definitions in Table 2 is not comprehensive and while other definitions do exist, this document
recommends use of the constant corrected airflow approach to facilitate simple and effective communication between
engine operability and airframe inlet design teams. As stated previously, in some circumstances there may be benefits to
use constant corrected speed accounting methods and as such, the second stability margin definition is provided in Table 2.

Table 2 - Recommended stability margin definitions

D P Y DR R T
FCILCTIU oldUINIlY

Number Definition Margin
] (PR)s =(PR)10 100 15.25 Constant Corrected
(PR)4o (Refer to ARP1420) Airflow
ot (PR/WA), — (PR/WA),, 100 14.30 Constant Corrected
(PR/WA),, ‘ $peed

T WA denotes compressor inlet corrected airflow.

NOTE: For compression systems exhibiting vertical compression system corrected speed lines| the constant corrected
speed accounting process decomposes into the constant corfected airflow approach and yields identical stability
margin results. |However, for all non-vertical speed line characteristics, care must be {aken to assure that all
accounting line[items included in a stability audit consistently follow the constant correcied airflow approach for
constant corrected airflow audits or the constant correctéd speed line approach for constant corrected speed audits.

3.3  Stability Margin wjth Inlet Distortion
Clean-flow stability available margin, distorted-flow stability margin, and the loss in stability margin due to inlet distortion
calculated for the two definitions of stability margin presented in Table 2 are compared in Table 3. Clean-flow stability
margins in Table 3 range from 15.40 to 20.29%, while the corresponding loss in stability marginf due to the test level of
circumferential distortion ranges from 1.81.10.1.93%.

Table 3 - Commparison of stability margin definitions show different distortion accdunting levels

Constant Congtant Loss in
Distorted-Flow | Corrected Corrgcted Stability
Data Points Undistorted-Flow Stability Airflow Speed Margin Due
Definition | Undistortedd_~Distorted Stability Margin, Margin, to Distortion,
Number Flow Flow Percent Percent APRS ASL Percent
1 2,8 5,8 20.29 18.36 1.61 | —mmmemmemee- 1.93
2 1,9 59 15.40 13.59 | e 1.57 1.81

The effects of inlet total-pressure distortion on engine stability can be accounted for consistently using either of the
compressor stability margin definitions listed above. Definitions which give higher values of stability margin usually have
greater sensitivity to distortion so that all definitions reproduce the test stability limit point for the test level of inlet distortion.
However, each method may estimate a different stability-limit-remaining value prior to reaching the compression system
stability limit.

Rotor speed and airflow relationships are required, both with and without inlet distortion, to match inlet operating airflow for
constant speed stability margin definitions. Constant airflow stability margin definitions, on the other hand, enable rapid
assessments of distortion effects on stability margin to be made at the matched inlet and engine airflow. Stability
assessments made at constant inlet corrected airflow, defined at the aerodynamic interface plane, simplify communication
across the interface plane since inlet performance, inlet stability, inlet distortion, engine performance, and engine stability
are all functions of the corrected airflow at the interface plane.
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Different definitions of stability margin give different numerical values for stability margin and loss in stability margin, as
illustrated by Table 3. This can cause confusion in inlet/engine compatibility studies because each definition provides a
different numerical description of stability. Consequently, an engineer trying to compare the stability of propulsion systems
that utilize different definitions of stability margin and different accounting procedures has to understand different
methodologies and then translate stability margins into a common reference frame for comparison. This translation may
require data that are not readily available, such as compressor maps with and without distortion. Such a translation will
certainly require additional work for accurate comparison of different audit system results.

The ARP1420 constant-corrected-airflow stability-margin definition and the associated APRS definition are recommended
by the SAE S-16 Committee to meet the need for a consistent approach to quantifying inlet/engine stability assessment with
inlet total-pressure distortion. Stability accounting systems based on these definitions are widely used and have been
successful on all applications to date.

The use of the ARP1420 definition of stability margin for inlet total pressure distortion assessment does not preclude the

particular engine config
definition, stability marg

3.4  Stability Limit Line
In the example of Figurg

the compressorrig. In' s
may not be possible. F|

stability limit line at high airflows in the compressor overspeed regime. Ifithe operational limit ro

extrapolation of the stal

It is common practice to
is used to estimate the Iq
how different stability li
Figure 2 also appears in
line with radial distortior
limit line as shown in H
extrapolation. The matc
that stability accounting

The effect of these diffe
of distortion are shown i

......

p
uration may require an alternative stability margin definition. In this_c4q
n loss, and stability assessment procedure need to be specified.

Extrapolation in the Compressor Overspeed Region

2, the stability limit line was defined up to the operating airflow by testing g
pbme test rig situations, the achievement of high corrected rotor speeds an

ility limit line still may be required to extend the stability limit line to the hig

test compression components without distortion and at one level of distor
ss of stability pressure ratio due to differing inlet distortion intensities. The f]
mit line extrapolations can affect this«gstimation procedure. The same u
Figure 3, but in Figure 3 it is assumed that the speed line shown is a limi

intensity of 0.10 also is shown, incFigure 3. Stability limit line extrapolatiol
igure 2 for undistorted operation. Stability limit line extrapolation 2 is a
ned inlet-engine airflow has been selected as the test airflow with inlet dist
can reproduce the test conditions.

ent stability limit line eéxtrapolations on estimates of the ARP1420 stability
h Table 4.

As stated in ARP1420, a

se, the stability margin

t higher rotor speeds on
I corresponding airflows

br example, rig power supply constraints may make)itiimpossible to det¢rmine experimentally a

or speed is achievable,
nest operating airflow.

ion. Linear interpolation
bllowing example shows
hdistorted speed line in
ing speed line. A speed
n 1 is the same stability
higher stability limit line
brtion, 94.9% airflow, so

margin for various levels
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2:9 7 Stability Limit Line
Extrapolation #2 /
2.8 A / .
9N - “Stability Limit Line
2.7 - / /7,  Extrapolation #1
../\10
26 - )
L
© 25 -
g
S
2 24 - 11
8 2.
a AN
2.3 ~
2.2 A
Operating
21 4 Line
2.0 T T T
85 90 95 100
Corrected Airflow (%)
No Inlet Distortion Limiting Speed
— e e e With'Radial Inlet Distortion Limiting Speed, APR/P = 0.10
Point Number Pressure Ratio Airflow
9 2.71 94.9
10 2.67 94.9
11 2.35 94.9
12 2.30 94.9
Kigure 3 - Fan map to illustrate effect of stability limit line extrapolatioh

Table 4 - Effect of stability limit line extrapolation on stability accounting

APRS - Loss in Stability
Inlet SM - Stability Margin Pressure Ratio
Distortion with Inlet Distortion Due to Inlet Distortion
Level Stability Limit Stability Limit Stability Limit Stability Limit
(APR/P) Line 1 Line 2 Line 1 Line 2
0 16.1 17.8 0 0
0.05 9.1 10.0 6.0 6.6
0.10 2.2 2.2 12.0 13.3
0.11 0.8 0.6 13.2 14.6
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It can be seen by examining Table 4:
¢ A higher undistorted stability limit line is compensated by an increased loss in stability pressure ratio with inlet distortion,
so that both stability limit line extrapolations produce the same distorted stability margin for the test conditions of APR/P
=0.10.

A high stability limit line extrapolation (2) gives higher stability margin estimates for distortion levels that are lower than
tested and lower stability margin estimates for distortions higher than tested.

Distortion tests should be conducted at or above maximum anticipated distortion levels because interpolation is ALWAYS
safer than extrapolation.

4. STABILITY PRESSURE RATIO CORRELATION

Estimation of the loss of
a stability assessment (

Section 5). APRS, defined in Section 3, can be correlated using the distor,

described in this section. This section also discusses the rationale underlying the selection"of'th

elements.

Sample probe readings
pressure-ratio correlatig
process, the data are gi
are presented as descri

Three correlation syster
pressure ratio distortior]
methods for and probler
4.1 Distortion Descrip
Aerodynamic Interface

readings (pattern) and n
descriptors provide a m
system development. A
have been identified (ref
are used to define each
elements are used to q
pressure-probe readingy

in rake and ring arrays, as described‘in Section 8. Circumferential and radial distortion elements, w

the pressure-probe rea
circumferential and radi

based upon screen test data are given for a variety of patterns useful fo
n system and for checking out a distortion descriptor element computati
en in terms of probe-by-probe total-pressure readings-and the associated
ptor element values and illustrated with bar charts.

hs are described to familiarize the reader with the’'type of data required fo
correlation system and to illustrate achievable accuracies. Section 4 e

tor Element Definitions

Plane total-pressure probe dataare used to describe inlet distortion direc
Limerically in terms of distortion descriptors that are related to the severity of
eans of identifying critical distorted inlet-flow conditions and of communi
Liniversal distortion descriptor is beyond the state-of-the-art; however, disto
er to ARP1420) for usetin structuring a distortion descriptor for a particular

distortion descripter/system and its associated computation procedure. ]
uantify the distortion at the AIP. Fundamental to the distortion-descripto
5 that are usedito describe the total-pressure distribution. The pressure pro

dings,<are” defined on a ring-by-ring basis. Inlet spatial distortion is
bl elefents and is discussed in detail in the following paragraphs.

ns of screening inlet data and formulating a‘universal screening procedurel

{

mental to accomplishing
tion descriptor elements
bse distortion descriptor

I constructing a stability
bn program. To aid this
contour plot; the results

r constructing a stability
nds with discussions of

ly in terms of the probe
the distortion. Distortion
cating during propulsion
tion descriptor elements
engine. These elements
[he distortion descriptor
r elements is the set of
es usually are arranged
ich are calculated using
described in terms of

Circumferential distortio
elements.

h is’described for each instrumentation ring interms of infnncify1 extent an

multiple-per-revolution

Intensity: The circumferential distortion intensity element (APC/P) is a numerical indication of the magnitude of the pressure
defect for each ring.

Extent: The circumferential distortion extent element (6°) is the angular region, in degrees, in which the pressure is below
ring average pressure.

Multiple-per-Revolution: The circumferential distortion multiple-per-revolution element (MPR) is a numerical indication of the
“effective” number of low-pressure regions for each ring.

The radial distortion intensity element (APR/P) describes the difference between the ring-average pressure and the face-
average pressure for each ring. Both positive and negative values of radial intensity are possible. Positive values reflect a
ring-average pressure that is below the face-average pressure.
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4.1.1 Circumferential Distortion Elements - One-Per-Rev Patterns

The “intensity” and “extent” elements of circumferential distortion are obtained by linear interpolation of the pressures in a
given instrumentation ring i. Typical pressures for the probes in the i" ring for a representative one-per-revolution pattern

(one pressure defect in 360 degrees) are shown in Figure 4. Theta minus, 6;, is the circumferential extent of the low-

pressure region measured in degrees. It is defined by the intersection between the ring average pressure and the linear
interpolation which subtends the low-pressure region.

Extent=(07)=0, -6, (Eq. 9)
Intensity,
(APC) _ (PAV), - (PAVLOW ), (Eq. 10)
L P (PAV),
where:
1 360
(PAV), = 260 '[P(e)ide = ringi average pressufe (Eq. 11)
0
(PAVLOW ) = —- j P(60)do (Eq. 12)
0; h
P(0), is a function resulting from a linear fit between the data pgints.
The intensity element is|equal to the shaded area of Figure 4 divided by the product of 6; times (RAV);, and:
Multiple-Per-Rev = (MPR), = 1 (Eq. 13)
€
<« pg—>
TOTAL
|_PRESSURE | e e —(PAVY_ |
(P) !

= |—(PAVLOW)

01 0.

i i
CIRCUMFERENTIAL LOCATION (DEGREES)

Figure 4 - Ring circumferential distortion for a one-per-rev pattern
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4.1.2 Circumferential Distortion Elements - Multiple-Per-Rev Patterns

The circumferential distortion intensity and extent elements for multi-lobe distortion patterns also are determined by a linear
interpolation procedure. A pattern with two low-pressure regions separated by two high-pressure regions of extents 0;; and

5> appears in Figure 5. In all that follows, the analytical expressions are written for the k'™ low-pressure region for Q low-

pressure regions for each ring. The extent and intensity elements of each low-pressure region are calculated using
Equations 9 and 10.

4.1.2.1  Patterns with 0; < 0.,
If the pattern has low-pressure regions circumferentially separated by high-pressure regions with extents less than or equal
to 0, , it is considered as an equivalent one-per-revolution low-pressure region. 0y, is specified by the descriptor developer

min

and is a function of the predicted-or measured engine response-to distortion. 2lue-of 0 of approximately 25 degrees
is suggested in the absence of other information.
In Figure 5,
Q
Extent = 0; = > 0 = (0, - 0;), + (0, — 03), (Eq. 14)
k=1
Intensity =[APCJ = PAV), (;f\,j\)\/LOW), (Eq. 15)
i |
where:
1 Q
(PAVLOW,); :e—_z P(6),de (Eq. 16)
i k=1 05
— g € ¢l >l o —>{€—gh—p>»
TOTAL m — _\ (PAV),
PRESSURE |
(P)

01 82 83 B4
CIRCUMFERENTIAL LOCATION (DEGREES)

Figure 5 - Ring circumferential distortion for a multiple-per-rev pattern
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Hence,

Multiple-per-rev = MPR

4.1.2.2 Patterns with

If the pattern has low-pressure regions circumferentially separated by high-pressure regions with extents greater than 6

then the multiple-per-re

APC

Intensity [ j is the
i

Extent 6; is the 6; cor

The multiple-per-revolut
on the ratio of the total
by the equation:

4.1.3 Radial Distortio

The radial distortion inte|
pressure divided by the

values reflect a ring-av
Figure 6. The arrows ind

(APC) =1

P ) Q

i ze&
k=1

= 1 for this case.

+
min

05 >0

(Eq. 17)

+
min

olution element is greater than one.

AP j 9'4 _
P ik

(_A:ZCJ corresponding to the maximum value of K
ik

C

AP .
ik

esponding to the maximum value of K

on term is defined as the number of equivalent Iow-pressure regions, the ¢
ntegrated area beneath (PAV)i in Figure 5 tfo-the largest single area bene

(%),
|

>|(%¢) o

Multiple - per - revolution = (MPR), = =

max

N Elements

ace-average-pressure. Both positive and negative values of radial intensity
brage pressure that is below the face average. A typical tip-radial distor]
icatethe difference in radial pressure for ring 5. For the general ring, i, the rg

quivalence being based
ath (PAV). This is given

(Eq. 18)

nsity of a ringis*defined as the difference between the face-average pressiire and the ring-average

therefore occur; positive
ion pattern is shown in
dial intensity is given as:

where:

PR
P

4 \ 4 AY
_ (PFAV—(PAVT;
(PFAV)

5

PFAYV is the area-weighted face-average pressure. For N rings at centers of equal areas:

It should be noted that the definition of the radial intensity implies that %Z

PFAV =

i (PAV),

Z|=

N APR

P

=)

i=1

(Eq. 19)

(Eq. 20)
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avoiding complicated m|
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Figure 6 - Radial distortion pattern
nent Definitions

tortion-descriptor elements given in 4.1 were chosen for\a number of reas
e elements should describe well-established facts, that/is, the stability of
o the magnitude of a circumferentially varying total-pressure defect (circu
e defect region (extent), the number of defectsencountered by a blade in
of a radially-varying total-pressure defect (radial intensity), and whether th
e hub, mid-span, or tip regions of the compression-component inlet (refer

e circumferential distortion intensity elément was chosen to aid in maki
athematical expansions and to avoid sensitivity to a single-probe low tots

is descriptive of the flow, butdoes not take the response of the turbomac
element was nondimensignalized by the ring-average total pressure rathe

pressure in an attempt {
This “double bookkeepi

b reduce the apparent “double bookkeeping” that occurs when analyzing ¢
g” occurs when the low-total-pressure region may contribute to both the ¢

intensity elements so aq to effectively make the defect appear more severe than it actually is.

To reduce the computation time forsthe time-variant distortion descriptor elements, linear intg
adequate for determining the angulatextent (6°) of a low-pressure region, thus avoiding differing r
interpolation used (Fourier curve-fit, polynomial, spline). This pragmatic approach to handling
produces results that carrelatéto an acceptable degree of accuracy.

bns. The most important
an engine compression
mferential intensity), the
pne revolution (multiple-
e circumferential and/or
to SAE 680286).

ng hand calculations by
I-pressure reading. The

by averaging the pressures in the-fow total-pressure region, thus avoiding an expression such as

hinery into account. The
than face-average total
bmplex aircraft patterns.
rcumferential and radial

rpolation is considered
bsults due to the type of
large amounts of data

A continuous functional . répresentation. indicating the presence of multiple-per-rev regions. rath

pr than an integer jump

function, was chosen because the stability response of compression components varies in a continuous manner, depending
on the relationship between the intensity-extent products for each of the low-pressure regions.

4.3 Sample Element Calculations

As an aid to interpreting and calculating the distortion-descriptor elements, an example inlet pattern, illustrated in Figure 7,
is examined in detail. The corresponding probe readings, normalized by face-average total pressure, are given in Figure 8.
The pattern has two low pressure regions separated by more than 25 degrees in the outer rings and is termed a “two-per-
rev pattern.” The ARP1420 recommended probe array is superposed. The calculation of the circumferential distortion
elements for the inner ring where the circumferential profile is only a one-per-rev profile is illustrated in Figure 9. The intensity
element (APC/P) is 0.02 per Equations 10 and 12. The extent element (6°) is 157 degrees and the multiple-per-rev element
(MPR) is 1.0 per Equation 13. The calculation of the circumferential distortion elements for the outer ring is illustrated in

Figure 10. This ring has two low-pressure regions separated by more than 0., . In this case, the intensity is equal to the
value associated with the largest area under the ring-average total pressure. The multiple-per-rev factor is equal to 1.1 per
Equation 18. The values of the radial distortion elements, as calculated according to Equation 19, are illustrated in Figure 11.
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All distortion elements for each ring of this pattern can be illustrated using a bar graph display as shown in Figure 12. This
type of display makes it possible to obtain quickly the following characteristics of the pattern:

a. The circumferential intensity is greatest at the tip.

b. The circumferential extent is greatest at the hub.

c. The only multiple-per-rev content exists at the tip.

d. The radial intensity is greatest at the tip.

This format gives the data and the results in both tabular and pictorial form and will be used to summarize the data and the

results for the sample distortion patterns of the next subsection. The data for this example as well as the results are given
in Figure 8.

A pattern with two low-pfessure regions separated by less than 0. is illustrated in Figure 13. Fhe’tircumferential distortion

min

intensity element for the outer ring was calculated according to Equation 15 and has a value of 0.026.
. Total Pressure
Probes

Low Pressure
Region

View Looking Forward

Figure 7 - Example of inlet pattern
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Figure 9 - Circumferential distortion elements for inner ring
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Figure 10 - Circumferential distortion elements for outer ring
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Figure 11 - Radial distortion elements
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Figure 12 - Distortion-descriptor elements for thecexample inlet patter
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Figure 13 - Equivalent one-per-rev pattern
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4.4 Example Distortion Patterns

Example distortion patterns are given in this paragraph for use in checking computer program results and to illustrate the
results obtained when calculating the distortion descriptor elements for each of the patterns. The elements of the probe-by-
probe data arrays are the probe readings normalized by the area-weighted face-average total pressure.

Each of these patterns is taken from screen test data. Although the patterns of 4.4.1 through 4.4.6 were intended to be
classical patterns (180 degrees one-per-rev square wave, hub-radial, and tip-radial), and/or stylized combined patterns
(180 degrees one-per-rev + hub-radial, 180 degrees one-per-rev + tip-radial, and 90 degrees one-per-rev + tip-radial), the
actual patterns often had significant differences from the intended patterns. Careful attention to detail is required when
designing a distortion screen if the desired pattern shapes and distortion element values are to be achieved for all test
conditions.

4.4.1 180 Degrees One-Per-Rev Circumferential Distortion Pattern

The information relevant to this pattern is given in Figure 14. The ring circumferential intensity. values are nearly constant
and the angular extent gf the circumferential distortion is uniform from ring-to-ring. There is no.mulfiple-per-rev content and
very little radial distortion content.

Frobe by Probe % devialion

average

8 5 B B

Clockwise from TDiC L feorn face

rake 1) | rake 2 | raked | raked |rake5 | rake 6 |rake7 | raked

b
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Figure 14 - 180 degrees 1/rev circumferential distortion pattern
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4.4.2 Hub-Radial Distortion Pattern

The information relevant to this pattern is given in Figure 15. This hub-radial pattern has almost no circumferential distortion.
The angular extent and multiple-per-rev elements have little physical significance.
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Figure 15 - Hub-radial distortion pattern
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4.4.3 Tip-Radial Distortion Pattern

The information relevant to this pattern is given in Figure 16. This tip-radial pattern has essentially no circumferential
distortion. The angular extent and multiple-per-rev elements have little physical significance.
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Figure 16 - Tip-radial distortion pattern
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4.4.4 180 Degrees One-Per-Rev + Hub-Radial Combined Distortion Pattern

The information relevant to this pattern is given in Figure 17. This 180 degrees one-per-rev + hub-radial combined distortion
pattern has fairly uniform circumferential angular extent, and tip-radial distortion intensity elements. There is minor multiple-
per-rev content in the tip.
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Figure 17 -d480 degrees 1/rev + hub-radial combined distortion pattern
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445 180 Degrees One-Per-Rev + Tip-Radial Combined Distortion Pattern

The information relevant to this pattern is given in Figure 18. This 180 degrees one-per-rev + tip-radial combined distortion
pattern has fairly uniform circumferential and angular extent distortion elements. There is no multiple-per-rev content. The
tip-radial-distortion content is not as uniform as might be desired.
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Figure 18 <180 degrees 1/rev + tip-radial combined distortion pattern
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446 90 Degrees One-Per-Rev + Tip-Radial Combined Distortion Pattern

The information relevant to this pattern is given in Figure 19. This 90 degrees one-per-rev + tip-radial combined distortion
pattern has essentially uniform circumferential and angular extent distortion elements. There is no multiple-per-rev content
in this pattern. The nonuniformity of the tip-radial content is similar to that of the 180 degrees one-per-rev + tip-radial

combined distortion pattern.
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Figure 19 3 90 degrees 1/rev + tip-radial combined distortion pattern
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4.4.7 Two-Per-Rev with Lows Closer than 25 Degrees and with Tip-Radial Distortion Pattern

The information relevant to this pattern is given in Figure 20. This pattern is treated as a one-per-rev pattern which has a
nearly uniform circumferential extent of approximately 140 degrees. The circumferential distortion level is nearly uniform
ring-to-ring with a value of approximately 0.07, and the radial distortion is located at the tip with a value of

approximately 0.02.
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Figure 20 | Two/rév with lows closer than 25 degrees and with tip-radial distortipn pattern
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4.4.8 Two-Per-Rev with Lows Further Apart than 25 Degrees and with Tip-Radial Distortion Pattern

The information relative to this pattern is given in Figure 21. The multiple-per-rev descriptor element for this pattern has a
value of almost two, making it a “bona fide” two-per-rev pattern. The extent of the largest low-pressure region is
approximately 71 degrees. The circumferential distortion is essentially uniform from hub to tip with a value of approximately
0.07 and a tip-radial-distortion value of approximately 0.02.
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Figure 21 - Two/rev with lows further apart than 25 degrees
and with tip-radial distortion pattern
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4.4.9 Aircraft Pattern

The information relevant to this pattern is given in Figure 22. This pattern has strong mid-span circumferential distortion and
strong tip-radial content. The circumferential distortion is essentially 180 degrees in extent, and no multiple-per-rev content
is present.
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Figure 22 - Aircraft pattern
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4.5 Correlation Methods

The loss of compressor stability pressure ratio is related to the distortion-descriptor elements given in 4.1. There does not
appear to be any simple or unique form for combining the elements to correlate the loss in stability pressure ratio that will
meet the accuracy requirements for every compressor. However, the equation given below and in Figure 23 is general in
nature and can be expanded to include nearly any distortion descriptor used to date:

N

APRS =Y Kci(@J +KR{ﬂj +C, |x100 (Eq. 21)
i=1 P i P i

where:

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

N = the number of instrumentation rings

KC, = the circumferpntial distortion sensitivity for ring i

KR, = the radial disfortion sensitivity for ring i

[—AECJ = the circumferential distortion intensity for ring i, defined in 4:1:1
i

(—AERJ = the radipl distortion intensity for ring i, defined in.4:1.2

C, = a constant (offget) term for ring i

APRS - |[Circumferential Term + Radial Term + Constant Tierm|

N
APRS='Y|KC, APC)  kr[APR) ¢

i
i=1 P i P i
Cirgumfetential

Sensitivity /

Circumferential /
Intensity
Radial Sensitivity
Radial Intensity
Constant Term

Figure 23 - Basic equation for calculating stability pressure ratio loss (APRS)
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The sensitivity and offset coefficients are generalized coefficients and will vary with distortion content (extent, multiple-per-
rev), compression system design, and operating conditions. They are derived from test data and should be of sufficient
accuracy to correlate the effect of critical distortion patterns within £2% of stability pressure ratio. For practical purposes,
the generalized coefficients are often expanded. An example of the expanded circumferential sensitivity is given in
Figure 24. This expanded sensitivity is a function of the defect location (hub, mid-span, or tip), the extent and multiple-per-
rev circumferential distortion descriptor elements, as well as the reference sensitivity. The reference sensitivity, usually
based on a 180 degrees one-per-rev circumferential distortion pattern, is generally represented by a constant at a given
corrected speed. If significant nonlinearities occur in the loss of stability pressure ratio with the level of intensity relationship
for the reference pattern, especially at high levels, the relationship can be treated as being piecewise linear. This then leads
to reference sensitivities which vary with level of intensity and contribute to the offset term, Ci.

APRS =Y. KC(AECJ KR[AER]wi <100

T
%J,,;

C o f(e;). f(MPR.)

§

K;

Reference Sensitivity
Extent Functlon

Multiple-Per-Rev Function
Ring Weighting Factor

Figure 24 - Example of expanded circumferential sensitivity
The loss in stability pregsure ratio for downstream compression components can be calculated agcording to Equation 21

through the introductiop of_distortion transfer and generation coefficients in the sensitivity parameters. Methods for
accomplishing this are giscussed in 4.5.1 and 4.5.2.

The following paragraphs provide examples of three methods that have been used to correlate the loss of stability pressure
ratio for compression components. In two cases, the correlation makes full use of ARP1420 distortion-descriptor elements,
but the elements are not used in conjunction with an aircraft program. The third is in use with an aircraft program, but the
circumferential distortion intensity is not the ARP1420 definition. Further, examples of correlations, based on distortion
elements similar to those derived in ARP1420, are given to show the broad range of components that can be treated using
this correlation method.

451 Method A

Method A has been used to correlate data from a three-stage fan in terms of ARP1420 distortion descriptor elements with
the same accuracy as an existing distortion index that has been verified by distortion screen tests, propulsion system tests,
and flight tests.

The example shows a data correlation in terms of four empirical correlation coefficients, namely circumferential sensitivity,
radial sensitivity, hub-radial offset, and tip-radial offset. Fictional, but typical, values of these correlation coefficients are
presented as functions of inlet corrected airflow.
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The philosophy of Method A is:

a. The circumferential sensitivity of Equation 21 is expanded to include ring-weighting factors, an extent factor, and a
multiple-per-revolution factor.

b. The loss in stability pressure ratio due to circumferential distortion is proportional to a weighted average of the distortion-
descriptor elements over the entire interface plane.

c. The loss in stability pressure ratio due to radial distortion is evaluated for two annular regions. For an interface plane
defined by five instrumentation rings, the hub region consists of the inner two instrumentation rings and the tip region
consists of the outer two instrumentation rings.

d. Theloss in stability pressure ratio due to radial distortion is the higher of the losses evaluated for the hub and tip regions.

e. The loss in stabilit
superposition of cird

f. Correlation coefficig

g. Loss in stability preq
flow as defined in 3

4511

APRS, =

Definition of 7]

the loss in st
stability pres

the number ¢

the weightin

proportional

the average

= the ARP14

£ =l ES i Al H £ ol Al digl ot ot H
MICooulT Tatiu UutT U CUITIVITITU CITUUTTITTTTTIUAl Aarid Tauidalr Uitoturtiurio 1

umferential and radial terms.

nts are functions of corrected inlet airflow only, and are independent’of the

2.
erms

ability pressure ratio due to circumferential distortion expressed as a perce
sure ratio

f instrumentation rings

y factor for ring i. To represent(@n existing distortion index, oi was s

N
o the instrumentation ring diameter, subject to Zai =1
i=1

circumferential sensitivity, determined empirically

20 circumferential distortion intensity of ring i

5 obtained by algebraic

distortion pattern.

sure ratio due to inlet distortion is measured from an undistorted stability lipit line with uniform inlet

ntage of the undistorted

elected to be inversely

the ARP142T circumferential extent of the distortion in ring i in degrees

the ARP1420 multiple-per-revolution element for ring i

pressure ratio

= the loss in stability pressure ratio due to hub-radial distortion expressed in percent of the undistorted stability

the loss in stability pressure ratio due to tip-radial distortion expressed in percent of the undistorted stability
pressure ratio

the loss in stability pressure ratio due to inlet distortion expressed in percent of the undistorted stability pressure
ratio (ARP1420 definition)

the loss in stability pressure ratio due to radial distortion expressed in percent of the undistorted stability pressure

ratio
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K = the average radial sensitivity, determined empirically
[ﬂj = the ARP1420 radial distortion intensity of ring i. This intensity can be either positive or negative.
i

C, = theradial offset terms for the hub and tip, respectively. Usually one is close to zero, denoting the region closest

to stability pressure ratio loss, while the other is negative, reflecting the higher stability margin of the region
furthest from stability pressure ratio loss.

45.1.2 Formulae for Loss of Stability Pressure Ratio

The loss in stability pressure ratio due to circumferential distortion is obtained from a weighted average of distortion-
descriptor elements over the interface plane.

N _
APRS, = {Zai KC(A';CJi[gOJ(M;RHX 100 (Eq. 22)

The ring weighting factpr, extent function, and multiple-per-rev function of Equation. 22 were based on experience with
similar fans; consequenftly, the circumferential sensitivity, Kc, is the only empirically determined gorrelating parameter in
Equation 22.

The loss in stability pregsure ratio due to radial distortion is the higher, ofithe loss of the hub or {ip regions. Equation 23
describes the loss in stapility pressure ratio in the hub region which consists of rings 1 and 2, weighjed equally. Equation 24
describes the loss in stgbility pressure ratio in the tip region which censists of rings 4 and 5, weighted equally. Equation 25
determines whether the|hub or tip region is critical for the stability of the particular radial inlet pattedqn and inlet airflow under
investigation.

) _
1 APR
APRS, = —K.|—— | |+C ;%100 Eq. 23
h ﬂ:;z r( = ji_ h}x (Eq. 23)
N1 (APR) |

APRS, = —K.| ——| [+ C; x100 (Eq. 24)

t L;@ r[ P ji_ t
APRS, = larger of APRS, or APRS, (Eq. 25)

Circumferential and radial terms are added:

APRS= APRS_ + APRS, (Eq. 26)

The set of Equations 22, 23, 24, 25, and 26 are equivalent to general Equation 21. An example illustrating this equivalence
is presented later in this section.
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4513

a.

Correlation Coefficients

Circumferential Distortion

The circumferential sensitivity is established from tests with 180 degrees classical inlet distortion screens. A typical
variation of circumferential sensitivity with corrected airflow is shown in Figure 25.

Radial Distortion

Typical variations of radial sensitivity, hub-radial offset, and tip-radial offset are given in Figures 26, 27, and 28,
respectively. The combination of radial sensitivity, hub-radial offset, and tip-radial offset is used to model the piecewise
linear loss of stability pressure ratio with radial distortion, as discussed below. Under ideal conditions (no error), one
radial offset should be zero while the other should be either zero or negative. From Figures 27 and 28, it can be seen
that below 60% airflow the hub-radial offset is significantly negative while the tip-radial offset is not zero, but is between

0.0 and -0.02. This

noradial

affcat raflacta aprear 1o

ndictartad -ctabilit

atio measurement. This

correlation assumeq
value in this airflow
margin that is assur

K

anzara-t 2} 1y DO QHES.
TOTZCToto-radar OrSCTTCTCUtS CITOT T tiC— OmarStOTTIC U~ Staioity - pTreSSUrT

that the undistorted stability pressure ratio was measured between Q-ang
range. Similarly, the nonzero hub-radial offset above 95% airflow describe
ned to be measured a fraction of a percent lower than the true value:
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Figure 25 - Circumferential sensitivity

2% lower than the true
5 an undistorted stability

\

\
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Figure 26 - Radial sensitivity
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c. Piecewise-Linear R

The loss in stability

0
-0.02 //
-0.04 /
-0.06 /
C, -0.08 /
-0.12
-0.14
-0.16
50 60 70 80 90 100 110
PERCENT OF DESIGN CORRECTED AIRFLOW
Figure 27 - Hub-radial offset
0
— AN
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C, AN
-0.08

-0.1

-0.12

-0.14

-0.16
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PERCENT OF DESIGN CORRECTED AIRFLOW

Figure 28 - Tip-radial offset
hdial Distortion Correlation

pressure ratio due to hub-radial distortion usually has a significantly differe

nt characteristic than the

loss in stability pres

e pobtin £y o i po Aol Aot atios ALt oo ot A Pv-S | P a1
SUTCTatUTUT A P atiar UrStoTraoTrT o e same T aygmtout—as o Stratc T

Figure 29. The stability

limit line of a fan can usually be increased by a small amount of either hub-radial or tip-radial distortion. Consequently,
the piecewise-linear curve shown in Figure 30 is faired through the data of Figure 29. An increase in the stability limit
line (negative APRS) over the undistorted stability limit line for hub distortions with an intensity of less than 0.1 is shown
in Figure 30. The slope of the line (radial sensitivity) is assumed equal for both hub and tip distortions. If there were
more data points to justify different slopes, then different sensitivities could be used for hub-radial and tip-radial

distortions.

The use of hub- and tip-radial offset terms to describe the intercepts of the linear correlation lines on the zero distortion axis
is illustrated in Figure 31. The equation used to correlate loss in stability pressure ratio due to radial distortion is illustrated
in Figure 32. In this example, the hub constant Cn = -0.06 while the tip constant Ct = 0. This can be interpreted as the hub
having 6% more stability margin than the tip, which can be used to offset the destabilizing effects of hub-radial and
circumferential distortions. The loss in stability pressure ratio is the maximum value calculated from either the hub or tip
correlation equations. For this example, the hub is critical for hub-distortion intensities greater than 0.05, while the tip is

critical for hub distortion

s less than 0.05 and for all tip distortions.
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% APRS
+10_|
O N S
0.1 0.1
21/2(—1':—3-)_ Hub Distortion Tip Distortion 3.V, (-%':—R)_
i=1 : -10- i <N-1 '
Figure 29 - Example of radial distortion data
_ Siope: _
KR = 000 - 0.6
7-APRS
+10 -
Equal Slopes
I
0.1 0.1
Z 1/ ( APR)_ Hub Distortion Tip Distortion Z 1/ ( APR)
i=1 2 P -10 i=N-1 2 P

Figure 30 - Radial sensitivity evaluation
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M
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Figure 31 - Constant term

APRS = Max{[z Yo KR ( A:R)i ] + c} x 100
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5
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Figure 32 - Modeling radial distortion
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4514

Example Calculations

Evaluate the loss in stability pressure ratio for the aircraft pattern shown in Figure 22 at 100% airflow.

From Figures 25, 26, 27, and 28 at 100% airflow, K_ = 0.55, K = 0.7, C, =-0.002, and C, = -0.096.

For an annular AIP with a hub-to-tip ratio of 0.33 and rings on centers of equal area, circumferential weighting factors are

oi= 0.303, 0.219, 0.180,

0.157 and 0.141.

Evaluating Equation 22 for the pattern defined by Figure 22 gives APRS_ = (0.00615 + 0.00671 + 0.00619 + 0.00341 +

0.00181) x 100 = 2.42.

Evaluating Equation 23
Evaluating Equation 24
From Equation 25, the H

From Equation 26, APR

This particular pattern r
stability margin with hub
4515 Equivalence g

Method A can be put int
average sensitivity, KC,

If Equation 25 indicates

gives APRS, = (-0.0162 - 0.0096 - 0.002) x 100 = -2.78

pives APRS, = (0.0041 + 0.0237 - 0.096) x 100 = -6.82
ub is critical, therefore APRS = -2.78

S =2.42-2.78=-0.36

psults in a small increase in stability pressure ratio atthis operating condi
-radial distortion more than offsets the loss in stability, margin due to circun

f Method A to the Basic Equation

b the form of the basic Equation 21, using\Equation 27 which relates the ri
and by Equations 28 and 29 which set@some of the terms to zero as a res

e

0

i 1
180

KCi = @ KC( MPR.
I

that the hub is critical,.then

ion because the gain in
hferential distortion.

g sensitivity, KC;, to the

It of Equation 25.

(Eq. 27)

(Eq. 28)

If Equation 25 indicates

that the tip is critical, then

KR, =KR; :%

KR1 =KR2 =KR3 =0
C
C4=Csz7t
C1:CZZC3:O

(Eq. 29)

The basic Equation 21 is shown below together with an array which shows each of the terms of the equation evaluated for
the example of 4.5.1. Each line of the array represents the terms of one ring of Equation 21 with the hub ring at the top.
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For this example, Equation 25 indicates that the hub is critical, therefore:

KR, =KR, =0.35
KR; =KR, =KR; =0
C,=C, =-0.001
C3=C,=C5=0

{Kci( Ji+ci}<1oo

APRS =[0.188(0.0327)+ 0.35(- 0.0463) - 0.001
+0.117(0.0574) + 0.35(= 0.0257) - 0.001

APC

5

APR

s

APRS = i

+KR
i=1 i

(Eq. 30)

(Eq. 31)

The radial ring sensitivi
alternative, equivalent
sensitivities and offset t
452 Method B

In this paragraph, an e
Although the following ny
has been developed for
is based on decomposir]
pressure ratio due to ed
determined from classic

4521 Definition of 7]

Correlation of the loss o

+0.099(0.0624)+ 0(- 0.0056)+ 0
+0.086(0.0394)+0(0.0117)+0
+0.0767(0.0236)+ 0(0.0687 )+ 0] x 100

APRS =-0.296

lies and offset terms of Equation 21 can change with“the inlet distortion
quations for calculating loss in stability pressuresratio (Equations 22, 2
rms are functions of inlet corrected airflow only‘and are independent of th

kpansion similar to that of Equation 2+ is developed to show how each
nethod has been used for a number,of compression components, the infor|
a fictionalized fan compression component with two stages. This distortion|
g any aircraft pattern into its-gircumferential and radial elements and estim
ch element. The loss in stability pressure ratio for each distortion element
al and stylized pattern testing.

erms
f stability pressure ratio for the fan component is accomplished using the €

Joos,

AP

PC

AP

s o

APRS =by, x Ex{ch(

(Eq. 32)

pattern, whereas in the
3, 24, 25, and 26), the
e inlet distortion pattern.

term may be obtained.
mation contained herein
sensitivity methodology
ating the loss in stability
is based on sensitivities

mpirical relationship:

(Eq. 33)

where:
APRS =
bp =
compone
EXp =
pressure
KCp = circumfer
AP/PC =

the loss in stability pressure ratio

nts of total-pressure distortion

pattern differing from 180 degrees

ential total-pressure distortion sensitivity

level of inlet circumferential total-pressure distortion

superposition function which accounts for coupling effects between the circumferential and radial

extent function which accounts for change in loss of stability pressure ratio due to the extent of the total-
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CCp = circumferential total-pressure distortion offset coefficient for sensitivity or portion of sensitivity lines not
passing through the origin

KRp = radial total-pressure distortion sensitivity

AP/PR = level of inlet radial total-pressure distortion

CR, = radialtotal-pressure distortion offset coefficient for sensitivity or portion of sensitivity lines not passing through

the origin

Equation 33, when it is written in the form of Equation 21, is similar to an expansion of Equation 21.

APRS = KC(%} + KR(%} +C (Eq. 34)
where:
KC =b, xEX, xKCp (Eq. 35)
KR =KR, (Eq. 36)
C=b, xEX, xCCp +CR, (Eq. 37)

The bracketed terms (Equation 33) represent the loss in stability\pressure ratio due to pure 180 degrees one-per-rev
circumferential and pure radial distortions, respectively. The circumferential total-pressure distprtion term AP/PC was
determined from the maximum value of the expression:

AP, 22: (PRING AVG), - (PRINGMIN),
=32

— (Eq. 38)
P = PFACE AVG
or
5
AP _ 4 ¢ (PRINGAVG), - (PRINGMIN), (Eq. 39)
PC 24 PFACE AVG
where:

i denotes a ring (the-htbring-is-denoted-by-t+and-the-tipringby-5)-

Note that the definition differs from the ARP1420 definition for the circumferential distortion level element, but is related to
it for well-behaved patterns. The radial total-pressure distortion term AP/PR was determined from the maximum value of
the expression

A_P:ma){(P FACE AVG)- (PRING AVG)i} (Eq. 40)

PR PFACE AVG

Only positive values are considered. The maximum value usually is contributed by either i=5 (tip-radial) or i=1 (hub-radial).
This definition is identical to the ARP1420 radial distortion level element definition.
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4522

Coefficient Determination (Constant Corrected Speed)

This paragraph reviews the manner in which the coefficients of Equation 33 were determined. Prior to this discussion, it is
instructive to examine the coefficients in more detail to determine what they represent. Equation 33 can be arranged to give

the following form:

AP AP
APRS = {KC‘,(EJ + CCP} b, x EX, + {KRp(ﬁ] + CRp} (Eq. 41)
Equation 41 can be written in the following form:
APRSG 150R W( APRS or }
APRS = APRSCHsO( BRa BRS + APRSg (Eq. 42)
N C180— /T CTeUR™
where:
APRS o = KCp AP/PC) + CCp and represents the loss of stability pressure ratio:assuming the low pressure region
has an extent of 180 degrees and that no radial distortion is present
% = bp and represents the ratio of the loss of stability pressure ratio due to a 180 flegrees one-per-rev low
C,180
prespure region with radial distortion to the loss of stability pressure ratio due {o a pure circumferential
180 flegrees one-per-rev pattern
APRScor . : . . . .
—————=2% = EX and represents the ratio of the loss_instability pressure ratio due to a circgmferential low-pressure
APRSC,‘]BO,R P
regign of arbitrary angular extent with radial distortion to the loss in stability prgssure ratio due to a 180
degrees one-per-rev low-pressureregion with radial distortion
APRS, = loss|in stability pressure ratio due to radial distortion assuming no circumferentifal distortion is present
The methodology screens defined in Table 5 were used to establish the loss in stability pressure rafio at the given corrected
speeds. Further, this taljle indicates which screens were used in determining each coefficient.
Table 5 - Methodology screens and coefficient determination
Type Coefficients
180 degrees 1/rev KC,, CC,
hub-radial KR 1o CR, b
tip-radial KRp'Tip, CRp,Tip
180 degrees 1/rev + tip-radial b,
135 degrees 1/rev + tip-radial EX
90 degrees 1/rev + tip-radial P

Circumferential Distortion Sensitivities

The circumferential distortion sensitivity coefficients were determined from test data which were obtained using 180 degrees
one-per-rev screens. The data are shown in Figure 33. Straight lines have been faired through the data and the origin. It
was assumed that the radial distortion levels are sufficiently low (0.015 on the average) such that any loss of stability
pressure ratio due to radial distortion could be assumed to be zero. In this case, Equation 33 can be written in the form:
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APRS -CC,
P AP/PC (Ea.43)
Since the coefficients by, and EX; are identically equal to one. Because straight lines can be drawn through the data and the
origin, the circumferential distortion offset coefficient is identically equal to zero. The manner in which the lines are faired is
based upon experience and an examination of the degree of correlation at the completion of the first pass in this iteration
process. The results of Figure 33 have been reduced to 180 degrees one-per-rev circumferential distortion sensitivities
using Equation 43 and are plotted as a function of corrected speed in Figure 34.

0.07 / 95%N / /0
0.06 //
// O /»wu"/owwﬁ
0.05 /
0.04 / A
2 V )Z/
= /
0.03 // / / 5185% N//0
0.02 A / 1
v —
/ _+75%N/+/e
0.01 ///A////
0 é////

000 002 0.04 006 008 010 0.12
AP/PC

Figure 33 - Loss of stability pressure ratio due to 180 degrees 1/rev
total-pressure distortion
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o
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Figure 34 - One/rev total-pressure distortion sensitivity
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Radial Distortion Sensitivities

The radial distortion sensitivity coefficients were determined from test data that were obtained using graded" hub- or tip-
radial screens. The data are shown in Figure 35. If the circumferential distortion is assumed to be negligible such that it
produces no loss in stability pressure ratio, then Equation 33 can be written as

_ APRS-CR,

KR Eq. 44
P AP/PR (Ea.44)
85, 95% N/+/B
75 %/HJE?
/
/
/
7|
+ .06 V4 100% N/+/8
95, 100% |N//B 4 .05 // /
L os ! /
4
4 S+ os / /
/ /
° /
< o T .02 /
75, 85% K /./@ / /
e + o / /
/
iDR I } T v il } L } / { + IDR
H T 1 T T U T
-.08 -.06 -.04 -.02 -02 04 4 06 4 .8 .10
o] 4-00 / /
T -.02
+ =03
Figure 35 - Loss of stability pressure ratio due to hub- and
tip-radial total-pressure distortion
As in the case of circumferential distortion sensitivities, CR is zero for the line segments which pass through the origin. The
hub-radial distortion sepsitivity iS_given in Figure 36. To obtain the tip-radial distortion coefficients, it is necessary to
determine whether the Ig¢vel of distortion is such that the line segments pass through the origin or whether the lines intercept
the ordinate. This determination’can be made by reference to Figure 37, and will permit entry to Figyre 38 for the appropriate

tip-radial distortion sensftivity coefficients, thatis, Kr_ and Cg_ are associated with R, while Kz and Cg , are associated
with Ra.

! A graded pattern, as opposed to a uniform square pattern, is one in which the total-pressure losses are faired to a minimum to avoid creating significant
levels of turbulence due to screen edge mixing of a shear layer.
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Figure 36 - Hub-radial total-pressure distortion sensitivity as a fanction of speed
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Figure 37 - Tip-radial-distortion logic guide as a function of speed
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Figuyre 38 - Tip-radial distortion sensitivity coefficients as a function of speed

Superposition Factor

Once the circumferentigl and radial distortion sensitivity coefficients have been determined, it is ppssible to determine the
superposition factor by fflom data ebtained by testing 180 degrees one-per-rev + tip-radial combined distortion screens. This
is accomplished through use of-Equation 33 since the angular extent function EX; is identically gne. Hence, Equation 33
can be written in the form

APRS - KRpLﬁj +CR
PR P

b,= = = Eq. 45

KCP(PC) + CCp

The results, expressed as a function of the ratio (AP/PR)/(AP/PC), are given in Figure 39 with corrected speed as a
parameter. Based on experience and by iteratively examining correlations of aircraft patterns, the superposition function is
forced to be less than or equal to one.
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Extent Function

The extent function can

degrees one-per-rev + {ip-radial screens, the _previously determined circumferential and radial dis
Equation 33 now ¢an'be written in a form to permit solution for the extent function, EX,:

the superposition factor

AP/PR
AP/PC

Figure 39 - Combined circumferential and radial total-pressure
distortion superposition factors as a function of speed

APRS - [KRD(APJ +CR p}
PR
EX, =

p
AP
b{ch(PCJ + Ccp}

0.2 0.4 0.6 0.8 N0 1.2 14

be determined from the data obtained from testing the 135 degrees one-pgr-rev + tip-radial and 90
tortion sensitivities, and

(Eq. 46)

The results of these computations are shown in Figure 40 as a function of distortion angular extent with corrected speed as
a parameter. The angular extent, 07, is determined by averaging the angular extents of the two rings giving the maximum
value of AP/PC. By definition, the extent function has a value of one at 180 degrees. Further, based on experience and
iterative examination of aircraft pattern correlations, the extent function is constrained from exceeding one.
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Because compression ¢
pressure ratio correlatio

of the corrected speed
based on results obtain

Distortion Transfer and

The effect of inlet dis
Equation 33. However,

transfer of total-pressur

in total-pressure distorti

Because total-temperat

Coefficient De

ANGULAR EXTENT ©
Figure 40 - 1/rev total-pressure distortion angular extent function

ts Equation 33 to be used for estimating the loss of stability pressure ratio
he parameters tested.

termination (Constant Corrected Flow)

omponents normally are tested at.eonstant speed, the first step in develg
h as a function of corrected flowfollows the method outlined in the previou
results to a corrected flow,fotm is accomplished using a flow/speed corre
¢d from cycle deck predictions.

Generation Coefficients

fortion on a eompressor located downstream of the fictionalized fan g
two additiofal-facets of the stability estimation process are encountered
p distortion_through a fan, and (2) the generation of total-temperature distc

bn through the fan component.

jue to any pattern which

ping the loss in stability
5 paragraph. Translation
lation. Generally, this is

an be estimated using
for such cases: (1) the
rtion due to the change

ireis handled in a manner similar to total-pressure distortion, Equation 33

can be extended in the

following manner for estimating the loss of stability pressure ratio of a high-pressure compressor (HPC) (see

Reference 2.2.1):

AP

j +CCP:I+{KRP[A—PJ +CRp}
C 25 PR 25

APRSypc = {bp EX{KCD[P
HPC

j + CRT}}
25 HPC

AT

+S {bT EXT[KCT(TC

AT

+ CCT} + {KRT(
\ =

(Eq. 47)
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Where the terms in the first line of the equation are given in 4.5.2, except that (AP/PC)2s and (AP/PR)2s are the
circumferential and radial distortions measured at the HPC inlet. The remaining terms in the equation are defined as follows:

temperature distortion

components of total-temperature distortion

temperature pattern differing from 180 degrees

Circumferential total-temperature distortion sensitivity

Superposition function which accounts for coupling effects between total-pressure distortion and total-

Superposition function which accounts for coupling effects between the circumferential and radial

Extent function which accounts for change in loss of stability pressure ratio due to the extent of the total-

S =

b; =

EX; =

KC; =

(AT/TC),, = Levelof

CC; = Circumfd
passing

KR, = Radial tg

(AT/TR),, = Level of

CR, = Radial tdg
through

Since it is the high-temperature regions which cause the loss of stability pressure ratio, Equation

used to quantify the levd

HPC inlet circumferential total-temperature distortion

rential total-temperature distortion offset coefficient for sensitivity~or‘portig
hrough the origin

tal-temperature distortion sensitivity
HPC inlet radial total-temperature distortion

tal-temperature distortion offset coefficient forzsensitivity or portion of sen
he origin

bls of temperature distortion throughyuse of the following substitutions:

> MINi
5 AVG,

E AVG

n of sensitivity lines not

sitivity lines not passing

5 38, 39, and 40 can be

AT AP
— for —-——
TC PC
T RING MAX; for P RIN
T RING AVG, for P RIN
T FACE AVG for P FAC
AT AP
— for ——
TR PR

The loss of stability pressure ratio for the high-pressure compressor can be estimated if the sensitivities and superposition
functions are known and if the plane 25 distortion levels are known in terms of a plane 01 (engine inlet) distortion level.
Hence, the following relationships can be written:

(Eq. 48)

(Eq. 49)
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AT (AP |

(ﬁls‘f_(%]m_ (Fa-50)

(ATJ ::f(AP] (Eq. 51)
25 01

TR PR

where Equations 48 and 49 represent total-pressure distortion transfer and Equations 50 and 51 represent total-temperature
distortion generation. Both explicit and implicit distortion transfer and generation coefficients are illustrated in Figures 41
through 44. Equations 48 and 50 can be written in the following forms:

AP

(A_P] =CDTC,|| ==
PC ). - PC

EN

(Eq. 52)

where CDTCp and CD(

pressure distortion. The
41 and 42. The radial di
illustrated by the examp

AN

AT

&

AP
PC

j - CDGC,
25

w5,

pC, are the distortion transfer and generation coefficients{_respectively,
e coefficients are examples of explicit coefficients whichare illustrated by

es of Figures 43 and 44.

CDTC
P

1.0 o

-9

27T

stortion transfer and generation coefficients are impligit Coefficients (Equat

(Eq. 53)

for circumferential total-

the examples of Figures
ons 49 and 51) and are

~ 75% N/

[~ 85 & 95% NJT

—

1

.17

L i 1

——

100% N/J§
J

0.3
AP/PR

HUB

0.2 Q.

/(AP/PC)y

1 0.3 0.4 0.5

AP/PRTIP/(AP/PC )MA}(

0.6 0.7

Figure 41 - Circumferential total-pressure distortion transfer coefficient
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Figure 42 - Circumferential total-temperature distortion generation
coefficient due to total-pressure.distortion
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Figure 43 - Radial total-pressure distortion
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Considerable effort is bd
pressure-distortion sup€g
discussed in these para

453 Method C

In this method, Equatior
inlet hub and tip region
given inlet corrected ma
which are independent
are used to define scres

The form of combinatori
a particular case depe

graphs represents the state-of-the-art, it has not yet been reduced to comn

-
o)
PoT

.02

.06

::1'/1‘Rmm)25

ing exerted to determine temperature distortion effects on compression sy
rposition effects, and distortion transfer and generation coefficient definitio

21 is expanded toformulate regionally-averaged AIP total-pressure para
5, in terms of the. ARP1420 descriptor elements. Loss of compressor sta
ss flow is correlated with the distortion parameters utilizing radial and cirq
pf the AIP pattern. The regionally averaged parameters with appropriate
ning parameters directly applicable to inlet time-variant distortion (4.6.3).

bl algebra needed to correlate loss of compressor stability pressure ratio to

| %m0
AP/PR
L 9

stortion

stems, temperature- and
ns. Although the method
hon practice.

meters, e.g., for the fan-
bility pressure ratio at a
umferential sensitivities
ow-pass filtering (4.6.4)

the desired accuracy in

Nds)on the complexity of the AIP pattern, compressor type (e.g., singl

e or dual stream), and

compressor radial and circumferential sensitivities. Downsiream (high-pressure) compressor stability pressure ratio can be
correlated explicitly with numerical AIP distortion descriptors through the use of upstream (low-pressure) compressor
distortion transfer functions.

4531

APC APR
PP

,67,MPR

APRS

APRS,

APRS,

Definition of Terms

Total pressure distortion elements defined in 4.1

Overall loss of stability pressure ratio at constant corrected inlet flow

Stability pressure ratio loss due to circumferential total pressure distortion

Stability pressure ratio loss due to radial total pressure distortion
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b = Stability limit line loss weighting or superposition factor
K, = Circumferential distortion sensitivity

Ky = Radial distortion sensitivity

B = AIP distortion parameter weighting or superposition factor
DPC = Circumferential distortion parameter

DPR = Radial distortion parameter

DPS = AIP distortion screening parameter

0, =| Effective distortion extent factor

o =| A numerical exponent

f(e;) =[ Extent function

Cc =| Radial offset term

I =| Radial intensity parameter

APRS, =| Loss of stability pressure ratio due to temperature distortion

f(0) =| Combined pressure and temperature distortion superposition and spatial|orientation function
K, =| Temperature distortion sensitivity

DTC =| Temperature distortion-parameter

As A, =| Pressure and temperature distortion transfer functions

4.5.3.2 Rationale

Equation 21 may be expressed:forthe full AIP or a tip or hub region at the AIP in the form:

APRS = APRS,. +b (APRSR) (Eq. 54)

Introducing circumferential and radial distortion parameters, DPC and DPR, for pure patterns
APRS =K (DPC) (Eq. 55)
APRSg =Kg(DPR) (Eq. 56)

The terms K, and K, are empirically established circumferential and radial compressor sensitivities and are independent of
the pattern. Then, for a combined distortion pattern

APRS =K (DPC)+bxKg(DPR) (Eq. 57)
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which may be written

APRS =K [(DPC)+B(DPR)] (Eq. 58)
where:
B=2Ke (Eq. 59)
Ke

The term B is a specified function of corrected flow and is independent of the pattern. Equation 58 may be used to define a
screening parameter:

DPS = (DPC) + B (DPR) (Eq. 60)

For pure circumferential distortion DPR = 0.
For pure radial distortion DPC =0, B =1.0.
45.3.3 Correlating Parameters

A full discussion of all ppssible expansions of DPC and DPR is beyond the scope of this discussipn. lllustrative examples
are provided below.

DPC

A general form of DPC, fexplicit in the ARP1420 elements for a region comprising j rings at the AIP|(j < N) is:

DPC = %Z {1 . [%RM [z—j f(ej)[ﬁ]a[%l (Eq. 61)

J

where:

0
1.0 if 9—‘_ <1.0
flo7)= ° (Eq. 62)
0, |..| 0
- lif | L |>1.0
0; ) |0,

depending on the shape of the circumferential pressure profile.

The effective distortion extent factor, 6., and multiple-per-rev exponent, o, depend on compressor dynamic response to

circumferential extent and are specified functions of compressor inlet corrected flow. Descriptor elements are centered
about the circumferential position surrounding the minimum total pressure in the region.

For classical one-per-rev circumferential patterns having 6~ extent terms greater than 6., DPC is equal to the ARP1420
circumferential distortion intensity descriptor element (APC/P).
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For an important class of inlet distortion where radial and circumferential total-pressure defects occur in the same region,

and for that region where either radial intensity elements, (%) , are small compared with the circumferential intensity
i

elements, [%) , or compressor radial sensitivity, K, is low, APRS may be correlated with DPC alone. If, for example,
i

this holds for the AIP, then (DPC)]. = (DPC),. For dual-stream low-pressure compressors (axial-flow fans), separate core

flow (ID) and bypass flow (OD) DPC parameters appropriate to core engine and fan OD stability may be utilized.

DPR

The general correlation of radial distortion presents difficulties as APRSr may not be monotonic with DPR, as illustrated by
Figures 45 and 46. In such cases, a method logic, analogous to that embodied in f(6°) for circumferential distortion, needs
to be incorporated into DPR to enable a unique radial sensitivity, Kr, defined positive, to be used for correlating APRSr. A
typical form applicable tp hub and tip sensitive compressors may be defined such that:

DPR = Ig - Cg| ~[Cq] (Eq. 63)

The term Cr is a radial gffset term specified as a function of compressor-inlet correctéd flow and represents a limiting value
of the radial intensity parameter, Ir, and,

1 5[APR] Z(APR]
lg=— — - — (Eq. 64)
2 LZ‘; P ) = SN
APRS
75% N0
100% N/J/g
L, 8546 Ni/p
95 % N /8|
|- 95% N/ve
85% NA/B
75% N/+/6 |- 105% N5

\

APR

#h T,
\/

Figure 45 - Effect of radial distortion on a fan designed for a tip-radial profile
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Figyre 46 - Effect of radial distortion on a fan designed for a hub-radial profile

For tip-radial distortion
experimental observatio
stability limit line.

The application of Meth
distortion patterns. Circy
45.3.4 Downstream

Loss of stability pressu
parameters defined at {

pressure distortion on i
compressor, can produg

Ir is positive. For hub-radial distortion, lg~is negative. The computati
n that APRSr may be negative, i.e., a degree of radial distortion may have

pd C is conceptually similar to that'of Method A (4.5.1) for circumferentia
mferential and radial sensitivities, Kc and KR, are similar to those of Figure

High-Pressure) Compressors

e ratio due to totalspressure distortion may be correlated, as indicated a
he high-pressure/compressor (HPC) entry. This is not sufficient for deter|
stalled HPC stability, however, because total-temperature distortion, creg
e a significantloss of HPC stability limit line. Moreover, the spatial orientg

high total temperature
temperature distortion
(Reference 2.2.2). The
itself, may be time-vari

hnd low total pressure is also significant. Losses of stability pressure ra
ay bevadditive or may cancel depending on their spatial orientations,

bnal logic caters to the
A favorable effect on the

, radial, and mixed inlet
s 25 and 30.

bove, utilizing distortion
mining the effect of AIP
ted by the low-pressure
tion between regions of
io due to pressure and
intensities, and extents

are all linked via the LPC distortion transfer characteristics to the AIP pressure distortion which,

A method for dealing with this complex problem is described below. For simplicity, it is assumed that only circumferential
elements in the distortion are significant at the HPC entry - not an unreasonable assumption for engines having multistage
low-pressure compressors. Otherwise, the method for DPS (4.5.3) may be utilized.

The total loss of HPC stability pressure ratio due to combined temperature and pressure distortion is:

where:

APRS = APRS,, + f(6) APRS{

f(6) = a combined superposition and spatial orientation function defined at the HPC entry

(Eq. 65)
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APRSp and APRS. correspond to losses of stability pressure ratio due to the total-pressure distortion and the total-

temperature distortion, respectively. Defining pressure and temperature distortion parameters DPC and DTC and
corresponding sensitivities as Ke and Kr such that:

and introducing LPC dis

APRS, =K, (DPC)

then, it may readily be s|

Usually, Ap <1.0and A,

The square-bracketed té
stability pressure ratio |

variant distortion. Thus,

related to the ARP1420
of the composite sensiti

454 Substantiation g
The wide range of appli

451,452, and 4.5.3,
taken from rig compone

APRS; =K+(DTC) (Eq. 66)
tortion transfer functions
(bPC)
T =T Eq. 67
i (DPC)AIP (Eq. 67)
A (DTC) Eq. 68
T~ DPC)pp (Eq. 68)
hown that
APRS =[A, K, +f(0) A, K, |(OPC),, (Eq. 69)
> 0.

brm in Equation 69 can be regarded as an overalhor composite sensitivity fe
pss with AIP distortion, allowing (DPC), , to.bé’used as a screening paran

for core engine stability assessment, (DRC),, may be defined in the hu

descriptor elements using, for example\a relation like Equation 61. It shoul
ity factor now depends on engine component matching.

f Correlation Methods
cability of Equation 21 when expanded for special applications, as illustra

s more dramatically-illustrated by the results shown in Figures 47 throug
nt and engine tests and cover a wide variety of compression components

to three stages and con

pressors with eight to sixteen stages. Lines of £0.02 APRS (two standar

ctor for correlating HPC
heter applicable to time-
b region of the AIP and
i be noted that the value

ted by the discussion of
h 54. These results are
including fans with one
] deviations) have been

superimposed about the line of perfeeti\correlation. This tolerance value is generally accepted within the industry for inlet
patterns that are critical for stability{lt is clear that Equation 21 provides a framework around which the loss of stability
pressure ratio for comprgssion cemponents can be correlated and represents the effects of inlet total-pressure distortion on
stability limit line degradations

4.6 Inlet Data Screen|ng

The realities of establishing inlet/engine compatibility communication between the airframer and the engine manufacturer
with their diverse needs and non-optimally time-aligned development programs cause inlet data screening to be a sensitive
issue. With proper recognition of the requirements and constraints of each party, as discussed in the following paragraphs,
a mutually beneficial dialogue can take place.

4.6.1 General Considerations

The requirement for a universal Aerodynamic Interface Plane flow distortion descriptor which will: (1) define the quality of
the air supplied by the inlet and (2) describe the effect of the severity of the flow field upon engine stability, is in direct
contrast to the requirement for engine-specific information to predict the effect of any distortion pattern upon engine stability.
This dichotomy exists, especially when both the inlet and engine development programs start about the same time. Ideally,
an inlet development program would be structured such that distortion sensitivity data would be available from engine
component tests prior to the start of inlet development testing. The largest impediment to a “universal inlet distortion factor”
is that, a priori, the engine manufacturer cannot predict how the radial distortion will couple with the circumferential distortion,
nor whether a compression component will be hub- or tip-distortion sensitive.


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 79 of 224
20 7
7/ o
/ # O
/’ / 2
’ //
15+ /7 //z e
)"! s &
+2% DPRSN_ 72 i
\g. At +
/ /
101 s HEXD 4
=-‘f G4 (@
[7p] +/ » of o @
& ol
< 7o /
4 o
5 51 Sef 6 \
' d
= ;7o N -
2 x @ 7. —2%A0PRS
i / 9
= 7/ o M .
4 &,
7 *
7/
7 % x @
' 0
=15 { } } }
-5 0] 5 10 15 20
CALCULATED APRS - % A(D
Figure 47 - APRS correlation of J85 data
PO /’/ OC)
// ’
15+ ,/ x//
7
/// .’ ’ <§
7/
104 S
A /
P4 /XI
+2% APRS i o
51 \,f r/ s §§
2 A, //
' 4 7/
) 4 Ve
% 04 ab 2,7 -2% APRS ,@
]
w
o
2
: S
.l : :
=15 -10 -3 0 5 10 15 20

CALCULATED APRS-%

Figure 48 - APRS correlation of a research fan
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Figure 50 - APRS correlation of J58 compressor
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Figure 52 - APRS correlation of a turbofan core
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Figure 53 - APRS correlation of F100 fan
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Figure 54 - APRS correlation of TF41 fan and compressor
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4.6.2 Examples of Engine Dependency

If an engine were designed for a specific application, such as an inlet which might have a significant amount of outer-wall
boundary layer, then the fan might be designed for a tip-radial profile. In this case, the effect of radial distortion, relative to
the clean-inlet stability limit line on which the loss in stability pressure ratio (APRS) is based, might take the form shown in
Figure 45. Low values of tip-radial distortion may lead to negative values of APRS and, hence, “gains” in stability margin
relative to the clean (uniform) inlet flow condition.

On the other hand, if the fan were designed for a hub-radial profile, as might be produced by a centerbody, then the effect
of radial distortion on the fan might take the form shown in Figure 46. In this case, low values of hub-radial distortion will
lead to “gains” in stability margin relative to a clean inlet flow.

Because of the choice of types of engine, be it turbojet, augmented turbofan, or non-augmented turbofan and because the
fan designer has the choice of designing for a uniform inlet profile or for hub- or tip-radial profiles of varying intensity, it is
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ensitivity parameters. To a lesser extent, the multiple-per-rev (MPR) factg
5al distortion screening parameter. Multiple-per-rev patterns have a.dem
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cated-inlet-duct propulsion system with a two-per-rev pattern. The “effectiv
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which use ARP1420 distortion-descriptors will have a form similar to the basic equation used for calculating APRS.

Screening techniques
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ave been used successfully with many different distortion descriptors
ch.component of the compreSS|on system that can |n|t|ate loss of stability. A

A separate screening
\lso, separate screening

for the hub and ti

ill select a different inlet

pattern from time-variant inlet data. A stability assessment, WhICh includes all destabilizing influences, is used to select a
set of critical patterns and associated operating conditions for use in engine stability verification testing.

If engine stability has been determined to the point where all terms have been defined in the equation used for estimating
the loss of stability pressure ratio, then screening can be done on the basis of APRS for each component. It is customary
to provide guidelines representing the component distortion tolerance in the form of an allowable APRS. These guidelines
can be used to normalize the calculated values of APRS to give the screening parameter shown in Equation 70. This
screening parameter is similar to the current screening parameter ID. A value lower than 1.0 indicates that a level of inlet
distortion is within the distortion allowance of the component, while a value higher than 1.0 indicates that the inlet distortion
is greater than the distortion allowance of the component. In such cases, surge or stall would have a significant probability
of occurrence and the stability stack-ups at these conditions would warrant closer scrutiny.

APRS
Allowable APRS

SCREENING PARAMETER =

(Eq. 70)
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The radial distortion at the interface plane usually is completely attenuated by the first compressor. Consequently, screening
parameters for downstream compressors usually contain only terms that include circumferential distortion. A family of such
screening parameters is described by the general Equation 71. The terms for each ring are summed (although not always)
over the portion of the interface plane that measures the quality of the air that passes through the downstream compressor.
For example, on a particular fan engine with a bypass ratio of one, the screening parameter for the compressor will be
summed over the inner two rings of interface instrumentation containing five rings. The extent and multiple-per-revolution
functions may be different for each compressor. The engine manufacturer usually can define such functions, based on past
experience with similar compressors for use in early screening of inlet data. This form of screening parameter is similar to
the existing screening parameters Ko, KC, and DCo, insofar as all these parameters include circumferential distortion only
and the units are in terms of inlet distortion rather than stability pressure ratio, i.e., the screening parameter is independent
of engine sensitivity to inlet distortion. Here again, it is customary to provide guidelines showing the estimated engine
distortion tolerance in terms of maximum allowable values of the screening parameter.

—————SCREENING PARAMETE —‘&ZKAPC\ (o HvPR)
R= J T\Ui} TVIFR;)
i=1 P !

(Eq. 71)

For compressors that a
the form shown in Equa
are summed over rings

of the interface plane. T
The radial term has a s
distortion sensitivity. Th
engine distortion toleran

The examples of scree
different requirements. |

a. They all use ARP14

stability pressure ra
b. They all can be use

Current practice is to cq
identify the peak values

4.6.4 Inlet Data Filteri

e sensitive to inlet radial distortion as well as circumferential distertion, a
ion 72 could be used. If such a screening parameter represents the stabilit

and 2. If the screening parameter is for the tip of the fan, thecsummation is
he term describing circumferential distortion includes extent’and multiple-
superposition factor “b” which describes the ratio of radial distortion sens
s screening parameter is the equivalent of the existing”screening parame
ce can be described in the same units as the screening parameter.

feze) o] (228) ]

hing parameters shown in Equations 70, 71, and 72 look different beca
However:

6;
MPR,

APC
P

s
SCREENING PARAMETER = Z (
i=R

20 distortion-descriptor elements combined in the same manner as in the
io loss.

d for comparing.intet distortion to engine distortion tolerance.

culate thedistortion screening parameters in near-real time from the digita

This procedure for high speed screening of inlet data is discussed in 8.4.1.

screening parameter of
y of a fan hub, the terms
over the outer two rings
ber-revolution elements.
Bitivity to circumferential
ter Kaz. Here again, the

(Eq. 72)

Lse they are tailored to

equation for calculating

lly acquired data and to

ng.(Averaging)

Central to the issue of selecting dynamic inlet patterns for replication by screens, and thereby validating adequate engine
distortion allowance using steady-state distortion patterns, is the thesis that a low total-pressure region must last long
enough to cause a loss of stability pressure ratio. Therefore, by low-pass filtering analog probe data (or performing the
equivalent running average on digitized probe data) in conjunction with the use of the engine manufacturer’s distortion
computation algorithm, a distortion pattern may be selected for replication by a steady-flow distortion screen during engine
testing.

The appropriate averaging time (Reference 2.2.3) can be selected by running an engine in a controlled dynamic-distortion
environment such as that produced by a random-frequency generator or a turbulator. The loss of stability pressure ratio
data are correlated versus averaging time using screen-determined distortion sensitivities to establish the filter cutoff
frequency (averaging time) which produces the minimum difference between the measured and calculated (using the largest
peak distortion just prior to instability) losses of stability pressure ratio.


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 85 of 224

It is important to note the relationship between “the steady-state inlet distortion level” associated with dynamic distortion
levels and the steady screen-produced distortion which replicates the maximum dynamic distortion pattern. The steady
screen-produced distortion will equal the maximum dynamic distortion level while the steady-state inlet distortion will be
less, sometimes by as much as a factor of two. An example of the correlation between steady-state screen distortion and
dynamic-distortion-induced instabilities (from three different sources) is shown in Figure 55, taken from Reference 2.2.4. It
can be seen that when total-pressure data are properly filtered to remove high frequency data that do not contribute to loss
in stability pressure ratio, dynamic distortion will produce the same level of stability-pressure-ratio loss as steady-state
distortion of an equivalent magnitude.

FAN ON OPERATING LINE N/+/6 = 9500

20~
> LEGEND
=
1
—— |b I CAUT-OTATE
5(3 X DISTORTION
C|I_) O UNMODIFIED
12F GRILL OF
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% O 3-IN. PIPES
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&:) a NEAR STABILITY
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0 1.O 1.2 1.4 1.6

Figure 55 - Stability limit line loss.versus instantaneous spatial distortipn
4.7 Independent Confrol of Variable Geometry

When compressor variaple geometry is scheduled as a function of a defined engine operating parameter such as corrected
rotor speed, stability margin can be defined" by the ARP1420 method using compressor mags representing variable
geometry in the scheduled position. Errars from the scheduled geometry setting can be accounted for by utilizing terms
describing the effects of these errors«on:the stability limit line and operating airflow. Engines with|fan geometry under the
direct control of the pildt have beeh/proposed for some applications. In such cases, the variablg geometry setting is an
independent variable adding a new.dimension to compressor maps, stability margin definition, and stability accounting.

5. STABILITY ASSESBMENT

The overall purpose of a propulsion system stability assessment is to assure that the design meets the aircraft operational
goals. It is a vital part of the propulsion system design and development process, providing the inlet and engine designers
with data for defining operational capability and identifying any configuration changes needed, and the program manager
with material for allocating development time and resources. To be effective, the stability assessment procedure must be
timely, visible, and continuous from conceptual studies to operational service.

Stability assessment involves determining the inlet distortion and the baseline (essentially clean flow) engine stability, and
accounting for the destabilizing influence of the AIP distortion as well as other engine operating and installation factors. AIP
flow distortion may not be restricted solely to time-variant, spatial, total-pressure distortion. It is important at the outset of
any stability assessment to identify when the AIP distortion can be accounted adequately in terms of total pressure alone.
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The assessment of the influence of total-pressure distortion on engine stability forms part of a total procedure necessary to
determine installed engine stability and stability margins. An assessment of all destabilizing effects must be made so that
the contribution made by inlet distortion can be put in perspective. Stability assessments take various forms and are updated
throughout the propulsion system design and development cycle. The methodology described in Sections 3 and 4 addresses
the “classic” turbomachinery aerodynamic instability whereby constituent compressors stall and reduce engine airflow, to
produce rotating stall, engine surge (oscillating reverse flow), or combinations of these post-stall instabilities. Other important
aspects of engine aerodynamic stability include control system effects and afterburner stability, both of which may be
affected by AIP distortion. Engine distortion tolerance depends on the stability margin allocated and available when other
destabilizing factors, operating on compression component operating lines and stability limit lines, are taken into account.

This section discusses the impact of AIP total-pressure distortion on engine stability in the broader context of an overall
stability assessment.

5.1  Stability Assessment Philosophy

The assessment methdd depends upon the anticipated severity of the stability problem (for.exgmple, new engine/new
installation, established [engine/new application, the input information available, and the degree-of fomplexity and expense
of the assessment). Distortion stability assessments are unique in that they are complex and'not amenable to standardized
“cookbook” treatment. As stated previously, the scope of the assessment depends on thie status ¢f the propulsion system
development which dicfates the quantity and accuracy of the component test data on which th¢ assessment is based.
Assessments will emphasize different facts: an assessment supporting the engine(Compression system designer’s needs
might emphasize stabilify margin sensitivity to blade shape, spool matching, and/flow-path configlirational changes for an
anticipated distortion paftern. An assessment supporting the inlet designer's,needs may stress the|sensitivity of the engine
to the various elementq in the AIP distortion descriptor for various inlet configurations. The ass¢ssment may be largely
empirical, i.e., engine tglerance to distortion may be derived through engine tests with suitable instrumentation, such as
described in Sections 7|and 8, rather than being synthesized throughcthe use of component test data and suitable engine
computer simulations.

Although some features|of distortion stability assessments maké’each assessment unique, assessment outputs are similar
in that they provide estimates of stability margin utilization-at"critical points in the flight envelope pnd engine tolerance to
distortion, and identify the margin required to achieve acceptable AIP distortion levels. All destgbilizing effects must be
considered to conduct|a meaningful stability assessment. Destabilizing effects which influenge both the component
compressor operating lines and compressor stability-limit lines have been compiled and are presgnted in Table 6. These
factors may be random [and/or non-random. Once numerical values for each significant factor haye been determined, the
stability assessment may proceed. Some of these factors are illustrated in schematic form in Figurg 56.

The more significant operating line assessment factors for a given engine build are:
a. Deterioration

b. Bleed

c. Horsepower extractlon

d. Reynolds number effects

e. Steady-state inlet total-pressure distortion and temperature distortion
f.  PLA transient (including augmentor operation)

g. Variable geometry control tolerance and transients

h. Gas-path control system sensor(s) in distorted regions
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The more significant stability limit line assessment factors are:

a.

b.

Steady-state effects of]
simulations used to defi

Deterioration

Reynolds number effects
Time-variant inlet-total-pressure and temperature distortion

Variable geometry tolerances and transients

Table 6 - Stability assessment factors

Operating
Factor Line

Stability
Line

Inlet Distorti

a. Steady

-State Total-Pressure Distortion

b. Tempd

rature Distortion

c. Swirl O

istortion

d. Maxim

um Instantaneous Total-Pressure Distortion

XX XX

Ram Recove

[y

Horsepower

Extraction

PLA Transier

—

Engine Deter

joration

Fuel Control

Deterioration

Deterioration

Effect on Transient Fuel Flow Rate

Fuel Control

Tolerances

Variable Geo

metry Control Tolerances

Engine-to-En

gine Variation

Engine Varia

ion Effect on Transient Fuel Flow Rate

Compressor

Bleed

Reynolds Nu

mber Effects

XX

Nozzle MatcH

ing Effects

Humidity

X

Control Modd

Back Pressu

e Distortion

Compressor

nteraction Effects

Transient Va

iable Geometry, Effects

PLA Transier

DX XXX XXX XXX XIXIX XIXIX X7 X XX

t Heat Transfér

XX XX

bleed; horsepower extraction and Reynolds number are contained w
he-thé operating pressure ratio of the compression component at the seleg

ithin the engine digital
ted operating condition.

Early stability assessment procedures used a direct algebraic summation of the worst possible combination of destabilizing
factors to arrive at the required stability margin. As the list of identified destabilizing factors grew longer, the resulting demand
on engine stability margin also grew, compromising performance and weight, and it became recognized that the probability
of all worst cases occurring simultaneously was low. It has been established that some destabilizing factors should be
summed statistically to establish more realistic stability-performance-weight trade-offs. This approach is justified in that the
Root-Sum-Square (RSS) combination of the random effects retains the overall probability of the individual effects. One
approach to statistical assessment is shown in AIR5656.
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Figure 56 - Typical compressor destabilizing factors7
For an individual comprgssion:component, the net stability margin is defined by the relation:

SMyer = SMagseiine — [(ASM) g+ (ASM) g |

where:

n

(Eq. 73)

ASM \r= Z(ASM) = Total algebraic stability margin loss due to non - random factors

i=1

m
ASM g==* /Z:(ASM)J-2 = Total root - sum - square stability margin loss due to random factors (ASMrss)
j=1

The loss in stability margin due to distortion is computed using the total-pressure distortion descriptors discussed in
Section 4. Other destabilizing effects are evaluated from engine/control data obtained through testing and analysis. All

destabilizing effects are combined to determine the net stability margin.
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The limitations of current stability assessment procedures should be recognized in applying assessment results. Errors
associated with total-pressure distortion assessment can occur because (1) the value of the distortion descriptor varies with
the amount and accuracy of test data, (2) other AIP flow distortions, such as in-phase oscillations, vortex ingestion and swirl
may exist and not be accounted for in the assessment, and (3) summations of individual effects may result in an
oversimplification of the actual process.

5.2  Stability Assessment Procedure

The stability assessment process, Figure 57, is independent of the complexity of a particular assessment. The results
identify the residual stability margins for the compression system components examined at the critical steady or transient
operating points, the types and levels of distortion that are most likely to cause loss of engine stability, and the need for
additional engineering activity. The assessment procedure depicted in the figure is an integration of background experience,
test-derived information, and synthesis techniques concerned with accounting inlet flow distortion effects and other
destabilizing factors. The procedure produces information that is analyzed either to forecast or evaluate the stability status
of a propulsion system at-eritical-flight-operating-peints-

A. BACKGROUND EXPERIENCE OTHER DESTABILIZING FACTORS

Previgus Developments
Expeg¢ted Program Severity
Resolirce/Time Constraints

B. SYNTHESIS ANALYSIS
Clean Flow Assessment Stability Margin Effects
Face Average Pressure Assessment Assessment Uncertainty
AIP Djistortion (Flow Quality) Assessment

Stabiljty Pressure Ratio Correlations
Criticgl Operating Conditions

l

C. TESTING OUTPUT
Inlet Components Margin Remaining
Engine Components Critical Points
Inlet Critical Components
Engine N Future Work
Propulsion System

Flight Testing

Figure 57 - Stability assessment process

Blocks A, B, and C in Figure 57 provide the input data necessary to conduct the distortion assessment. Synthesis refers to
the process of developing estimates of the effects of destabilizing factors through analysis of component test data and
analytical predictions. In early development, the synthesized items in Block B are usually based primarily on prior experience
and analytical estimates. As development progresses, the synthesis activity relies more heavily on the expanding test data
base, permitting the analysis activities to produce more accurate indications of stability margin. As development nears the
qualification phase, testing objectives become more oriented toward stability evaluation, permitting the assessments to
become, correspondingly, more oriented toward validating previous forecasts.
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An example of the output section of the stability assessment process is presented for a fan/compressor propulsion system.
In this example, the propulsion system is assumed to be operating at an altitude flight condition where the inlet distortion is
defined by the information contained in Figure 22.

An illustrative estimate for a fan operating at 98% inlet corrected airflow is presented in Figure 58. The baseline operating
pressure ratio, PRO, is 3.0 and the baseline stability pressure ratio PR1 is 3.75. The baseline SM is:

PR1-PRO 3.75-3.0
SMgaseline = “PrO * 100 = “ 30 * 100 =25 (Eq. 74)

The loss in fan stability pressure ratio due to inlet total-pressure distortion can be calculated using an expansion of Equation
21 in the following form:

:
+CR, J (Eq. 75)

o 1T pnR
C T

(AP CAPRY
APRS = b, EX;| KC +CC, [+] KR,
P max P

max

This equation is similar fo Equation 33 for a 1/rev pattern since MPR = 1.

The maximum circumfetential distortion is the average of any two adjacent rings:

APC 11 APC APC
(TJW‘EKTL*(?M‘“%% (Fa. 76)

The circumferential exient is equal to the average of the extents of the two adjacent ringq used to calculate the
circumferential distortion and is equal to 177.6 degrees.

The maximum radial distortion occurs in the tip (ring 5):
[ﬂ] —0.0678 (Eq. 77)
P max

The value and source of the fan coefficients.used in the calculation are given in TABLE 7. These doefficients apply at 95%
corrected fan speed which corresponds, to-the matched-inlet corrected airflow of 98%.

>

PRS = {(1:0)0.995)0.46(0.0599) + 0] + [0.74(0.0678 — 0.038)]} x (100) = 4.9% (Eq. 78)

The loss in stability mangin due’to inlet total-pressure distortion and the other assumed stability margin utilizations for this
example are presented |nCFable 8.
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Figure 58 - Fan stability assessment example
Table 7 - Fan stability-pressure-ratio loss coefficients
Coefficient | Value Source
KC, 0.46 | Figure 34
CC, 0 since APRS curves pass through origin of Figure 33
KR; 0.74 Figures 37 and 38
CR, -0.038 | Figures 37 and 38
be 1.0 Figure 39
EX, 0.995 | Figure 40
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For the purpose of determining net or residual stability margin, it is assumed that the total random effects may be used to
lower the stability limit line or raise the operating line. For this example, it is assumed that the stability limit line is lowered
so that:

PR6=PR5—%XPRO=3.507—0.0208x3.0=3.44 (Eq. 79)

The net or residual stability margin is then given by:

(PR6 —PR3)

SVher ="pRo

x100 =10.3% (Eq. 80)

Table 8 - Fan stability margin assessment

Destabilizing Pressure Ratio (RR).ahd
Factor Assumed Cause Stability Margin Loss’ (ASM)
Non-Randgm Operating Line Shift Due to AIP PR2=3.015
(NR) Total Pressure Distortion ASM PR2 - PRO 00
PRO
=0.5
Operating Line Shift Due to 4% ASM =40
AP/P Augmentor Spike ASM

x PRO

PR3=PR2 +
100
=3.015+0.04x3.0

=3.135
Stability Line Loss Due to Reynolds APRS
Number, APRS = 1.5 PR4 =PR1-—1, PR
=3.75-0.0015x3.75
=3.694
asm="RIZPRE 400
PRO
=1.87
Stability.Line Loss Due to Time- APRS
x PR1

Variaht-AIP Distortion, APRS =5.0 | PRS=PR4- 100
~3.694 -0.05x3.75

=3.507
ASM PR4 -PR5 100
PRO
=6.25
TOTAL ASM\g =0.5+4.0+1.87 +6.25
=12.62
Random (R) Operating Line Effects:
- Variable Geometry Control ASM = £1.1
Tolerances
- Engine-to-Engine Variations ASM = +1.2

Stability Line Effects of Engine-to- ASM =+1.3
Engine Variations

— AP + (120 + (1.3F

=12.08
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A similar example can be constructed for the compressor, where the effects of compressor inlet-total-pressure and total-
temperature distortion need to be assessed taking into consideration the fan distortion transfer characteristics at fixed-
throttle or transiently matched conditions. It is generally accepted that the data obtained from the two inner instrumentation
rings, which are located in the core stream, are sufficient for developing core distortion sensitivities and distortion transfer
correlations.

The results of an example calculation, illustrating the assumptions made, in a format suitable for comparison with the fan
stability assessment are presented in Table 9. In this example, the residual fan stability margin is 10.30%, and the residual
compressor stability margin is 3.27%. The critical component would appear to be the compressor. However, to proceed
further, it may be necessary to calculate the probability of occurrence of an instability. This is discussed in AIR5656. At a
given operating point, the critical component is that component having the highest probability of instability. It is important to
note that the critical component at one flight, inlet, and engine operating condition need not be the critical component at
other conditions. Because of this fact, stability assessments have to be conducted at several points throughout the
operational flight envelope.

Table 9 - Typical stability margin assessment

Destabilizing Effects = Component
an Compressaor
OPERATING LINE Non-Random | Random | Nop-Random | Random
Inlett Distortion 0.5 - 0.7 -
PLA Transient 4.0 - 6.0 -
Varjable Geometry Control ) +1.1 ) )
Tolerances N\
Fugl Control Tolerances - 4 - +1.15
Engine to Engine Variation - 1.2 - £1.25
STABILITY LIMIT LINE
Reynolds Number 1.87 - 0.36 -
Inlgt Distortion 6.25 - 7.50 -
Engine to Engine Variation - 1.3 - +1.35
TOTAL 12.62 +2.083 14.56 +2.169
BASE $TABILITY MARGIN 25.0 20.0
NET STABILITY MARGIN 10.30 3.27

5.3 Distortion Stability Assessment

The above examples illiistrate the impact of inlet-total-pressure distortion on the fan and compregsor stability. The loss in
fan stability margin due fo AIP total<pressure distortion represented approximately 25% of the basgline fan stability margin,
and the loss in compregsor stability)margin, due to the combined effects of total-pressure and total-temperature distortion
at compressor entry, accounted-for approximately 37.5% of the baseline compressor stability mardin.

The distortion stability issessment procedure is shown graphically in Figure 59. As previously $tated, the procedure is
iterative and the level of confidence in the assessment increases througn the propuision system development process.

Section 4 describes the methodology involved in establishing APRS and distortion sensitivities through correlations of
compressor data. Typical data from which correlations are derived are presented in Figures 25 through 46.
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Figure 59 - Distortion stability.assessment

5.3.1  Circumferential [Distortion

The effect on the stability limit line of one-per-rev circumferential distortions (MPR = 1.0) of varying| extents from rig tests of
a three-stage compressjpor with distortion screens is shown-in Figure 60. Similar examples, derivefd from engine tests, are
shown in Figures 61 thrpugh 64 for the J85-GE-13 engine. Results for a two-per-rev circumferential distortion can be seen
in Figure 65 (Reference 2.2.5). Each test result)provides distortion response data. An example for one-per-rev
circumferential distortiops appears in Figure 66. Fhe experimentally established APRS are plotted here in terms of a
distortion descriptor. The descriptor is represented by the product of the ARP1420 circumferential extent and intensity
elements together with fa correlation coefficient which varies with corrected airflow. The distortioh descriptor is a special
form of Equation 72, applicable to this compressor. The slopes of the correlation lines of Figure 66|represent the sensitivity
of the compressor expressed in terms.of the descriptor, i.e., screening parameter level as discussed in Section 4. Thus at

92% design airflow:

APRS

00 " 1.54 x Screening Parameter (Eq. 81)
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Figure 61 - Example of one-per-rev circumferential
total-pressure distortion, 90 degrees extent


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 96 of 224

CORRECTED
SPEED %%

O 87l
o 90.
A 93.2
O 96.2
A 100.2

UNDISTORTED STABILITY LIMIT LINE

DISTORTED STABILITY LIMIT LINE

SCREEN NO. |

PRESSURE RATIO

4 1 I 1 1 I 1
cLOSED SYMBOLS ARE
2 o 6 38 ey 42 44 STALL POINTS

CORRECTED AIRFLOW - LB/SEC

Figure 62 - Example of one-per-rev circumferential
total-pressure distortion, 180 degrees extent
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Figure 63 - Example of one-per-rev circumferential
total-pressure distortion, 45 degrees extent
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Figure 64 - Example of one-per-rev, circumferential
total-pressure distortion, 22 degrees extent
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Figure 65 - Example of two-per-rev circumferential total-pressure distortion


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 98 of 224

12 - CORRECTED AIRFLOW = 60% 12 - CORRECTED AIRFLOW = 70%
§ R
o) o)
|_ —
<10 - <10 /
w
% 8 o 8 7 O
) 0
o APc 14
6- bl o - APC
= - L
= O o0.026 35 O 0.037
< 4 1 O o.028 lE,_fjel- A 0 o0.04
2 / g 0.026 2 A 0,03¢
224 /9 0.024 = 0 .6.034
173 w
ol 3
-l 2
0 T T T T 1 0 1 T T T 1
091 0.02 0.03 0.04 0.05 0.01 0.02 70.03 0.04 0.05
- (<L WAPCG = _81\(APC,
DESCRIPTOR (] 0)( /P) DESCRIPTOR = “2(13 )(A Yp
CORRECTED AIRFLOW = 81% 3 CORRECTED AIRFLOM = 92%
E,212~1 12
0 0 o
Em- 510_
w w (4
o 14
S 8+ 2 8+
(7))
) i A
w o
& 6 L Ak
S = :
5 © 0.050 4 o Q 0.067
o 4 - 0 0.055 < 47 M 0.073
0 A 0.050 @ A 0.066
E 2 000 =, O 0.063
[da]
S 9
-
0 || I L] L] I I L) ] L]
0.01 0.02 oO. 03 0, 04 0.05 0.01 0.02 0.03 0.04 005
DESCRIPTOR = ,30 (APC/P) DESCRIPTOR = 1. 2 —8—)( PC/p)

Figure 66 - Compressor sensitivity to one-per-rev
circumferential total-pressure distortion
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5.3.2 Radial Distortion

The effect on the stability limit line of a severe hub-radial distortion established from rig tests on a three-stage compressor
can be seen in Figure 67. Results, derived from tests of the J85-GE-13 engine with hub-radial, mid-span, and tip-radial
profiles, are shown in Figures 68 through 72 (Reference 2.2.5).
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Figure 67 - Example of hub-radial total-pressure distortion
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Figure 69 - Example of hub-radial total-pressure distortion, wide extent
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Figure 70 - Example of mid-span-radial total-pressure distortion

CORRECTED
SPEED %6 _
o 87.
o 90.2
A 934
O 96.
n 100l

UNDISTORTED STABILITY LIMIT LINE

DISTORTED STABILITY LIMIT LINE

A

SCREEN([ NO. I7

L Y

PRESSURE RATIO
i

NORMAL OPERATING LINE

T T T T 1 CLOSED SYMBOLS ARE
32 34 36 38 40 42 44 STALL POINTS

CORRECTED AIRFLOW - LB/SEC

Figure 71 - Example of tip-radial total-pressure distortion, narrow extent
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ved it is important-o identify, from inlet tests, the major features of the A
Jevelopmentphases of a program. Assessment procedures for turbofan e
thodologytoaccount for spool interaction and induced radial-flow and byp
fan.

ose for circumferential distortion can be developed from these data. Since radial distortion effects

APRS changes are not

ential and radial profiles.
margin exhibited by the
jures 73 and 74.
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P distortion early in the
ngines are complex and
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pment phases of a new

available |n the conceptual design, preI|m|nary de3|gn and early develo;

ical stability assessment

methods using the ARP1420 dlstortlon descrlptor elements. Theoretlcal and semi- emplrlcal methods encompass spool,
stage, and blade-row models incorporated into numerical computer simulations of the engine. These tools, together with
background experience, provide a basis for stability assessment in early design and development phases of a program.
The computer methods are applied in conjunction with steady and transient engine computer decks (refer to AS681J).

The results of a stability assessment, expressed in terms of an AIP distortion descriptor and compared with flight test results,
are shown in Figures 75 and 76. Fixed-throttle engine operation appears in Figure 75, and throttle transient (accel) operation
appears in Figure 76. The examples show that the fixed-throttle assessment correctly predicted the flight stability limit. The
throttle transient results serve to illustrate the influence of AIP distortion on acceleration capability. Prior to flight test, such
assessments may be used to identify critical inlet/engine compatibility conditions within the flight envelope.
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Figure 74 - Example of combined tip-radial and circumferential total-pressure distortion
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6. PERFORMANCE ASSESSMENT

Propulsion system internal performance is assessed normally by evaluating inlet performance in terms of total-pressure
recovery and installed engine performance at the corresponding value of AIP face-average total pressure, PFAV. Engine
thrust, fuel consumption, airflow, and accel/decel times at appropriate inlet/engine operating conditions are established by
treating the AIP airflow as an equivalent one-dimensional flow. Assessment procedures take into consideration changes in
engine and matched engine-component performance resulting from losses of inlet total pressure, and account for control
interactions.

In many cases where the AIP airflow pattern is substantially uniform so that spatial total-pressure distortion, PFAV
fluctuations, and turbulence levels are low, these assessment procedures provide adequate performance accuracy. The
effect of inlet flow distortion is small and well within experimental measurement scatter. Engine and engine component

performance tests with simulated distortion are not usually necessary.
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hnce relevant to engine performance assessments are discussed in terms ¢
b-average total pressure, and distortion in the following paragraphs.
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f inlet type and location,

ion- Distortion Characteristics

Average total-pressure recovery and distortion characteristics at the AIP differ markedly according to inlet type, location on
the airframe, and mode of operation. Inlet designs of conventional powerplants range from relatively simple round-lip, short,
straight duct configurations, appropriate to podded subsonic transport aircraft, to complex, sharp-lipped, long, curved duct
configurations for highly integrated subsonic and supersonic combat aircraft.

The simple podded inlet designs are very efficient. They provide close to 100% recovery and virtually zero total-pressure
distortion at most major performance points within the normal aircraft flight envelope. Total-pressure-defect regions are
generally of the tip-radial or wall-boundary-layer type and are comparable to those observed in engine component and
engine test facilities. Total-pressure distortion problems may need to be addressed at high inlet crossflow conditions to
provide for emergencies outside the normal operational envelope.
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The more complex inlet designs provide lower inlet recovery as a consequence of larger total-pressure-defect regions at
the AIP. Distortion patterns generally contain radial and circumferential elements. Numerical inlet performance
characteristics are used together with pattern data to establish the need for and to conduct quantitative assessments of
engine performance in distorted flow. Data for three inlets are presented in Figures 77, 78, and 79. The steady or time-
averaged inlet data are expressed in terms of ARP1420 recommended distortion descriptor elements and area-weighted
face-average total pressure.
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Figure 79 - Short subsonic bifurcated inlet

eral features’relevant to the assessment of installed engine performance. T
inlet in a typical cruis¢ configuration exhibits low radial and circumferential distortion (Figur|
nantly'dependent on the face-average total-pressure level. An assessment
ly to-be' necessary in this case. Low speed data for a different supersonic in

elements are higher for the intermediate and maximum flow conditip

he long-duct supersonic
e 77). Installed engine
bf performance changes
let design are presented

ns. An assessment of

performance changes due to distortion is Tikely o be necessary in this case. The short subsonic bifurcated inlet (Figure 79)
exhibits peak recovery at cruise incidence, and the circumferential intensity elements are high. Both recovery and distortion
deteriorate with incidence. An assessment of performance changes due to distortion may be required in this case also.

6.1.2 Face-Average Total Pressure

Alternate definitions of face-average total pressure are possible at the AIP in distorted flow conditions. This situation stems
from the fundamental fluid mechanical difficulty of constructing a unique one-dimensional or equivalent face-average flow
that can simultaneously account for mass flow, momentum, and energy-flux variations across the AIP. Definitions which are
employed include flow-continuity, area-weighted (area-averaged), mass-flow-weighted, momentum-weighted, and entropy-
derived face averaging. Differences in the numerical values of the alternate face-average definitions can be on the order of
1% of the face-average total-pressure level, depending on pattern shape.
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Area-averaged total pressure is used widely throughout the Aerospace Industry, has considerable technical merit, is simple
and easy to apply, and eases inlet and engine data acquisition and processing requirements. Area-averaging greatly
facilitates the definition and quantification of distortion at the AIP, and is the recommended basis of ARP1420 guidelines.
Alternative definitions, appropriate to a particular propulsion system development, such as mass-flow weighting for
compressor efficiency accounting, can be related to the area-averaged value for defined AIP patterns.

5o 0

N = number of instrymentation rings and (PAV), are the ring-average total pressures

When instrumentation rings are located at centers of equal area:

360
j P(0).do
360

z

1
N

i=1

PFAV = -

(Eq. 82)

Z PAV),

Z

where:

The numerical distortion| tal pressure, PFAV. The

above definition implies

descriptor elements are defined relative to the area-averaged AIP mean to

that:
N (APRY
P i

2

i=1

(Eq. 83)

where:

AP

(PR

j are the radjal intensity elements
i

ARP1420 guidelines fo
baseline uniform-flow pe
relative to this area-ave

assessing installed engine perfermance in distorted flow conditions thu$ involve accounting for
rformance using the area-averaged AlP total pressure, and performance changes due to distortion
aged datum.
In this context it may & to the conservation of
momentum flux at the A

e noted that, by virtue of the area weighting involved, PFAV is related
P.

6.1.3 Inlet Data Acquisition

As time-averaged perfg
obtained from a low-res
of inlet performance usgq

rmance {s_of prime interest, it is usual to base assessments on steady-
bonse’instrumentation array used for sub- and full-scale inlet tests (Sectio
smallscale inlet data, accounting for Reynolds number effects at defined

state AIP pressure data
h 8). Early assessments
performance conditions

within the operational

phAvelope. Testing at the maximum Reynolds number that is both pra

ctical and affordable is

recommended. This praciice places the dafa acquisition Reynolds number as close as possible to the flight Reynolds
number, minimizing the extrapolation necessary to perform a Reynolds number correction to the steady state total-pressure-
recovery data. This practice also improves the data acquisition accuracy by placing the pressure sensed by the transducers
more toward the center of their operating range. Additionally, this would minimize any adjustments necessary to the
subscale model geometry to account for differences between subscale and flight Reynolds numbers. For a given scale of
inlet model there will be a minimum Reynolds number below which performance data would be unacceptable due to the
issues mentioned above.

6.2 Engine Performance Data
Prior to discussing guidelines for procedures to assess the effects of distortion on performance, illustrative examples of the

effects of distortion on engine and engine compression components are presented to highlight the main technical issues
and candidate data needs. The data presented apply to time-averaged or steady-state distortion and performance.
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6.2.1 Compression Components Response to Distortion - Examples

The upstream, low-pressure compressor or fan is unshielded from, and is most likely to be affected by, the inlet flow
distortion. Significant changes in the fan performance map can occur.

Compressor rig tests with screen-simulated total-pressure distortion should include classical (square-wave) patterns and
simulated aircraft inlet patterns (7.2). Tests using classical patterns provide information on the types of distortion to which
the compressor is most sensitive. Tests are conducted for both stability and performance evaluations and usually include
distortions more severe than those corresponding to aircraft mission performance points. The test data provide a basis for
deriving compressor numerical performance/distortion sensitivity factors.

The results obtained from rig tests of a five-stage axial compressor with three classical time-averaged circumferential
distortion patterns are presented in Figure 80. The multiple-per-rev elements were unity. At these levels of circumferential
distortion, which are typical of those encountered in the mixed radial and circumferential patterns of inlets at cruise
conditions, flow and effigierey-Hosses-werelessthand%and-were-of the-erderof-the-measurementaccuracy. Area-averaged
compressor performancge was not greatly affected.

The results of a seven-stage axial compressor test with classical circumferential screen patterns|are shown in Figure 81
(Reference 2.2.6). Screg¢n details are presented in Table 10.

In this case the predomjinant distortion effect for the more severe patterns (screens 3 and 4) was loss of corrected flow,
particularly close to the| stability limit. Efficiency changes (not shown) also oecdrred. The data give an indication of the
measurement scatter prpblem for less severe distortions (screens 1, 3, and 2)0f/No. 1).

The results of tests of the same seven-stage compressor with hub-radialand tip-radial patterns @are shown in Figure 82.
Classical and graded tip-radial patterns were tested. A mixed classical,pattern consisting of the tip-radial and 90 degrees
circumferential screens was also tested. Screen data are presented.in Table 11.

The dominant effects oljserved were loss of compressor corrected flow for the hub-radial distortior] and a gain in corrected
flow for tip-radial distorfion when the compressor is uncheked. AIP distortion, tip-radial distortion in this case, does not
necessarily produce logses in compressor corrected _flow. The increase in corrected flow due [to the graded tip-radial
distortion, screen 21, was mitigated to some extent by adding the circumferential distortion elemgnt, screen 2, which had
very little effect on flow when tested alone (Figure@1).
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Figure 80 - Effect of classical circumferential inlet distortion patterns
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Figure 81 - Rig compressor tests - classical distortion

Table 10 - Classical-.circumferential screens
Extent (0%),+] Intensity (APC/P) Multiple-Per-Rev

Screen Degrees (100% Flow) (MPR)
Clean Flow ;| O - - -
1 A 45 0.06 1
2 W a0 0.044 1
3 0 180 0.064 1
4 Y 90 0.07 1
5 X 2 X 45 0.046 2

105
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Figure 82 - Rig compressor tests - radial and mixed distortion
Table 11 - Radial and mixed screens
Radial Intensity Radial Extent
Screer Distortion Type (APR/P) (Percent)
Clean i[O - - -
HUB-RADIAL
13 0 (CLASSICAL) +0.04 50| (Area)
TIP-RADIAL
14 A (CLASSICAL) +0.055 50| (Area)
. RING: 1 2 3 4 5
2 o] TERA
( ) -0.15 -0.03 +0.02 +0.06 +0.10
2+21 {| X MIXED SCREEN 2 + 21 100
The data illustrate sevefal points televant to the assessment of distortion effects on performance:
a. Testing with classical patterns provides important quantitative insights into compressor performance response.

b. Some distortion elements can have a favorable ellect.

c. The interpretation of test data for moderate distortion levels can be occluded by data random error and repeatability
scatter.

The combined tip-radial and circumferential distortion pattern (screen 2+21) results imply that upstream compressors should
be tested with inlet patterns to determine the performance changes.

The results of testing on a three-stage turbofan are shown in Figure 83. The inlet pattern for this turbofan is illustrated in
Figure 84. Overall fan performance was affected significantly, corrected flow and efficiency changes being approximately
2%. In this case, additional data relevant to changes in split-flow outer diameter (OD) and inner diameter (ID) performance
characteristics and bypass ratio may be required for analysis.
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Figure 84 - Simulated inlet-distortion screen #1

The assessment procegldres can use compressor test results in the form of modified performgnce maps for specified
distortion patterns, as discretechangesduetothosepatterns; oraschangescorretatedwithmumerical distortion descriptors.
An example correlation for a three-stage research compressor tested with a number of classical patterns is shown in Figure
85 (Reference 2.2.6). Fan corrected flow, pressure ratio, and efficiency changes for nominal matching of the operating line
correlated well with radial distortion. Tip-radial distortions were favorable, and hub-radial distortions were unfavorable.
Circumferential distortion elements were not dominant in this case. The particular distortion descriptor used for the
correlation is defined by a combination of radial distortion elements:

(PAV)ID _(PFAV) 1 i(ﬁj (Eq. 84)

PFAV N P

i=1
where:

(ﬁj are the radial intensity elements, and N denotes the number of instrumentation rings describing the ID region
i

of the patterns. (For this example, N = 2, and (PAV),; equals the average pressure in the ID region.)
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If the major effects of distortion are not confined to the upstream compressor, then compression component distortion
transfer data - principally total pressure and temperature data - may be required to assess the effect of AIP distortion on
downstream components. Pattern and numerical distortion descriptors at the low-pressure-compressor exit would be

required for this purpose.
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Figure 85 - Distortion effects on three-stage fan compression

6.2.2 Engine Response to Distortion - Examples

Engine tests with total-pressure distortion play an important part in the assessment of performance changes due to
distortion. The results of tests conducted in a direct-connect altitude test facility on a turbofan engine with inlet distortion
simulated by a screen at Mach 0.9, 40 000 feet, standard day conditions appear in Figure 86. Data are presented in terms
of changes in corrected fuel consumption and corrected gross thrust relative to tests with undistorted inlet flow. No significant
trends in the corrected gross thrust and fuel flow changes due to distortion were observed in the data range from 70 to
100% corrected fan speed for this limited sample test case. Airflow changes were on the order of 0.5%.
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Engine tests in both undistorted and distorted inlet flows are necessary to establish distortion effects. Individual data points
can be misleading. A factor of some importance in the interpretation of the data is that of accounting for screen pressure
loss which affects the engine test Mach number/altitude setting for a given nominal flight condition, the power extraction,
and the intercomponent match. No corrections for engine final nozzle rematch were necessary in this choked nozzle
operating case.
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Figure 86 - Turbofan engine performance with inlet distortion
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Results obtained from turbofan engine tests conducted on a sea-level test stand with a classical circumferential inlet
distortion pattern can be seen in Figure 87. Significant changes in corrected gross thrust and specific fuel consumption were
caused by the inlet screen. Specific fuel consumption increased by 6% and thrust decreased by 2% relative to undistorted-
flow engine performance. These changes were not due solely to the effects of distortion, however, but to the combined
effect of distortion and loss of inlet recovery which caused engine component rematching with the unchoked mixed-flow
nozzle. Corrections to the measured results for the effect of the screen losses reduced the magnitudes of the performance
changes so that they fell within the undistorted-flow engine-performance data scatter. Corrections for average total-pressure
loss are necessary in order to isolate the effect of distortion if the screen loss does not correspond to that of the inlet loss.
Tests with uniform screens designed to simulate the distortion screen pressure losses may be required to establish the
appropriate corrections and validate cycle deck calculations.
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Figure 87 - Turbofan engine with classical circumferential distortion pattern
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Inlet flow distortion can affect rated performance if the engine control employs discrete or local-flow parameter sensing,
e.g., a local exhaust pipe total-temperature signal. In this case very significant changes in performance due to distortion can
occur due to flow profile effects within the engine, created as a consequence of AIP distortion transfer. Circumferential total-
temperature profiles at high-pressure (HP) compressor and low-pressure (LP) turbine exits for a turbofan engine operating
at constant HP compressor speed behind the screen-simulated distortion can be seen in Figure 88. The distortion pattern
is shown in Figure 89. Significant performance changes would result if the engine were controlled to a fixed temperature
limit using a single local sensor. The performance change would depend on the sensor location relative to the distortion
pattern. This, in fact, occurred, as can be seen in Figure 90. The changes in normalized specific fuel consumption, gross
thrust, airflow, and LP and HP compressor speeds were very significant. The data, which were derived from sea-level-static
tests, are uncorrected for screen loss, which was constant for all screen positions. The data points were obtained by rotating
the screen. Results obtained from turbofan engine tests where a fan pressure ratio control was being investigated appear
in Figure 91. Significant changes in fan operating line position were observed for various screen positions.
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Figure 88 - Turbofan engine performance with distortion
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Figure 97 - Effect of engine sensor location

Compression system designs which incorporate variable geometry, e.g., variable stagger stator blading, may employ local
flow sensors to schedule the geometry. In such cases, the effect of flow distortion on the schedule and the resultant change
in component matching and overall engine performance should be evaluated.

The data illustrate that performance assessment procedures may need to account for circumferential distortion pattern
position and that more than one screen position may need to be tested to cover multi-engine (mirror imaged) installations.
Engine control mode and sensor selection studies should address the anticipated distortion characteristics. In view of the
complexity of the question, engine tests would be necessary to account such effects with confidence.
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6.3 Assessment Procedures

Procedures for assessing the effect of AIP total-pressure distortion on engine performance are part of the procedure for
evaluating installed engine performance. A prime concern is to identify the technical need to account distortion effects
explicitly. This need should be judged against performance and performance accuracy goals and the anticipated severity of
the distortion problem. Each propulsion system should be considered on its own merits.

Assessment procedures for determining installed engine performance fall into two broad categories: Performance Synthesis
and Performance Testing. Synthesis and testing activities interact. They are not sequential, and they evolve as updated
information becomes available. A logic flow chart for the evaluation of installed engine performance is shown in Figure 92.

Performance synthesis activities include:

1. Assessments of baseline undistorted flow or uninstalled performance using estimated or empirical engine component
data.

2. Assessments of insfalled performance based on AIP face-average pressure and engine comppnent data.
3. Assessments of AlF distortion effects using component distortion response data.
Performance testing actjvities are organized to yield performance data for:

1. The uninstalled endine in undistorted flow. Programs may include seadevel test stand and atitude test facility (ATF)
testing.

2. The “installed” engine with simulated AIP distortion. Programs may include distortion tests on|the sea level test stand
and in the ATF with[simulation of aircraft services, including bleed and power extraction.

3. The inlet plus enging. Programs may include sea level teststand and free-jet ATF testing.
4. The installed flight tgst engine.

Performance assessmets are conducted at operatiohal conditions defined in Table 12.
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Figure 92-'Installed engine performance assessment guideline

Table 12 - Operational conditions

6.3.1

Aircraft Inlet Engine
Temperature Configuration Power Level
Altitude Bleed Service Bleeds
Flight Speed Reynolds No./Scale | Power Extraction
Attitude (o, B) Mass Flow Afterburner
Thrust (Drag) Level Thrust Reverse

Performance Synthesis

Synthesis methods are organized into steady-state and transient computer programs, or performance and handling decks,
which incorporate engine component performance maps and matching and control logic in mathematical models of the
engine. Treatments of uninstalled and installed engine performance based on AIP face-average total pressure are well
established. For example, steady-state and transient performance presentations for digital computational programs are
presented in AS681J. Other relevant data are presented in ARP246C, ARP1210D, and AS755D.
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In assessing installed performance on a face-average inlet pressure basis, engine rematching due to changes in inlet
pressure level and in non-dimensional engine performance parameters is taken into account. The non-dimensional
component performance maps correspond to undistorted AIP flow conditions. This implies that the effects of distortion on
the non-dimensional performance maps (in particular, compressor maps) are assumed to be negligible. Rematching effects
due to distortion are assumed to be small. Changes in engine internal flow profiles and distortion effects on the control
system are assumed not to occur.

Synthesis outputs at matched inlet flow conditions are installed thrust, airflow, fuel consumption, aircraft performance
parameters, and engine gas generator performance and control parameters.

The extent to which explicit distortion assessment procedures are incorporated into a performance synthesis methodology
will depend on the particular propulsion system and initial assessments of the magnitudes of the performance changes likely
to be involved. Experience may, for instance, indicate that distortion will not affect installed engine performance significantly
and that detailed assessments will not be required. The quality of information on the inlet and engine available during the

conceptual studies and
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Figure 93 - Split-flow AIP distortion analysis example

An example performance synthesis output for a separate-flow two-spool turbofan engine operating at sea-level static,
standard-day conditions, is given in Table 13. Thrust data for engine operation either at constant fan speed or constant jet
pipe (LP turbine exit) total temperature are provided for cases where the inlet total-pressure loss is confined either to the
bypass or the core flow region of the AIP (square-wave radial pattern). A local pressure loss of 10% was assumed. The
effects on thrust are expressed in terms of thrust loss sensitivity factors and are compared to uniform flow thrust loss factors.
Significant differences occur in the engine total thrust sensitivity, depending on the location of the total-pressure defect
region and engine control mode. In this example, hub-radial distortion nearly doubled the thrust loss factor in the
temperature-control mode. Data on engine internal temperature, pressure, spool speed, flow, bypass ratio, and fuel
consumption changes can also be obtained as outputs.
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Table 13 - Turbofan thrust loss synthesis

Constant Fan Speed Constant Jet Pipe
Engine Control Mode 100% Temperature
Overall By- Overall
(Uniform Core | pass (Uniform Core | By-Pass
Inlet Recovery Loss) Loss)
Loss Region ' ‘
N 10 10 (ID) | 0(ID) 10 10 (ID) | O (ID)
Local Recovery Loss ~ Percent (Datum) | 0 (OD) |10 (OD)| (Datum) | 0 (OD) | 10 (OD)
Distortion
PFAV -PAVip 0 +0.0615]| -0.0604 0 +(0.0615]|-0.0593*
PFAV
PFAV -PAVop 0 -0.0427 | +0.0456 0 -Q.0427 | +0.0466
PFAV
PFAV Recogvery Loss ~ Percent 10 4.1 5.7 10 4.1 5.6
Thrust|Loss ~ Percent 15.8 5.9 9.6 16.4 13.1 3.4
Thryst Sensitivity
THRUST LOSS % 1.58 1.64
1.54 1.73 3.3 0.62
PFAV RECOVERY LOSS % (Datun?) (Datum)
Radjal Distortion
PAY 1o ~PAVop 0 -0.104 | +0.106 0 -D.104 | +0.106
PFAV
Thrust Sensitivity Change ~ Percent 0 -0.04 +0.15 0 11.66 -1.02
The example, which car) be generalized.to"cover other distortion cases, illustrates three points of deneral interest:
a. Turbofan performarjce synthésis programs can provide valuable and timely quantitative indjcations of the effect of
distortion on engine[performance for defined AIP patterns - inlet type or parametric patterns - arld engine control modes.
b. Performance changes-ean be correlated with numerical distortion descriptors (results in Table 13 may be expressed as

differences).

Such correlations are only valid for a specified class of distortion so that care is required when attempting generalized

correlations. Different results would be obtained for different ID/OD total pressure distributions.

Appropriate provisions for engine component rematching at specified propulsion system operating conditions should be
included in the computational system.

6.3.1.2 Distortion Dat

a Use

The assessment outlined above accounts for engine component rematching and control interactions but uses undistorted
or clean-flow component non-dimensional performance maps and excludes the potential effects of distortion on engine

control sensing in the m

athematical modeling.
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Assessments of the performance effects of AIP distortion can be updated during the development phase when the effects
of distortion on engine component performance maps - in particular those of the compression system - are available from
component rig and engine tests. Distortion test results then can be used in higher-order mathematical models appropriate

to the powerplant under

development.

Numerical assessment programs using empirical distortion data should provide for the following inputs:

rtion descriptor elements.

sessments.)
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However, care is re
downstream compo
estimating the effec
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ting alternate procedures for synthesizing engine performance changes'd
oints of this procedure are:

br performance maps, available from compressor rig tests with~a given Al
ne steady-state computer programs (refer to AS681J) as an‘alternative to t
thrust, fuel consumption, airflow and other engine perfotrmance variables
Can be established by comparing face-average assessment outputs. This p
Nt option where ID/OD rematching is important: Split-flow fan performa

bn-response data for a given AIP pattern can be expressed incrementally
hnd efficiency, An, for specified compressor operating conditions. The incre

ompressor flow variables, for example, Nc and PR (Figure 82). Separate t¢
br assessing turbofans. The component performance increments may be
gram to provide absolute or nermalized engine performance with inlet dist

d efficiency increments may be correlated with the distortion descriptors

uired in turbofan.applications to assure correct ID/OD matching. Distortiorn

s of flow profite changes on engine control functions.

Performance-related AIP distortion parameters. (These combined descriptor elements are not necessarily the same as

Performance changes within compressor, main combustion, turbine, afterburner, and nozzle components.

e to distortion is shown

P distortion pattern, can
he undistorted flow map,
to be determined. The
rocedure is an important
nce characteristics are

as changes in corrected
ments may be functions

rms for ID and OD flows
sed as input data to the
ortion.

at specified compressor

provided a suitable .background of component testing has been conducied. Correlated changes

bt engine assessments.
transfer data applied to

nents provide.similar input data to the engine matching program, which may need to provide for
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Figure 94 - Steady-state performance assessment with inlet distortior
A flexible approach to thie organization of performance synthesis procedures should be adopted wh
to facilitate program optjons.
6.3.2 Performance Tgsting
Engine and engine conponent tests with distortion provide data essential for the assessment an

THRUST

FUEL
CONSUMPTION

AIRFLOW

enever possible in order

d validation of distortion

effects on installed engi- © pcffunnallbc. CUIII[JUI rentand-et lgillc testdata abquibitiun stottdbe lcgarded as Complementary
processes. Test planning and implementation guidelines are presented in Section 7 together with a discussion of available

test techniques.

General points relevant to data acquisition for performance assessments are:

a.
interactions (rig-engine interference terms).
b.
pattern positions, which may affect control system design.
C.

Engine tests provide data for installed components and extend rig experience to include the effects of component

Engine tests provide development data on flow profile/control system sensor interactions for appropriate patterns and

Measurement repeatability and accuracy in rig-component and engine tests are primary considerations as the

quantification of performance changes due to distortion essentially involves measuring small differences between large
quantities. The validity of performance loss/distortion data correlations and the amount of testing required to establish
meaningful performance changes rest heavily on the measurement technology employed. Assessments should be

accompanied by uncertainty analyses.
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performance points.

AIP distortion patterns tested for performance should correspond to inlet patterns representative of prime mission

The need for tests at distortion levels high enough to produce measurable performance changes should be considered.

The effects of screen loss on engine rematching, in particular for unchoked nozzle operation, need to be isolated if

distortion-induced performance changes are to be accounted for explicitly. This may require uniform screen testing
through the requisite test flow range.

losses over the test

flow range and provide controlled performance assessment data.

Adjustments to nominal test conditions (for example, screen inlet pressure levels) may be required to account for screen

Assessment data acquired from inlet-plus-engine ground facility tests, flying test beds, and flight development prototype
aircraft are included |mpI|C|tIy in measurements made W|th gas path mstrumentatlon The quality of flight-test performance

assessment data will d
increased trend towardsg
performance in service

6.4 Time-Variant Dist

Current methods of acd
performance use time-g
insufficient to define thg
installed thrust, fuel co
turbulence levels are loy

Data available from com

the use of on-board d|agnost|c and momtormg data systems provides-me
bperation.

Drtion

ounting for the effects of steady-state total-pressure distortion at the AlIP
veraged data from the low-response instrumentation located at the AIP.
effect of time-variant AIP total pressure distortion ahd/PFAV fluctuationg
hsumption, and airflow. At typical mission perfortnance points, AIP distq
v and the performance effect minimal.

pression component rig tests indicate that the time-averaged performance

dependent flow (Referefces 2.2.7 and 2.2.8). Random AIP flow fluctuations may cause losses of cq

of 1% + 0.5% RMS td
performance responds #

7. DISTORTION TEST

Tests provide the techn
discussed in Sections 5
the test effort. A prog
procedures, and analys
utilization of the data.

The primary objectives
determine the effects of
to the specific needs of

tal-pressure amplitude (filter range @“o 1500 Hz). The test results in
o a wider turbulence frequency range than compressor stability.

ING

cal data base for the development and verification of the stability and pe
and 6. The validity of.the assessments depends on the quality of the data

am, with techniques defined in terms of the instrumentation, data m
s and communication of results, should be established by all involved par

of distortion tests are to define the flow distortion characteristics of the in
Histortion on the stability and performance of the engine. The scope of the te
the propulsion system. The extent and type of the tests must be balance

5 of AIP distortion. The
ans for acquiring engine

on steady-state engine
Available information is
on steady-state engine
rtion data indicate that

may be affected by time-
rrected flow in the order
dicate that compressor

rformance assessments

base generated during
bnagement, equipment,
ties to assure maximum

let and to quantitatively
st effort must be tailored
| with regard for system

requirements, program

Hestones, program risk assessments, program schedules, and cost co

straints. Tests may be

required on inlet and aircraft components, engine and engine components, and the propulsion system. Information acquired
from these tests decreases the risk of incompatibility between the inlet and engine as propulsion system development

progresses (Figure 95).
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Figurd 95 - Distortion assessment uncertainty during propulsion system lifeé cycle

7.1 Inlet and Aircraft Component Tests

A purpose of the inlet §ystem is to supply the desired quantity and quality of air to the engine. |A well-constructed inlet
development program ig necessary to identify appropriate performance, weight and cost trades. THe tests required depend
on the degree of complexity and risk associated with individual designs. Highly integrated systems, involving significant
advances in the state-pf-the-art, may require tests that extend over a period of years. Withh a concomitant engine
development program, fime phasing and_appropriate information exchanges become critical to|the development of an
optimal system. In less|complex programs, or where a higher degree of technical risk is acceptgble, limited tests over a
relatively short time peripd may be-adequate.

A checklist, identifying [test Objectives during various stages of the inlet development program, is given in Table 14.
Appropriate wind tunnell models, test facilities, major independent test variables, and data requirgments are summarized.
Tests are grouped in thieé-major categories: (1) inlet development tests, (2) inlet verification tests| and (3) full-scale, inlet-
engine compatibility tests. Individual aircraft development programs may require the use of various combinations of these
tests.

Inlet/aircraft models of differing scales are tested in a number of facilities to acquire inlet data. Model scale, Reynolds
number, and facility type can all introduce uncertainties in the data. Tests with short subsonic inlets have indicated that the
distortion in flight may be significantly different from the distortion measured in scale model tests due to the effect of engine
pumping, Reynolds number, and other wind-tunnel-to-flight differences. Data in Reference 2.2.9 show that engine pumping
substantially reduces distortion following separation at high angles of attack. It appears that these effects are most significant
in close-coupled installations such as those utilized in commercial aircraft. Programs on conventional supersonic inlets
indicate that, with sufficient attention to detail, good correlation can be obtained between subscale and full-scale model tests
for selected inlet configurations (References 2.2.10 to 2.2.12). The data indicate that Reynolds number effects on inlet
distortion due to model scale and/or tunnel conditions were negligible at static and subsonic conditions, provided Reynolds
number is sufficiently high to preclude non-representative flow and separation in the inlet duct. Full-scale test article data at
high Reynolds number showed higher total-pressure recovery and slightly lower distortion compared to results with sub-
scale models. Comparable results were obtained in both blowdown and continuous wind tunnel facilities.
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Flight test and wind tunnel results are compared in Reference 2.2.12. Distortion patterns recorded during flight tests were
found to be similar to wind tunnel results obtained during static, subsonic and supersonic operation. Flight data resulted
generally in slightly higher total-pressure recovery and slightly lower total-pressure distortion than recorded during
comparable wind-tunnel conditions. These differences were smaller than the differences recorded among different aircraft
at comparable operating conditions. Results, comparing data from full-scale inlet/engine tests with data from “cold pipe” (no
engine present) tests, indicated that the effects on total-pressure recovery and distortion were negligible. The latter result
is attributed to good simulation of the acoustic impedance of the engine achieved by locating the choking station (used for
airflow control) close to the AIP.

7.1.1 Inlet Development Tests

Small-scale inlet test results are used to define the inlet/forebody configuration. Tests to evaluate the inlet in terms of the
flow quality at the AIP, to evaluate inlet drag, to identify appropriate trades, and to optimize performance are described in

this section.

7.1.1.1  Internal Perfo
Internal performance (d
limits) is obtained from (
tests. These tests are d
practice, the design pro
used to modify the conf
expensive test facilities.
least 1/10 scale to achig
to simulate the downstrq
section. The allowable n
of the cross-sectional af
measurement of inlet m

of tests and from subscale to full scale.

CFD and empirical mett
with an isolated inlet mo
airflow are duplicated. T
(ramp, sideplate, diffus¢g
distortion problems. The

An example of an isolated-inlet test facility’ is shown in Figure 96. The subsonic diffuser model v

internal performance of

fmance

bfined by total-pressure recovery and distortion at the AIP, airflow, '@nd thg
1) isolated-inlet tests, (2) subsonic-supersonic inlet/forebody tests, and (3)
bscribed separately in Table 14. However, no single test aceomplishes all
cess is iterative and requires more than one wind tunnel efitry. Each test
guration for the next test. Tests are conducted with smidll-scale models t
To a great extent, model size is determined by windtunnel capability, buf
ve accurate geometric similarity. Typically, the allowable projected frontal
bam aerodynamic environment should be approximately 1% of the cross-s
nodel size for tests in which only the inlet conditions need be simulated ca
ea of the test section. Of paramount importance during the conduct of any
pss flow. This parameter is the primary correlation variable between vario

ods are usually employed to estimate initial inlet performance. Initial inlet
Hel in a facility that permits frequent access to the model. Geometry, flight M
ne tests update the initial configuration evaluation and performance estimat
r, internal line, cowl lip) are évaluated. Limited dynamic instrumentation is
tests provide sufficient'data to permit detailed configuration development.

arious inlet duet'configurations. Total pressure recovery, steady-state disto

e inlet operating stability
ow speed inlet/forebody
the stated objectives. In
generates data that are
O permit the use of less
the model should be at
area of models required
ectional area of the test
h be approximately 15%
inlet test is the accurate
us types and categories

tests may be performed
ach number and engine
bs. Alternate geometries
sed to identify potential

as built to evaluate the
rtion, and RMS pressure

levels were measured by a 40-prob€rake mounted at the simulated engine face station. Internal components could be

changed easily to eval
diffusers. One method, i

ate different diffusers. Other low-cost techniques are also available fo
bmplaying an altitude chamber as a vacuum source, is described in Refere

Inlet/forebody models, fested at low speed, subsonic and supersonic conditions, are configured

[ investigating subsonic
nce 2.2.13.

with a forebody, a wing

stub, if required, any forward control surfaces, and other aircraft features which affect the flow forward of the inlet. Flow-
field tests are performed to measure the local Mach number and the flow direction of the air entering the inlet. For some
tests, the inlet is replaced by a rake of flow-field probes and is tested over the Mach number and attitude range. Flow-field
data are used to optimize inlet placement and orientation. CFD has largely replaced this type of testing.
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Table 14 - Inlet and aircraft component tests

Model/Facility/Test Variables

Data

Objectives

Inlet Development Tests

A. Isolated Inlet Model
1. Inlet Alone (Scale > 0.1)
2. Blowdown Wind Tunnel
3. Mach, Inlet MFR, Geometry

B. Subsonic-Supersonic Inlet/Forebody Model
1. Inlet/Forebody with Fwd A/C Control
Surfaces/Wing Stub (Scale > 0.1)

Steady-State AIP Pressures
Limited Turbulence
Engine Airflow

Steady-State AIP Pressures
High-Response AIP Pressures
Engine, Bleed, ECS Airflows

Inlet Sizing

Internal Diffuser Lines

Cowl/Sideplate Arrangements

Initial BLC Configurations

Bypass/Auxiliary Inlet Configurations

Inlet Stability Characteristics

Buzz Frequencies/Amplitude

Ramp Configurations

Inlet Shielding Devices for Radar Cross Section (RCS)

Initial Subsonic/Supersonic Inlet Performance and Distortion
Characteristics
Boundary Layer Gutter Development

2. Blowdown Wind Tufnel
3. Mach, a, B, Inlet MAR, Bleed Airflow, ECS
Airflow, Geometry

C. Low-Speed Inlet/Forebgdy Model
1. Same Model as B.1| Above
2. Low Speed, Contindous Wind Tunnel
3. Mach, a, B, Inlet MAR, Geometry

D. Drag Models
1. Complete Aircraft Model with Appropriate
Portions of Inlet on Force Balance (Scale <
0.1), Forebody ModEl, or Aerodynamic Model
to Obtain Spillage Orag
2. Continuous and/or Blowdown Wind Tunnel
3. Mach, a, B, Geomefry

Static Pressure Distribution

Steady-State AIP Pressures
High-Response AIP Pressures
Engine Airflow

Static Pressure Distributioh

Inlet Drag*Components
External Static Pressures

Inlet Flow Field

Inlet-to-Inlet Interdependence
Inlet Control Sensor Locatiohs
Inlet Control Schedules
Maneuver Envelopes

Bleed Separation.& Exit Configufations
AJC Control Surface Vortex Ingeption
Bypass Configurations

ECS Sceop Configurations
Inlet Shielding Devices for RCS
Inlet-Stability Limits

Extérnal Stores Inlet/Engine Airflow Matching

Initial Static/Take-off (Mach < 0.2) Performance & Distortion
Characteristics

Auxiliary Inlet Arrangements

Ground Plane Effects

Crosswinds

Nose Gear Wake Ingestion

Wing Slat Effects

Off-Schedule Ramp Geometry

High /B, Operation to Support A/C Stall Investigations

Drag Data to Support Inlet Configuration Trades and to
Estimate Installed Performar|ce

Inlet Verification Tests

1. Inlet/Forebody with Fwd A/C Coentrol (Scale =
0.2)

2. Continuous Wind TynAel

3. Mach, a, B’ Inlet MAR,Bleed Airflow._ECS

Steady-State AIP Pressures
High-Response AIP Pressures
Engine, Bleed, ECS Airflows
Static Pressure Distribution

Critical High-Response Distortiop Patterns and Levels
Reduced Bleed Requirements
Inlet Performance Over Flight arjJd Maneuver Envelopes

Wake/\/artex Ingestion Fnvelopds

Airflow, Geometry

Duct Loads - Hammershock

Weapon Bay Doors - Spoilers
External Stores

Refined Control Schedules

External Pods, Scoops

Inlet Shielding Devices for RCS
Refined Inlet Control Sensor Locations
Bypass Door Operation

Inlet/Engine Compatibility

1. Full-Scale Inlet Model and Prototype Inlet
Control, Prototype Engine and Control Tests
Consist of 3 Phases:

a. Inlet Alone
b. Inlet Plus Inlet Control (No Engine Present
c. Inlet Plus Inlet Control (Engine Present)

2. Continuous Wind Tunnel

3. Mach, Limited «, Inlet MFR, Geometry,
Distortion

Steady-State AIP Pressures
High-Response AIP Pressures
Inlet/Engine Airflows

Inlet Static Pressures

Full Engine Instrumentation

Inlet/Engine Compatibility Demonstration
Inlet Control Operation

Inlet Control Response Rates

Engine Control Sensitivity to A/C Distortion
Inlet Stability Limits

Engine Throttle Transients

Hammershock Loads

Vortex Ingestion

Engine Distortion Tolerance

Flight Test Instrumentation Checkout
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More than one series of inlet/forebody tests may be necessary to acquire the internal performance data. Tests are conducted
over the full range of flight conditions from static operation to high Mach number. A full complement of low- and high-
response AIP instrumentation is employed to obtain distortion data. All parts of the aircraft that affect the inlet internal
operation are duplicated.
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Figure 96 - Subsonic diffuser model for investigating internal performance

As an example, a 0.10-
with stub wings is show
determine the effects of
performance in detalil, id

data to refine the initial design.

Diagnostic testing in a lpw-speed (Mach 0.2) wind tunnel can also be of value for screening configuration changes. Use of
the low-speed tunnel pimnisfhemﬁtargvmtemdﬂwmﬂmmuﬂbwenvmmem—ﬁow visualization tests of
the diffuser can be conducted. In addition, AIP steady-state instrumentation can be used as an evaluation tool. These tests
permit assessment of inlet changes in the presence of a flow field and are relatively inexpensive.

5cale B-1 model with’a single nacelle dual-inlet design mounted to a conplete fuselage forebody
n in Figure 97%A 'weapons bay just forward of the nacelle is simulated. This model was used to
weapons bay.doors and external stores on inlet performance. Tests were ¢onducted to define inlet
entify the effects of the aircraft and adjacent inlets, define the inlet control requirements, and provide
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7.1.1.2 External Perfq
The tests described abg
conducted to evaluate e
drag, bleed drag, and arf
model and the external
designed with several in
the inlet. These tests pr
well as providing data fd

As an example, a 0.071

nacelle mounted to the fuselage forebody. Fuselage structural mode control vanes, stub wings, an

through nacelle are sim
system. The model prov

Figure 97 - Inlet/forebody wind tunnel model

rmance

ve define and quantify the factors whichvaffect internal performance. Conc
xternal performance which includes_ al*drag items chargeable to the inlet (in
y interference effects of the inlet flow on aircraft drag). Because testing req
flow field is important, the medel is generally smaller than the internal g
ternal balances and extensive static pressure instrumentation to evaluate
bvide drag data to evaluate-Configuration changes resulting from the interr
r overall aircraft performance assessments.

scale B-1 inlet drag model is shown in Figure 98. This model represents

ulated. Model-drag is measured by an internal force balance supporting
ides incremental inlet drag data for installed engine performance calculatig

urrently, tests should be
let spillage drag, bypass
uires a complete aircraft
erformance model. It is
he drag associated with
al performance tests as

the left-hand dual inlet
 the opposite-side flow-
he metric portion of the
ns.
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R\
the final subscale evaluation of in(@internal performance. Model size is us
e which may influence the inlet flow fie

Tests

dy and other parts of the airf]
ation tests is to define the,i erformance characteristics throughout the
angle, and corrected airflow-ranges. ltems that affect the inlet are optimizedq.

ntial influence on inlet operation. This requires that all scoops, vents, exits,

ap
@%Ie, an F-18E/F model, constructed for this type

O

mental control system inlets, radar cooling circuit scoops,
@a influence the inlet flowfield are evaluated during the te
functions of speed and angle of attack. The effects of wake a

sts tha

d. Typical items include flight-test or production noseboom, land

Lially 15% scale or larger
d are represented. The
required Mach number,
The model should fully

of testing, is shown in

gun bay purge devices
bts. Flow and recovery
hd shock ingestion from
ng gear, auxiliary tanks
bnes, total-pressure and

|ISh g
@ rcraft protuberances should be made. ltems include angle-of-attack v

total-temperature probe

S, dnd antennae.
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Alternative inlet control-
to establish locations th
inlet drag. The inlet bypa
drag (inlet spillage and
operation in buzz is inve
used to evaluate enging

Instrumentation for the
located in the bleed and
total-pressure probes. S
may be required in auxi

Figure 99 - 0.176-scale F-18E/F model used fobinlet verification tests

Eensor locations are investigated during thedests. Several options can be e
at best provide the desired signals. Boundary-layer-bleed systems shoulg
ss system maintains satisfactory inlet @pération during maneuvers while mi
bypass) for non-maneuvering conditions. Calibrated mass-flow measuren
stigated. Distortion, in-phase pressure oscillation amplitudes, and frequen
response. Static pressure loads are obtained to determine structural desig

inlet verification test phasé€ is comprehensive. Low- and high-response
bypass systems and-in.the diffuser. The AIP is fully instrumented with both

valuated simultaneously
| be refined to minimize
nimizing the total system
hents are required. Inlet
y content at the AIP are
yn criteria for the inlet.

static-pressure taps are
low- and high-response

tatic pressure taps at the AIP can provide further useful information. High-résponse instrumentation

iary air induction ‘'systems to determine if pressure oscillations occur.

Digitized peak time-variant distortiondata will provide patterns for stability evaluation by the engine

trends with Mach numb
range, and steady-state
performance is affected

br, angle.of attack, angle of sideslip, and mass flow are established. Inlet
distortion data are obtained for use by the engine manufacturer to de

manufacturer. Distortion
recovery, stable-airflow
ermine whether engine

Results of verification tests are used to establish the final design of the inlet, including control schedules, bleed and bypass
requirements, and external flow field effects. Definitive flow distortion and recovery levels are obtained for the final design.

7.2 Engine and Engin

e Component Tests

Engine and engine component tests are required to develop and verify the initial (design phase) assessments of the effects
of inlet distortion on engine performance and stability. The tests that may be required are based on three engine-inlet AIP
flow conditions: uniform, steady flow (7.2.1), steady-state distorted flow (7.2.2), and time-variant distorted flow (7.2.3).

Candidate engine and engine component tests are shown in Table 15. The primary objective and data requirements for
each type of test are outlined. Since inlet flow distortion may affect the basic aerodynamics of a number of engine
components as well as interactions between those components and the engine control system, testing of the engine
components (primarily the compression system components) and the engine is usually required.
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Table 15 - Engine component and engine tests

Objectives Tests Data
Develop Flow Stability Compressor Rig/Diffuser Test with Stability Pressure Ratio
Define Descriptor(s) Classical and Flight Patterns Airflow
Define Control Sensor Locations Efficiency
Evaluate Off-Schedule Geometry Exit Profiles
Evaluate Bleed Effects Distortion Sensitivities
Evaluate Reynolds Number Effects Control Tolerance
Distortion Transfer
Define Spool Interactions Dual Spool or Engine Tests with Spool Supercharging
Distortion Bypass Ratio Shifts
Burner Rig Tests with Distortion Speed Mismatch
Stability Pressure Ratio
Airflow
Efficiency,
Exit Profiles
Distortion Transgfer
Distprtion Sensijtivities
Evaluate Compressor-Burner Burner Rig Tests with Distortion Burner Pressurge Loss
Interactions Exit Temperatufe Profiles
Define Control Sensor|Locations Exit Pattern Fagtor
Rich/Lean FuellAir Limits
Define Augmentor Stability Augmentor Rig Tests Exit Total Presgure and Temperature
Define Control Sensor|Locations Pressure Transjents
Rumble and Sgreech
Light and Blowgut
Define Control System| Destabilizing Engine Tests with-RLA Transients Linkage Rates
Effects and Flight Trajectory Transients Travel Limits and Lags
Fuel System.Stability Checks Compressor Operating Lines
Fuel Pressure Rulsations
Control Tolerarce
Define Engine Stability and Engine Tests with Classical Patterns | Stability Limits
Performance and Flight Patterns Airflow(s)
Installation Effects at Critical Flight Efficiency(ies)
Conditions Distortion Transgfer
Speed(s)
Thrust
Specific Fuel Cpnsumption (SFC)
Define Response to Time-Variant Engine Tests with Time-Variant Stability Limit
Distortion Distortion Critical Comprgssor Airflow
Define Response to Special User Engine Tests with: Water Ingestion Stable Operating Range
Requirements Steam Ingestion
Hot Gas Ingestion

Direct-connect test facilities provide controlled inlet flow conditions to the engine and are generally used for developing and
verifying compressor and engine stability and performance. It is neither technically nor economically feasible to obtain
sufficient data for in-depth assessments from free-jet or flight tests of the propulsion system.

Inlet flow distortion may significantly affect engine mechanical integrity and life. Experience indicates that distortion may
increase the risk of exceeding turbine nozzle and blade temperature limits, promote forced compressor rotor vibration and
coupled blade-disk-mode excitation, increase stator stress loads, and affect compressor flutter onset limits
(References 2.2.14 to 2.2.17). During engine tests with inlet distortion it is necessary to ensure that engine component
stress and temperature limits are not exceeded. The aeromechanical limits of the engine components, such as the
compressor operating limits shown in Figure 100 (Reference 2.2.17), must be considered in test program planning.
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gine tests. They provide

a flexible means for evaluating the effects of distortion over a range of throttle conditions using comprehensive

instrumentation.

An example of a typical single-spool, single-discharge compressor rig is shown in Figure 101. The facility includes a large
intake plenum, an inlet bellmouth, and a low-volume, quick-opening throttle valve. The first two items provide high quality
airflow at the compressor face and the third allows rapid surge recovery. The rig tests define the performance of the test
compressor from open throttle settings to the stability limit throttle setting at each of several constant rotational speeds. The
test results are presented as a compressor map defining performance in terms of flow pressure ratio, efficiency, and stability
limit. If the test compressor is an integral unit of a multiple-compressor-compression system, such as a dual-spool engine,
then aerodynamic coupling effects between the spools (spool interference) may need to be accounted in the test set-up and

procedures.
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Figure 101 - Single-spool compressorfacility

A schematic of a dual-$pool rig used to characterize the stability of a.fan/low-pressure unit and|its corresponding high-
pressure compressor agpears in Figure 102. Dual-discharge rigs are necessary for testing fan/low-gressure units, with close
attention paid to simulating the expected discharge flow schedules;*Variances in these schedulgs can cause significant
changes in unit performjance and stability characteristics. A schematic of the test section of a typical dual-discharge rig
designed to independently vary fan and low-pressure-compressor discharge-flow schedules appedrs in Figure 103.
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Figure 102 - Dual-exhaust, dual-spool compressor facility


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL

AIR1419™D

Page 141 of 224

\ A

LOW PRESSURE

s COMPRESSOR

/

THROTTLE

VALVE

;

Engine tests define ove
ascertain the effects of g
the effects of the eng
considerations include t

Figure 103 - Dual-discharge compressor flowpath

all performance and stability, verify the results of component tests (e.g., cg
omponent interactions on engine system stability and/performance. Tests

ne operating environment and the effects of the engine operating ¢
he effects of flight Mach number, altitude, Reynolds number, nonstandard

engine thermal enviropment, and flight transients where performance or stability character

achievement of engine {
engine air bleed and pg
state and transient nong

Direct-connect sea-leve
test installation in an alti
airflow-measuring venty
the engine. Flow straigh

hermal equilibrium. Typically, the engine operating characteristics are esta
wer extraction, with control system variations representative of control to
ugmented and augmented control modes.

and altitude test facilities can‘be used for engine baseline testing. A typic
tude test facility is illustrated.in-Figure 104. The salient features of the insta

ri, a large inlet plenum, and)a bellmouth at the engine inlet duct to provid
teners are fitted in the inlet plenum to ensure that the flow is uniform.

Engine

Labyrinth Seal

Screen

hrust Measuri

Thrust Stand

Venturi

Figure 104 - Typical direct-connect engine test installation
for baseline stability and performance testing

mpressor rig tests), and
re conducted to assess
bndition. Environmental
day conditions, external
stics vary prior to the
blished with and without
erances, and in steady-

al direct-connect engine
llation are a critical-flow
b uniform steady flow to

A/B Viewing
Camera

Exhaust Diffuser

ng System


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 142 of 224

7.2.2 Steady-State Total-Pressure Distortion

Tests with steady-state inlet total-pressure distortion define the effects of classical and composite distortion patterns on
engine and engine component performance and stability. Testing with classical patterns establishes the basic sensitivity
characteristics of the engine. Testing with composite patterns establishes performance changes and the loss in stability
attributable to flight type inlet-distortion patterns. Composite patterns are based on inlet test results at selected operating
conditions. The established practice in industry is to simulate peak time-variant distortion patterns with steady-state patterns,
thus avoiding the need for extensive compression system development testing with high-response instrumentation and
data-acquisition systems. Compressor and engine testing with steady-state total-pressure distortion can be accomplished
in the direct-connect installations described for testing with uniform inlet flow conditions using steady-state distortion
generators located approximately one engine diameter forward of the compressor inlet.

Distortion levels up to 30% (P, - Pmin)/Pavg generally are sufficient for most steady-state distortion testing needs. The time-
variant component, APrms/Pavg (0-1000 Hz), should be less than 1% and total-temperature distortion, (T __ - T )/Tavg, should

max min
not exceed 1/2%.

7.2.21 Screens

Wire-mesh screens arg¢ used to generate steady-state total-pressure distortion atsthe compressor and engine inlet,
Figure 105. Screen systems have several significant advantages. They are relatively simple to fapbricate and use. Once
calibrated, screen systefms may be used with limited AIP instrumentation in different facilities having identical engine inlet
configurations. Rotatable distortion screen assemblies may be used to obtain)detailed distortioh data from a minimum
number of installed sensors (AIP and engine internal sensors) at a stabilized engine/environmenial test condition and to
assess engine control system interactions at a constant engine power Jevel position. An example| of a rotatable distortion
screen assembly used fpr engine testing is illustrated in Figure 106.

S
1\@4& _

Figure 105 - Typical classical and aircraft pattern distortion screens

Techniques have been developed to aid in the definition and design of screen configurations that result in desired total-
pressure distortion patterns. Selected inlet distortion patterns usually can be established to required accuracies to within
two to four screen tailoring test iterations. Screens have undesirable operating characteristics in that their pressure losses
are dependent on the screen porosity (blockage) and approach velocities, so that the simulation of a number of inlet
distortion patterns requires a screen change with a consequent loss of test time.
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AIR  INJECTION SYSTEM

Figure 107 - Schematic of airjet distortion generator

The airjet distortion gerjerator requires the use of a full AIR steady-state total-pressure probe arfay and a secondary air
supply system. The time-variant distortion levels obtained with the airjet system may be higher [than comparable levels
obtained with screen sygtems, necessitating the use.6f high-frequency-response inlet instrumentation (Reference 2.2.19).
Similar airjet distortion denerators are reported in References 2.2.20 and 2.2.21.

7.2.2.3 Compressor Tests

Initial assessments of compression system’sensitivity to inlet distortion usually are determined by qompressor rig testing. A
typical test sequence starts with a baseline test conducted with a “clean inlet” configuration, as dis¢ussed in 7.2.1. The test
facility is then modified fo include distortion-producing devices, and distorted-flow compressor mags are produced for each
distortion pattern.

Total-pressure distortio ssure and temperature
distortion at the inlets down-stream—compression-system—components—tmay be desirablg, therefore, to test HP
compressors with both pressure and temperature distortion patterns. A schematic of an airjet distortion system which
accomplishes this objective by injecting high-temperature, high-pressure air at appropriate angles to the inlet flow is
presented in Figure 108. The injection angle determines the degree of pressure distortion included in the pattern. Another
system for producing temperature and pressure distortions involves the use of hydrogen burners in combination with
screens (Figure 109).

at the inlet of a multi-component system is converted to combined prg
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Figure 108 - Compressor rig test with airjet distortion generator installed
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Figure 109 - Test configuration for temperature distortion testing
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The compressor rig test results are analyzed to assess compressor sensitivity to each inlet distortion pattern. The typical
test sequence involves testing with classical patterns (Figure 105) such as “pure” 180 degrees-circumferential, tip-radial,
and hub-radial patterns and then proceeding to more complex patterns such as graded-radial patterns, combined radial and
circumferential patterns, and two per rev patterns. The classical pattern test data serve to define basic compressor distortion
sensitivities and offset coefficients, while the complex pattern data allow generalized sensitivities to be derived.

Testing on a compressor rig imposes constraints which may affect the applicability of the rig test results to a complete
engine. Insofar as practical, the compressor rig should include a simulation of downstream components if these are
anticipated to affect the distortion sensitivity of the compressor. Aeromechanical constraints may prohibit testing with high
levels of distortion, and rig drive-power limitations may preclude testing above design speed.

7.2.24 Engine Tests

Engine tests are conducted to establish the overaII effects of AIP total pressure distortion on englne performance and

stab|llty, verify installeg

settings and PLA tran3|
with the normal control f
the distortion sensitivit
qualification or certifica
“rating” conditions using
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inlet-airflow metering sylstem, such as a critical-flow venturi, forward of.the inlet plenum provides
measurements while te
to assess installed compressor stability limits may be employed (7 4).

7.2.3 Time-Variant Tqgtal-Pressure Distortion

Tests with time-variant inlet total-pressure distortion may be tequired to assess the effect of randomt
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7.2.3.1  Random Frequency Genefators
An example of a random
with a variable-position

freqdency generator installation is shown in Figure 110. A critical-flow con
centerbody is used to generate turbulent flow by interaction of a shock wa

ting with the steady-state distortion generator.¢Engine-installed compressof

tics, and confirm initial
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e and a boundary layer

in the same manner as

urbulent flow is generated in an aircraft inlet. A turbulence attenuation scre

en located downstream

of the venturi may be used to modify the characteristics of the turbulent flow system. The centerbody may be offset to obtain
asymmetric distortion patterns. The random frequency generator (RFG) should simulate the length/volume characteristics
of the aircraft inlet duct from the inlet throat to the compressor face.
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Figure 110 - Typical random frequency generator test
installation for engine stability assessment

Random frequency generators may be designed o simulate specific inlet configurations. The two-dimensional random
frequency generator reported in Reference 2.2.3 (Figure 111) is designed to produce distortion patterns which are similar
in shape, level and dynamic content to those obtained from two-dimensional inlet models. Testing an engine with the
generator provides a means for evaluating pressure-distortion sensitivity and transfer characteristics as well as
engine/control performance in a realistic environment prior to inlet/engine and flight testing. The random frequency generator
consists of a duct with a cross-sectional area of 39.85 in? and 18.5 feet long. The upper and lower duct walls each consist
of three articulated ramps that may be positioned remotely using screw jacks. Changing the flow channel geometry by
positioning these ramps induces distortion via boundary layer separation and shock/boundary layer interaction. Distortion
level and extent are controlled by the particular geometry of the ramp positions and airflow. The turbulence level and ratio
of unsteady to steady-state distortion are controlled by a full-span monoporosity screen located just behind the aft ramp.
The distortion levels produced by the RFG are, in general, controllable and repeatable.
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Figure 111 - Random frequency generator designed to simulate
flow conditions of two-dimensional inlet configuration

Typical RFG test results are shown in Figure 112. The data were acquired with an analog recording system and were
digitized for off-line analysis. The data were filtered to a time constant nearly equal to one engine revolution. The curves
show (a) 1 second of data with an engine stall near 0.80 second and (b) calculated distortion parameters and face-average
pressure in an expanded region from 0.75 to 0.85 second.
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Another method for generating AIP time-variant distortion involves the use of a perforated plate simulator designed to
reproduce the AIP steady-state total-pressure distortion pattern and the statistical characteristics of the inlet flow. An
arrangement of slots or holes in the plate can be adjusted to reproduce steady-state and local RMS pressure contours,
amplitude probability density, and spectral density characteristics (Reference 2.2.23). High-response AIP instrumentation
is required to develop the simulator.
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Figure 112 - Typical engine test results obtained with a random frequency generator
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7.2.3.2 Discrete Frequency Generators

Discrete-frequency pressure fluctuations occur in an aircraft inlet duct due to turbulence and as a result of inlet instability,
such as buzz, or as a result of duct resonances. The propagation characteristics, the surge, and the performance effects of
the planar inlet pressure fluctuations may be determined using discrete-frequency generators. They are effective tools for
evaluating time-variant analytical models which describe the dynamic behavior of compressors.

Several types of discrete frequency generators have been developed. The air jet distortion generator designs reported in
References 2.2.20 and 2.2.21 have discrete frequency pressure pulse capabilities. A rotor/stator flow blockage design is
reported in Reference 2.2.24. The generator consists of a rotor installed between matched stator assemblies. The output
frequency of the generator is controlled remotely by varying the speed of the rotor. The amplitude of the pressure fluctuations
can be varied by changing the solidity (blockage) of the rotor/stator assemblies. A similar design concept, the Planar-
Pressure-Pulse Generator (P3G) is reported in Reference 2.2.8. The P3G is a choked-flow device which uses a single-stage
rotor and stator combination to smusmdally modulate the m|n|mum area. The frequency of the planar waves is governed by
the rotor-to-stator spaci vaves with peak-to-peak
amplitudes of 10 to 30°/c

|-

FAN

DOQWNSTREAM
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VARIABLE ENERGY TO
TO ADJU EATE FLOW
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[

TO ADJUST PULSE

/ MAGNITUDE

Figure 113 - Schematic of planar pressure pulse generator

7.3  Propulsion System dests

Testing of the integrated inlet/engine system prior to installation in the flight test aircraft provides the first verification of
installed performance and inlet/engine compatibility. Tests on a representative system may be carried out on a sea-level-
static test stand, in an altitude propulsion wind tunnel, or on a flying test bed, depending on installation and program
requirements. Flight testing demonstrates and verifies the performance and compatibility of the propulsion system over
flight/maneuver envelopes of the flight test aircraft.

The types of test, primary test objectives, and basic data requirements which may be needed for system development are
shown in Table 16. Primary considerations for the selection of the desired test techniques for specific programs include:
(1) test model availability and cost, (2) test condition/matrix requirements, (3) data and instrumentation system
considerations, and (4) test facility requirements/limitations.
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Table 16 - Propulsion system tests

Obijective

Tests

Data

System Performance and Stability
Verification at Sea-Level Static

Static Tests with Simulated Ground
Plane and Forebody

Stability and Performance
Time-Variant Distortions
Inlet Recovery

Stability Pressure Ratio
Crosswind Effects
Distortion Transfer

Power Transients

Pre-Flight Performance and Stability
Verification at Altitude

Altitude Test Cell/Propulsion Wind
Tunnel Tests with Simulated Flight
Envelope

Time-Variant Distortion
Reynolds Number Effects

Inlet Recovery
Stability and Pe

rformance

Inlet Stability R
Supercritical

Failure Modes

Transients

Control Interacfions

Distortion Trans

hnge (Buzz - Unstart -

sfer

In-Flight Performance
Verification over Flig
Maneuver Envelope

and Stability
ht and
S

Ground and Flight Test Development
in Aircraft

Stability and Pe
Inlet Distortion
Conditions
Additional Patte
Aircraft Dynam
Weapon Firing

Reingestion

Behavioral Staijstics

Control Interac

rformance
bt Critical Flight

rn Data Bank
CS

ions

7.3.1 Static Tests

Static tests of the inlet/e
represent the aircraft a
adjacent engine, as apy
established at static or 1

The General Electric H
determining the effects
controlled fans capable
simulation and ground V

eebles Cross-Wind Facility (Figure 114) was designed for testing larg
bf winds ranging from quartering tailwinds to headwinds. The facility is composed of 13 individually
bf creating uniform-velocity flows ranging from 15 to 78 knots, and has a cajpability for ground plane
ortex’suppression.

hgine system can provide an early indication of inlet/engine operation at takg-off. Test configurations
5 closely as possible-and include simulation of the ground plane, adjag
ropriate. Tests enable the effects of the external environment on the flow
ear-static conditions.

ent aircraft structure or
quality at the AIP to be

turbofan engines and
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7.3.2 Wind Tunnel T¢
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Figure 114 - Peebles crosswind facility

sts
Iving significant advances in the state-of-the-art, ‘inlet/engine tests in a winfd tunnel can prove to be
emonstrating inlet/engine compatibility priordethe start of flight testing.

cale inlet characteristics
et mass flow ratios. These tests provide airflow calibrations for subsequént use in tests with the
bte aircraft maneuver envelopes eannot be explored, tests with off-schedule inlet geometry can be
distortion characteristics observed during previous sub-scale tests thnoughout the maneuver
known external disturbances (external weapons, control vanes, weapon bay doors and others) can
geometry inlets are employed, programs usually include a second, cold-pipe phase consisting of
e inlet and inlet control system. Use of the actual aircraft control system, if timing permits, can be an

effective means of system checkout and of\minimizing the flight test development program, particularly for supersonic

aircraft. The third test pli
system. Emphasis is pl
conditions and engine

determine structural loa
by off-scheduling inlet g
procedures during thesq

ase includes all three elements: inlet, inlet control system, and engine including the engine control
hced on demonstrating inlet/engine compatibility over a complete range pof equilibrium operating
throttle tranSients at critical flight conditions. Techniques for intentionally stalling the engine to
is and tq Verify the system stability limits can be employed. Engine distortign limits can be explored
bometryto generate high distortion levels. The use of flight test instrumentation and data reduction
e tests.can be an effective means of reducing the required effort during the flight test program. A

successful program req

lifes'a high degree of coordination among the parties involved.

A schematic of a typical
inlet environmental ope
system operating condit

free-jet engine test facility is presented in Figure 115. The test facility is configured to duplicate the
rating conditions at selected points in the flight and maneuver envelopes for defined propulsion
ions. A propulsion wind tunnel test installation is shown in Figure 116.
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Figure 115 - Free-jet propulsion-system test installation schematic

Figure 116 - Propulsion-system test installation in propulsion wind tunnel
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Model size requirements have a significant effect on the selection of desired propulsion system test techniques. The
historical growth in engine airflow requirements has led to increased test facility airflow requirements. Semi-free jet (inlet
simulator) techniques can be used where test facility limitations exist. Semi-free jet tests may be used to produce inlet/engine
interface flow conditions to a high degree of fidelity over the operating range of the propulsion system. An example of an
inlet design simulating an aircraft inlet system downstream of the initial compression shocks of an external compression
inlet is reported in SAE 740824. The basic concepts of the simulator are illustrated in Figure 117.

3 i

Reproduce injet i
fow conditions 'm;t“ng:z:::;gl;: )

l fturbulencefdistortion

-—

Figure 117 - Schematic of inlet simulator

7.3.3 Flight Tests

Flight tests are orientgd to demonstrate propulsion system operational goals and to providg verification of system
performance, stability, and mechanical integrity ‘'over the aircraft flight and maneuver envelopes.| Since installed stability
margin is usually not measured in flight, propulsion system stability is demonstrated by operating to the aircraft-engine
stability limits. Flight tests will gradually expand the envelope from low speed to supersonic conditibns and from nominal to
extreme altitudes and attitudes. Typicalconditions which are tested are listed in Table 17.

Both steady-state and high-responseiinstrumentation may be used at the AIP. In addition, the enging(s) can be instrumented
to permit measurement|of internalengine performance and in-flight thrust. Flight testing provides [the opportunity to verify
performance and distoriion lévels predicted from wind tunnel data (Reference 2.2.8). Sufficient instrumentation should be
provided to identify any propulsion problems encountered during the flight test program.
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Table 17 - Flight test conditions

Ground Operation
FOD Screens
Static Taxi Operations
Crosswinds
Runway Conditions
Low Speed Operation
Rotation and Takeoff
Approach and Landing
Crosswinds
Auxiliary Inlet Transients
A/C Stall Characteristics
Thrust Reverser
I"'\\il Ul dﬂ Tl dl Ibicl It O[JUI dt;Ul 1
Accelerations
Decelerations
Automatic/Manual Inlet Controls
Emergency Procedures
Subsonic Performance
Throttle and Augmentor Transients
A/C Maneuvers
A/C Control Surface Effects
Weapons Bay Door Operation
Weapon Release
External Stores
Supersonic Performance
Inlet Control - Automatic/Manual
Throttle and Augmentor Transients
A/C Maneuvers
Emergency Procedures
A/C Control Surface Effects
External Stores

The comprehensive wind tunnel testing descfibed in 7.1, 7.3.1, and 7.3.2 will have provided the dafa to identify and correct
any major system defici¢ncies prior to flight'test. It is possible, however, that problems may be encquntered during the early
part of the flight test program due to greund facility constraints. Wind-tunnel size limitations prevent complete duplication of
the aircraft and may limjt incidence and* sideslip to less than the aircraft limits, and rapid changes|in aircraft attitude or in-
flight conditions cannof be simufated properly. Significant areas need to be explored during the flight test program,
particularly with respect|to flight-dynamics. The flight test program provides the opportunity to evgluate refinements to the
propulsion system design in tefms of their effects on aircraft performance and inlet/engine compatibility. For example, inlet
geometry may have a |gn|f|cant |mpact on alrcraft trim drag Mlnor changes to |nIet geometry schedules may improve
performance with essentia = s iIctured to explore those
areas where interaction between the propuIS|on system and the a|rcraft may not have been fuIIy tested during wind tunnel
tests.

Correlation of flight test and wind tunnel data provides a data bank for evaluating future modifications to the system and for
the development of new aircraft. Examples of correlations between scale model and flight data appear in References 2.2.11
and 2.2.12, and several examples of sub-scale to full-scale comparisons appear in AIR5687.

7.4  Stability Assessment Verification

Test verification of the validity of stability assessments is based on a building block concept. The quantitative evaluation of
all destabilizing factors cannot be assessed during a single engine or engine component test. Consequently, stability
assessments at program milestones are based on the test data available at that time. Hence, test programs must be carefully
controlled to maximize the applicability of test results. Stability assessments are based on experimental audits at defined
propulsion system operating conditions.
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Stability margin destabilizing factors for a typical turbine engine compressor are shown in Figure 118 (Section 5). Normally,
qualification/certification test engines are not subjected to intentional surge because of the hazard of structural damage and
delays in engine qualification/certification testing. Consequently, the compressor stability limit line and engine stability
margin requirements must be determined during component and engine development test programs conducted with
qualification/certification components. Verification of the operating line excursions caused by control requirements and
distortion effects may be obtained during the qualification/certification test. Engine operation in the region above the
maximum predicted operating line but below the anticipated stability line(s) should be accomplished whenever practical.
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Figure 118 - Typical test data base/test matrix requirements
for stability assessment verification

A test assessment methodology intended to demonstrate remaining margin is illustrated in Figure 119. In the example
shown, an equivalent maximum operating line is established to account for the estimated internal effects (engine quality
and deterioration) margin allocations of the stability assessment. By using the equivalent maximum operating line, a portion
of the remaining margin (estimated net margin available to assure stable operation) can be demonstrated during engine

testing (Figure 120) without subjecting the engine to surge.
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Figure 119 - Stability assessment test verification methodology
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Figure 120 - Test procedure to demonstrate available margin
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Several installed compressor loading techniques are available for this purpose. These techniques can be divided into two
general classifications, transient and steady-state loading methods. The most extensively used transient technique is the
fuel step method which is based on the use of a controlled transient fuel step to increase the compressor ratio above the
normal transient or equilibrium operating line. This technique usually requires only minor test equipment modifications, but
does require transient measurements. Steady-state loading techniques include flow-blockage methods such as “inflow
bleed” or mechanical blockage systems (Figure 121). Use of either system is straightforward with single fixed-geometry
rotor configurations. By simultaneous use of both systems, selected rotor speed ratios can be controlled during loading of
dual rotor configurations, as illustrated in Figure 122.

(Gas Generator (High- Fan (Exhaust
Pressure Compressor Mozzle Plug)

Inflow Bleed) Loading System —\ Loading System -\

\h_.:ﬁ:.r———‘

Figure 121 - Schematic of test hardware for simultaneous loading
of fan and gas generator hardware
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Defined engine and environmental boundary conditions are necessary for engine stability tests. Typical criteria are listed in
Figure 123. The inlet/engine interface criteria are based on a projected flight condition (mission requirement) and are
specified using a point-by-point distortion pattern definition. Other environmental criteria which require definition are the
projected aircraft service requirements such as compressor bleed and power extraction. Engine operating conditions are
defined in terms of corrected rotor speed, corrected rotor speed ratio, engine service bleeds, and control mode operation.
The operating condition matrix should be organized on a building block concept. Baseline data are established first; then
the various destabilizing factors (Reynolds number, inlet distortion, control mode, and aircraft service requirements) are
evaluated.

INLET ENGINE

Corrected Airflow Corrected Airflow

Altitude Altitude

Mach Number Total Pressure

Ram Recovery Total Temperature

Angle of Attack Distortion Pattern (Point-by-Point Definition)
Angle of YEW

Circumferential Location

Individual Probe Valuges, Piocal/Pavg a
Corrected Airflow Value

Instrumentation Definition

Installation Interface Conditions (Aircraft Service Requirements)
Customer Bleed
Power Extfaction

Engine Operating Conditions

Corrected [Rotor Speed

Corrected Rotor Speed Ratio

Engine Sefvice Bleeds (Intercompressor, Anti-lce)
Control Function - Steady-State (SS), Transient

Control Ogerating Mode - Afterburning, Non-Afterburning

Figure 123 ¢ Engine and environmental condition criteria
for'test verification of stability assessments

7.5 Performance Assg¢ssment Verification

Test verification of performance ‘assessments may be required to validate the effects of inlet flow digtortion on engine thrust,
fuel consumption, and ajrflow=The most significant engine test objective is, in many cases, the evaluation of engine/control
system interactions and|engine-rotor-speed rematch characteristics with inlet flow distortion. For example, maximum-power
engine performance may be control-limited at different engine operating conditions with or without inlet distortion; or engine
performance at a selected thrust level may vary due to rotor speed rematch (Section 6).

Performance tests are conducted on defined engine and environmental boundary conditions, as discussed for stability
assessments (Figure 123). The effects of inlet distortion may be assessed directly in terms of installed thrust, airflow, and
fuel consumption for a defined AIP distortion pattern, or in terms of thrust, airflow, and fuel consumption changes relative to
uniform inlet flow performance for the defined pattern. Because the impact of inlet flow distortion may be small relative to
experimental measurement uncertainties, it may be desirable to conduct tests in a back-to-back mode (with and without a
defined inlet distortion pattern) to minimize the effect of measurement bias errors. Back-to-back testing with and without
inlet distortion screens may not always be practical in direct-connect test installations because test operations must be
interrupted to manually install the inlet distortion screen. For specific applications, specialized test configurations may be
used to provide an “on-line” inlet distortion screen change capability. A screen changer assembly successfully used for
small engine testing is illustrated in Figure 124. The operating time required to change screens is on the order of one-half
second. Engine power is reduced during the screen change transition period to reduce the possibilities of engine operational
instabilities during the screen change transient.
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The air jet distortion generator is also a potential tool for back-to-back testing with and without inlet flow distortion. Transitions
from uniform inlet flow conditions to defined inlet flow distortion patterns may be accomplished in time periods on the order
of 90 seconds with the engine operating at a fixed power level.

Two basic engine thrus
Both can be employeq
(undistorted) flow engin
assessment of engine th

SCREEN INLET

/

at the inlet of the thrust

l INITIAL POSITION
( NON DISTORTED
| INLET AIRFLOW
=
‘ ( TRANSITION
S
'd N
FINAL PQSITION,
( DISTORTED INLET
AIRFLOW
\ J
Figure 124 - Screen changer assembly
measurement techniques are used for engine performance assessments| in ground test facilities.
for distortion tests and are comparable in terms of measurement uncertainty with uniform

e tests., 'Use of both techniques simultaneously provides maximum undgrstanding and the best
rustyThe external force balance method (Figure 125A) requires assessmert of the flowstream force
- ine i i am force is higher in a

non-uniform flow field and may significantly affect thrust measurement uncertainties during testing with inlet flow distortion.
The internal force balance method (Figure 125B) is an alternative way of testing to assess the effects of inlet distortion on
engine thrust performance. Engine fuel flow and engine exhaust ambient pressure measurement uncertainties usually are
not impacted by inlet flow distortion so that conventional measurement techniques may be used to assess engine

performance with and wi

ithout inlet flow distortion.
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Figure 125 - Engine thrust measurement techniques in ground test facilities
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8. INTERFACE INSTRUMENTATION AND DATA MANAGEMENT

Instrumentation, data acquisition systems, data editing, and data reduction techniques necessary to acquire total-pressure
distortion and performance test data are described. Since not all aircraft systems will have the same requirements, examples
are presented to serve as a guide.

Inlet/Engine Aerodynamic Interface Plane

The inlet/engine aerodynamic interface plane (AIP) is the instrumentation station used to define total-pressure recovery and
distortion interfaces between the inlet and engine. As described below, the selection and configuration of the AIP are
dependent upon the nature of the program and the specific design of the inlet and engine. The AIP definition, as stated in

ARP1420, must be agreed upon by all involved parties and should remain invariant throughout the test program.

AIP Location

The location of the AIP

presented in ARP1420 are listed in Table 18 for convenient reference. In general, these guidelines|

located within a few ing
takeoff or bypass doors
in the fan inlet guide va
cases, it may be difficult
bullet nose. In such a ¢
sufficiently long. During
blade row, the inlet diffu
AIP instrumentation loc
advantages and disadv{

is a function of the details of engine and inlet design for a particular-ins

hes (full-scale) of the compressor face. This will permit location. of‘the A
and other inlet variable geometry. In some cases, it may be feasible to lo
he (IGV) leading edge to minimize the effect of rakes upstream(of the 1GV;s
to locate a rake close to the engine face. One example is an(engine without
hse, it may be more reasonable to locate the rake forwartd of the bullet ng
engine distortion tests with installations where the AlR/is located apprec
ser contours between the AIP station and the first.blade row should be du
ptions in several flight test aircraft are shown inFigures 126 through 12
ntages that must be weighed against progranyobjectives.

Table 18 - ARP1420 guidelines:for location of the AIP
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suggest that the AIP be
IP rake downstream of
cate the instrumentation
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IGVs and with a rotating
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blicated. Photographs of
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The AlH
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plane ig

The Alf
through
that the
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The Al
measur

should be located in a circular orannular section of the inlet duct.

defined by the leading edge of the most upstream engine strut, vane, or b

P should be located_so that all engine airflow, and only the engine airfl
it. The distance between the inlet auxiliary air systems and the AIP shoy
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Figure 127

- AIP instrumentation mounted on aircraft rakes just forward of IGV le

ading edge
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Probe Location and Density

Selection of the number and location of probes at the AIP is a compromise between accuracy of the pattern measurement
and problems associated with data acquisition system complexity and rake-induced flow blockage. Studies have been
conducted (e.g., Reference 2.2.25) in which specific patterns were evaluated using different rake arrangements. The general
conclusion is that, for a typical pattern, a 40-probe (8 rakes of 5 probes each) arrangement like the one shown in Figure
129 is the minimum density of instrumentation required for reasonably accurate measurements.

-

PROBE ;) ORIENTATION —
VIEW LOOKING FORWARD

CENTERBODY

e

l TOTAL PRESSURE PROBE l

0.109 %N. '__/f— ;ﬁ 3:'

REFERENCE PRESSURE PROBE

Figure 129 - Typical 40-probe/rake arrangement
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The 40-probe AIP rake is normally used because it provides sufficient characterization for inlet distortion and performance
purposes in the F-15/16 class of aircraft. More complex inlets can produce additional flow content which may require more
probes to define the higher multiple-per-rev content. Such higher MPR content generally has a more significant impact on
compression component aeromechanics (high cycle fatigue) than on engine operability.

For engine programs with rakes integrated with engine vanes, probe locations are dictated by engine strut design and may
differ from the equal area location methodology used in wind tunnel tests. This can cause differences between flight and
ground test results. This discrepancy is noted in AIR5687. The wind tunnel test rake should be designed, if possible, to
match the flight test rake (may be difficult to accomplish if the engine design is not known).

As an example, the pattern shown in Figure 130 was evaluated in the Reference 2.2.25 study. The pattern is highly distorted
circumferentially, with relatively low radial distortion. Several probe/rake configurations were used in the study. Each
probe/rake configuration was rotated through 360 degrees in 20 degrees increments, and pressure readings were taken at
each probe position for each incremental rotation. Circumferential and radial distortion factors, Ko and KRAD, were
computed from each sefofdata—TFherestits-areplotted-nHigure-+30-where AKeis-the-maximum1qe minus the minimum Ke
realized for a given probe/rake combination. At least eight rakes are required to define the circumferential distortion. The
large percentage errors|in radial index are primarily due to the low levels of radial distortion,
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Figure 130 - Distortion factor dependence on probe/rake configuration

For a particular installation, the type of pattern anticipated may influence the rake selection. For example, an inlet with a
strong radial distortion may require more than five probes per rake. A bifurcated inlet may require that special attention be
given to the circumferential location of the rakes in relation to the trailing edge of the bifurcation.
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Generally, the probes should be of such design that both the steady-state and dynamic components of total pressure can
be recovered (see 8.2.1). This can be accomplished with various combinations of rake-mounted transducers, close-coupled
transducers and signal conditioning equipment. Technology in probe design and placement is reviewed in Reference 2.2.26.

Considerable research effort has been expended to investigate accuracies to which instantaneous distortion parameters
can be defined with various rake and probe configurations. It has been found that reasonably accurate values of engine
face distortion parameters can be obtained with fewer than 40 total pressure probes, particularly when sufficient knowledge
exists to select a proper data fill procedure. Using this approach, the optimum probe location for any given number of probes
is dependent on the particular distortion pattern and the descriptor to be used.

In addition to the steady-state and high-response total-pressure probes, flow that contains bulk or localized swirl may require
special probes to provide information about flow angularity at the AIP. More information about swirl is provided in AIR5686.

8.1 Applications

The preceding paragraphs have described the general requirements for probe location and alarrangement. Examples

presented below illustra

Large subsonic transpo
small range of aircraft

Important exceptions in
inlet indicated that the tqg
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tal-pressure defect was restricted to the fan tip. As a resulit of these data an
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ell into the high-pressure region of the inlet.
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the hub to accommoda
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A 40-probe array was

Lating thrust reverser induced stalls (Reference 2.2.27). The rake has a b
e the rotating hub. This type of installation is useful in exploring reverg

ed throughout the B-1A development program. The program included O,

ft programs.

when combined with the
engineering resources.
esting of the Boeing 747
d the constraint imposed
ered from the inlet wall.

47-100 nacelle flown on
earing-supported ring at
er or crosswind related

10-, 0.20- and full-scale

inlet tests as well as flight tests. Small differences_in"angular location were necessary among these models due to the

evolving nature and availability of particular IGV [0Ocations. Probes were integral with the leading

attempts were made to
signals were generated

align the probes with_the flow streamlines. Both steady-state and high-f
from single transducers at each location during the flight test.

edge of the IGVs, and
requency total-pressure
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Figure 131-- Full span non-IGV engine inlet rakes
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the flight test program. Tlhe double probe configuration used for full-scale tests is shown in Figure 133. Dynamic transducers
were installed in the aitframe i i i enginelremoval. Pressure was
sensed 4.5 in upstream of the leading edge of the IGVs. Steady-state pressures were sensed at the same inlet station with
the transducers installed in a controlled environment in the bullet nose.

The HIMAT and F-16 provide two examples of programs where no AIP data were recorded during initial flight tests of highly
maneuverable aircraft. However, both programs employed engines with well-developed stability characteristics, and the
inlets were modeled after proven designs.

Another example, a subscale XFV-12A, used a 40-probe array in wind tunnel tests to identify inlet-distortion characteristics
of a VSTOL fighter/attack aircraft.

In summary, AIP instrumentation for each system was judged on its own merit, balancing costs and technical objectives
against risks. However, it is evident that whenever relatively new inlet/aircraft concepts are programmed in conjunction with
the development of a new engine, inlet/engine compatibility characteristics are of sufficient concern to warrant the use of
the 40-probe 8 x 5 total-pressure rake located as close as possible to the engine inlet. It is this preference that is expressed
in ARP1420.
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8.2 Transducer/Probe Characteristics

A transducer/probe configuration must meet two basic requirements to properly resolve the fluctuations produced by
turbulent flow: (1) the transducer must have a nominally flat response up to frequencies in excess of the highest frequency
of interest, and (2) the probe must be smaller than the characteristic size of the eddy producing the highest frequency of
interest. Both of these requirements are discussed in Reference 2.2.29 and are summarized in the following paragraphs.

Engine Face
i 4.50 [

R ——
Duct_/ — FE — L
Wall — N_LL—Removable
s e :i Fairing
- — — ..T.__‘§‘|i
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Figure 133 - F-15 rake configuration
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8.2.1 Frequency Response

Studies of the effect of time-varying flow on compressors, such as the one described in Reference 2.2.4, have shown that
distortion with frequency content corresponding to the time associated with 1/2 to 1 rotor revolution at the maximum
operating rpm of the compression component has a significant impact on stability. In addition, higher frequency fluctuations,
up to 2000 Hz, have been shown to affect compressor pumping characteristics (6.4). A flat transducer response also
requires that the natural frequency of the transducer be two to three times higher than the highest frequency of interest to
avoid problems in signal amplification. Further, the transducer must be sufficiently close to the measurement location that
frequencies of interest are not affected by the installation.

8.2.2 Probe Size Criteria
Spatial averaging of the total-pressure fluctuations occurs as the eddy characteristic size becomes commensurate with the

transducer or probe diameter. The result is that the measured auto-power spectral density at high frequencies is less than
the actual auto-power speetral-density-

Consider a turbulent floy with convective velocity, U_. In the free-stream, an eddy would propagatg with the flow velocity.
Uc =1y Ay (Eq. 90)
where:

f, is one frequency component and A is its associated characteristic wave length. Suppose itlis desired to resolve an
eddy of characteristjc wave length 1 using a transducer of diameterB'such that D<<i .

The characteristic length of the eddy is L = %2 2 , shown in Figure 134 As a rule of thumb, the sensgr size should be at most
one-tenth the size of thg phenomenon under examination. Hence,

L Ay
L Eq. 91
10 20 (Ea. 91)

Then,

Ue

__¢c_ Eq. 92
20D (Eq. 92)

fu

where:

f, is interpreted to be the’highest frequency to which a turbulent flow can be resolved.

Two important conclusions can be drawn from the above equation:

1. The upper frequency limit for a given velocity and accuracy of resolution can be increased by using smaller diameter
transducers.

2. The upper frequency limit for a transducer of a given size and accuracy of resolution decreases as the velocity
decreases.

For a given frequency component, as the wave length becomes commensurate with the transducer diameter, both high and
low values of the property being measured will be located simultaneously over the transducer surface, illustrated in Figure
134. The values will tend to average out each other. In essence, this is the concept of “spatial averaging.” Hence, the spatial
averaging of turbulence that occurs during any measuring process in a turbulent flow depends upon the interrelationship of
flow velocity, highest frequency of interest, and transducer diameter.
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Equation 92 is derived from theoretical considerations and is intended;to provide a quick, order-g
the limiting frequency. Experimental data have been evaluated and\are presented in Reference 1
sizes. Effects of probe giameter on spatial averaging are shownin Figure 135. Typical smootheq
were obtained from the tptal-pressure fluctuations at a flow velogity of 236 ft/s. The spatial averaging
and as expected, the snpallest diameter probe gives the highést auto-spectral values.
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Figure 134 - Sketch illustrating the effect of probe size
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Figure 135 - Effect of transducer diameter
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Finally, the limiting frequency for which 90% or more of the actual total-pressure power spectra is resolved is given in Figure
136 as a function of the convective velocity for several commonly used transducer diameters. These data show a limiting
frequency approximately three times that given by the equation above. Typically, the convective velocity will be of the order
of 200 to 600 ft/s. Transducers in the 0.06- to 0.125-inch diameter range are available. As shown in Figure 136, it is possible
to acquire data over the frequency range of interest for stability evaluation. Scaling criteria, discussed in 8.3.3, are also
applicable to transducer/probe characteristics.

IOOOO_ T T T T T 101 T T/7T 1 1211
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Figure 136 - Frequency below which at least 90% of spectral function is sensed

8.3 Data Acquisition $ystem

Foresight in configuring pppropriate data acquisition systems can result in large dividends in subsequent data reduction and
analysis tasks. Recordir|g technigaes are described, and guidelines are provided for system accuracy, frequency response,
and data record length.

8.3.1  General Description

The data acquisition system consists of the hardware and software required to sense and record the data. The details of
the system requirements will depend on the specific high-response transducer selection, sampling rate and data accuracy.
The signal from the transducers is generally low level (less than 50 mv), and the voltage is proportional to the sensed
pressure. Each analog signal, filtered if necessary, is input to a digital data acquisition system. Each transducer is
simultaneously digitally sampled and recorded at a rate consistent with the filtering requirements and the maximum
frequency of interest. A time code is included for each sample. The design of one system is described in Reference 2.2.30.

8.3.2 System Accuracy

A high degree of accuracy in the pressure measurement is necessary in order to quantify the distortion. Small differences
between pressures become significant in the distortion descriptors presented in Section 4. The problem is made more
difficult by the large range of inlet pressure levels encountered at different flight conditions. For example, pressures as high
as 34 psi will be measured at Mach 1.2, sea level, and the pressure will drop to 2.8 psi during operation at Mach 0.9,
50000 feet. These required pressure ranges make the accurate measurement of even steady-state pressures difficult.


https://saenorm.com/api/?name=b515c84efd321ae6b1ed699db6e8f575

SAE INTERNATIONAL AIR1419™D Page 177 of 224

Individual steady-state pressures (signals time-averaged to attenuate frequencies greater than 0.5 Hz) should be recovered
with an error not to exceed +0.5% (+ two standard deviations) of the absolute pressure being measured. Individual dynamic
absolute pressures (containing data to at least the highest frequency of interest) should be recovered with an error not to
exceed +2.0% (+ two standard deviations) of the absolute pressure being measured for stability and £5.0% (+ two standard
deviations) for performance. These errors include all errors introduced by the sensing, recording, playback, and processing
systems from the point where the pressure signal is being measured to the point where it appears as an output pressure.

Measurement of dynamic or time-varying absolute pressure is more difficult because transducers with adequate frequency
response and sufficiently small size are sometimes not accurate enough and often exhibit temperature sensitivity. This is
especially true for subscale or small full-scale applications. Technical advances have provided significant transducer
miniaturization, resulting in a relatively small transducer that accommodates an absolute gauge with an integrated heater
to eliminate temperature sensitivity. These transducers are suitable for many full-scale applications. In full-scale applications
where the temperature-controlled absolute transducers cannot be used it is generally necessary to apply some form of in-
flight calibration to achieve the accuracy goals stated above. This is particularly true when the operating temperature ranges
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Figure 137 - NASA Dryden Flight Research Center rake

A variation of this approach (Figure 138) was used during the B-1 flight test program. Instead of venting the reference
pressure to both sides of the diaphragm, the sensed pressure was routed to both sides to provide a “zero” measurement.
Additionally, the back side of the transducer was routed to a pressure regulated to 5.0 psi above the reference pressure.
This required a three-way pneumatic valve for each transducer. Valves were cycled once per minute throughout the flight
with the zero and calibrate positions held for 2 seconds each. In order to maintain signal resolution, provisions were also
incorporated to change gains as a function of free stream total-pressure level. Although the data reduction effort becomes
a little more involved, considerable success was achieved in measuring both low- (quasi-steady state) and high-frequency
total-pressure components with a miniature transducer. (Success in this case means obtaining wind tunnel and flight test
results that were consistent with each other.)
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