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PREFACE

Industry and government agencies concerned with aircraft design
recognize a need to improve methodology and communication on spatia
pressure distortion aspects of the 1n1et/eng1ne compat1b111ty probl

and operation
1 total-
em. The

appearance of modern turbofan engines in the late 1960's focused attention on

this need, and there followed a period of intense activity to devel
techniques for assuring adequate stabi1ity. These techniques were

op engineering
identified,

formulated and exercised independently in various parts of 1ndustny to solve flow

distortion problems on spec1f1c systems. The a1rcraft and eng1ne c
a matrix of coape pngineering 3 in the international m
civil aircraft market, and a third dimension is added by the group
The three groups needed to consolidate individual experience, estab
ground, and galin a perspective concerning the applicability and’acc
techniques.

data process1 g, and information transfer which would be app11ed in
consistent with the expected severity of the problem,

The Societly of Automotive Engineers (SAE) Aerospace Council Div
ittee S-16 was formed in 1972 to examine the aircraft|

Technical Com

Adequate resolution of the aircraft/engine stability p
depend upon g-‘erat1ng generally usable guidelines addressing ana]y

ompanies form
ilitary and

of customers.
1ish common
uracy of these
roblem would
sis, test,

a manner

isional
gas turbine

inlet/engine compatibility development processi as affected by flow distortion,

to assess what] experience was common throughout industry, or what c
as desireable [to make common.

participants.
effects were young and changing and that in several critical areas,

not sufficienyly common or defined to warrant establishing guidelin
reasons the guidelines were purposely limited, and were organized a
"Gas Tu

in March 1978 |as Aerospace Recommended Practice (ARP) 1420,
Inlet Flow Digtortion Guidelines." ARP 1420 was circulated widely
and European deronautical industries. Significant comments and opi
expressed, and were carefully considered by the Committee prior to
ARP to the SAH Aerospace Council for publication.

The S-16, [in its proceedings, produced a wealth of information

The Committee formulated a number- of
improve communiications and minimize repetitive workloads among prog
It recognized that pract1ces employed to cope with f

puld be agreed
guidelines to

ram
Tow distortion
practice was
s. For these
Ed published
bine Engine
in the U.S.
nions were
submitting the

hich, in its

entirety, conua1ned a s1gn1f1cant part of the flow—d1stort1on— re]ated corporate

knowledge of th

iod. The

Committee decided that th1s 1nformat1on organ1zed 1nto a generally available
document, would provide a source of know]edge for engineers new to the problems

of 1n1et-eng1ne compatibility. The Committee, therefore, compiled
Information Report (AIR) 1419 "Inlet-Total-Pressure Distortion Cons

Aerospace
iderations for

Gas-Turbine Engines" to amplify the information contained in ARP 1420 and to

provide a "corporate memory."

SAE Technical Committee S-16, through its members and 1iaison

representatives, represents a cross section of the part of government and

industry having the major share of the responsibility for assuring
safe, and surge-free propulsion systems.

economical,

Table A 1ists the organizations that
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sponsored S-16 and made possible, through its members and representatives,

ARP 1420 and AIR 1419. These organizations should be commended. These documents
exist today because of their active concern for the distortion problem and their
willingness to provide resources to obtain solutions. The members and
representatives, 1isted in Table A, collectively contributed hundreds of hours of
work between Committee meetings to assure worthwhile results and productive
meetings.

H. I. BUSH
Chairman, S-16

i e sk sl A e e o ki ey s B o om oam R L L e
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INTRODUCTION

Aerospace Information Report (AIR) 1419 "Inlet Total Pressure Distortion
Considerations for Gas Turbine Engines" documents engineering.information for use
as reference material and for guidance. Inlet total-pressure distortion and
other forms of flow distortion that can influence 1n1et/eng1ne compatibility
require examination to establish their effect on engine stability and
performance. This report centers on inlet-generated total-pressure distortion
measured at the Aerodynamic Interface P1ane (AIP), not because th1s is

< ent attention
d engineering
res for
due to
aeroelastic
e that,
rtion, which
e, have been

ined by an
Time-variant total-pressure

nthesized from statistical data, can provide useful information.

onsensus of SAE S-16 is thatZsuch techniques are not |developed

The report is organized into seven sections, expanding upon the ideas and
recommended practice set forth in ARP 1420. The first two sections deal with
surge margin, loss of surge pressure ratio, and procedures for correlating the
loss of surge pressure ratio with total-pressure distortion. Through use of the
terms and procedures discussed earlier, Sections 3 and 4 develop engine stability
and performance assessment techniques for handling total-pressure distortion by
putting them into context with other destabilizing influences and performance
detriments. Section 5 describes various test procedures, equipment, and methods
currently available for generating the information needed to apply distortion
assessment techniques. Section 6 discusses interface instrumentation, data-

]
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acquisition system accuracy, frequency response, record length, recording
systems, and the data management procedures necessary to minimize communication
errors among participating organizations. Section 7 provides a short overview of
“state-of-the-art", a brief discussion of other forms of distortion at the inlet/
engine Aerodynamic Interface Plane, a summary of other Considerations involved in
assessments of inlet/engine compatibility, and brief summaries of probable future
activity in each of these areas.

The distortion descriptor is the vehicle by which engine reaction to inlet
distortion is forecast and assessed, from program outset well into field use of
the system. ARP 1420 defines the distortion descriptor as a non-dimensionail,
numerical repFE§EﬁfEfT6ﬁ‘6T‘fﬁ6‘mE5§UFéa‘TﬁTEf‘§F€§§EF§‘aT§fFTBUf3on, and
provides a mdans for identifying critical inlet flow distortions-and for
communicating during propulsion system development. Central ,issues are the
distortion ddscriptors, methods of correlating them with performance and

stability chdnges and test and information acquisition techniques.
accuracy of the descriptors vary, depending upon the stage of the

development,

Use and
engine

but their definitions and purpose remain-constant - to assess

status, foreqast stability and identify required engineering activity.

The.actiV

Conceptugl Studies Phase:

them.

This phase, the initial step in the

an aircraft dystem, is characterized-by analytical evaluations of
aircraft/propulsion system configurations.
for this phage and information for the evaluations is based on his
Regognition of and planning for stability assessment dur
evaluation serves to assure that 1) distortion effects are a primg
in the selection of the candidate propulsion system, 2) those cond
considered ateas of riskiare given particular attention during the
design and development’phases, and 3) distortion patterns, inheren
of aircraft inlet, are defined to enable the engine to be designed
consideratiol

sources.

The dist

several candidate inlet configurations.

Generally, no new test

for predominant patterns.

rtion descriptor is used to determine the relative st

ities associated with distortion descriptor use can be categorized
for convenierjce in phases (Table B), recognizing that there is 1it
concerning the definitions of these phases and that no clear lines
exist betweer

tle consensus
of demarcation

1ife cycle for
candidate

ing is planned
torical

ing concept
consideration
itions that are
- subsequent

t to the type
with

Specific items to be eval

anding of
uated include:

design concept and location, inlet performance, 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 compressor and engine configurations, their

sensitivity to distortion, the surge margin available for distortion, and
potential problems peculiar to the various thermodynamic cycles and engine
control modes.

]
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This phase should end when the general aircraft and the propulsion system
configurations that can best meet generalized mission requirements are defined.
Limiting operating conditions within the anticipated flight envelope should have
been identified, including those due to inlet total-pressure distortion, unstart,
buzz, temperature distortion, water ingestion, armament-exhaust-gas ingestion,
and unusual amounts of engine bleed or power extraction. The consequence of
surge associated with these conditions should have been assessed and a procedure

established for continuously tracking compatibility throughout the development

program.

Preliminary Design Phase:

This phase is the second step in the

development

cycle during

vehicle has b
testing have

to define the
the extent of
obtained from
aerodynamic i
geometry and

components ar
considered by

The disto
components th
characteristi
distortion de
and its compo

goals for the
Engine di

airflow range [for inlet/engine matching, supercritical or subcritics
start/unstart procedurés—control criteria, bleed configuration, boun
diverter desigh, noiserequirements, maneuver capability, 1ip shape
augmentation, and low-speed crosswind capability.

low-speed flo

At the end
between engine and airframe companies.
have been defined but require further refinement.

well-defined.

hich mission requirements are defined in more detai]
en selected. Airframe-inlet integration and inlet’co

egun with small scale models to update compatibility ¢

extent of required development work. Preliminary ind
the distortion problems to be expected are identified

terface plane. Fan and compressor performance maps,
lade sizes are estimated.

steady state and dynamic probes located at, the 1n1et/$ngine

Where appropriate, applica

tested with distortion patterns characteristic of thg

the airframe contractor.

tion descriptor is used to aid.in selecting those inl
t result in a favorable flow field. Preliminary dist

s are determined for critical aircraft operating cond;

riptors are used to assess the effects of distortion

nts. Engine simulations, with transient capab111ty F
logic, are iniftiated and used to perform pre11m1nary engine stabilif
define engine |[surge margin utilization and to aid in establishing di

inlet.

tortion tolerance estimates are used to establish the

Provisions for coordinating any mission changes will

nd a baseline
ponent
pstimates and
cations of
using data

lTow path
le engine
b inlets being

t/airframe
rtion

tions. The
on the engine
nd control

ty audits, to
stortion

allowable
1 Timits,
dary layer
and radius,

as occurred

The basic inlet and engine configurations
The vehicle mission has become

have been

made. Agreement should exist between airframe and engine contractors on:

a. 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.

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

- ]

————
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c. The distortion patterns from subscale inlet testing to be
used for engine development tests.
d. 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 interface plane.

Development Phase: This phase starts when system mechanical configurations
are de?1ﬁgﬂ’and terminates when the propu1s1on system is ready for field use.
The airfram extensive test
programs. [fThe performance and compatibility of the airframe/inlet system are
developed through wind-tunnel tests of large-scale models, and of the engine,
through engfine and component tests using suitable distortion generators. A full
complement pf dynamic instrumentation, located at the agreed AIP| is utilized
during testfing. Prior inlet distortion and engine tolérance committments are
updated baspd on realistic test data and changing rvegquirements.

Updated| surge margin and surge pressure ratio. changes due to
obtained frpm compressor rig and engine tests with inlet distort
stability cpefficients are adjusted correspondingly, and the pro
as engine dgsign changes occur. The descriptor is used to verify inlet
distortion Jevels, and design variables such as throat height, ramp position,

distortion are
ion. Distortion
cess is repeated

cowl shape,
Updated dis
to refine s
simulations
development
compatibili

Engine

bleed and bypass are examined for their effects on djstortion.
tortion patterns, obtained) from wind tunnel and flight tests, are used
tability and performance assessments. Descriptors and engine
are used to focus attention on components requiring further

At the end of this phase, the airframe and engine have demonstrated
Ly throughout the.required flight envelope.

Dualification Or Certification Phase: This phase represents the

period duri
testing, fo
Qualificati
performance
patterns ar
conditions.

ng which tests are performed to clear the engine for
r Timited production, and eventually, for full produc
pn or certification requires quantitative assessments
and/stability at a number of selected conditions. Dfstortion
used during this phase to define the inlet/engine ipterface test

nitial flight
ion.
of engine

=)

-

The test conditions are defined in terms that include:

Inlet/Engine Interface Conditions
Airflow
Total-Pressure (local point-by-point values)
Total-Temperature
Altitude Ambient Pressure
Installation Interface Conditions (aircraft service requirements)
Customer Bleed
Power Extraction
Engine Operating Conditions
Engine Power Setting

Engine Service Bleeds (intercompressor, anti-ice)
Control Trim Status

[-]
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At the conclusion of this phase, the engine configuration will have demonstrated
acceptable performance and stability for the specified sets of operating
conditions.

F1ight Test Phase: Distortion testing through the early part of the
deveTopment 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 Timited in their ability to simulate the full
flight and maneuver envelopes.

The prima t and ground
test data, and to identify sources of flight-revealed performance-apd stability
problems. Comparisons are made with previous engine stability predictions at
specific steady-state and transient operating conditions. Stability assessment

procedures may
and tracked i

be updated and improved. F1light stability dimits are identified

terms of descriptor level, aircraft Mach namber, alt

attitude, and|inlet and engine control parameters.

The flight

test phase is complete when adequateraircraft propul

performance and stability have been demonstrated ‘over the flight an
envelopes and [there are no further requirementsfor flight-generate
compatibility |information prior to certification for full productio

Operationd]l Phase: During this phasej system engineering chang

alterations in

aircraft usage, maintenanice effects, and aging effec

i tude,

ion system
maneuver

PP W WS N P S S G T G S

assessed for their impact upon inlet/engine compatibility. If additional testing
and instrumentation are required, use of the distortion descriptor would be
identical to that previously described in the flight test phase. ’

The complgxity and expénse of a compatibility program to executg the
multi-phased process described will depend on system requirements. | The program
for a re-engining of an‘existing aircraft, or development of a podded
installation flor which)significant background data exist based on sjmilar designs
and similar applications, may be uncomplicated and inexpensive to ekecute. More
stringent misgion requirements may force severe departures from experience, thus
incurring addddrisk and therefore added program complexity and expense. The
information in this report can be used as necessary to create a development
method to minimize the risk of inlet/engine compatibility problems. The degree
to which information regarding descriptor formulation and use, assessment
techniques, and testing outlined in this document is applied to a specific
progyam should be consistent with the expected severity of the compatibility
problem.

-1
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SECTION 1
SURGE MARGIN AND LOSS OF SURGE PRESSURE RATIO

Compressor surge margin definitions fall into two general classes:

surge

margin defined at constant corrected airflow, usually at the compressor inlet,

and surge margin defined at constant corrected rotor speed.

Surge margin defined at constant alrflow has advantages for eng1ne -inlet

airflow matching g

inlet

distortion and engine d1stortion to]erance can be expressed as functions of

airflow.

Consequently, the corrected airflow passing through the interface plane

can be used as the common denominator for both inlet distortion.and engine

distortion tolerance.

Surge margin| defined at constant rotor speed has advantages for t
manufacturer; most compressor design procedures and testing are carrie

constant rotor spped.

Also, surge margin at limiting.rotor speed can
without extrapolagion.

The inlet/engine compatibility guidelines of ARP 1420, Reference

recommend a totallpressure-distortion methodology which utilizes one d
This section discusses that definition an

of surge margin as a basis.
rationale for its|choice against a background of some alternative defi
currently used in| industry.

1.1 ARP 1420 DEF[INITIONS AND RATIONALE

ARP 1420 sunge margin is defined at constant corrected airflow at
component, (with variable geometry, if any, in the s
ARP 1420 surge margin is the difference between the surge pressure
ratio and the operating pressure ratio, normalized by the operating pn

of the compressia
position.

ratio. Referring to Figuve 1.1, the ARP 1420 undistorted surge margin
as.
si = (PRI-PRO) , 40, —
U /SURGE LINE
PRI
Q
L a"<i_
o »Q'/ DISTORTED FLOW
Y » Y PRDS SURGE LINE
§ PRO OPERATING POINT
N |
td
&
: OPERATING AIRFLOW
CORRECTED AIRFLOW
FIGURE 1.1 ARP 1420 Surge Margin Definition
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The ARP 1420 loss in surge 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 surge

pressure ratio due to inlet distortion normalized by the undistorted surge

pressure rati

APRS

0. With reference to Figure 1.1:

= 100

(PR1-PRDS) %
T PRT

The loss in surge pressure ratio is normalized by the undistorted surge
pressure ratio rather than by the operating pressure ratio because the operating

pressure ra

determine thg effect of distortion on compressor stability.

comparison a
distortion sq

Figure 1
illustrate th
to inlet dist
margin, with

SM

tio may n

{"""6f‘ﬁ5VE‘Bé§ﬁ‘dETTﬁéd‘wﬁéﬁ‘tﬁmﬁF€§§UF‘FTg‘tE§tj
ong compressors from different engines can be made us

nsitivity that is independent of the operating.point.
.2 shows fan data, both with and without inlet distor

ortion. Using the nomenclature of Figure 1.2, ARP 14
no inlet distortion, at 96.4 percent airflow is:

PR(3) - PR(8) 100 - 15 %,

In the ¢
performance ¢
ratio due to
distortion.

APRS
At this airf]

SM

PR(8)

xample shown in Figure 1.2, the dashed lines represern
ue to circumferential inlet distortion. The Tloss in
distortion is calculated at the surge airflow with in
At 89.3 percent corrected inlet airflow

_ PR(1) - PR(4)

=]

ow, the clean flow surge margin is:

PR(1) = PR(6) , 100 = 20.29%,

PR(0)

are made to

Also) a better

ing a

tion, that

e definitions of surge margin and loss of<surge pressure ratio due

20 surge

ts a shift in
surge pressure
let

With refereng

e_to Fiqures 1.1 and 1.2, the surge margin with distc

SM di

PR(4) - PR(6)
PR(6)

(PRDS-PRO}
R

st = PR

x 100 =

rted flow is:

x 100 = 18.84%,

The change in surge margin for a fixed operating pressure ratio is related
to the loss of surge pressura ratio, APRS, by

ASM = pﬁﬁ-APRS =

PR1 SM
(1 + -1—0—0') APRS

For example, at 89.3 percent airflow:

ASM =

1.203 x 1.2 = 1.44%

17
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UNDISTORTED FLOW
SURGE LINE

18 | FIGURE 1.2

2.81 >7
271
2.6
O 2.5+
= /
o
24
W
& 7
D
? 2.3
W e OPERATING
T KINE
2.2-
2.1
2|O T H
95 100
CORRECTED AIR FLOW~PERCENT
INLET DISTORTION
=N — — CIRCUMFERENTIAL
DISTORTION
sPC/P = 0.05
POINT NO. PRESSURE RATIO AIRFLOW
(1) 2.49 89.3
(2) 2.58 92.2
" (3) 2.72 96.4
(4) 2.46 89.3
(5) 2.70 96.4
(6) 2.07 89.3
(7) 2.33 95.6
(8) 2.36 96.4

Fan Map to Illustrate Surge Margin Definition

o
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1.2 OTHER DEFINITIONS OF SURGE MARGIN

Many definitions of surge margin have been used.
compressor design and development.

AIR 1419

Some of these are used in
Some of the more common definitions are given

in Table 1.1, in terms of the nomenclature and numerical values of the

undistorted flow lines in Figure 1.2 to illustrate that the numerical value of
surge margin is dependent on surge margin definition.

TABLE 1.1

Alternative Surge Margin Definitions

PERCENT:
NUMBER DEFINITION SURGE: . MARGIN|
PR(8) (ARP 1420)
| |CONSTANT
PR(3) - PR(8)
2 PRT3) x 100 13.2 AIRFLOW
PR(3) - PR(8)
3 PRTET-T x 100 ~ 26.5
(PR/wA)2 - (PR/wA)8 _
(PR/MWA vﬁﬁ)Z - (PR/MA JTﬁ)s
*
5 * (PR7WA-VTRY, x 100 11.2
(PR/NA)2 - (PR/WA)8
6 + X 100 12.5 CONSTANT
(PR/WA), SPEED
PR(2) - PR(8)
7 BRT8) x 100 9.3
PR{Z) - PR{&)
8 BR(2T x 100 8.5
PR(2) - PR{8)
9 PRUST- x 100 16.2

+ WA denotes compressor inlet corrected airflow.
TR denotes compressor total temperature ratio.

*Assuming 80 percent adiabatic efficiency

The above 1ist of surge margin definitions is not comprehensive; other

definitions exist, utilizing for example, compressor exit static pressure.

-]
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The above definitions fall into two general classes: (1) surge margin
evaluated at constant airflow (definitions 1-3) which may require an increase in
rotor speed between the operating point and the surge point and (2) surge margin
evaluated at constant rotor speed (definitions 4-9) which may have a reduction in
airflow between the operating point and the surge point. For a vertical
compressor rotor speed line, when constant rotor speed and constant corrected
inlet airflow are achieved simultaneously (compressor choke), the constant rotor
speed definitions will calculate the same surge margin as the corresponding
constant airflow definitions. For example, definitions 1, 4 and 7 will calculate
the same surge margin with a vertical speed 1ine, while definitions 2, 6 and 8
are another sucir ;

Every surige margin definition that is normalized by the operatjng point has
a corresponding definition normalized by the surge point. shows three
of these corresponding pairs, namely: 1 and 2, 4 and 6, 7.and 8. Definitions 3
and 9 are normalized by compressor total pressure rise rather than total pressure
ratio. Definiftion 5 is proportional to compressor exit throttle clgsure; it is
the percentage reduction in compressor exit corrected)airflow from the operating
point to the surge point at constant corrected rotor. speed. Definition 6 is
derived from 5 by neglecting temperature ratio differences between
operating points.

Surge marigin values vary between 8.5 percent and 26.5 percent for the
examples shown in Table 1.1. This wide variation for the same compressor, at the
same operating condition, illustrates the need for a preferred surge margin

definition.
1.3 SURGE MARGIN WITH INLET DISTORTION -

Table 1.2 compares clean-flow surge margin, distorted flow surge margin and
the 1oss in surge margin due,to inlet distortion calculated for the|nine
definitions of| surge margin presented in Table 1.1. Surge margins in Table 1.2
range from 8.5 percent<te 26.5 percent, while the corresponding losg in surge
margin due to [the test Tevel of circumferential distortion ranges fiom 0.5
percent to 6.4 percent.

The effectsof inlet total-pressure distortion on engine stability can be
accounted for consistently using any of the above compressor surge margin
definitions. Definitions which give higher values of surge margin usually have
greater sensitivity to distortion so that all definitions reproduce the test
surge point for the test level of inlet distortion. However, each method may
estimate a different surge point for distortions different from the test level.

Rotor speed and airflow relationships are required, both with and without
inlet distortion, to match inlet operating airflow for constant speed surge
margin definitions. Constant airflow surge margin definitions, on the other
hand, enable rapid assessments of distortion effects on surge margin to be made
at the matched inlet and engine airflow. Stability assessments made at constant

=]
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TABLE 1.2

Different Surge Margin Definitions Result in D1fferent
Distortion Accounting

Data Loss In
Points $urge Margin
: Clean Flow Distorted Flow Due to
Definition | Clean Distorted | Surge Margin Surgée/Margin Distortion
No. Flow Flow Percent Percent Percent
1 3, 8 5, 8 15.2 14.4 I.S (ARP 1420)
2 3, 8 5, 8 13.2 12.6 .6
‘I' 3 3, 8 5, 8 26.45 25.0 1.5
4 2, 8 4, 7 14.3 13.0 1.3
5 P, 8 4, 7 11.2 10.7 .5
6 P, 8 4, 7 12.5 11.5 .0
7 P, 8 4,77 9.3 5.6 .7
8 P, 8 4,7 8.5 5.3 .2
9 P, 8 4,7 16.2 9.8 A

|21
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inlet corrected airflow, defined at the 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.

Different definitions of surge margin give different numerical values for
surge margin and loss in surge margin, as illustrated by Table 1.2. This can
cause appreciable confusion in inlet/engine compatibility studies because each
definition provides a different numerical description of stability.
Consequently, an engineer trying to compare the stab111ty of propulsion systems
that utilize d1fferent def1n1t1ons of surge marg1n and d1fferent accounting
procedures ; : anslate surge
margins into a common base. This trans1at1on may requ1re data that are not
readily avaiftable, such as compressor maps with and without distortion.
Translation will certainly require a significant amount of additional work.

The ARP[ 1420 surge margin definition and the associated APRS|definition were
recommended py the SAE S-16 committee to meet the need for a consjstent approach
to quantifying inlet/engine stability assessment with)inlet totalipressure
distortion. | Stability accounting systems based on these definitions are widely
used and have been successful on all applications, to date.

The use|l of the ARP 1420 definition of surge margin for inlet|total pressure
distortion asssessment does not preclude the. use of alternative 3u~ge margin
definitions [for compressor design and deve10pment purposes. As stated in ARP
1420, a partficular engine configuration may require an alternative surge margin
def1n1t1on. In this case, the surgemargin definition, surge margin loss and
stability asjsessment procedure need;to be specified.

1.4 SURGE LJINE EXTRAPOLATION IN THE COMPRESSOR OVERSPEED REGION

In the pxample of Figure 1.2, the surge 1ine was defined up to the operating
airflow by testing at higher rotor speeds on the compressor rig. |In some test
rig situations, the achievement of high corrected rotor speeds and corresponding
airflows may| not be-possible, for example, rig power supply constraints may make
it impossible to determine experimentally a surge 1ine at high airflows in the
compressor oyerspeed regime. If the operational 1imit rotor speed is achievable,
extrapolationcof the surge 11ne sti11 may be required to extend the surge line to
the highest bperating—a - :

It is common practice to test compression components without distortion and
at one level of distortion. Linear interpolation is used to estimate the loss of
surge pressure ratio due to differing inlet distortion intensities. The
following example shows how different surge 1ine extrapolations can affect this
estimation procedure. Figure 1,3 has the same undistorted speed Tine as in
Figure 1.2, but in Figure 1.3 it is assumed that the speed 1ine shown is a
limiting speed 1ine. Figure 1.3 also includes a speed line with radial
distortion intensity of 0.10. Surge Tine extrapolation 1 is the same surge line
as shown in Figure 1.2 for undistorted operation. Surge 1ine extrapolation 2 is
a higher surge 1ine extrapolation. The matched inlet-engine airflow has been

selected as the test airflow with inlet distortion, 94.9 percent airflow, so that .

stability accounting can reproduce the test conditions.
22
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SURGE LINE EXTRAPOLATION *2 V4

2.81 (9) /
/  _”SURGE LINE
«" " EXTRAPOLATION
2.7 - '/' |
£ ~(0)
A
2.6 h
025- ////’ \
5
o
" 24
= (11—
2.3
o
a.
2.2

OPERATING LINE

)
N

2.0

1 1
90 95 100
CORRECTED:AIR FLOW~PERCENT

NO INLET DISTORTION LIMITING
SPEED

— e —— WITH RADIAL INLET DISTORTION
LIMITING SPEED, APR/P= 0.10

POINT NO. PRESSURE RATIO  AIRFLOW

(9) 2,71 94.9
(10) 2.67 94.9
(11) 2.35 94.9
(12) 2,30 94.9

. FIGURE 1.3 Fan Map to Illustrate Effect of Surge Line Extrapolation
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Table 1.3 shows the effect of these different surge line extrapolations on
estimates of the ARP 1420 surge margin for various levels of distortion.

TABLE 1.3
Effect of Surge Line Extrapolation on Stability Accounting

o APRS - Loss In Surge
SM - Surge Margin With Pressure Ratio
Inlet Distortion Due To Inlet Distortion
Inlet

Distortion Surge Surge Surge Surge
Level (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

Table 1|3 shows: .

o A|higher undistorted surge 1ine is compensated by an ingcreased 1oss in

syrge pressure ratio with inlet distortion, so that both surge line
extrapolations produce the same distorted surge margin [for the test
conditions of ARR/P = 0.10.

o Alhigh surge }ine extrapolation ( 2) gives higher surge| margin
estimates for distortion levels that are lower than tested and lower
syrge margin estimates for distortions higher than testpd.

Distortionitests should be conducted at or above maximum antigipated
distortion 1 eca interpolation is safer than extrapolation.

1.5 INDEPENDENT CONTROL OF VARIABLE GEOMETRY

When compressor variable geometry is scheduled as a function of a defined
engine operating parameter such as corrected rotor speed, surge margin can be
defined by the ARP 1420 method using compressor maps representing variable
geometry in the scheduled position. Errors from the scheduled geometry setting
can be accounted for by utilizing terms describing the effects of these errors on

|
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the surge 1ine and operating airflow. Engines with fan geometry under the direct
control of the pilot have been proposed for some applications. In such cases,
the variable geometry setting is an independent variable adding a new dimension
to compressor maps, surge margin definition, and stability accounting.

J’Ts"
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SECTION 2
SURGE PRESSURE RATIO CORRELATION

Estimation of the loss of surge pressure ratio (APRS) due to inlet total-
pressure distortion is fundamental to accomplishing a stability assessment

(Section 3.0).
distortion descriptor elements described in this section.

APRS defined in Section 1.0, can be correlated using the
This section also

discusses the rationale underlying the selection of these distortion descriptor

elements.

Sample priobe readings based upon screen test data are given<for

patterns usefyl for constructing a surge pressure-ratio correlation

for checking dut a distortion descriptor element computationtprogram.

this process, [the data are given in terms of probe-by-probe total-p
readings and fhe associated contour plot; the results ate presented
element valueg and illustrated with bar charts.

Three corjrelation systems are described to familiarize the rea

a variety of
system and

To aid
ressure

as descriptor

er with the

type of data nequired for constructing a surge pressure ratio distortion

correlation system and to illustrate achievable accuracies.
discussions off methods for, and problems of; screening inlet data a
a universal sdreening procedure.

2.1 DISTORTIQN DESCRIPTOR ELEMENT DEFINITIONS

Aerodynanjic Interface Plane total-pressure probe data are used
inlet distortilon directly in terms of the probe readings (pattern)
numerically in terms of distortion descriptors that are related to
of the distortfion. Distortion descriptors provide a means of ident
critical distdrted inlet-flow conditions and of communicating durin
system development. A<universal distortion descriptor is beyond th
art; however, |[distortion. descriptor elements have been identified (
for use in structuring a distortion descriptor for a particular eng
elements are yYsed-to define each distortion descriptor system and i
computation priocedure. The distortion descriptor elements are used

Section 2 ends with

d formulating

to describe

and

the severity

fying
propulsion

E state-of-the-

eference 1)

ne. These

ts associated

to quantify

the distortion at the AIP. Fundamental to the distortion-descripto
the set of pressure-probe readings that are used to describe the to
distribution. The pressure probes usually are arranged in rake and
as described in Section 6. Circumferential and radial distortion e
are calculated using the pressure-probe readings, are defined on a

basis.

r elements is
tal-pressure
probe arrays,
Tements, which
ring-by-ring

Inlet spatial distortion is described in terms of circumferential and

radial elements and is discussed in detail in the following paragraphs.

Circumferential distortion is described for each instrumentati
terms of intensity, extent and multiple-per-revolution elements.

26
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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 (e-) 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
Tow-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 rjng. Both
positive and pegative values of radial intensity are possible. "Pogsitive values
reflect a ring-average pressure that is below the face-average 'presgsure.

2.1.1 CIRCUMFERENTIAL DISTORTION ELEMENTS - ONE-PER-REV PATTERNS

The "iptensity" and "extent" elements of circumferential digtortion are
obtained by lfnear interpolation of the pressures in/a given instrymentation
ring. Figure|2.1 shows typical pressures for the probes in the i-th ring for
one-per-revolfition pattern (one pressure defect in 360 degrees). Theta minus,

e; , is the circumferential extent of the low=pressure region measpred in

degrees. It fis defined by the intersection between the ring average pressure and
the linear ingerpolation which subtends -the Tow-pressure region. ‘

o
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0 £ — —(PAV);
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3 — — — —(PAVLOW),
2
O
|._.
i 2j
CIRCUMFERENTIAL LOCATION (DEGREES)
FIGURE 2.1 Ring Circumferential Distortion for a One-Per-Rev Pattern
Extent = (o ), = ezi - eli (2.1)
P i - (PAV)i .
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where: (PAV)i = *15 v/” P(e)i de = ring average pressure

P(e)j is a function resulting from a 11near fit between the data
points.

(PAVLOW), = L. [ P(o),; de (2.3)
0 ,

0,
i

The intensity element is equal to the shaded area of .Figure|2.1 divided by
the product gf e;  times (PAV){.

Multigle-Per-Rev = (MPR); = 1 (2.4)
2.1.2 CIRCUMFERENTIAL DISTORTION ELEMENTS - MULTIRLE-PER-REV PATTERNS

The circumferential distortion intensity and extent elements for
multi-lobe distortion patterns also are determined by a Tinear interpolation
procedure. Higure 2.2 shows a pattern withttwo Tow-pressure regions separated by

two'high-pressure regions of extents 9;1 and 512. In al1 that follows, the

analytical expressions are written for-the k-th Tow-pressure region for Q lTow-
pressure regilons for each ring. The extent and intensity elements|of each Tow
pressure regilon are calculated by Equations 2.1 and 2.2.

[
e _ + ~ +
%-ﬂ-—deil -—'-1-4—9“ —b--t—--—eiz —-><-9i2 ——’—4
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0
s
= g@
=
2
A 62 83, 84,
CIRCUMFERENTIAL LOCATION (DEGREES)
FIGURE 2.2 Ring Clrcumferentlal Distortion for a MultlplerPer—ReV
Rettenn

Patterns with e ik 5_e+ min

If the pattern has low-pressure regions c1rcumferent1a11y separated by
high-pressure regions with extents less than or equal to ot m1n, it is
considered as an equivalent one-per-revolution low-pressure region. e min is

"'28"|
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specified by the descriptor developer and is a function of the predicted or
measured engine response to distortion. A value of 6" min of approximately
25 degrees is suggested in the absence of other information.

Q
Extent = o; = ™ (2.5)
i key 1K
= (82 - ol), + (o4 - 03); for Figure 2.2
InteInsity N (PAVLOM) 4 2.6
P ); (PAVY; y
1 Q
where:  [(PAVLOW), = I H° f_ Ple) ;do (2.7)
0 . - 0 .
-j k=1 ik
Q
E (APC) o
Hende (APC)_ el \P Ji ik (2.8)
)7 0 i
1 Z -

Multiple-Per-Rev = MPR '=/1 for this case.

Patterns with °+ik > e+ min

If the pattern has Tow-pressure regions c1rcumferent1a11y separated by
high-pressure reg1ons with extents greater than e* min, then thg multiple-per-
revolution|element is greater than one.

), APC\ . APC . .
Inte imum
P /i P /ik

value of [(’AEE) e"r
P K ik

Extent e; is the e;k corresponding to the maximum value of

[<Ag£>1'k 9_“‘]
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The multiple-per-revolution term is defined as the number of equivalent Tow-
pressure regions, the equivalence being based on the ratio of the total
integrated area beneath (PAV); in Figure 2.2 to the largest single area beneath

(PAV)j. This is given by the equation:
Q .
—~ ., 9 ik
- a k=1 ik (2.9)

Mu1tip1é-per-revo1ution = (MPR)i = V%
¥

-n e s e -

P

2.1.3 RADIAL|DISTORTION ELEMENTS

The radial distortion intensity of a ring is defined as-the [difference
between the fpce-average pressure and the ring-average pressure divided by the
face-average pressure. Both positive and negative values-of radiall intensity
therefore occir; positive values reflect a ring-average pressure that is below
the face-averpge. A typical tip-radial distortion pattern is shown in Figure
2.3. The arrpws indicate the difference in radial.pressure for Ring 5. For the
general ring,| 1, the radial intensity is given as:

(PFAV) - (PAV), :
(APR) } i | (2.10)
1

A im oo A& & A A & s omooa Al a o e s oa

P, (PFAV)

where (PFAVY) [is the area-weighted face-average pressure. For N rings at centers
of equal areap:

(pFAV)| = & >, (PAVY; (2.11)

i=1
It should be poted fhat the definition of the radial intensity impllies that

N
1=

N
o1 ' (APR
N .Z' (‘p‘) 0._
1= \ r AL ;
g
w8 ° 0
N (o]
Bl o o e — (PFAV)
>0:
e O (APR)g
o J
zg
IIE (PAV)5
HUB , TP
RADIUS ‘

—---] FIGURE 2.3 Radial Distortion Pattern
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2.2 RATIONALE FOR ELEMENT DEFINITIONS

The definitions of the distortion-descriptor elements given
were chosen for a number of reasons. The most important requirem
elements should describe well-established facts, that is, the sta
engine compression component is sensitive to the magn1tude of ac
varying total-pressure defect (circumferential intensity), the ti
spends in the defect region (extent), the number of defects encou
blade in one revolution (mu]t1p1e-per—rev), the magnitude of a ra
total-pressure defect (rad1a1 1ntens1ty) and whether the circumfe
radial defects occur in the hub, mid-span o egion he
compression-gcomponent inlet (Reference 2).

The particular form of the circumferential distortion intensj

chosen to aifl in making hand calculations by avoiding complicated
expansions ahd to avoid sensitivity to a single-probe low. total-p
reading. The latter was accomplished by averaging thé pressures

total-pressure region, thus avoiding an expression such as (Pmax

which is desgriptive of the flow, but does not takelthe response

turbomachinepy into account. The circumferential intensity eleme
nondimensionfilized by the ring-average total pressure rather than
total pressupe in an attempt to reduce the apparent "double bookk
occurs when pnalyzing complex aircraft patterns. This "double bo
occurs when the low total-pressure regionmay contribute to both
circumferentfial and radial intensity elements so as to effectivel
defect appealr more severe than it actually is.

To redugce the computation time for the time-variant distorti
elements, lipear interpolation. is considered adequate for determi
extent (e-) pf a lTow pressure region thus avoiding differing resu
type of interpolation used( (Fourier curve fit, polynominal, splin
pragmatic approach to handling large amounts of data produces res
correlate to| an acceptable degree of accuracy.

A contipuous functional representation, indicating the prese
per-rev regipns,(rather than an integer jump funct1on, was chosen
stability response of compress1on components var1es in a continuo
depending onlthe 3 bhe bensit
the low-pressure reg1ons.

2.3 SAMPLE ELEMENT CALCULATIONS

As an aid to interpreting and calculating the distortion-des
elements, an example inlet pattern, illustrated in Figure 2.4, is
detail. The corresponding probe readings, normalized by face-ave
pressure, are given in Figure 2.9. The pattern has two low press
separated by more than 25 degrees in the outer rings and is terme
pattern". The ARP 1420 recommended probe array is superposed. F
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Low Pressure _ 9 l_\ _—Total Pressure
Region - o 2. Probes

View Loig Forward

FIGURE 2.4 Example of Inlet Pattern
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12

o

EXTENT = 157

FACE AVG] PRESSURE

0.9

N AVG PRESS.

{ OF INNER RING
INTENSITY = AREA___ . 5620

EXTENT

MULTIPLE - PER- REVOLUTION = 1.0
1

180

ANGLE 8 - DEGREES

FIGYRE 2.5 Circumferential DisStortion Elements for Innet Ring

0.8
0

le;trensm =-AREA L 5.032

EXTENT

_ pER_pey o AREA | + AREA 2 _
MULTIPLE - PER - REV ARIEA' =1

180
ANGLE & - DEGREES

360

FIGURE 2.6 Circumferential Distortion Elements for Outer Ring I 33
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1.05

1.0

-0.016

-0.007

Face Avg Press. 0.014 Radial

Intensity

RING AVG. PRESSURE
FACE AVG. PRESSURE

Radial Intensity =
‘ace Avg Press. - Ring Avg Press.
Face Average Pressure

0.95

K 2 3 4 5
Hub Ring Number Tip

FIGURE 2.7 Radial Distortion Elements
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q inner ring where the circumferential profile is only a one-per-rev profile. The
intensity element (APC/P) is 0.02 per Equations 2.2 and 2.3. The extent element
(67) is 157 degrees and the multiple-per-rev element (MPR) is 1.0 per Equation
2.4. The calculation of the circumferential distortion elements for the outer
ring is illustrated in Figure 2.6. This ring has two low-pressure regions
separated by more than e;in. 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 2.9. The values of the
radial distortion elements, as calculated according to Equation 2.10, are
illustrated in Figure 2.7.

A1l distortion elements for each ring of this pattern can be|illustrated
using a bar ¢graph display as shown in Figure 2.8. This type'of display makes it
possible to obtain quickly the following characteristics ofthe pgttern:

1) The|circumferential intensity is greatest at<the tip.

2) The|circumferential extent is greatest at the hub.

3) The|only multiple-per-rev content exists at the tip.

4) The|radial intensity is greatest.at the tip.

.‘ This fopmat gives the data and the results in both tabular and pictorial
form and wil]l be used to summarize the data and the results for t%e sample
distortion pptterns of the next subsection. The data for this example as well as
the results pre given in Figure(2.9.

0.0%
CIRCUMFERENTIAL
INTENSITY.
180° 0
CIRCUMFERENTIAL
EXTENT
e P =0 2.0
MULTIPLE - PER- REV
AN +002 L0
RADIAL [INTENSITY \ N N \\\\\w 0
§\ -0.02
[ 2 3 49 5
HUB RING NUMBER Tie

d FIGURE 2.8 Distortion-Descriptor Elements for the Example Inlet Pattern
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A pattern with two Tow-pressure regions separated by less than o

+ >

min 'S
illustrated in Figure 2.10. The circumferential distortion intensity element for
the outer ring was calculated according to Equation 2.6 and has a value of 0.026.

2.4 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 fotal pressure.

Each of these patterns is taken from screen test data. Although the
patterns of Pdragraphs 2.4.1 through 2.4.6 were intended to bé claspical patterns
(180 degree one-per-rev square wave, hub radial, and tip radial), apd/or stylized
combined pattqrns (180 degree one-per-rev + hub radial, 180 degree pne-per-rev +
tip radial, and 90 degree one-per-rev *+ tip radial), the actual patterns often
had significant differences from the intended patternsy It should be noted that
screen design|is in itself an art and careful attention.to detail ip required if
the desired pdttern shapes and distortion element<values are to be achieved for
all test conditions.

7]
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Pratw: by Probe Countour Plot Pattern
(Clockwise From TBC) {

1 a2 3 4 5 o 7 8

1.021 987 ,976 985 1,010 1,028 1,024 1.028
2 1.624 .980 .960 ,976 1,005 1,020 1,008 1,018
3 1.027 972 9483 ,960 1.001 1,017 ,995 1,010

13 1,425 ,963 (938 .$50 1,300 1,006 ,985 1,004

5 (TIP}l 1,026 .957 .930 ,942 1,000 1,024 ,952 ,998

lunjtortion Degeriptor Elvoents
3t

— .10
L] - A B -—E.
(J_—: )x (H )i (Hm)i (\_:'E)x (A: )i> T L
r— 350
0195 152.2 100 -,0158 0_)‘ . T
.0238 1447 1.00  =,0065 ( ' T I = l 1.
3
L0272 140.1 1.60 L0005 (nm) 1
.0298 135.6 1,00 .0079 e
0315 132,7 1.3 <0139 (ﬂ) E b
o
' 1 b 2T 3 T 41 s Rinqoh:lg;’har
FIGURE 2.9 Sample Patterh Definition and Results
1.3

MULTIPLE >-PER-REV = 1.0

EXTENT = 194°

PRESSURE
FACE AVG. PRESSURE
T T

0.9
. AREA | + AREA 2 _
INTENSITY = =S50 ii8-C- 2 0026
0.8 ]
o 180 360

ANGLE ©-DEGREES

FIGURE 2.10 Equivalent One-Per-Rev Pattern
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2.4,1 180 DEGREE ONE-PER-REV CIRCUMFERENTIAL DISTORTION PATTERN

The information relevant to this pattern is given in Figure 2.11.

The

ring circumferential intensity values are nearly constant and the angular extent

of the circumferential distortion is uniform from ring-to ring.

T

here is no

multiple-per-rev content and very little radial distortion content.

2.4,2 HUB RADIAL DISTORTION PATTERN

The information relevant to this pattern is given in Figure 2.12.
hub radial pattern has almost no circumferential distortion.

and multiplefper-rev elTements have Iittle physical signifticance,.
2.4.3 TIP RADIAL DISTORTION PATTERN

The ipformation relevant to this pattern is given<in’Figure 2.13.
tip radial ppttern has essentially no circumferential distortion.

extent and m
2.4.4 180D

The i
180 degrees
uniform circ
elements. T

2.4,5 180 D

The i
180 degree o
uniform cire

multiple-per
might be des

2.4,6 90 DE
The 1

1tiple-per-rev elements have 1ittle physical signific

nformation relevant to this pattern is given in Figurg
bne-per-rev + hub radial combined distortion pattern h
imferential angular extent, and tip radial distortion
nere is minor multiple-per-rev content in the tip.

"GREE ONE-PER-REV + TIPRADIAL COMBINED DISTORTION PAT

nformation relevant ‘to this pattern is given in Figurg
ne-per-rev + tip ‘radial combined distortion pattern ha
imferential and angular extent distortion elements. T
Lrev content.)The tip-radial-distortion content is ng
ired.

GREE ONE-PER-REV + TIP RADIAL COMBINED DISTORTION PATT

nformation relevant to this pattern is given in Figurg

degree one-p

uniform circumferential and angular extent:distortion elements.
multiple-per-rev content in this pattern.

) + di mbined distortion pattern has esg
I

The nonuniformity of th

This

This
The angular
ance.

FGREE ONE-PER-REV + HUB RADIAL COMBINED DISTORTION PATTERN

2.14. This
as fairly
intensity

TERN
2.15. This
s fairly

here is no

The angular extent

t as uniform as

ERN

2.16. This
sentially
here is no
e tip radial

content is similar to that of the 180 degree one-per-rev + tip radial combined
distortion pattern.

2.4.7 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 2.17.

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.

38
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2.4.8 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 2.18. 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 Tow
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.

2.4.9 AIRCRAFT PATTERN

The information relevant to this pattern is given in Figure|2.19. This
pattern has sgrong mid-span circumferential distortion and strong tip radial
content. The|circumferential distortion is essentially 180 -degrees in extent,
and no multip]e-per-rev content is present.

2.5 CORRELATION METHODS

The loss|of compressor surge pressure ratio is related to the|distortion-
descriptor el¢ments given in Paragraph 2.1. There does not appear|to be any
simple or unique form for combining the element® to correlate the loss in surge
pressure rati¢ that will meet the accuracy réquirements for every ¢ompressor.
However, the equation given below and in Figure 2.20 is general in|nature and can
be expanded t¢ include nearly any distortion descriptor used to date:

N
R
APRS = 12‘ [KCi (—’“;—C)+ KR, (“—gﬁ)j C, ] x 100 (2.12)
1 1

where APRS is|the loss of slrge pressure ratio due to distortion, éxpressed as a
percent of th¢ undistorted. surge pressure ratio.

N is the number of instrumentation rings
KC i$ the circumferential distortion sensitivity
KR it 12l dictopti L ivid

Agg. is the circumferential distortion intensity defined in 2.1.1

Agg_ is the radial distortion intensity defined in 2.1.2

C is an offset term
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

-]
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Prabe_by Probe
{Clockwise from TDC)

Contour Plal Patiern

RAKE
RING 1 2 3 4 5 ¢ 7 8
1 (Hup) ,906  ,912 ,962 1,101 1,116 1,079 ,924 915 /_!M
2 .903 .897 1,075 1,119 1,103 1,139 ,946 ,902 Q /
- L a2 et
3 905 ,904 1,048 1,076 1,096 1,107 .935 ,907 5:/:?;\‘—:—3?«;?
& 906 .899 1,058 1,090 1,107 1,115 ,%43 ,905 \
s {(tte)! .908 ,914 1,028 1,069 1,071 1,090 ,9%49 ,925 3\\5’
g
v
Distortion Deccriptor Elements } 0.0
Afc
3 T -
el 39, () be) () (%),
RING P/ i i i > . Lo
- 250
1 0.0652 207.8 1,00 0.0095 0-) '
i Lo
2 0,0877 178.7 1.00 -0.0117 — 3.0
J 0,0753 180,4 1,00 0.0016 (um)
t L- 1.0
4 0.0800 180.1 1,00 ~0.00%0 — 40,07
5 0.06% 181,14 1,00 0.0046 (APR) - o
Py .. -0,07
1 1 21 3 1 4 1[5 | Ring Nusber

FIGURE 2.11 180 Degree 1/Rev Circumferential Distortion Pattern

Probe b Prabe
(Ciockwise from TDC)

RAKS '
Rkizahssva

1 (HuB} ] 543 944 936 (942 .945 ,946 ,947 ,938

Contour Plot Pattern

2 972,955 4982 ,967 ,957 ,968 ,959 941
3 1,023 1.013_1,017 1,011 1,021 1,003 1,020 1,007
4 1,038¢1+038 1,053 1,045 1,048 1,050 1,063 1,051
5 (TIP} 11,031 1.026 1.030 1,020 1,019 1,043 1,032 1,035

Distortion Descriptor Elements [
0,10
ELEHENT "
(459, () e (P (%)
RING P/ i i M/ L o
= 350
1 0,0025 9h.7 1.7419 0.0571 (o‘) !
j free
2 0.0103 94,5 1.2779  0.0374 - -0
— 3.0
3 0,0056 58.5 1.7627 «0.014) )
[T 1) R — o
G 1Y i B s o
4 0.0030  194,9 10000  -0.,0507 ~ o.07
S
5 0.0748 170,32 1.0000  -0.0295 (,\pn) ! w"l‘_._.....; ] —o
o Y - b | -0.67
11 2 1 3 I & | 5 1 Rinp Numbor
40 FIGURE 2.12 Hub-Radial Distortion Pattern
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Proba~ by Probs.
{Clockwise frr~m 7TD2)

Contour Plot Pattern

Tip-Radial Distortion Pattern

Contour Plot Pattern

~ 0,14

—0
—~ 250

F—J.O

- 1.0
— +0.

— 0

L ~0.07
Ring Nu

RAKE
RING 1 2 3 4 ] 7 8
1 (nyn)j 1,044 1.037 1,028 1,030 1,033 1,632 1,043 1,032
2 1,054 1,033 1,051 1,040 1,035 1,048 1.045 1,034
3 1.000 1.0:0 ,997 1,029 1,002 1,022 1,008 1,02%
L} 970 .960 .96 .90 ,954 ,976 .960 .95
5 (11p) «948 L9433 943 (945 954,952 945
Distortlon Daacriptor Elenents
ELEMENT
(59, |6 =) (4P
RING LaE 1 i P /i
1 0.0044 113.4 1.2297 ~0,0354
2 0.0040 B1.2 2,3086 =~0.0424
3 0.0086 1337 1.2195 ~0.0111
& 0.0050 176.7 1.0687 0.0356
5 0.,003¢ 175.7 1.0555 0.0534
FIGURE 2.13
Probe by Prohe
(Clockvise from TOC)
RAXE
RINd 12 |3 & s 7 8
1 (nuB) 874,874 |,941 1,035 1,050 1,037 _.510% ,877
2 .884 .898 |.996 ,988 1.009 1,013 ),965 689
3 .925 ,930 3.067 1,086 1,077 1,090 ,961 ,920
& «540 1938 Y.124 1.151NDWM43 L 140 986 942
5 (11IP) «938 .930 J.104¢1,010 1,086 £,120 1,007 ,949
Distortion Diacriptor Elements
RLEMENT] h - \
(o) ) ) (%)
RING P /g i i i
1 0.0610 198.3 1.00 0.0456
2 0,0541 155.5 1,00 0,G%00
3 0.0660 17643 1,00 -0.0120
& 0.0808 178.6 1.09 -0,0566
5 0,0403 162.1 1.003%  =0.0230

FIGURE 2.14

1
@%%?L
(”-)l
(um)" : ]
(lg%i—m—fr“W.““““Lim_k‘“‘
T T2 [ 3t 4l

0,10

Jlo

L,
)
[

1.0
+0.07

[+]

=0.07
Ring Numtas

180 Degree 1/Rev * Hub-Radial Combined Distortion Pattern
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Probe by irobe

(Clockwise from TDC)

oo tear Plot Pattern
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RING 1 2 b 4 5 6 7 8
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FIGIRE 2.15 180 Degree 1/Rev-* Tip-Radial Combined Distortion Pattern )
: Probe Ly Probe Ce.iour Plot) Pattern
(Clockvise from TDC)
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42 FIGURE 2.16 90 Degree 1/Rev *+ Tip-Radial Combined Distortion Pattern
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FIGURE 2.17
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Probe by Probe Contour Plot Pattern b
(Clockwise from TDC) |
RAKE
RING 1 2 3 & 5 6 7 8

1 (HuB) 1,124 1,089 1,010 ,947 1,017 1,037 1,039 1,082

2 1,109 1,100 1,024 ,888 ,937 1,020 1,025 1,092
3 ,1,088 1,075 1,030 ,891 ,896 ,972 ,980 1,088
A 1,050 1,027 1,008 ,938 ,893 ,989 ,948 1,029

5 (11P) N 2

Distortion Descriptor Elements

. 0.10
ELEMENT ( hPC ) ( 9‘) (MPR) (A PR)
RING P /i i i P /i

0
250

1 0.0327 203.2 1.00 -0,0463 l:

2 0.p574 174.6 1.00 =0,0275 0
3.0

3 0.p62k 180.5 1,00 -0,0056 l:

4 0.p39% 180.2 1,00 0,0117 1.0

. . +0.07

5 0,236 177.8 1.00 0,0678 E o '.

-0,07
T 11 21 31 & 5 | Ring Number
FIGURE-Z2.19 Aircraft Pattern

APRS i [Circ Term '+ Radial Term + Constant Term]

N
apRs= 2 [ke(BES) + Kni(é-;ﬂ)' + ¢ ] x 100

=y, SN

Circ Sensitlvlty—y
Circ intensity /
Radial Sensitivity
Radial Intensity

Constant Term

°

(8PRS)

'_44_] FIGURE 2.20 Basic Equation for Calculating Surge Pressure Ratio Loss
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of sufficient accuracy to correlate the effect of critical distortion patterns
within 2 percent surge pressure ratio. For.practical purposes, the generalized
coefficients are often expanded. An example of the expanded circumferential
sensitivity is given in Figure 2.21, 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 repfesented bx a
constant at a given corrected speed. If significant nonlinearities occur in the
Toss of surge pressure ratio with the level of intensity relationship for the
reference pattern, especially at high levels, the re]ation§hip can be @reated as
being piecewise—tHnear——This—thenteads—to—reference—sensitivities which vary
with level of intensity and contribute to the offset term, Cj.

APRS = E[Kci ABC ). + kr; (BER); + ci] x 100

¢
A0
i /

{

KCij .=. KC =+ f(87)) « f(MPR) + g

REHERENCE SENSITIVITY _—/-/
EXTENT FUNCTION
MULTIPLE - PER-REV FUNCTION

RING WEIGHTING FACTOR

FIGURE 2.21 Example of Expanded Circumferential Sensitivity

The 1oss in surge pressure ratio for downstream compression components can
be calculated according to Equation 2.12 through the introduction of distortion
transfer and generation coefficients in the sensitivity parameters. Methods for
accomplishing this are discussed in Paragraphs 2.5.2.4 and 2.5.3.4.

The following paragraphs provide examples of three methods that have been
used to correlate the loss of surge pressure ratio for compression components.
In two cases, the correlation makes full use of ARP 1420 distortion-descriptor
elements, but are not in use in conjunction with an aircraft program, while the
third is in use with an aircraft program, but the circumferential distortion

‘ intensity is not the ARP 1420 definition. Further, examples of correlations,

based on distortion elements similar to those derived in ARP 1420, are given to

show the broad range of components that can be treated using this correlation

method. 45
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2.5.1 METHOD A

Method A has been used to correlate data from a three-stage fan in terms

of ARP 1420 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

The phiiTosophy of Method A is:

0

correlation coefficients, namely: circumferential sensitivity, radi
sensitivity, hub-radial offset, and tip radial offset. Fictional, b
values of thepe correlation coefficients are presented as functiong
corrected airflow.

The| circumferential sensitivity of Equation 2.12 is
expanded to include ring-weighting factors,.an extent
factor, and a multiple-per-revolution factor.

The|loss in surge pressure ratio due to-circumferential

distortion is proportional to a weighted average of the

distortion-descriptor elements over ‘the entire interface
plape.

The|loss in surge pressure rdtio due to radial distortion
is xva]uated for two annular regions. For an interface
plane defined by five instrumentation rings, the hub
regfon consists of the ‘inner two instrumentation rings and
the|tip region consists of the outer two instrumentation

rings.

The|loss in surgé pressure ratio due to radial dis-
tortion is the higher of the losses evaluated for the hub

and|tip regions.

The|l0ssin surge pressure ratio due to combined
cird : . e e Y, :
algebraic superposition of circumferential and radial
terms.

Correlation coefficients are functions of corrected inlet
airflow only, and are independent of the distortion
pattern.

Loss in surge pressure ratio due to inlet distortion is

al
ut typical,
of inlet

measured from an undistorted surge 1ine with uniform inlet

flow as defined in Section 1.2,
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2.5.1.1 Definition of Terms

APRS¢

of

(MPR)

APRSh

APRSt

APRS

is the Toss in surge pressure ratio due to circumferential
distortion expressed as a percentage of the undistorted surge
pressure ratio.

is the number of instrumentation rings.
is the weighting factor for ring i. To represent an existing

d1stort1on index, aj was selected to be 1nverse1y
ter, subject to

N
Zai=
i=1

is the average circumferential sensitivity, determined
empirically

is the ARP 1420 circumferential. distortion inténsity of ring i.

is the ARP 1420 circumferential extent of the distortion in
ring i in degrees.

is the ARP 1420 -muTtiple per revolution element for ring i.

is the loss: in surge pressure ratio due to hub|radial
distortion expressed in percent of the undistorted surge
pressure ratio.

is.the loss in surge pressure ratio due to tip|radial
distortion expressed in percent of the undistorted surge
pressure ratio.

is the 1oss in surge pressure rat1o due to ‘inlet distortion
axprassad in , the undistorted-surge-pressure ratio

(ARP 1420 def1n1t1on).

is the loss in surge pressure ratio due to radial distortion
expressed in percent of the undistorted surge pressure ratio.

is the average radial sensitivity, determined empirically.

is the ARP 1420 radial distortion intensity of ring i. This

intensity can be either positive or negative.
|47
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Ch’Ct

interface plan

are the radial offset terms for the hub and tip,
Usually one is close to zero, denoting the region
surge, while the other is negative, reflecting th
surge margin of the region furthest from surge.

2.5.1,2 Formulae for Loss of Surge Pressure Ratio

respectively.
closest to
e higher

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

APRS,

The r

consequently, 1
determined cor

of the loss of
surge pressure
equally. Equa

determines whe
particular rad

region which consists of rings 4 and 55 weighted equally.

N

:E: o Kc

i=1

1

<A§£>,<;5'6> (m)1 x 100

ng weighting factor, extent function, andymultiple-pe

function of Equation 2.14 were based on experience with similar fansj

the circumferential sensitivity, K¢, .1s the only empir
relating parameter in Equation 2.14,

The 1¢ss in surge pressure ratio due\to radial distortion i

the hub or tip regions. Equation 2.15a describes the
ratio in the hub region which consists of rings 1 and
Eion 2.15b describes the ‘loss in surge pressure ratio
Equation
ther the hub or tip region is critical for the stabili
al inlet pattern and inlet airflow under investigatio

2

(2.14)

r-rev

ically

5 the higher
loss in

2, weighted
in the tip
P.15¢

ty of the

n.

=

An example illustrating this equivalence

_ APR

APRSh = 3 ;;% 1/2 Kr <"F_> i + ch x 100 (2.15a)
- APR

APRSt s 4;;:1 1/2 Kr(‘ﬁ’); + Ct x 100 (2.15b)

‘Ll LAJ o AJ 7 l-l ’ .

APRS, = larger of APRSp or APRSt (2.15¢)

Circumferential and radial terms are added:

APRS = APRS; + APRS, (2.15d)

The set of Equations 2.14, 2.15a, 2.15b, 2.15¢c, and 2.15d are equivalent
to general Equation 2.12.
Section 2.5.1.5.

is shown in
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2.5.1.3 Correlation Coefficients

Circumferential Distortion

The circumferential sensitivity is established from tests with 180
degrees classical inlet distortion screens. A typical variation of circum-
ferential sensitivity with corrected airflow is shown in Figure 2.22.

Radial Distortion

Typical variations of radial sensitivity, hub-radial offset, and
tip-radial offset are given in Figures 2.23, 2.24, and 2.25, respeqtively. The
combination of radial sensitivity, hub-radial offset, and tip-rddiql offset is
used to model [the piecewise Tinear loss of surge pressure ratio with radial
distortion, a$ discussed below. Under ideal conditions (no-error)] one radial
offset should|be zero while the other should be either zero or negdtive. From
Figure 2.24 and 2.25, it can be seen that below 60 percent airflow|[the hub-radial
offset is significantly negative while the tip-radial{offset is not zero, but is
between 0.0 apd -0.02. This nonzero tip radial offset reflects erfor in the
undistorted syrge-pressure-ratio measurement. This'correlation asgumes that the
undistorted surge pressure ratio was measured between 0 and 2 percégnt lower than
the true valu¢ in this airflow range. Similarly, the nonzero hub-fadial offset
above 95 percént airflow describes an undistorted surge margin that is assumed to
be measured a|fraction of a percent Tower cthan the true value.

Piecewise-1inear Radial Distortion Correlation

The Joss in surge pressure ratio due to hub-radial distortion usually
has a significantly different characteristic than the loss in surge pressure
ratio for a tjp-radial distortion of the same magnitude as illustrated in Figure
2.26. The surge 1ine of a_fan can usually be increased by a small|amount of
ejther hub-ragial or tip-radial distortion. Consequently, the pie¢ewise-linear
curve shown in Figure 2327 is faired through the data of Figure 2.26. Figure
2.27 shows an|increase<in surge 1ine (negative APRS) over the undistorted surge
line for hub distortiens with an intensity less than 0.1. The slope of the line
(radial sensitivity) is assumed equal for both hub and tip distortjons. If there
were more dats po1nts to Just1fy d1fferent s1opes then different $ensitivities
could be used ! dial 3 : adial-distort

Figure 2.28 iT1ustrates the use of hub and tip radial offset terms to
describe the intercepts of the linear correlation 1ines on the zero distortion
axis. Figure 2.29 illustrates the equation used to correlate loss in surge
pressure ratio due to radial distortion. In this example, the hub constant
Ch = -0.06 while the tip constant C¢ = 0. This can be interpreted as the hub
having six percent more surge margin than the tip which can be used to offset the
destabilizing effects of hub-radial and circumferential distortions. The loss in
surge 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-distortions less

than 0.05 and for all tip distortions.
|49
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FIGURE 2.28 Constant Term

APRS = Max{[z 1,KR (-A—l',’ﬂ)i ] + c} x 100
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FIGURE 2.29  Modeling Radial Distortion —
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2.5.1.4 Example Calculations

Evaluate the l1oss in surge pressure ratio for the aircraft pattern shown
in Figure 2.19 at 100 percent airflow.

From Figures 2.22, 2.23, 2.24 and 2.25 at 100 percent airflow,
Ke = 0.55, K, = 0.7, Cp = -0.002, and Cy = -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

aj = 0.303, 0.219, 0.180, 0.157 and 0.141

EvajJuating Equation 2.14 for the pattern defined by .Figure 2.19 gives

APRS: = (0.00615 + 0.00671 + 0.00619 + 0.00341 + 0/.00181) x
100 = 2.42

Evaluating Equation 2.15a gives

APRSp = (-0.0162 - 0.0096 - 0.,002) x 100 = -2.78
Evaluating Equation 2.15b gives

APRSt = (0.0041 + 0.0237 - 0.096) x 100 = -6.82
From Equation 2.15¢c, the hub is critical, therefore:

APRS, = -2.78

\=21]

From Equation 2.15d " APRS = 2.42 - 2.78 = -0.3

Thig particular pattern results in a small increase in supge pressure
ratio at thig operating condition because the gain in surge margin|with
tip-radial distortion more than offsets the loss in surge margin dye to
circumferential \distortion.

2.5.1.5 Equivalence of Method A to the Basic Equation

Method A can be put into the form of the basic Equation 2.12, using
Equation 2.15e which relates the ring sensitivity, KC;j, to the average
sensitivity, KC, and by Equations 2.15f and 2.15g which set some of the terms to

zero as a result of Equation 2.15c.

KC. = a: K % ) (1 2 (2.15¢)
i~ % “c \180/ \WPR, , - 10

-

>
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The b
shows each of
2.5.1.4. Each
2.12 with the

For t
therefore:

If Equation 2.15c shows that KRy = KR2 = Kp/2
the hub is critical, then
KR3 = KR4 = KR5 =0
(2.15fF)
C; =C2 =Cp/2
C3 = C4 = C5 =0
If Equation 2.15¢ shows that KR4 = KRg = Kp/2
the tip is critical, then
KRl = KR2 = KR3 =0
(2.15q)
Cqg =C5 = C¢/2
Cl = C2 = C3 = 0¢

the terms of the equation evaluated for
line of the array represents the terms
nub ring at the top.

KRy = KR2 = 0.35

KR3 = KR4 KRS =0
c1 = Cz = -,001

C3 =C =Cs2=0

.188-(0.0327) + 0.35 (-0.0463) - 0.001

O-NDR1 OO0

asic Equation 2.12 is shown below together with an array which

nis example, Equation 2.15¢ shows cthat the hub is critical,

< ARL APR '

the example of Paragraph
of one ring of Equation

N
APRS = }

i=
APRS = [0

+

APRS = -0

- H7{6-0574)—+0-35(=0-0257)—=0-00%
+ 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

.36

The radial ring sensitivities and offset terms of Equation 2.12 can change
with the inlet distortion pattern, whereas in the alternative, equivalent
equations for calculating loss in surge pressure ratio (Equations 2.14, 2.15a,
2.15b, 2.15¢ and, 2.15d), the sensitivities and offset terms are functions of
inlet corrected airflow only and are independent of the inlet distortion pattern.

I'?s"'
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" 2.5.2 METHOD B

In this paragraph, an expansion similar to an expansion of Equation 2.12
is developed to show how each term may be obtained. Although the following
method has been used for a number of recent compression components, the
information contained herein has been developed for a fictionalized fan
compression component with two stages. This distortion sensitivity methodology
is based on decomposing any aircraft pattern into its circumferential and radial
elements and estimating the loss in surge pressure ratio due to each element.

The 1oss in g

es sed on

sensitivities determined from classical and stylized pattern testing.

2.5.2.1 Deffinition of Terms

Corpelati

accomplished| using the empirical relationship:

AP

where APRS is the loss in surge pressure ratio and:

bp -

AP/PC

on of the Toss of surge pressure ratio_for the flan component is

(2.16a)

—1

= AP AP
RS bp . EXp [%Cp (PC) + CCp] + [FRP (FR) + CRp

Superposition function which accounts for coupling effects
between the circumfenential and radial componentls of
total-pressure distortion.

Extent function’which accounts for change in losls of surge
pressure ratio due to the extent of the total-pressure pattern
differing~from 180 degrees.
Circumferential total-pressure distortion sensitfivity.
Level of inlet circumferential total-pressure dijstortion.

Circumferential total-pressure distortion offset| coefficient
for sensitivity or portion of sensitivity lines hot passing

AP/PR

T‘J

through the origin.
Radial total-pressure distortion sensitivity.
Level of inlet radial total-pressure distortion.

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

®
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A

Equation 2.16a, when it is written in the form of Equation 2.12, is
similar to an expansion of Equation 2.12.

- AP AP
APRS = KC <FE) + KR (Fﬁ)+ C (2.16b)
where:
= . EX . KC 2.16
KC bp Xp b (2.16¢)
KR & KRp (2.16d)
= - E * + L 2

C bp Xp CQp CRp (2.16e)

The bracketefl terms (Equation 2.16a) represent the Toss in surge pressure ratio
due to pure 80 degree one-per-rev circumferential and pure radia] distortions,
respectivelyl The circumferential total-pressure distortion term|aP/PC was

determined from the maximum value of the expression.

}§: (P RING AVG)~ (P RING MIN),
AP/PC = 1/2 o B FRCEAVG (2.17a)
or
2. (P RINGAVG), - (P RING MIN),
2 2

£ P FACE AVG (2.17b)

where i denotes a“ring (hub ring is denoted by 1 and the tip ring|by 5). Note
that the deffinition differs from the ARP 1420 definition for the ¢ircumferential
distortion 1evel element, but is related to it for well-behaved patterns. The

radial total-= ne maximum value
of the expression

(P FACE AVG) - (P RING AVG)i

AP/PR =

P FACE AVG (2.18)

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 ARP 1420 radial distortion level element definition.
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2.5.2.2 Coefficiént Determination (Constant Corrected Speed)

This paragraph reviews the manner in which the coefficients of Equat1on

2.16a were determined.
coefficients in more detail to determine what they represent.

be arranged to give the following form:

Prior to this discussion it is instructive to examine the
Equation 2.16a can

« Jee, (88 cc | ENCAREN
APRS = ﬁ(C ( + CCpJ bp. EX'D + L&R PR CRDJ (2.19)
Equation 2.19|can be wr1tten in the following form:
APRS APRS -
BPRS |= APRS, 100 (—rprior | o2 R )+ aPRSy (2.20)
s C,180 C,180,R
where,
APRSg. 180 = KCp AP/PC * CCp andirepresents the loss of
surge pressure ratio assuming the low| pressure
region has an extent of 180 degrees apd that no
radial distortion is present.
APRS4 180,R
—Eﬁﬁfi———l— = bp and.represents the ratio of the loss of surge
C,180 pressure ratio due to a 180 degree ong-per-rev low
pressure region with radial distortiop to the loss
of surge pressure ratio due to a pure| circumferen-
tial 180 degree one-per-rev pattern.
APRSC o.R
2% = EX_.and represents the ratio of the 1pss in surge
APRS{ 180,R p |
12V pressure ratio due to a circumferentipl low-pressure
region of arbitrary angular extent with radial dis-
tortion to the lToss in surge pressure| ratio due to a
180 degree one-per-rev Tow-pressure region with
radial distortion.
APRSR ‘ = Loss in surge pressure ratio due to radial

is present.

distortion assuming no circumferential distortion

The methodology screens defined in Table 2.2 were used to establish the

loss in surge

pressure ratio at the given corrected speeds.

indicates which screens were used in determining each coefficient.

=]

Further, this table
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TABLE 2.1

Methodology Screens and Coefficient Determination

TYPE | COEFFICIENTS
180 1/rev ch’ CCD
Hub Radial KR s [CR
Piab | PHub
Tip Radial KR s CR
Prip | Prip
180° |1/rev + Tip Radial bp
135° [1/rev + Tip Radial
EXp
90° [1/rev *+ Tip Radial

Circumferentigl Distortion Sensitivities

The circymferential distortion sensitivity coefficients were determined from
test data whig¢h were obtained using 180 degree one-per-rev screens{ The data are
shown in Figufe 2.30. 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 surge pressure ratio due to radial
distortion coyld be assumed to be zero. In this case, Equation 2.16a can be
written in the form:

APRS - CC

since the coefficients by and EXp are identically equal to one. Because
straight 1ines can be drawn through the data and the origin, then 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 2.30 have been reduced to 180 degree
one-per-rev circumferential distortion sensitivities using Equation 2.21 and are
plotted as a function of corrected speed in Figure 2.31.

| o

- s .; Distributed under license from the IHS Archive

- - S



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR%1419 63 EN 8357340 000474L 1 MM

AR 1419

M 95% NNG

o 100% N/AJg~

.05

03 e N T
(-]

APRS

9 //j(//// r////r/’75%NN?

.0l 7
/
0 10 2

0 02 04 08 08
aP/PC

e S W P P WP i G e O Y

FIGURE 2.30 Loss of Surge Pressure Ratio Due to 180 Degree 1/Rev
Total-Pressure Distortion

Radial Distortion Sensitivities .

The radijal distortion sensitivity coefficients were determined from test
data that werje obtained using graded* hub- or tip-radial screens. [The data are
shown in Figure 2.32. If the circumferential distortion is assumed to be
negligible such that it produces no Toss in surge pressure ratio, then Equation
2.16a-can be written as

APRS - CR

KRp = ‘—AWFF‘E ‘ (2.22)

As in the case: of@ircumferential distortion sensitivities, CR is zero for the
1ine segments| which pass through the origin. The hub-radial distogtion
sensitivity i's—gt i 33 i tp=radi istortion
coefficients, it is necessary to determine whether the level 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
2.34, and will permit entry to Figure 2.35 for the appropriate tip-radial
distortion sensitivity coefficients, that is, KR and CR are associated with
T1 T1

- . L'“A‘L-ALAAAL"A‘L—-‘AAA'!‘

R1 while K and CR are associated with R2

Rro T2

¥R 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. d‘

- Distributed under license from the IHS Archive
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Superposition Factor

Once the circumferential and radial distortion sensitivity coefficients have
been determined, it is possible to determine the superposition factor by .from
data obtained by testing 180 degree one-per-rev * tip radial combined distortion

screens.

This is accomplished through use of Equation 2.16a since the angular

extent function EXp is identically one. Hence, Equation 2.16a can be written

in the form

P
APRS - KR (gﬁ) + CR
b = p

Z

(2.23)

The results, e
Figure 2.36 wit
iteratively exa
function is for

Extent Functiof

4 AR

p (PC) ¢
ipressed as a function of the ratio (aP/PR)/(aP/PC), a
th corrected speed as a parameter. Based on experienc
mining correlations of aircraft patterns, the superpo
ced to be less than or equal to one.

The extent
the 135 degree
screens and the
sensitivities &
a form to permi

The results of
distortion angy
extent, o~, is
giving the maxi
valué of one at

. function can be determined from the data obtained fr
one-per-rev + tip radial and 90<degrees one-per-rev *

previously determined circumferential and radial dis
nd the superposition factors“Equation 2.16a now can
t solution for the extent-~function, EXp:

_APRS - [KRp (g%) + cnp]
P (%< <%%>*' cc

these computations are shown in Figure 2.37 as a func
lar extemt with corrected speed as a parameter. The

EX

mum vatue of aP/PC.
180%degrees.

examination of

pe given in
e and by
sition

pm testing
tip radial
tortion

be written in

(2.24)

tion of

ngular

determined by averaging the angular extents of the twp rings
By definition, the extent functipn has a
Further, based on experience and iterative

from exceeding

one.

adrcraft pattern correlations, the extent function is|constrained

This methodology permits Equation 2.16a to be used for-estimating the Toss
of surge pressure ratio due to any pattern which falls within the range of the
parameters tested.

2.5.2.3 Coeffi

cient Determination (Constant Corrected Flow)

Because compression components normally are tested at constant speed,
the first step in developing the loss in surge pressure ratio correlation as a
function of corrected flow follows the method outlined in the previous

paragraph.

is accomplished using a flow/speed correlation.

results obtained from cycle deck predictions.

=

Translation of the corrected speed results to a corrected flow form
Generally, this is based on

__ . Distributed under license from the IHS Archive
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2.5.2.4 Disto

rtion Transfer and Generation Coefficients

The effect of inlet distortion on a compressor located downstream of the

fictionalized

fan can be estimated using Equation 2.16a.

However, two additional

facets of the stability estimation process are encountered for such cases:
1) the transfer of total-pressure distortion through a fan, and 2) the generation
of total-temperature distortion due to the change in total-pressure distortion

through the fa

Becau
total-pressure

n component.

se.totaljtemperature is handled in a manner §imi1ar to

lowing manner

for estimating| the loss o% surge pres;ure ratio of a high-pressuré dompressor
(HPC) (see Reference 3):
= Ap Ap,
APRSyde = [bp EX, [ch ("‘3)25 +ccp]+ [KRp (PR)25 + czp] (HPC ¥

S}bT ;

where the term
except that aP
distortions me
defined as fol

E

K
AT/TC

C

K

o

-

X [Kop (67/TCp5)* Cop] + [KRy (T/TRyg) CRT](HPC

[PCo5 and AP/PRog are the circumferential and radial
asured at the HPC inlet. .

(2.25)

5 in the first 1ine of the equatidn are given in Paragraph 2.5.2.1,

The“remaining terms in the equation are

ows:
S - Superposition.function which accounts for coupling effects
between totdlspressure distortion and total-temperature
distortion.

bt - Superposition function which accounts for coupling effects
between the circumferential and radial components of total
temperature distortion.

XT _~Extent function which accounts for change in lpss of surge
pressure ratio due to the extent of the total-ftemperature
pattern differing from 180 degrees.

Ct - Circumferential total-temperature distortion sensitivity.

95 - Level of HPC inlet circumferential total-temperature
distortion.

Ct - Circumferential total-temperature distortion offset
coefficient for sensitivity or portion of sensitivity lines
not passing through the origin. )

RT - Radial total-temperature distortion sensitivity.

-, ..~ Distributed under license from the IHS Archive
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AT/TR25 - Level of HPC inlet radial total-temperature distortion.

CRT - Radial total-temperature distortion offset coefficient for
sensitivity or portion of sensitivity 1ines not passing
through the origin.

Since it is the high-temperature regions which cause the loss of surge
pressure ratio, then Equations 2.17a, 2.17b and 2.18 can be used to quantify the
Tevels of temperature distortion through use of the following substitutions:

AT for AP
TC - PC
T RING MAXj for P RING MINy
T RING AVGj4 for P RING-AVG
T FACE AVG for P FACE AVG
AT for AP
TR ~ PR

The Joss of surge pressure for thethigh-pressure compressor can be
estimated if the sensitivities and superposition functions are known and if the
plane 25 distprtion levels are known im terms of a plane 01 (engine inlet)
distortion leyel. Hence, the following relationships can be written:

%525 = f_%m_ (2.26)
-3—}%25 . f:%m; (2.27)
.?%25 - f:%lé-m] (2.28)
%25 - f_%g-()lj (2.29)

where Equations 2.26 and 2.27 represent total-pressure distortion transfer and
Equations 2.28 and 2.29 represent total-temperature distortion generation. Both
explicit and implicit distortion transfer and generation coefficients are
illustrated in Figures 2.38 through 2.41. Equations 2.26 and 2.28 can be written
in the following forms:

AP

PC.

AP
- = CDTCp [Tﬁf ] (2.30)

01
|67
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AT AP
= CDGC ‘ . (2.31)
Tté5 P [Ptbl]

where CDTCp and CDGCp are. the distortion transfer and generation.coefficients,
respectively, for circumferential total-pressure distortion. These coefficients
are examples of explicit coefficients which are illustrated by the examples of
Figures 2.38 and 2.39. The radial distortion transfer and generation
coefficients are implicit coefficients (Equations 2.27 and 2.29) and are
illustrated by the examples of Figures 2.40 and 2.41.

Considerkb1e effort is currently being exerted to determine tdmperature
distortion effects on compression systems, temperature-and-pressure distortion
superposition|effects, and distortion transfer and generation coefflicient
definitions. |Although the method discussed in these paragraphs represents the
state-of-the-art, it has not yet been reduced to common practice.

2.5.3 METHOD|C

In thi$ method, Equation 2.12 is expanded.to' formulate regignally-averaged
AIP total-pre$sure parameters e.g., for the fansinlet hub and tip rlegions, in
terms of the ARP 1420 descriptor elements. Loss of compressor surge pressure
ratio at a giyen inlet corrected mass flow is correlated with the distortion
parameters utjlizing radial and circumferential sensitivities which are
independent of the AIP pattern. The regionally averaged parameters| with
appropriate 1¢w-pass filtering (Paragraph 2.6.4) are used to defing screening
parameters directly applicable to inlet time-variant distortion (Paragraph 2.6.3).

The form of combinatorial.algebra needed to correlate loss of compressor
surge pressuré ratio to the desired accuracy in a particular case depends on the
complexity of|the AIP pattern, compressor type (e.g., single or duall stream), and
compressor radial and circumferential sensitivities. Downstream (hfigh pressure)
compressor sufge pressure ratio can be correlated explicity with numerical AIP
distortion descriptors)through the use of upstream (low pressure) cpmpressor
distortion transfer<functions.

2.5.3.1 Definition of Terms

APC , APR , 6, MPR - Total pressure distortion elements defined
B in Paragraph 2.1
APRS - Overall loss of surge pressure ratio at

constant corrected inlet flow

APRS¢ - Surgé pressure ratio 1oss due to
circumferential total pressure distortion.

APRSR - Surge pressure ratio loss due to radial total
pressure distortion.

68
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Surge 1ine loss weighting or superposition

factor.

Circumferential distortion sensitivity.

Radial distortion sensitivity.

AIP distortion parameter weighting or

superposition factor.

DPC
DPR
DPS

Circumferential distortion paramei

Radial distortion parametery

AIP distortion screening oparameter

Effective distortion extent factor
A numerical exponent.
Extent function.

Radial offset term.

Radial intensity parameter.

Loss of surge pressure ratio due to temperature

distortion.

Combined pressure and temperature

superposition and spatial orientation function.

Temperature distortion sensitivity.

Ler.

Aps AT

2.5.3.2 Rationale

Equation 2.12 may be expressed for the full AIP or a tip or hub region

at the AIP in the form:

APRS = APRSg + b APRSR

Temperature distortion parameter.

Pressure and temperature distortion transfer

functions.

distortion

(2.32)
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Introducing circumferential and radial distortion parameters, DPC and
DPR, for pure patterns

Ke (DPC) (2.33)
Kr (DPR) (2.34)

APRSC

APRSR

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

combined distprtion pattern

APRS = K¢ (DPC) + bKg (DPR) (2.35)

which may be written

RS = K¢ [(npc) s B(DPR)] ' (2.36)

by
ke

The
of the patten

erm B is a specified funé¢tion of corrected flow and is independent
. Equation 2.36 may be-used to define a screening parameter:

DPS = (DPC) + B(DPR) | (2.37)

For pure circumferéential distortion DPR = 0

For pure radial.distortion DPC = 0, b = 1.0

2.5.3.3 Corrplating -Parameters

A full ) 'discussion of all possible expansions of DPC and DHAR is outside
the scope of lthis di i i i elow.

ope

A general form of DPC, explicit in the ARP 1420 elements for a region
comprising j rings at the AIP (j<N) is:

1 APR 94 - 1\ farc
j :
P/y 1 \e MPR, P /il (2.38)

J

-y

D1

B
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o
where f(e;) = 1.0 if(—-‘_—_—)i 1.0
%

depending—or

The gffective distortion extent factor, e;, and multiple-per-rev

exponent, a, depend on compressor dynamic response to circumferentijal extent and
are specified|functions of compressor inlet corrected flow., “Descriptor elements
are centered gbout the circumferential position surrounding the minimum total

pressure in the region.

For glassical one-per-rev circumferential) patterns having

terms greater|than e;, DPC is equal to the ARP 1420 circumferentiall distortion

intensity desgriptor element (aAPC/P).

For an important class of inlet distortion where radial and circum-

ferential totql-pressure defects occur-in the same region, and for
where either radial intensity elements, (AEB) , are small compared

Py

cumferential {ntensity elements, ,APC, , or compressor radial sensitivity, K , is
5,

i
Tow; APRS may|be correlated’with DPC alone. If, for example, this

AIP, then (DP )j = (DPC)N. For dual stream low-pressure compressors (axial-flow
fans), separate core flow (ID) and by-pass flow (OD) DPC parameters appropriate

to core engine and fan OD stability may be utilized.

DPR

profile.

e extent

that region
with the cir-

holds for the

The general correlation of radial distortion presents difficulties as.
APRSR may not be monotonic with DPR, as illustrated by Figures 2.42 and 2.43.

In such cases, a method logic, analogous to that embodied in f(e~)

circumferential distortion, needs to be incorporated into DPR to enable a unique
radial sensitivity, Kp, defined positive, to be used for correlating aPRSRp.

A typical form applicable to hub and tip sensitive compressors may
such that:

DPR = lIR - CRl - ICRI

for
be defined

(2.39)

["7'3_’
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The term Cp is a radial offset term specified as a function of
compressor-inlet corrected flow and represents a limiting value of the radial
intensity parameter, Ip, and,

I =%[i (APR) ;: (APR) ]

i=4 1=

For tip radial distortion, Ip is positive. For hub radial distortion,
IR is negative. The computat1ona1 logic caters to the experimenta] observation
that APRSp may be negative, i.e., a degree of radial distortion'ma have a
favorable effect on surge line.

The application of Method C is conceptually simitar to that of Method A
(Section 2.5.1) for circumferential, radial, and mixed intet distoftion
patterns. Ciypcumferential and radial sensitivities, kg and Kp, are similar
to those of Fjgures 2.22 and 2.27.

2.5.3.4 Downstream (High Pressure) Compressors

Loss|of surge pressure ratio due to total-pressure distortion may be
correlated, a$ indicated above, utilizing distortion parameters defined at the
high pressure|compressor (HPC) entry. This is not sufficient for determining the
effect of AIP|pressure distortion on installed HPC stability, howeyer, because
total-temperature distortion, created-by the low-pressure-compressgr, can produce
a significant|loss of HPC surge line. Moreover, the spatial orientation between
regions of high total-temperature-and low total-pressure is also significant.
Losses of surg i i
additive or may cancel degend

ing on their spatial orientation, their intensities,
and extents, [Reference 4).

These are all linked via the LPC distortion transfer

(Paragraph 2.5. 3 2) may be ut111zed

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

APRS = APRS, + f(o) APRSy (2.41)

where, f(e) is a combined superposition and spatial orientation function defined

at the HPC entry.
| 75

APRSP and APRST correspond to losses of surge pressure ratio due to
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the total-pressure distortion and total-temperature distortion, respectively.
Defining pressure and temperature distortion parameters DPC and DTC and
corresponding sensitivities as Kp and Ky such that:

APRSp = Kp (DPC)

(2.42)
APRST = K1 (DTC)
and introducing LPC distortion transfer functions
_ (prC)
(01C) |
Ay = (2.43)
T = TOPCY ppp

then, it may|readilty be shown that
APRS = [Apr-* flo) AT KT'] (DRC)ATP (p.44)
usually, Ap ¢ 1.0 and Ay > 0.

The [square-bracketed term in Equation 2.44 can be regarded as an overall
or composite [sensitivity factor for correlating HPC surge pressure ratio Toss
with AIP distortion, allowing (DPC)a1p to be used as a screening pprameter
applicable tq9 time-variant distortion.© Thus, fer core engine stabfility
assessment, {DPC)prp may be defined in the hub region of the AIP apd reltated to
the ARP 1420 |descriptor elements-using, for examplte, a relation Tike Equation
2.38. It shquld be noted that the value of the composite sensitivfity factor now
depends on engine component matching.

2.5.4 SUBSTANTIATION 6F CORRELATION METHODS

The wide range‘of applicability of Equation 2.12 when expanfled for special
applications{ as illustrated by the discussion of Paragraphs 2.5.1, 2.5.2, and
2.5.3, is mote dramatically illustrated by the results shown in Figures 2.44
through 2.514 These resu]ts are _taken from r1g component, and engfine tests and

cover a wide : . iding fa . one to three
stages and compressors with e1ght to,s1xteen stages. Lines of ~0 02 APRS (two
standard deviations) have been superimposed about the line of perfect
correlation. This tolerance value is generally accepted within the industry for
inlet patterns that are critical for stability. It is clear that Equation 2.12
provides a framework around which the loss of surge pressure ratio for
compression components can be correlated and represents the effects of inlet
total-pressure distortion on surge line degradation.

2.6 INLET DATA SCREENING

The realities of establishing inlet/engine compatibility communication
between the airframer and the engine manufacturer with their diverse needs and

non-optimalty time-atigned development programs cause inlet data screening to be

o ———
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a sensitive issue. With proper recognition of each party's requirements and
constraints, as discussed in the following paragraphs, a mutually beneficial
dialogue can take place.

2.6.1 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 t i i i gine
stability. is 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 oflinlet fdevelopment
testing. The|largest impediment to a "universal inlet distortion factor" is
that, a priorj, the engine manufacturer cannot predictihow the radjal distortion
will couple with the circumferential distortion, nor)whether a compression
component wil] be hub-or tip-distortion sensitive.

—t

2.6.2 EXAMPLES OF ENGINE DEPENDENCY

If an en
which might h
might be desi
distortion, r
pressure rati
values of tip
“gain" in sur

ine were designed for a specific application, such ap an inlet
ve a significant amount of «outer-wall boundary layer| then the fan
ned for a tip-radial profile. In this case, the effect of radial
Tative to the clean-inlet surge 1ine on which the logs in surge
(APRS) is based, might take the form shown in Figure 2.42. Low
radial distortion may lead to negative values of APRp and, hence, a
e margin relative to the clean (uniform) inlet flow gondition.
On the other hand, if the fan were designed for a hub-radial profile, as
ced by a centerbody, then the effect of radial distortion on the
the form_ shown in Figure 2.43. In this case, low vAlues of hub
jon willlead to "gains" in loss of surge pressure ratio relative
et flow.

Because pf-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 essentially impossible at this time to develop an inlet
flow distortion screening parameter which is universal and quite independent of
engine sensitivity parameters. To a lesser extent, the multiple-per-rev (MPR)
factor is also an impediment to establishing a universal distortion screening
parameter. Multiple-per-rev patterns have a dominant effect upon stress levels,
and hence, the pressure ratio at which the "effective" surge 1ine may be set.
For example, a compression system may have been designed for an application that
produces essentially a one-per-rev pattern, but at a subsequent date, it is used

]
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in a bifurcated-inlet-duct propulsion system with a two-per-rev pattern. The
"effective" surge 1ine may have to be reset so that stress limits are not

exceeded or the compression component will have to be redesigned. In either
case, the sensitivity to distortions of the same level will generally change.

By establishing communication between the airframer and the engine
manufacturer sufficiently early in a program, it should be possible to develop
meaningful inlet distortion screening parametérs which will assure that the
airframe manufacturer obtains optimal information from wind-tunnel testing
efforts and will be able to provide the engine manufacturer with inlet patterns
which can be used to influence compression system design.

The disftortion-descriptor elements are independent of compregsion system
characteristics. Since circumferential distortion always causes.a loss of surge
pressure ratiol, minimization of the circumferential distortion intensity element
will always be| beneficial. Discussions with the engine manufacturen should
indicate the mpst desirable radial profile for the given application, that is,
whether a unifprm profile or whether a hub, tip or a combination prgfile is
desired and whiich component of distortion should be minimized. -

2.6.3 INLET DATA SCREENING TECHNIQUES

Screenipg of time-variant inlet data identifies inlet patterns that cause
the greatest 1pss of surge pressure ratio. It follows that screening parameters
should be propprtional to surge pressure ratio loss; and therefore, [the screening
parameters which use ARP 1420 distortion-descriptors will have a form similar to
the basic equation used for calculating-APRS.

Screening techniques have been used successfully with many di|fferent
distortion desgriptors. A separate screening parameter is used for |each
component of the compression system that can initiate surge. Also, |[separate
screening parapeters may be-used for the hub and tip regions of a fan. Each
screening parampeter usually will select a different inlet pattern friom
time-variant iplet datas A stability assessment, which includes all
destabilizing {nfluences, is used to select a set of critical patterpns and
associated operating-conditions for use in engine stability verification testing.

If engine-stability has been determined to the point whére alll terms have
been defined i ressure
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
2.45. This screening parameter is similar to the current screening parameter
ID. A value Tower 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 occurence and the stability stack-ups at these conditions would
warrant closer scrutiny.

APRS
SCREENING PARAMETER = FTTowable 2PRS (2.45)

82

P P P P G, U S PGP U S PP O

- - - Distributed under license from the IHS Archive

PP Y

PP i G G G G G e

e

PPN G S



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*IHLH 43 8357340 0004?69 2

AIR 1419

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 2.46. 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, t 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-revo1ut1on functions may be d1fferent for each
compressor. ons, based on
past experien¢e with similar compressors for use in early screening of inlet
data. This form of screening parameter is similar to the existing|screening
parameters Kq{ KCo and DCy, insofar as all these parameters include
circumferential d1stort10n only and the units are in terms of inlet distortion
rather than syrge pressure ratio, i.e, the screening parameter is independent of
engine sensitjvity to inlet distortion. Here again, itl{is customary to provide
guidelines shIwing the estimated engine distortion tolerance in terms of maximum
allowable valyes of the screening parameter.

R .
! _ APC >
SCREENING PARAMETER Z; (—F)1 f(s,) F(MPR,) (2.46)

For cofpressors that are sensitive to inlet radial distortion, as well as
¢ircumferential distortion, a screening parameter of the form showp in Equation
2.47 could be|used. If such a secreening parameter represents the gtability of a
fan hub, the terms are summed over rings 1 and 2. If the screening parameter is
for the tip of the fan, the summation is over the outer two rings ¢f the
interface plape. The term-describing circumferential distortion includes extent
and multiple-per-revolution’'elements. The radial term has a superposition factor
“b" which des¢ribes the“ratio of radial distortion sensitivity to ¢ircumferential
distortion sepsitivityl This screening parameter is the equivalent of the
existing screening parameter Kap. Here again, the engine distortion tolerance
can be described in the same units as the screening parameter.

(ot ) () (48), v,

The examples of screening parameters shown in Equations 2.45, 2.46, and 2.47 look
different because they are tailored to different requirements. However:

[
SCREENING PARAMETER = D
i=

(2.47)

0 They all use ARP 1420 distortion-descriptor elements combined in the
same manner as in the equation for calculating surge pressure ratio

1oss.
| 83

o They all can be used for comparing inlet distortion to eng1ne
distortion tolerance.

Distributed under license from the IHS Archive


https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*IHLW 63 I 3357340 0004?70 9

AR 1419

Current practice is to calculate distortion screening parameters in real
time and identify the peak values. Short segments of data containing the
observed peaks are then processed digitally to obtain greater accuracy than is
available from the analog processor. This procedure for high speed screening of
inlet data is described by Crites (Reference 5) and is discussed in
Paragraph 6.4.1.

2.6.4 INLET DATA FILTERING (AVERAGING)

' s ' ns for|replication
by screens, a d thereby va11dat1ng adequate eng1ne d1stort1on a11ow;nce using
bssure region
must last long enough to cause a loss of surge pressure ratiod The efore, by
Tow-pass filtgring analog probe data (or perform1ng the equivalent running
average on digitized probe data) in conjunction with the use of the|engine
manufacturer's distortion computation algorithm, a distoition pattern may be
selected for neplication by a steady-flow distortion{screen during éngine testing.

propriate averaging time (Reference 6) 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 Toss of surge-pressure-ratio
data are correllated versus averaging time using screen-determined distortion
sensitivities fto establish the filter cutoff frequency (averaging time) which
produces the minimum difference betweencthe measured and calculated|(using the
largest peak distortion just prior toisurge) losses of surge pressure ratio.

The ap

It is important to note the relationship between "the steadyistate inlet
distortion Tevel" 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 levpl while the steady-state inlet distortion will be legs, sometimes
by as much as p factor ©f one-half. An example of the correlation hetween
steady-state sgreen distortion and dynamic distortion (from three different
sources) inducpd surges is shown in Figure 2.52, as taken from Reference 7. It
shows that whep total-pressure data are properly filtered to remove |[high
frequency datal that do not contribute to 1oss in surge pressure ratio, dynamic.
distortion will produce the same level of surge-pressure-ratio loss as
steady-state distortion of an equivalent magnitude.

R G O U S
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SECTION 3
STABILITY ASSESSMENT

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 w1th mater1a1 for
and—rese : : : e—stability

(essentially
influence of [the AIP distortion as well as other enginé operating gnd
installation [factors. AIP flow distortion may not be.restricted sglely to
time-variant,| spatial, total-pressure distortion. .It is important|at the outset
of any stabiljity assessment to identify when the<AIP distortion canp be accounted
adequately in| terms of total pressure alone.

sment of the influence of total-pressure distortion gn engine
s part of a total procedure necessary to determine installed engine
stability margins. An assessment of all destabilizing effects must
t the contribution made by inlet distortion can be pyt in
StabiTity assessmentsCtake various forms and are upddted throughout
system design and deve]opment cycle. The methodology described in
sections 1 anf 2 addresses the "classic" turbomachinery aerodynamiq instability
whereby constjituent compressors stall and reduce engine airflow, tq produce
rotating stall, engine sunge-(oscillating reverse flow), or combindtions of these
post-stall ingtabilitiess. - Other important aspects of engine aerodynamic
stability incjude 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 flactors,
operating on Compression component operating l1ines and "surge" 1ings, are taken
into account.

The assef
stability for
stability and
be made so thp
perspective.
the propulsio

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

3.1 STABILITY ASSESSMENT PHILOSOPHY

The assessment method depends upon the anticipated severity of the stability
problem; for example, new engine/new installation, established engine/new
application, the input information available, and the degree of complexity 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 the status of the

]
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propulsion system development which dictates the quantity and accuracy of the
component test data on which the assessment is based. Assessments will emphasize
different facts: an assessment supporting the engine compression system
designer's needs might emphasize surge margin sensitivity to blade shape, spool
matching, and flow-path configurational changes for an anticipated distortion
pattern. An assessment supporting the inlet designer's needs may stress the
sensitivity of the engine to the various elements in the AIP distortion
descriptor for various inlet configurations. The assessment may be 1arge1y
empirical, 1.e., eng1ne to1erance to d1stort1on may be der1ved through engine
tests with suitak , S dasc , : and 6,
rather than befing synthes1zed through the use of component test dath and suitable
engine computer simulations.

Although some features of distortion stability assessments makp each
assessment unigue, assessments outputs are similar in that they proyide estimates
of surge margin utilization at critical points in the flight envelope, engine
tolerance to distortion, and.identify the margin requived to achievp acceptable
AIP distortion levels. A1l destabilizing effects must be considered to conduct a
meaningful stapility assessment. Destabilizing effects which influgnce both the
component compressor operating 1ines and compressor surge lines have been
compiled and are presented in Table 3.1. These factors may be randpm and/or
non-random. Once numerical values for each.significant factor have| been
determined, the stability assessment may proceed. Figure 3.1 illusftrates some of
these factors [in schematic form.
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TABLE 3.1

Stability Assessment Factors

FACTOR : OPERATING SURGE
LINE LINE
INLET DISTO
a. STEADY-STATE TOTAL-PRESSURE DISTORTION X X
b. TEMPERATURE DISTORTION ' X X
c. SWIRL DISTORTION X X
d. MAX. INSTANTANEOUS TOTAL-PRESSURE DISTORTION X
RAM RECOVER X
HORSEPOWER EXTRACTION X
PLA TRANSIENT X _
ENGINE DETERIORATION X X
FUEL CONTROI| DETERIORATION X
DETERIORATION EFFECT ON TRANSIENT FUEL FLOW RATE X
FUEL CONTROL TOLERANCES , X
VARIABLE GEQMETRY CONTROL-TOLERANCES X X
ENGINE-TO-ENGINE VARTATION X X
ENGINE VARIATION EFFECT ON TRANSIENT FUEL FLOW RATE X
COMPRESSOR BLEED X X
REYNOLDS NUMBER EFFECTS % X
NOZZLE MATCHING EFFECTS X
HUMIDITY X X
CONTROL MODE X
BACK PRESSURE DISTORTION X X
COMPRESSOR INTERACTION EFFECTS X X
TRANSIENT VARIABLE GEOMETRY EFFECTS X X
PLA TRANSIENT HEAT TRANSFER X X

'ﬂ
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The more significant operating line assessment factors for a given engine build
are:

0 Deterioration
o Bleed

o Horsepower extraction

o Steady-state inlet total-pressure distortion and temperature distortion

o PLA transient (including augmentor operation)

o Variable geometry control tolerance and transients

o Gas-ppth control system sensor(s) in distorted regions
The more signfificant surge line assessment factors are:

0 Deterjioration

0 Reynollds number effects

o Time-yariant inlet-total-pressure and temperature distortipn

o Variaple geometry tolerances and transients

Steady-state pffects of bleed, horsepower extraction and Reynolds pumber are
contained within the engine digital simulations used to define the| compression
component's operatingpressure ratio at the selected operating condition.

Early sthbility assessment procedures used a direct, algebraig summation of
the worst possiblé/combination of destabilizing factors to arrive pt the required
surge margin.| “As the list of identified destabilizing factors grew longer, the
resulting demand on engine surge margin also grew, compromising performance and
weight, and it became recognized that the probability of all worst cases occuring
simultaneously was lTow. 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. The statistical approach to stability assessments has not
2§en g¥iv§fsally accepted. One approach to statistical assessment is shown in

pendix A.

[';9'*
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FIGURE 3,1 Typical Compressor Destabilizing Factors
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For an individual compression component, the net surge margin is defined by
the relation:

SMNet = SMBaseh‘ne - [(ASM)NR + (ASM)R]

where, ASMyp = }E: (ASM) = Total algebraic surge margin Toss due
to non-random factors

m
RN VO RSN 3= UL oot=sum=square—surge| margin
j=1 loss due to random factors (ASMRSS)

The loss in durge margin due to distortion is computed using the total-pressure
distortion ddscriptors discussed in Section 2. Other destabilizing effects -are
evaluated frgm engine/control data obtained through testing and analysis. All
destabilizingd effects are combined to determine the net surge margin.

The limiltations of current stability assessment procedures should be
recognized in applying assessment results. Errors associated with total-pressure
distortion agsessment 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 agcounted for in the assessment, and (3) summations of [individual
effects may nesult in an oversimplification of the actual process.

3.2 STABILITY ASSESSMENT PROCEDURE

The staljility assessmeni process, Figure 3.2, is independent [of the
complexity off a particular (@assessment. The results identify: the residual surge
margins for the compression system components examined at the critflical steady or
transient opgrating points, the types and levels of distortion that are most
T1ikely to cayse engine surge, and the need for additional engineeriing 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 flactors. The
procedure produces information tha : ed either to forecasf or evaluate
the stability status of a propulsion system at critical flight operat1ng points.

Blocks A, B, and C in Figure 3.2 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.

91

s - - ) Distributed under license from the IHS Archive



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR¥1419 43 NN 8357340 0004776 3 WM

AIR 1419

A. BACKGROUND EXPERIENCE

Previous Developments
5 Expected Program Severity
Resource/Time Constraints

OTHER DESTABILIZING FACTORS

B. SYNTHESS

Clean Fllow Assessment

Face Average Pressure Assessment

AIP Disitortion (Flow Quality) Assessment
Surge Pressure Ratio Correlations
Criticall Operating Conditions

ANALYSTS

Surge Marg
Assessment
Uncertaint

y

in Effects .

\

C. TESTING

Inlet Components
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Flight Testing

FIGURE 3.2 Stability Assessment Process
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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 2.19.

Figure 3.3 presents an illustrative estimate for a fan operating at 98
percent inlet corrected airflow. The baseline operating pressure ratio, PRO, is
3.0 and the baseline surge pressure ratio PRL is 3.75. The baseline SM is:

3.75-3.0
- 3.0

PR1-PRO
PRO

SM

BaseTt

The logs in fan surge pressure ratio due to inlet total-pregsure distortion
can be calcdlated using an expansion of Equation 2.12 in the following form:

- APC APR
APRS prxp [KCGP_)ma o ccp] + [KRP (‘P‘)m ot CRP] (3.1)

This equatign is similar to Equation 2.16a for.a,l/rev pattern silnce MPR = 1.

. The maximum circumferential distortion:ds the average of any two adjacent
ings:

APC _ APC APC
7 =1/2 5. * 5= 0.
( )max [( )2 ( )3] 0599

The circumferential extent_is equal to the average of the. exdtents of the

two adjacent rings used to calculate the circumferential di i i ‘
to 177.6 degrees. - 1al d1stort1on and is equal

The maximum radial.distortion occurs in the tip (ring 5):

(%F,’—R) = 0.0678
mex

d £ n ~nn iotante e 4 L3
The value—andsourceof the fancoefficientsused—in eafculation are

given in Table 3.5. ?h;;e coeffic?ents apply at 95 percen% iorrected fan spe
ed
which corresponds to the matched-inlet corrected airflow of 98 percent. P

h
LL]

F
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TABLE 3.2

Fan Surge-Pressure-Ratio Loss Coefficients

AIR 1419

The loss

other assumed
3.3.

{[Coefficient Value Source

KCp 0.46 Figure 2.31

CCp v Since—tPRS'cqrves pass
through ,origin of Figure
2.30

KRT 0.74 Figures 2.34 and 2.35

CRT -0.038 Figures 2.34 and 2.35

bp 1.0 Figure 2.36

EXp 0.995 Figure 2.37

. APRS = (1) {0.995) [0.46 (0.0599) + 0] * [0.74 (0.0678 - 0.038)] % (100) = 5.0%,

in surge margin due to,inlet total-pressure distorti¢n and the
surge margin utilizations for this example are presepted in Table

]

.- . - Distributed under license from the IHS Archive



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR¥1419 83 BN 8357340 0004782 5 WM

P

AIR 1419

TABLE 3.3

Fan Surge Margin Assessment

y
Destabilizing Pressure Ratio (PR) and {
Factor Assumed Cause Surge Margin Loss (ASM) 1
Non-Random (NR) Ope;?;ing»L;ne Shift due | PR2 = 3.215 b
to total pressure _ PR2-PRO -
distortion ASM = g X 100 = 0.5

Operating Line Shift due | aSM

4.0
to 4% AP/P Augmentor spike| PR3 ASM

PR2 % ‘Tﬁﬁ) X PRO
3.015 + 0.p4 x 3.0 .

PO G D U X

35135
APRB, . 1
Surge 1ine loss due to PR4 = PRl - (Tﬁﬁ') x PR1
Reynolds Rumber, = 3.75 - 0.0L5 x 3.75
e ‘ = 3.694
asm = (PREERY) & 100 = 1.87 1
Surge Tine Toss diié to | PRS = PR - (8ERP) x PRI o
time-variant AIP - 3.694 - 0.D5 x 3.75
Distortion, APRS = 5.0 -5 ' *
= 3,507
asM = (ERE-ERS, L 100 = 6.25
RO
TOTAL aSMyp = 0.5+4.0+1.87+6.25
- = 12,62
Random (R) Operating Line Effects:
- Variable Geometry ASM = + 1.1

Control Tolerances

=—EnginetoEngine——(aSM=—"—12——

Variations

Surge Line Effects’ of
Engine to Engine ' ASM = + 1.3
Variations

TOTAL aSMp _ ASMRSS -

W (1)? ¢ (122 + (1.3)
= +2.08

2

=]

L R W PN VS U VP P W D i G W O i O P s L
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For the purpose of determining net or residual surge margin, it is assumed
that the total random effects may be used to lower the surge line or raise the

operating line. For this example, it is assumed that the surge 1ine is lowered

so that:

PR6 = PRS - 1p7y

AR 1419

ASM v PRO = 3.507 - 0.0208 X 3.0 = 3.44

The net or residual surge margin is then given by:

SM {

Net =

A similay
of compressor

PR6-PR3)

RO X 100 = 10.3 percent

assessed taki
fixed-throttl
the data obta
the core stre
distortion tr

Table 3.
assumptions m
assessment.
residual comp
appear to be
calculate the
Section 7.1.3
is that compo
to note that
condition nee

this fact, stability assessments have to be conducted at several pq

or transiently matched conditions. It{is generally

ned from the two inner instrumentation<rings, which 4
m, are sufficient for developing core 'distortion seng

nsfer correlations.

presents the results of an example calculation, i1ly

de, in a format suitable forZcomparison with the fan

n this example, the residual fan surge margin is 10.3

essor surge margin is 3.27 percent. The critical co
he compressor.
probability of occurrence of an instability.
and Appendix A.

ent having the highest probability of instability.

This i

he critical component at one flight, inlet, and engine operating

not be the ‘critical component at other conditions.

throughout the¢ operational flight envelope.

* example can be constructed for the compressor, wherg
inlet-total-pressure and total-temperature distortion
g into consideration the fan distortion transfer chay

However,; to proceed further, it may he necessary to

At—-a given operating point, the critical component

the effects
need to be
acteristics at
accepted that
re located in
itivities and

strating the
stability

0 percent, the
ponent would

discussed in
t is important

Because of
yints

[~]
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TABLE 3.4

Typical Surge Margin Stability Assessment

DESTABILIZING EFFECTS COMPONENT
FAN COMPRESSOR .

0 OPERATING LINE NON-RANDOM RANDOM NON-RANDOM RANDOM
Inlet Distartion 0.5 - 0.7 -
PLA Transignt 4,0 - 6.0 -
Variable Geometry - +1.1 - -
Control Tolerances
Fuel Contraql - - - +1.15
Tolerances
Engine to Hngine - +1,2 - +1.25
Variation ’

0 SURGE LINE
Reynolds Nymber 1.87 - 0.36 -
Inlet Distqrtion 6.25 - 7.50 -
Engine to Hngine - +1.3 - +1.35
Variation

o TOTAL 12.62 +2.083 14,56 +2.169

0 BASE SURGE [MARGIN 25.0 20.0

0 NET SURGE MARGIN 1630 _ 3.27

F_ge_l
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3.3 DISTORTION STABILITY ASSESSMENT

The above examples illustrate the impact of inlet-total-pressure distortion
on the fan and compressor stability. The loss in fan surge margin due to AIP
total-pressure distortion represented approximately 25 percent of the baseline
fan surge margin, and the loss in compressor surge margin, due to the combined
effects of total-pressure and total-temperature distortion at compressor entry,-
accounted for approximately 37.5 percent of the baseline compressor surge margin.

The distortion stability assessment procedure is shown graphically in Figure
As previiousTy stated, the procedure is iterative and the Tevel of

3'4Q

confidence in the assessment increases through the propulsion system development
process.
Section |2 describes the methodology involved in establ4shing [APRS and

distortion s

nsitivities through correlations of compressor data.
through 2.43

present typical data from which correlations are deri
3.3.1 CIRCUMFERENTIAL DISTORTION
Figure
ferential di
stage compre
tests, are s
Figure 3.10
(Reference 8
shows an exa
established
descriptor i
and intensit
corrected ai
applicable t

sor with distortion screens.

ple for one-per-rev-circumferential distortions. The
PRS are plotted here’in terms of a distortion descrip
represented by.the product of the ARP 1420 circumfey
elements together with a correlation coefficient whi
flow. The distortion descriptor is a special form of]
this compressor. The slopes of the correlation line
sensitivity of the compressor expressed in terms of
ng parameter level as discussed in Section 2. Thus §

.5 illustrates the effect on surge’Tine of to one-pen
tortions (MPR = 1.0) of varying extents from rig test
Similar examples, deriv
own in Figure 3.6 through Figure 3.9 for the J85-GE-1
hows results for a two-per-rev circumferential distor
Each test result provides distortion response data

Figures 2.22
ved.

-rev circum-
s of a three-
ed from engine
3 engine.
tion

Figure 3.11
experimentally
tor. The
ential extent
ch varies with
Equation 2.47,
s of Figure 3.11
the descriptor,
t 92 percent

wer

3.3.2 RADIAL DISTORTION

Figure 3.12 illustrates the effect on surge line of a severe
distortion established from rig tests on a three-stage compressor.

hub-radial
Results,

derived from tests of the J85-GE-13 engine with hub-radial, mid-span, and
tip-radial profiles, are shown in Figure 3.13 through 3.17 (Reference 8).
Correlations similar to those for circumferential distortion can be developed

from these data.

necessary to apply a methodology which accounts for the fact that
are not monotonic (Section 2, Figures 2.42 and 2.43).

Since radial distortion effects can be favorable, it may be

APRS changes

[
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3.3.3 COMBINED CIRCUMFERENTIAL AND RADIAL DISTORTION

The distortion patterns encountered during normal aircraft operation are a
combination of circumferential and radial profiles. It is necessary that all
correlation methodo1og1es co11apse data of this format. Figures 3.18 and 3.19
present the loss in surge margin demonstrfated by the J85-GE-13 engine when
combined inlet' distortions were imposed on the engine.

The examples po1nt up the fact that acqu1s1t1on of stab111ty response data

can be time-caqn

1mportant to dent1fy from 1n1et tests, the major features of the-AP distortion
early in the preliminary design and development phases of a program. Assessment
procedures for turbofan engines are complex and involve developing p methodology
to account for induced radial-flow and bypass-ratio effects through| and at the
exit from the|fan, and for spool interaction.

Test datg may not be available in the conceptual<{design, prelimpinary design,
and early devélopment phases of a new system. The baseline APRS eqpation,
Figure 2.20, {is equa]]y applicable to theoretical and semi-empiricall stability
assessment methods using the ARP 1420 distortion, descriptor elements.
Theoretical and semi-empirical methods encompass spool-, stage-, and blade-row
models- incorporated into numerical computer.simulations of the engfine. These
tools, togethar with background experiencey provide a basis for stapility
assessment in|early des1gn and development phases of a program. Thp computer
methods are agplied in conjunction with-steady and transient engine| computer
decks, (Referdnces 9 and 10).

Figures 3.20 and 3.21 show the results of a stability assessmept, expressed
in terms of an AIP distortion«descriptor compared with flight test esu]ts.
Figure 3.20 rgfers to fixed~throttle engine operation. Figure 3.21| refers to
throttle trangient (accel)‘operation. The examples show that the fjxed-throttle
assessment correctly predicted the flight stability 1imit. The thrpttle
transient resylts sernvelto illustrate the influence of AIP distortipn on
acceleration dapability. Prior to flight test, such assessments may be used to
jdentify critical <inlet/engine compatibility conditiohs within the F1i
envelope.
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FIGURE 3.4 Distortion Stability Assessment
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FIGURE 3.7 Example of One~-Per-Rev Circumferential Total-Pressure
Distortion, 180 Degree Extent
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SECTION 4
PERFORMANCE ASSESSMENT

Propulsion system internal performance is assessed normally by evaluating

inlet performance in terms of total-pressure recovery and installe
performance at the corresponding value of AIP face-average total p

d engine
ressure, PFAV.

Engine thrust, fuel consumption, a1rf1ow, and acce]/dece1 t1mes at appropriate

inlet/engine pperating conditions are estab ad by treating

an equivalent one-dimensional flow. Assessment procedures takerin
consideration| changes in engine and matched engine-component perfo
resulting from losses of inlet total pressure, and account for con
interactions.

In many cases where the AIP airflow pattern is substantially

Tow, these asisessment procedures provide adequate performance accu

AIP airflow as
0

ance

rol

uniform so that

acy. The

spatial totall-pressure distortion, PFAV fluctuations),and turbu]enEe lTevels are

effect of inlet flow distortion is small and weTl-within experimen
scatter. Engine and engine component performance tests with simul
are not usuallly necessary.

al measurement
ated distartion

When the engine inlet airflow is distorted significantly, assessments of

installed engline performance on a face-average total-pressure basi
insufficient,| and a procedure for accounting the effect of spatial
distortion, and perhaps flow unsteadiness, may be desirable. The

S may be
total-pressure
assessment

procedure adopted for a particular engine installation may, depending on the

anticipated severity of the problem, involve synthesizing overall

performance firom estimated or empirical data, using appropriate co
simulations, |and from engine tests with simulated inlet distortio

assessment of] the effects of distortion then forms part of an ove
of installed |engine pérformance at selected aircraft mission and p
operating conditions.

Distortilon ‘assessment procedures take d1fferent forms accordi
and developmen atus of the propulsio They need to be

engine

puter

. The

all assessment
owerplant

ng to the type
constructed to

account for the effects of changes in eng1ne-component performance maps,
component matching changes, and changes in control system pressure and

temperature input signals (engine control interactions) resulting

from

modifications to flow profiles at intermediate stations throughout the engine.
Results may be expressed directly as installed thrust, airflow, fuel consumption,
and other relevant performance parameters for a defined AIP distortion pattern

or, explicitly, as changes relative to face-average or equivalent
performance.

uniform flow

It may be desirable for some purposes to widen the scope of the

distortion assessment to correlate overall performance changes with relevant AIP

distortion elements or combinations of those elements for a range
levels of distortion.

of patterns and
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Practical difficulties arise in synthesizing and measuring performance
changes specifically due to distortion. Accuracy problems are experienced since
changes are derived from small differences between 1arge estimated or measured
flow quantities. These can cause uncertainties in assigning numerical values to
threshold levels of distortion below which performance 1osses can be regarded as
negligible, in establishing mean1ngfu1 numerical performance/distortion
sensitivity or trade faqtors, and in deciding on the extent of testing required
to establish valid distortion response data.

4,1 INLET PRESSURE RECOVERY AND DISTORTION

Aspects fof inlet performance relevant to engine performance assessments are
discussed in [terms of inlet type and Tocation, the definition of A[P face-average
total pressure, and distortion™in the following paragraphs.

4.1.1 INLET [TYPE/LOCATION - DISTORTION CHARACTERISTICS

Average total-pressure recovery and distortion characteristjcs 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-ip, short, straight duct configurations, appropriate|to podded
subsonic transport aircraft; to complex, sharp-~1ip, 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 percent 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 emergenc1es outside the normal|operational

envelope.

as a
stortion
merical inlet

The moyre complex inlet designs provide lower inlet recovery
consequence off larger total-pressure-defect regions at the AIP. D
patterns generally.contain radial and circumferential elements. N
performance characteristics are used together with pattern data to|establish the
need for and nce in
distorted flow. Figures 4.1 and 4.2, and 4.3 present data for three inlets. The
steady or time-averaged inlet data are expressed in terms of ARP 1420 recommended
distortion descriptor elements and area-weighted face-average total pressure.

The f1gures illustrate several features relevant to the assessment of
installed engine performance. The long-duct supersonic inlet in a typical cruise
configuration exhibits low radial and circumferential distortion (Figure 4.1),
Installed engine performance is predominantly dependent on the face-average total-
pressure level. An assessment of performance changes due to distortion is
unlikely to be necessary in this case. Figure 4.2 presents low speed data for a
different supersonic inlet design. Distortion elements are higher for the
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intermediate and maximum flow conditions. An assessment of performance changes
due to distortion is 1ikely to be necessary in this case. The short subsonic

bifurcated inlet (Figure 4.3) 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.

4.1.2 FACE-AVERAGE TOTAL PRESSURE

Alternative definitions of face-average total pressure are possible at the
AIP in distorted flow cond1tions. This situation stems from the fundamental
fluid mechani q
equivalent fage- average f]ow that can simultaneously account for.mass flow-,
momentum-and energy-flux variations across the AIP. Definitions wHich are
employed inclyde 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 pe on the
order of one percent of the face-average total-pressure‘level, depending on
pattern shape

Area-ayeraged total pressure is used widely’throughout the Aerospace
Industry, has|considerable technical merit, is-Simple and easy to apply, and
eases inlet afd engine data acquisition and processing requirements. Area-
averaging gre1t1y facilitates the definition and quantification of distortion at
the AIP, and {s the recommended basis of -ARP 1420 guidelines. Alternative
definitions, gppropriate to a particular propulsion system development, such as
mass-flow weighting for compressor efficiency accounting, can be reflated to the
area-averaged [value for defined AIP patterns. _ '

When instrumentation rings are located at centers of equal apea:

==

. N N 360
) -1 Lo f

where, N is the number of instrumentation rings and (PAV); are the pring-
average total |pressures. '

The numerical distortion descriptor elements are defined relative to the

area-averaged, AIP, mean total-pressure, PFAV. The above definition implies that:

N
Z (4R); =0

i=1

APR s oa s .
where <_F—>i are the radial intensity elements

ARP 1420 guidelines for assessing installed engine performance in
distorted flow conditions thus involve account1ng for baseline uniform-flow

118

Distributed under license from the IHS Archive

N



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

AIR 1419

performance using the area-averaged AIP total-pressure, and performance changes
due to distortion relative to this area-averaged datum.

In this context it may be noted that, by virtue of the area weighting
involved, PFAY is related to the conservation of momentum flux at the AIP.

4.1.3 INLET DATA ACQUISITION

As time-averaged performance is of prime interest, it is usual to base
assessments on steady-state AIP pressure data obtained from a low-response
instrumentation array used for model and full-scale inlet tests (Section 6).
Early assessnents of inTet performance use small-scale infet data] accounting for
Reynolds number effects at defined performance conditions within-the operational
envelope. Fgr a given scale of inlet model there will be a minimym Reynolds
number below|which performance data would be unacceptable.

4.2 ENGINE RERFORMANCE DATA

As a préliminary to discussing guidelines to procedures for 3ssessing the
effects of distortion on performance, illustrative.examples of the effects of
distortion o engine and engine compression components are presented to highlight
the main technical issues and candidate data.needs. The data pregented apply to
time-averaged or steady-state distortion and performance.

4.2.1 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.

should include classical ((square-wave) patterns and simulated air¢raft inlet
patterns (Se¢tion 5.2)..\\Tests using classical patterns provide ipformation on
the types of|distortion to which the compressor is most sensitivel Tests are
conducted fop both.stability and performance evaluations and usually include
distortions morec/severe than those corresponding to.aircraft missjon performance
points. The|test’data provide a basis for deriving compressor numerical
performance/distortion sensitivity factors. T

Compressor rig tests with screen-simulated total-pressure {istortion

Figure 4.4 presents the results obtained from rig tests of a five-stage
axial compressor with three classical time-averaged circumferential distortion
patterns. The multiple-per-rev elements were unity. At these levels of
circumferential distortion, which are not untypical of those encountered in the
mixed radial and circumferential patterns of inlets at cruise conditions, flow
and efficiency losses were less than one percent and were of the order of the

measurement accuracy. Area-averaged compressor performance was not greatly
affected.
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Figure 4.5 shows the results of a seven-stage axial compressor test with
classical circumferential screen patterns (Reference 11). Screen details are
presented in Table 4.1.

TABLE 4.1

Classical Circumferential Screens

' Intensity
Scireen Extent (APC/P) Multiple-Per-Rev.
(e7,) (100% Flow) MPR
Clean 0 - - -
F1ow
1 A 45 0.06 1
2 [ 90 0.044 1
3 <& 180 0.064 1
4 Y 90 0.07 1
5 2x450 | 0.046 2
In this case| the prédominant distortion effect for the more severe patterns
(screens 3 apd 4) was 10ss of corrected flow, particularly close to surge.
Efficiency changes (not shown) also occurred. The data give an indication of the

measu;ement catter(problem for less severe distortions (screens 1, 3, and 2 of
No. 1).

Figure 4.6 shows the results of tests of the same seven-stdge compressor
with hub-radial and tip-radial patterns. Classical, and graded, tip-radial
patterns were tested.. A mixed classical pattern consisting of the tip-radial and
$0b$egree circumferential screens was also tested. Screen data are presented in

able 4.2.

122

O NG P G S W WO W

Distributed under license from the IHS Archive

PO R P

PP P U D G P U U D -~

P R T

PO .

P P Y P S P G


https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*]{'-I*]?.,"! 43 W 3357340 0004809 T WM

AIR 1419

TABLE 4.2

Radial And Mixed Screens

Rad1ial
Screen Distortion Intensity | Radial
Type APR Extent
p (Percent) .
Clean 0 -
13 o *(‘}:’EAgg‘I’éﬁb £0.04 50 (Area)
14 b | ToASSICAL) +0.055 50 (Area)
TIPRADIAL | RING 1 2 .93 4 5
21 Ol (LINEAR) 20.15 -0.03,40.02 +0.06 +0.10| 100
2+21 x| mixeo SCREEN 2+21 +100

The dominant effects observed were loss of‘compressor corrected flgow for the
hub-radial distortion and a gain in corrected flow for tip-radial distortion when
the compressor is unchoked. AIP distortion, tip-radial distortion|in this case,
does not necegsarily produce lossesCin 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 ¢lement, screen
2, which had very 1little effect on flow when tested alone (Figure 4.5).

The data illustrate-several points relevant to the assessmept of distortion
effects on performance:

o Testing—with classical patterns provides important quaptitative
insights into compressor performance response.

o 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.
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Figure 4.7 shows the results of testing on a three-stage turbofan with the

inlet pattern

i1lustrated in Figure 4.11. Overall fan performance

was affected

significantly, corrected flow and efficiency changes being approximately two

percent.

In this case, additional data relevant to changes in split-flow 0D and

ID performance characteristics and by-pass ratio may be required for analysis.

The assessment procedures can use compressor test results in the form of
modified performance maps for specified distortion patterns, as discrete changes
due to those patterns, or as changes correlated with numerical distortion
An example correlation for a three-stage research compressor tested
with a number of classical patterns is shown in Figure 4.8 (Reference 11). Fan

descriptors.

corrected flo
the operating
distortions w

Circumferential distortion elements were not dominant in this'case.

particular di
combination o

(PAV)I

line correlated well with radial distortion. Tip-rad
pre favorable, and hub-radial distortions were unfiavor

stortion descriptor used for the correlation is define
F radial distortion elements:

where

),

and N denotes
patterns.

If the
compressor, t
total pressur
distortion on

(For this example, N-="2, and (PAV)jp equals the average
the ID region})

FAV i
i=1

),

are the radial intensity elements.

the number of instrumentation rings describing the ID

matching of
jal
able.
The
d by a

region of the
pressure in

major effects of distortion are not confined to the u
en compression component distortion transfer data - p

and temperature data - may be required to assess the
downstream components.

descriptors at loWwspressure-compressor exit would be required for

4.2.2 ENGINE

RESPONSE—TO-DESTORTION —EXAMPLES
bl

stream
incipally
effect of AIP

Pattern and numerical distortfion

is purpose.

Engine tests with total-pressure distortion play an important part in the

assessment. of

perfarmance changes due to distortion.

Figure 4.9 shows 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

ft., standard

day conditions.

Data are presented in terms of changes in

corrected fuel consumption and corrected gross thrust relative to tests with

undistorted intet flow.

No significant trends in the corrected gro

ss thrust and

fuel flow changes due to distortion were observed in the data range 70 to 100

percent corrected fan speed for this timited sample test case.

were on the order of 0.5 percent.
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Engine tests in both undistorted and distorted inlet flow are necessary to
establish distortion effects. Individual data points can be misleading. A
factor of some importance in the 1nterpretat1on of the data is that of accounting

- for screen pressure Toss 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.

Figure 4.10 shows results obtained from turbofan engine tests conducted on
the sea-level test stand w1th a c1ass1ca1 c1rcumferent1a1 1n1et distortion
pattern. Signjfiecan gro spacific fuel
consumption were caused by the 1n1et screen. Spec1f1c fue1 consumptfion increased
by six percent|and thrust decreased by two percent relative to undistorted-flow
engine performance. These changes were not due solely to the effects of
distortion, however, but to the combined effect of distortiomyand 1oss of inlet
recovery which|caused engine component rematching.with the-unchoked mixed-flow
nozzle. Corre¢tions 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-f1ow engine-performance data scatter. . Corrections for average total-
pressure loss gre necessary in order to isolate the)effect of distortion if the
screen loss doés not correspond to that of the iplet 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.

4,2,3 CONTROL |SYSTEM RESPONSE TO DISTORTION - EXAMPLES

Inlet flow distortion can affect rated performance if the engjine control
employs discrete or local-flow  parameter sensing, e.g., a local exhpust pipe
total-temperatyre signal. In-this case very significant changes in performance
due to distortion can occur due to flow profile effects within the epgine,
created as a cgnsequence of 'AIP distortion transfer. Figure 4.13 shpws
circumferential total-temperature profiles at HP compressor and LP turbine exits
for a turbofan|engine (operating at constant HP compressor speed behipd the
screen-simulated distortion shown in Figure 4.12. Significant performance
changes would tesult if the engine were controlled to a fixed temperpture limit
using a single|local sensor. The performance change would depend on| the sensor
location relative to the distortion pattern. gure 4. 14 Show at this, in
fact, occurred. The changes in normalized specific fuel consumption, gross
thrust, airflow, 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. Figure 4.15 shows results obtained from turbofan engine
tests where a fan pressure ratio control was being investigated. Significant
changes in fan operating line position were observed for various screen positions.

Compression system designs which incorporate variable geometry, e.g.,
variable stagger stator blading, may employ local flow sensors to schedule the
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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 ci

rcumferential distortion pattern position and that-more than one

screen position may need to be tested to cover multi-engine (mirror imaged)

installations.
the anticipated distortion characteristics.

question, engi
4,3 ASSESSME

Procedur
engine perfo
performance.
distortion ef
and performan
problem.

Assessme
two broad cat
and testing a
updated info
installed eng

Engine control mode and sensor selection studies should address
In view of the complexity of the
ne tests would be necessary to account such effects with confidence.

PROCEDURES

s for assessing the effect of AIP total-pressure.dist
ance are part of the procedure for evaluating install
A prime concern is to identify the technicalineed to
ects explicitly. This need should be judged against
e accuracy goals and the anticipated severity of the
propulsion system should be considered on its own me

ortion on
ed engine
account
performance
distortion
rits.

t procedures for determining installed engine performance fall into
gories; Performance Synthesis and Performance Testing. Synthesis
tivities interact. They are not sequential, and they evolve as
ation becomes available. A.Pogic flow chart for the |evaluation of
ne performance is shown inFigure 4.16.

Performance synthesis activities—include:
1) |Assessments of baseTine undistorted flow or uninstalled performance
using estimated.or empirical engine component data.
2) |Assessments of installed performance based on AIP fage-average
pressure and engine component data.
3) |Assessments of AIP distortion effects using component distortion
response data.
Performance—testingactivitiesareorganized—toyield performance data for:
1) The uninstalled engine in undistorted flow. Programs may include
sea level test stand and altitude 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.
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3) The inlet plus engine. Programs may include sea level test stand
and free-jet ATF testing.

4) The installed flight test engine.

Performance assessments are conducted at operational conditions defined in
Table 4.3.

TABLE 4.3

Operational Conditions

Aircpraft Inlet Engine
Tempprature Configuration Power Leyel
Altijtude Bleed Service Bleeds
Flight Speed Reynolds No./Scale Power Extraction
Attitude (a, B) Mass Flow Afterburper
Thrust (Drag) Level Thrust Reverse

4.3.1 PERFORMANCE SYNTHESIS

Synthesis methods aré-organized into steady-state and tranpient computer
programs, or| performance and handling decks, which incorporate engine component
performance maps, matching and control logic in mathematical modells of the
engine. Treatments of ‘uninstalled and installed engine performange based on AIP
face-averagel total pvessure are well established. For example, steady state and
transient performance presentations for digital computational programs are
presented in Reférences 9 and 10. Other relevant data are presented in
References 125513 and 14.

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 are 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.
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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 1ikely to be involved.

Experience may, for instance,

indicate that distortion will not affect installed engine performance

significantly
information o

preliminary design phases of the power-plant development will be re

4.3.1.1

The need to account for distortion is indicated by the ley

recovery. A
Tow Tevels mei
the fact that
data.
programs to ef
A(Fuel)/aPFAV
relative to a

Inlet Recovery Guidelines

an that distortion effects might be significant.

Loss of
stablish performance sensitivity factors - a(Thrust)/a

A fi
be made by re

(core) squaretwave, radial, total-pressure distortion.
factors may then be defined and input to engine performance decks i

split-flow fa
accounting mef
if available,
split Tine may
engine by-pass

thodology .

and that detailed assessments will not be required.

evel close to 100 percent indicates a Tow<{performance
This

The quality of

studies and

levant.

el of inlet

effect, and
stems from

recovery and distortion levels are often correlated in the inlet

- at a given operating conditjion.

Losses may be exp
standard inlet recovery schedule.

recovery may be used in face-average performance synthesis
PFAV,

essed

st assessment of the effects of distortion on turbofap engines can

resenting the AIP distortion as an equivalent OD (by-pass) and ID

Inlet OD an

ID recovery

ncorporating

characteristics, i.e., separate by-pass and core-flow performance

can be used,cand parametric studies can be conducted.

Estimated distortion patterns and actual iplet patterns,

The 0D/ID

¢ be taken_as the radial stream-tube corresponding to the matched

b ratio.

AC ore
AO ve

] 1
‘a-l-l)'nlp = I + BPR

For an ID (core) region having n instrumentation rings in the ID flow,
the average ID total pressure is related to the face-average total pressure by:

(PAV)ID
“PFAV

" 2321 [1 <A'F;&>1]

and for the OD (bypass) region having (N-n) rings in the OD flow, the average OD
total-pressure is given by:
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N
(PAV)op 4 L (aeR
PFAV - Wen 2 S
i=n+l

where,

vy + ) (pavy = pRAY

and (Agﬂ)i are the distortion radial intensity elements.

Figure 4.17 i

lTustrates the procedure.

An ekample performance synthesis output for)a separate-fl

turbofan engi
in Table 4.4.
constant jet-
where the inl

pt total-pressure loss is confined either to the bypa

flow region of the AIP (square-wave radial;pattern).

A Tocal pres

ten percent wps assumed. The effects on\thrust are expressed in t
loss sensitivfity factors and are compared to uniform flow thrust 1
Significant dfi fferences occur in therengine total thrust sensitivi
on the locatipn of the total-pressure- defect region and engine co

this example,

hub radial distortion nearly doubled the thrust loss

temperature-cpntrol mode. Data on engine internal temperature, pr

speed, flow,

ypass ratio, and fuel consumption changes, can also

bw two-spool

ne operating at sea-level-static, standard day conditjions is given
Thrust data for engine operation ‘either at constant| fan speed or
bipe (LP turbine exit) total température are provided| for cases

5s or the core
sure loss of
brms of thrust
bss factors.
ty, depending
ntrol mode. In
factor in the
pssure, spool
be obtained as

outputs.

The pxample, which can be generalized to cover other distprtion cases,
illustrates three points of general interest:

o Turbofan performance synthesis programs can provide vafluable and
imely quantitative indications of the effect of distortion on engine
performance for defined AIP patterns - inlet type or parametric
patterns - and engine control modes.

o Performance changes can be correlated with numerical distortion
descriptors, (Table 4.4 results may be expressed as differences).

0 Such correlations are only valid for a specified class of distortion
so0 that care is required when attempting generalized correlations.
Different results would be obtained for different ID/0OD total
pressure distributions.

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

ENGINE CONTROL CONSTANT FAN SPEED CONSTANT JET PIPE
MODE ~100% TEMPERATURE
OVERALL | CORE |BY-PASS | OVERALL | NCORE | BY-Pass
INLET R[ECOVERY (UN!FORM UNIFORM
LOSS REGION LOSS LOS3
LOCAL RECOVERY 10 Ioém) () 10 o (p) | o (o)
LOSS ~ PERCENT (paTum) | o(oD) 10 (O0) | (DATUM) o (eo) | 10 (oD)
DISTOgTION
PFAV = (PAV) *
{———PFA\—-——‘“ 0 +0.0615. |-0.0604 0 +0.065 |-0.0593
PFAV =—|(PAV)on o . -0,0427 |+0.0456 0 ~0.0427 [|+0.0466
PFAYV
PFAV RECOVERY
L0SS ~ PEROENT, 10 4. 5.7 10 4. 5.6
THRUST LOSS ~ % 158 5.9 9.6 16.4 13.1 3.4
THRUST [SENSITIVITY
THRUST LOSS % 1.58 .54 .73 1.64 3,3 0.62
PFAV REGOVERY LOSS% | (DaTUM) (DATUM)
RADIAL [ ISTORTION
PAV o= [PAV
( ?:,'_.’A\E e o |-ou04 |+o0.106 0 ~0.104 [+0.1086
THRUST [SENSETHTY
CHANGE ~ % 0 —0,04 [+0.15 0 +1.66 | —1.02
* DIFFERENT BYPASS RATIO FROM CONSTANT SPEED CASE  DUE
TO ENGINE COMPONENT  REMATCH

. 3N
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4.3.1.2 Distortion Data Use

The assessment outlined above accounts for engine component

and control interactions but uses undistorted or clean-flow component

non-dimensional performance maps and excludes the potential effects o
on engine control sensing in the mathematical modelling.

rematching

f distortion

Assessments of the performance effects of AIP distortion can be updated
during the deve1opment phase when the effects of distortion on engine component
performance maps - 1n part1cu1ar those of the compress1on system - are available

from component, a

higher order m:themat1ca1 models appropr1ate to the powerplant undex

n be used in
development.

Numerfical assessment programs using empirical distortion dqta should

provide for thp following inputs:

erical AIP distortion descriptor elements<

ability assessments.)

erburner, and nozzles components.

trol system effects.

ance changes due +0.distortion is shown in Figure 4.18.

istorted compréessor performance maps, available from cg
5ts with @ given AIP distortion pattern, can be direc

the undistorted flow map, to enable matched thrust,
sumption, airflow and other engine performance variab
érmined. The impact of d1stort1on can be established

formance-related AIP distortion parameters. (These qombined
scriptor elements are not necessarily the same as thoge for

formance changes within compréssor, main combustion, [turbine,

ic flow chart illustrating alternate procedures for synthesizing

Main

mpressor rig
1y input to
h steady state computer programs (Reference 9), as an [alternative

by comparing

mportant

p p
turbofan assessment option where ID/OD rematching is important.

Split-flow fan performance characteristics are required i

142

in this case.

Py

P W S

Distributed under license from the IHS Archive

[



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

el 835?377':!707000'452'1 5

AIR 1419

~

DISTORTION

H.P. COMPRESSOR MAPS

TRANSFER

— 1
STEADY | UPSTREAM COMPRESSOR TESTS [ COMBUSTION >
STATE 7 T P. COMPRESSOUR | ~—;'T_EUR NE
INLET j FAN - 0D, ID. INTERSPQOL PROFILES
PATTERN | — . ,
e ] : J
[
EITHER
DISTORTED -
| —._ _| COMPONENT PERFORMANCE MAPS (==
I (wReLow), & (EFICIENCY
ARP 1420 A (AIRFLOW), A {EFFICIENC
[ .
DISTORTION I a (PRO) CHANGEIS ETC
DESCRIPTOR | Y
ELEMENTS Y
- STEADY STATE COMPUTER
COMPONENT PROGRAM SAE As 681 .| [ THRUST
EERQERZ? oe == MATCHING EL(’)E\JIgUMPTION
’ ORRELATIONS PROGRAM
o PERFORMANCE t—a AIRFLOW
PERFORMANCE SYNTHESIS
DISTORTION
PARAMETERS *
~¢(APC APR .- OPERATING
A Wa f<_p e aaCK MPR) CONDITIONS
am = f(APC, APR - MPR)
L e St
FIGGRE 4.18 Steady-State Performence Assessment with Inlet Distortion

Distributed under license from the IHS Archive

143



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*1419 &3 B 4357340 00046830 1 WA

AIR 1419 ]

o Compressor distortion-response data for a given AIP pattern can be
expressed incrementally as changes in corrected airflow, )
a(W/eg/s¢), and efficiency, an, for specified compressor
operating conditions. - The increments may be functions of several 1
relevant compressor flow variables, for example, N; and PR (Figure ‘
4.6). Separate terms for ID and OD flows may be necessary for i
assessing turbofans. The component performance increments may be {
used as input data to the engine matching program to provide absolute
or normalized engine performance with inlet distortion.

digtortion descriptors at specified compressor operating|conditions
prgvided a suitable background of component testing“has been
conducted.” Correlated changes may be input to the-engine matching
pragram. This procedure is straightforward for-turbojet|engine
asgessments. However, care is required in turbofan appljcations to
asgure correct ID/OD matching. Distortion‘transfer data|appliied to
dowWnstream components provide similar input data to the tngine
matiching program, which may need to provide for estimatipg the
efflects of flow profile changes on engine control functions.

o Conpressor flow and efficiency increments may be corre]ated with the

P P S VU

A flexible approach to the organization of performance synthesis ' ‘
procedures shoyld be adopted whenever possible in order to facilitate program
options. .

4.3.2 PERFORMANCE TESTING

A A

4

Engine and engine component tests with distortion provide data essential 1

for the assessment and validation of distortion effects on installed|engine {
performance. mponent and engine test data acquisition should be regarded as

1

1

1

1

1

[

4

[

4

1

{

4

1

/

{

1

[

[

complementary processes. Jest planning and implementation guideline$ are
presented in Sdction 5 together with a discussion of state-of-the-art test

techniques availlable,

General points relevant to data acquisition for performance agsessments
are:

0 Engine tests ﬁrovide data for installed components and extend rig
experience to include the effects of component interactions (rig-engine
interference terms).

o Engine tests provide development data on flow profile/control system
sensor interactions for appropriate patterns and pattern positions,
which may affect control system design.
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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

uncertainty analyses.

accompanied by

AIP distortion patterns tested for performance should correspond to

inlet patterns representative of prime mission performarn

The need for tests at distortion levels high enough 'to p
medsureable performance changes should be considered.

The effects of screen 1oss on engine rematching, in part
ung
performance ‘changes are to be accounted for explicitly.
require uniform screen testing through the requisite teg

pressure levels) may be required.to account for screen 1}
tegt flow range and provide controlled performance asseg

Assesgment data acquired from:inlet-plus engine-ground fac
flying test heds, and flight development prototype aircraft.are i
implicitly in measurements made with gas path instrumentation. T
flight test performance assessment data will depend on the extent
instrument calibrations include the effects of AIP distortion.
trend towards the use of on-board diagnostic and monitoring data ¢
means for acquiring engine’performance in service operation.

4.4 TIME-VARIANT DISTORTION

hoked nozzle operation, need to be isolated if diston

Adjustments to nominal test conditions (for example, scp

!

The increased

ce points.

roduce

icular for
tion-induced
This may

t flow range.

een inlet
osses over the
tsment data.

1ity tests,
cluded

e quality of
to which

systems provides

ressure

Current|methods of account1ng for the effects of AIP total-py

distortion o (Steady- state engine performance use t1me averaged d
Tow-responseli =

ata from
s insufficient

to define the effect of time-variant AIP tota1 pressure‘d1stort1on and PFAV
fluctuations on steady-state engine installed thrust, fuel consumption, and

airflow.

At typical mission performance points, AIP distortion data indicate

that turbulence levels are low and the performance effect minimal.

Data available from compression component rig tests indicate

that the

time-averaged performance may be affected by time-dependent flow (References 15

and 16).

order of 1 percent + 0.5 percent RMS total-pressure amplitude.
to 1500 Hz).

wider turbulence frequency range than compressor stability.

Random AIP flow fluctuations may cause losses of corrected flow in the

(filter range O
The test results indicate that compressor performance responds to a

145

Distributed under license from the IHS Archive

AR

S
TS



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*];'-IL“I 83 M 3357340 0004432 5 IN

AIR 1419

SECTION 5
DISTORTION TESTING

Tests provide the technical data base for the deve]ppment and verification
of the stability and performance assessments discussed in Sections 3 and 4. The
validity of the assessments depends on the quality of the data bank generated
during the test effort. A program, with techniques defined in terms of the
instrumentation, data management, equ1pment procedures and ana]ys1s and
communication_o = ) arties to assure
maximum utiligation of the data.

The primpry objectives of distortion tests are to define"the filow distortion
characteristics of the inlet and to quantitatively determine the efffects of
distortion on|the stability and performance of the engine.. The scdpe of the test
effort must be tailored to the specific needs of the propulsion syqtem. The
extent and type of the tests must be balanced with regard for system
requirements, | program milestones, program risk assessments, program schedules,
and cost constraints. Tests may be required on inlet and aircraft |components,
engine and engine components, and the propulsion, system. Informatilon acquired
from these tepts decreases the risk of incompatibility between the |inlet and
engine as propulsion system development progresses (Figure 5.1).

5.1 INLET AND AIRCRAFT COMPONENT TESTS

The purppse of the inlet system;is to supply the desired quantlity and
quality of air to the engine throughout the flight envelope while njinimizing
aircraft drag|items chargeable to the propulsion system. A well-cgnstructed
inlet development program is necessary to identify appropriate perflormance,
weight and cost trades. The tests required depend on the degree off complexity
and risk asso¢iated with.individual designs. Highly integrated sygtems,
involving significant advances in the state-of-the-art, may requirg tests that
extend over a|period of years. With a concomitant engine developmgnt program,
time phasing @nd appropriate information exchanges become critical [to the
development of an‘optimal system. In less complex programs, or wheare a higher
degree of technical risk is acceptable, limited tests over a relatijvely short

time period may be—adequates

A checklist, identifying test objectives during various stages of the inlet
development program, is given in Table 5.1. Appropriate wind tunnel models, test
faciTities, major independent test variables and data requirements are
summarized. Tests are grouped in three 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.
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FIGURE 5.1 Distortion Assessment Uncertainty During Propulsion System
Life Cycle
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Inlet/aircraft models of differing scales, tested in a number of facilities
are used to acquire inlet data. Model scale, Reynolds number, and facility type
can all introduce uncertainities 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. Reference 17 shows
that engine pumping substantially reduces distortion following separation at high
angle 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 ¢ i i cale model
tests for selqcted inlet configurations (References 18, 19 and 20)%| The data of
Reference 18 show that Reynolds number effects on inlet distortion due to model
scale and/or funnel conditions, were negligible at static andcsubsopic
conditions. Hull-scale model data at Mach 2.2 and high Reynolds number showed
higher total-pgressure recovery and slightly lower distortion comparped to results
with sub-scalg models. Comparable results were obtained in both blpwdown and
continuous wind tunnel facilities. Similar results are’ reported in| Reference 19.

Flight test and wind tunnel results are compared in Reference 20.

Distortion patterns recorded during flight testswere found to be sfmilar to wind
tunnel resultg obtained during static, subsonic and supersonic operption. Flight
data resulted|generally in slightly higher total-pressure recovery and slightly
Tower total-pnessure distortion than recorded during comparable wingd tunnel
conditions. These differences were smaller than the differences regcorded among
different airdraft at comparable operating conditions. Results, copparing data
from full-scale inlet/engine tests.with data from "cold pipe" (no epgine present)
tests, indicated that the effects on total-pressure recovery and distortion were
negligible. The Tatter result.is attributed to. good simulation of the acoustic
impedence of the engine achieVved by locating the choking station (uped for
airflow contrql) close to the’/AIP.

5.1.1 INLET ODEVELOPMENT-TESTS

Small-gqcale <inlet test results are used to define the inlet/forebody
configurationd Tests to evaluate the inlet in terms of the flow quality at the
AIP are described in Paragraph 5.1.1.1. ' Tests to evaluate inlet drpg, to
identify appropriate—trades, and—tooptimize performance are described in
Paragraph 5.1.1.2 ~

5.1.1.1 INTERNAL PERFORMANCE

Internal performance, (defined by total-pressure recovery and distortion
at the AIP, airflow, and the inlet operating stability 1imits), is obtained from
1) isolated-inlet tests, 2) subsonic-supersonic inlet/forebody tests, and 3) Tow
speed inlet/forebody tests. These tests are described separately in Table 5.1.
However, no single test accomplishes all the stated objectives. In. practice, the
design process is iterative and.requires more than one wind tunnel entry. Each
test generates data that are used to modify the configuration for the next test.
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TABLE 5.1
Inlet And Aircraft Component Tests
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Tests are conducted with small-scale models to permit the use of less expensive
test facilities. To a great.extent, model size is determined by wind tunnel
capability, but the model should be at Teast 1/10 scale to achieve accurate
geometric similarity. Typically, the allowable projected frontal area of models
required to simulate the downstream aerodynamic environment should be
approximately one percent of the cross-sectional.area of the test section. The
allowable model size for tests in which only the inlet conditions need be
simulated can be approximately 15 percent of the cross-sectional area of the test
section.

Initjaldnlet tests may be performed with-anisolatedinlet model in a
facility that|permits frequent access to the model. Geometry, flight Mach number
and engine aipflow are duplicated. The tests provide the initial donfiguration
evaluation and performance estimates. Alternate geometries .(ramp, [sideplate,
diffuser, internal 1ine, cowl 1ip) are evaluated. Limited dynamic
instrumentation is used to identify potential distortion problems. | The tests
provide suffi¢ient data to permit detailed configuration development.

An example of an isolated-inlet test facility is shown in Figure 5.2.

~The subsonic diffuser model was built to evaluate.the internal perflormance of
various inlet|duct configurations. Total pressure recovery, steady-state
distortion, apd RMS pressure levels were measured by a 40-probe rake mounted at
the simulated|engine face station. Internalicomponents could be changed easily
to evaluate djfferent diffusers. Other Tow-cost techniques are also available
for investigating subsonic diffusers. One method, employing an altiitude chamber
as a vacuum source, is described in Reference 21.

InTet/forebody models, tested at Tow speed, subsonic and supersonic
conditions, aye configured with a forebody, a wing stub, 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 directiog 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 rangé. Flow-field data are used to optimize inlet placemepnt and
orientation. |More than one series of inlet/forebody tests may be npcessary to
acquire the internal performance data. Tests are conducted over the full range
of flight congitions from static operation to high Mach number. A full
complement of : m
distortion data. A1l parts of the aircraft that affect the inlet internal
operation are duplicated.

As an example, a 0.10-scale B-1 model with a single nacelle dual-inlet
design mounted to a complete fuselage forebody with stubwings, is.shown in Figure
5.3. A weapons bay just forward of the nacelle is simulated. This model was
used to determine the effects of weapons bay doors and external stores on inlet
performance. Acoustical measurements inside the bay cavity and on the doors were
obtained. Tests were conducted to define inlet performance in detail, identify
the effects of the aircraft and adjacent inlets, define the inlet control
requirements, and provide data to refine the initial design.
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Diagnostic testing in a low-speed (Mach 0.2) wind tunnel can also be of
value for screening configuration changes. Use of the Tow-speed tunnel permits .
the use of a large-scale model in a continuous flow environment. Flow
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.

5.1.1.2 ExternaT Performance

The tests described above define and quantify the factors which affect

internal pevfformance. Concurrently, tests shouTd be conducted to|evaluate

- external perfformance which includes all drag items chargeable to-the inlet (inlet
spiliage drag, bypass drag, bleed drag, and any interferencereffe¢ts of the inlet
flow on airdraft drag). Because testing requires a complete aircraft model and
the externall flow field is important; the model is generally smaller than the
internal perfformance model.. It is designed with several-internal|balances and
extensive sfjatic pressure instrumentation to evaluate,the drag associated with
the inlet. ([These tests provide drag data to evaluate configuration changes
‘resulting friom the internal performance tests as well as providing data for
overall aircraft performance assessments.

, As fan examp]e, a 0,07 scale B-1 inlet drag model is show in Figure
5.4. This model represents the Teft-hand dual inlet nacelle mounted to the
fuselage forebody. Fuselage structural-mode control vanes, stub wings, and the
oppos1te—s1 flow-through nacelle are simulated. Model drag is measured by an
internal forge balance supporting the metric system. The model provides
incremental |inlet drag data for installed engine performance calculations.

5.1.2 INLET| VERIFICATION TESTS

This test phase provides the final subscale evaluation of {niet internal

performance.| Model size is usually 20 percent scale or Targer to|assure that all

. forebody and| other parts of the airframe which may influence the {nlet flow field
are represented. _The overall purpose of verification . tests is to|define the inlet
performance characteristics throughout the required Mach number, gngle-of-attack,
sideslip, and corrected airflow ranges. Items that affect the inlet are
optimized. [k o , psent. e - n igem that has a
potentia1 1nf1uence on inlet operatwne This requ1res that all scoops, vents,
exits, and protuberances be simulated. As an example an F-18 mode1 constructed
for this type of testing, is shown in Figure 5.5. , '

Auxiliary air induction systems, environmentaT contro] System inlets, radar
cooling circuit scoops, and dun bay purge devices, are evaluated during the
tests. Flow and recovery characteristics are established as functions of speed
and angle of attack. The effects of wake and shock ingestion from adjacent
structures are evaluated. Typical items include flight-test or production
noseboom and nozzle, auxiliary tanks and pods. An evaluation of aircraft
protuberances should be made. ‘Items include angle-of-attack vanes, total-pressure
and total-temperature probes, and antennae.

&
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tests.
that best provide the desired signals.
refined to minimize inlet drag

operation during maneuvers or at high speed°
are required. Inlet operation in buzz is investigated.
pressure oscillation amplitudes, and frequency content at the AIP
evaluate engine response.
structural design criteria for the inlet.

Instrymentatt
Low- and hig
systems, and|in the diffuser. The AIP is fully instrumented With
high-respons¢ total-pressure probes. Static pressure taps.at:'the
further usefyl information. High-response instrumentationimay be
auxiliary aif induction systems to determine if pressure-oscillati

~ Digit{zed peak time-variant distortion data will provide p3g
stability evqluation by the engine manufacturer. -Distortion trend
number, angle of attack, angle of sideslip, andumass flow are estg
recovery, stable- a1rf10w—range, and steady-state distortion data,
for use by the engine manufacturer to determine whether eng1ne per
affected.

Results of verification tests are used to establish the fi
the inlet, 1mc1ud1ng control schedules, bleed and bypass requirem
external flow field effects. Defifitive flow distortion and reco\
obtained for

the final design.
5.2 ENGINE |

Alternative inlet control-sensor locations are investigated during the
Several options can be evaluated simultaneously to establish locations
Boundary-layer-bleed systems should be
The inlet bypass system is optimized to minimize
bypass drag for non-maneuvering conditions, while maintaining optimal inlet
Calibrated mass flow measurements
Distortion, in-phase

are used to

Static pressure loads are obtained to determ1ne

n—fer—the—intet—vertfication—test—phase—is tﬂmprehensiVe,,'
-response static-pressure taps are located in the blg

ed and bypass .
both Tow- and
AIP can provide
required in

ons occur.

tterns for

Is with Mach
blished. Inlet
are obtained
formance is

al design of
nts, and
fery levels are

AND ENGINE COMPONENT TESTS
Engine
initial (des[
performance
engine-inlet
state distor
5.2.3).

nd engine component tests are required to develop an

nd stability. The tests that may be required are ba
AIP flow conditions: uniform, steady flow (Section
bed _flow (Section 5.2.2); and time-variant distorted

primary objective and data requirements for each type of test are
components, interactions between those components, and the engine
and the engine is usually required.

Direct-connect test facilities provide controlied inlet flow
engine stability and performance.

flight tests of the propulsion system.

Candidate engine and engine component tests are shown in Table

-verify the

gn phase) assessments of the effects of inlet distortion on engine

ed on three i
.2.1); steady-
Tow (Section

5.2, The

outlined. Since

inlet flow distortion may affect the basic aerodynamics of a number of engine

control- system,

testing of the eng1ne components, (primarily the compress1on system components)

conditions to

the engine and are generally used for developing and verifying compressor and

It is neither technically nor economically
feasible to obtain sufficient data for in-depth assessments from free-jet or
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TABLE 5.2

Engine Component And Engine Tests

OBJECTIVES

Develop Flow Stability

Define Descriptor

Define Control Sensor Locations
Evaluate Off Schedule Geometry
Evaluate Bleed Effects

TESTS

Compressor Rig/Diffuser Test with Classical
and Flight Patterns

DATA

Surge Pressure Ratio
Airflow

Efficiency

Exit Profiles -
Distortion Sensitivities

Evaluate Reynolds Mumbpr Effects

pefine Spool Interactipns

Evaluate Compressor-Burner Interactions
Define Control Sensor Locations

Define Augmentor Stabi[iity

pDefine Control Sensor [Locations

Define Control System|Destabilizing Effects

Define Engine Stabilify and Performance

Dual Spool or Engine Tests with Distortion
Burner Rig Tests with Distortion

Burner Rig Tests with Distortion

Augmentor Rig.Tests

Engine Tests with PLA Transients and Flight
Trajectory Transients
Fuel System Stability Checks

Engine Tests with Classical Patterns and
Flight Patterns

Installation Effects at Critical Flight
Conditions

Coptrol Tolerance
Distortion Transfer

Sppol Supercharging
Bypass Ratio Shifts
Speed Mismatch

rge Pressure Ratio
Afrfiow

Effficiency

t Profiles

Dilstortion Transfer
Dilstortion Sensitivities

Byrner Prassure Loss
EXit Temperature Profiles
Eqit Pattern Factor
Rilch/Lean Fuel/Air Limits

it Total Pressure and
Temperature

Pressure Trapsients
Rumble and Screech
L{ght and Blowout

Linkage Rates

Travel Limits & Lags
Cqmpressor Operating
Lines

el Pressure Pulsations
ntrol Tolerance

tability Limits
rflow(s)
Fficiency(s)
stortion Transfer
beed(s)

hrust

FC

nHNnDMB> O

Define Response to Time-Variant Distortion

Define Response to Special User Requirements

Engine Tests with Time-Variant Distortion

Engine Tests with Water Ingestion
Steam Ingestion
Hot Gas Ingestion

Stability Limit
Critical Compressor
Airflow

Stable Operating Range
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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, may increase stator
stress loads, and affect compressor. flutter onset 1imits (References 22 through
25). During engine tests with inlet distortion it is riecessary to assure that
engine component stress and temperature limits are not exceeded. The
aeromechanical 1imits of the engine components, such as the compressor operating
1;mit§ shown in Figure 5.6 (Reference 25), must be considered in test program
planning.

SUPERSONIC
STALLED FLUTTER
o SUBSONIC
£ STALLED
& FLUTTER SUPERSONI(
w UNSTALLED
« FLUTTER
po’
(24
o CHOKE
¢ FLUTTER
WEIGHT.) FLOV,
FIGURE 5.6 Compressor Map Showing Boundaries of Four Types of Flutter

5.2.1 UNIFORM-STEADY-STATEINLETFLOW

Testing with uniform, steady, inlet flow establishes the baseline
performance and stability of the engine and engine components. Uniform
steady-state inlet flow conditions are defined as those conditions having low
steady-state and time-variant total-pressure and total-temperature distortion.
Studies (Reference 26) have defined uniform steady-state flow quality goals as:

P P

'Jgg%“nglﬂyi < 0.01
(%2) RMS < 0.01 in the frequency range 0-1000 Hz.

156

Distributed under license from the IHS Archive


https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

;EAE:i;Rf%i&jiﬁﬁi!-7535?3HD 0004843 T M

AIR 1419

\ T -T.
® X ¢ 0.005
(%I) RMS < 0.005 in the frequency range 0-1000 Hz.

Compressor rig tests usually take place early in an engine development
program and precede engine 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 Fi <7 Hty—t i , an inlet
bellmouth, and a low-volume, quick-opening throttie valve. The-flirst two items
provide highl 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 surge throttle setting at each of spveral constant
rotational speeds. The test results are presented as aCcompressor map defining
performance [in terms of flow pressure ratio, efficiency, and stabfility 1imit. If
the test compressor is an integral unit of a multiple-compressor-gompression
system, such.as a dual-spool engine, then aerodynamic coupling efffects between
the spools (jspool interference) may need to be ‘accounted in the test set-up and
procedures.

’ {NLET PLENUM

BEL S TH - TEST COMPRESSOR
& DIFFUSER
' AIIRFLOW. U U

LOW VOLUME
VALVE

IGV MOUNTED ¢
TEMPERATURE
8 PRESSURE

RAKES

FIGURE 5.7 Single-Spool Compressor Facility

Figure 5.8 is a schematic of a dual-spool rig used to characterize the
stability of a fan/low-pressure unit and its corresponding high-pressure
compressor. Dual-discharge rigs are necessary for testing fan/low-pressure
units, with close attention paid to simulating the expected discharge flow
schedules. Variances in these schedules can cause significant changes in unit
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FIGURE 5.8
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Metered primary discharge

Dual-Exhaust, Dual-Spool Compressor Facility]

LOW PRESSURE
E COMPRESSOR
|

. ]
A s
THROTTLE

VALVE
/ \\ |

FIGURE 5.9

Dual-Discharge Compressor Flowpath.
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performance and stability characteristics.
section of a typical dual-discharge rig designed to independently
low-pressure-compressor discharge-flow schedules.

Engine tests define overall performance and stability, ver
of component tests (e.g. compressor rig tests), and ascertain the
component interactions on engine system stability and performance
conducted to assess the effects of the engine operating environme
effects of the engine operating condition. Environmental conside
the effects of fT1ght Mach number, a1t1tude, Reynons number, non
conditions, @Xte S ' g B f T tra
performance or stab111ty character1st1cs vary pr1or to the achiev
thermal equilibrium.  Typically, the engine operating characteris
established with and without engine airbleed and power extraction
system variations representative of control tolerances, and in st
transient nopaugmented and augmented control modes.

Direct-connect sea-level and altitude test facilities can
engine baselfine testing. A typical direct-connect engine test in
altitude tesf facility is illustrated in Figure<5.10. The salien
the installagion are a critical-flow airflow-measuring venturi, a
plenum, and p bellmouth at the engine inlet duct to provide unifo
to the enging. Flow straighteners are fitted in the inlet plenum
the flow is pniform.

5.2.2 STEADY-STATE TOTAL-PRESSURE-DISTORTION

Tests|with steady-state inlet total-pressure distortion de
of classical|and composite distortion patterns on engine and engi
performance pnd stability..Testing with classical patterns estab
sensitivity tharacteristics of the engine. Test1ng with composite
establishes performance'changes and the loss in stability attribu
flight-type finlet-distortion patterns. Composite patterns are ba
test results| at selected operating conditions. The established p
industry is o simulate peak time-variant distortion patterns wit
state-patterps, thus avoiding the need for extensive compression
development testing with high-response instrumentation and data-a

Figure 5.9 is a schematic of the test

vary fan and

ify the results
effects of

. Tests are
nt, and the
rations include
standard day
fents where
bment of engine
Lics are

L with control
pady-state and

e used for

5tallation in an
t features of
large inlet

rm steady flow
to -assure that

fine the effects
he component

| ishes the basic
patterns

tabTe to

sed on inlet
ractice in

h steady

system
cquisition

systems. Compressor and engine testing with steady-state total-p
distortion can be accomplished in the direct-connect installation
testing with uniform inlet flow conditions using steady-state dis
generators located approx1mate1y one eng1ne diameter forward of t
inlet.

Distortion Tevels up to 30 percent (Payg - Ppin) /Pavg gen
sufficient for most steady-state distortion testing needs. The ti
component, APups/Payg (0-1000 Hz), should be Tess than one percen
temperature d1stort1on, (Tmax = Tmin) /Tavgs should not exceed on
percent.

ressure

s described for
tortion

he compressor

erally are
ime-variant
t and total-
e-half
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5.2.2.1 Screens

Wire-mesh screens are used to generate steady-state total-pressure
distortion at the compressor and engine inlet. Screen systems have several
significant advantages. They are relatively simple to fabricate and use. Once
calibrated, screen systems may be used with Timited AIP instrumentation in
different facilities having identical engine inlet configurations. Rotatable
distortion screen assemblies may be used to obtain detailed distortion data from
a minimum number of installed sensors ‘(AIP and engine internal sensors) at a
stabilized engine/environmental test condition and to assess engine control
system 1nteract1ons at a constant eng1ne power 1ever pos1t1on. An example of a
rotatable digtor e d : iilustrated in
Figure 5.11 Reference 27).

Screen design techniques have been developed to aid in the development
of screens to provide defined total-pressure distortion patterns (Reference 28).
Selected intet distortion patterns usually can be estabYished to required
accuracies to within two to four screen tailoring test{iterationsj Screens have
undesirable ¢perating chracteristics in that their<pressure losses are dependent
on the screen porosity (blockage) and appreach velocities, so that the simulation
of a number ¢f inlet distortion patterns requires’ a screen change|with a
consequent 1¢ss of test time.

5.2.2.2 Air|Jdet Distortion Generators

An girjet system can be usedcas an alternative steady-state distortion
generator. Airjet-distortion generators use a counterflow (to the primary engine
inlet airstregam) air jet system jn‘which the jet flow momentum camcels part of
the primary ¢ompressor inlet airstream momentum with an accompanying
total-pressure l1oss. The flow distortion pattern is varied by remotely
controlling the jet flow rate and distribution.

A typical airjet distortion generator (Figure 5.12) is r¢ported in
Reference 29} The system includes a secondary (airjet) air temperature
conditioning|system((to match the temperature of the primary engipe airstream),
an airjet nogzle array (56 equally spaced flow nozzles), and a comfputerized
airjet nozzle flow control system to provide “dial-a-pattern" capability.

Defined parametric or flight-related patterns can be established within
approximately 90 seconds during testing to approximately the same accuracy limits
obtainable with a screen distortion generator (two percent rms error on a
probe-by-probe basis). The airjet system provides a capability for producing
variable-amplitude and variable-pattern steady-state distortion at a fixed engine
operating condition or a constant distortion level and pattern over a range of
engine airflow without hardware changes.

The airjet distortion generator requires the use of a full AIP steady-
state total-pressure probe array 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 systems, necessitating the use of high-
frequency-response inlet instrumentation (Reference 29). Similar airjet
distortion generators are reported in References 30 and 31.
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- FIGURE 5,12 Schematic of Airjet Distortion Generator
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§5.2.2.3 Compressor Tests

Initial assessments of compression system sensitivity to inlet
distortion usually are made by compressor rig testing. A typical test -sequence
starts with a baseline test conducted with a_"c1ean inlet" configuration, as
discussed in Paragraph 5.2.1. The test facility is then modified to include
distortion-producing devices, and distorted-flow compressor maps are produced for
each distortion pattern.

Total-pressure distortion at the inlet of a multi-component system is
converted to combined pressure and temperature d1stort1on at the inlets of
down-stream :O"press1on system compa may 1 bTe, therefore, to

to the inley flow. The 1n3ect1on ang1e determ1nes the degree of pressure
distortion ijncluded in the pattern. Another system for produc1n- temperature and
pressure digtortions involves the use of hydrogen burners in com-1nat1on with
screens (Figure 5.14).

Thed compressor rig test results are analyzed to assess compressor
sensitivity [to each inlet distortion pattern. The typical test sequence involves
testing with classical patterns such as "pure" 180 degree-circumfierential,
tip-radial, |and hub-radial patterns and then proceeding to more compiex- patterns
such as graded-radial patterns, combined radial and circumferentilal patterns, and
two per rev patterns. The classical.pattern test data serve to define basic
compressor distortion sensitivitiesiand offset coefficients, while the complex
pattern datd allow generalized sensitivities to be derived.

Teqting on a compressor rig imposes constraints which may affect the
applicabilitly of the rig test results to a complete engine. Insofar as
practical, ihe compressor iig should include a simulation of dowrnstream
components if these are‘anticipated to affect the distortion senglitivity of the
compressor. | Aeromechaniical constraints may prohibit testing with high levels of
distortion, [and rig.drive-power limitations may preclude testing |above design
speed. » ,

5.2.2.4 Endine Tests

Engine tests are conducted to establish the overall effects of AIP
total-pressure distortion on engine performance and stabitity, verify installed
compressor sensitivity coefficients and distortion transfer characteristics, and
confirm initial distortion assessments. Tests at selected environmental
operating conditions are performed over a range of fixed-throttie settings and
PLA transients (accel/decel rates) with representative customer bleeds and power
extractions. Diagnostic tests with the normal control functions muted can be
carried out, and classical or parametric patterns can be tested to determine the
distortion sensitivity characteristics of multi-spool compression systems using
heavily-instrumented engines. For quatlification or certification testing, test
matrix requ1rements are generally limited to specified engine and env1ronmenta1

"rating" conditions using F]ight—type distortion patterns.
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Engine tests with steady-state inlet-flow distortion are performed in
the test installations used for baseline clean-fiow engine performance and
stability test assessments, modified to include a selected steady-state -
distortion generator. An engine inlet-airflow metering system, such as a
critical-flow venturi, forward of the inlet plenum provides accurate engine
airflow measurements while testing with the steady-state distortion generator.
Engine-installed compressor loading test techniques to assess installed
compressor stability limits may be employed (Paragraph 5.4).

5.2.3 TIME-VARIANT TOTAL-PRESSURE DISTORTION

Tests with time-variant inlet total-pressure distortion may|be required.to
assess the effect of random- and discrete-frequency pressure fluctuations on
compression-system stability and performance. Time-variant distorgion analysis
techniques are similar to steady-state techn1ques, except that the|inlet data are-
filtered via gnalog and/or digital data processing systems.to match the
compression system dynamic response characteristics. The ObJeCt1V? of the tests
is to correlate surge or stall events with the maximum)time-variany distortion
level producing the instability. A "low- pass filter with a cutoff frequency of
1/2 to 1 time§ the compressor. rotor speed is sufficient to assess the response of
most current engines (Reference 32). :

5.2.3.1 Random Frequency Generatprs

An example of a random frequency generator installation i$ shown in
Figure 5.15. |A critical-flow convergént-divergent nozzle with a :
variable-position centerbody is used ' to generate turbulent flow by|interaction of
a shock wave and a boundary layer in the same manner as turbulent flow is
generated in an aircraft inlet.- A turbulence attenuation screen 1¢cated
downstream of |the venturi may.be used to modify the characteristics of the
turbulent floy system. The'centerbody may be offset to obtain asymmetric
distortion patterns. The random frequency generator (RFG) should simulate the:
Tength/volume
the compresso

Rand
configurations
Reference 6 (Figure—5-16 s @ : i-5t0 satie
similar in shape, 1eve1 and dynam1c content to those obta]ned from
two-dimensional inlet models. Testing an engine with the generator prov1des a
means for evaluating pressure distortion sensitivity and transfer character1st1cs
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 39.85 inches square and 18.5 feet long. The upper and Tower 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 Tayer separation and shock/boundary layer interaction.
Distortion level and extent is controiled by the particular geometry of the ramp
positions and airflow. The turbulence Tevel and ratio of unsteady to
steady-state distortion is controlled by a full-span monoporosity screen located
just behind the aft ramp. The distortion levels produced by the RFG are, in :
general, controilable and repeatab1e. B
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FIGURE 5.16

Random Frequency Generator Designed to Simulate Flow
Conditions of Two-Dimensional Inlet Configuration
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cal RFG test results are shown in Figure 5.17.

The data were

acquired with an analog recording system and were.digitized for off-line

analysis.
revolution.

The curves show (a) one second of data with an engine

The data were filtered to a time constant nearly equal to one engine

stall near

0.80 seconds and (b) calculated distortion parametens and face-average pressure

in an expanded reg1on from 0.75 seconds to 0

.85 seconds,

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 distontion pattern and the stat1st1ca1 character1st1cs of the

inlet flow.

reproduce st
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5.3 PROPULSI

¢ady- state and local RMS, pressure contours, amp11tude
spectra1 density character1st1cs (Reference 33). | Higt

on is required to develop the s1mu1a‘tor°
rete Frequency Generators -

rete-frequency pressure fluctuations occur in an airc
ence and as a result of inlet instability, such as bu
t resonances. The propagation chavacteristics, the s
ffects of the planar inlet pressupe fluctuations may
e-frequency generators. They are effective tools for
analytical models which describe the dynamic behavior

ral types of discrete frequency generators have been

rtion generator designs reported in References 30 and
uency pressure pulse.capabilities. A rotor/stator f1p
orted in Reference 34y The generator consists of a r
ed stator assemblies. The output frequency of the ge
motely by varying the speed of the rotor. The amplit
tuations can be’varied by.changing the solidity (bloc
assemb11es. A similar design concept, the Planar-Pre
or (P3G) 45 reported in Reference 16. The P3G is a ¢
uses a single-stage rotor and stator combination to s
minimum area. The frequency of the planar waves is ¢
or spacing (Figure 5.18). An advantage of this devic
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probability
-response AIP

raft inlet duct
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ON SYSTEM TESTS

Hz .

Testing of the integrated 1n1et/eng1ne system pripr 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 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.

of compressors.
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The types of test, primary test objectives, and basic data requirements
which may be needed for system development are shown in Table 5.3. 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.

5.3.1 STATIC TESTS

Static tests of the inlet/engine system can provide an early indication of
inlet/engine operat1on at take off Test conf1gurat1ons represent the aircraft
as closely as—possik ground—plane; adjacent
aircraft strycture or adaacent englne, as appropr1ate. Tests enalile the effects
of the external environment on the flow quality at the AIP to be gstablished at
static or negr-static conditions.

The General Hlectric Peebles Cross-Wind Facility (Figure 5.19) was designed for
testing largg turbofan engines and determining the effects of winds ranging from
quartering tdilwinds to headwinds. The facility is composed of 13 individually
controlled f3ns capable of creating uniform-velocity flows ranging from 15 to 78
knots, and hds a capability for ground plane simutation and ground vortex
suppression.

5.3.2 WIND TUNNEL TESTS

In aiqcraft programs involving ;significant advances in the|state-of-the-
art, inlet/engine tests in a wind tunnel can prove to be a cost-effective way of
demonstrating inlet/engine compatibility prior to the start of flight testing.

Inlet [tests with a cold pipe installation (no engine present) can be
conducted to [determine the full-scale inlet characteristics over a wide range of
inlet mass flow ratios. These tests provide airflow calibrations|for subsequent
use in tests |with the engine. Although complete aircraft maneuvers envelopes
cannot be explored, tests with off-scheduled inlet geometry can be conducted to
simulate distortion(characteristics observed during previous sub-gcale tests
throughout the maneuver envelope. The effects of known external disturbances
(external weaponsy” control vanes, weapon bay doors and others) can be simulated.
If variable geometry inlets are employed, programs usually include a second,
cold-pipe phase consisting of development tests o e infet and inlet contro1
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 phase includes all
three elements: inlet, inlet control system, and engine including the engine
control system. Emphasis is placed on demonstrating inlet/engine compatibility
over a complete range of equilibrium operating conditions and engine throttle
transients at critical flight conditions. Techniques for intentionally stalling
the engine to determine structural Toads and to verify the system stability
1imits can be employed. Engine distortion 1imits can be explored by
off-scheduling inlet geometry to generate high distortion levels. The use of
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CAPTURE | D[FFUSER—\

FLOWFIELD  SIMULATION

\

NOZZLE \

Y

O FIGURE 5.20 Free-jet Propulsion—Systan Test Installation Schematic =

FIGURE 5.21 = Propulsion-System Test Installation in Propulsion
Wind Tunnel ,

Distributed under license from the IHS Archive


https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*1419 83 BE 8357340 00048L0 T &8

flight test instrumentation and data reduction procedures during these tests can
be an effective means of reducing the required effort during the flight test
program. A successful program requires a high degree of coordination among the
parties involved. . _

A schematic of a typical free-jet engine test facility is presented in
Figure 5.20. The test facility is configured to duplicate the inlet
environmental operating conditions at selected points in the flight and maneuver
envelopes for defined propulsion system operating conditions. A propulsion wind
tunnel test installation 1s shown in Figure 5.21.

desired propulgion system test techniques. The historical growth. in| engine
airflow requirdgments has led to increased test facility airflow requirements.
Semifree jet (inlet simulator) techniques can be used where test faclility
limitations exist. Semifree jet tests may be used to produce inlet/gngine
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 dgwnstream of the initial.compression shocks of an extepnal
compression inlet is reported in Reference 35. Figure 5.22 illustrages the basic
concepts of thgq simulator. '

Model sjze requirements have a significant effect on the selegtion of

Reproduce inilet
flow conditions

inlet conditions
‘ - W ttorbutencetdistortion)
{] T
2
\ {
_ A\

Reproduce enging

FIGURE 5.22 Schematic of Inlet Simulator
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5.3.3 FLIGHT TESTS

Flight tests are oriented to demonstrate propulsion system operational
goals and to provide verification of system performance, stability, and

mechanical integrity over the aircraft flight and maneuver envelopes.

Since

installed surge margin is usually not measured in flight, propu1sion system
stability is demonstrated by operating to the aircraft-engine-surge-free limits.
Flight tests will gradually expand the envelope from low speed to supersonic

conditions
typical con

BotH
AIP. In ad
internal en
opportunity
tunnel datg
propulsion

The
Paragraphs

any major s

~

that problems may be encountered during the early part of the fl

due to grou
complete du
than the af
condition ¢
during the
The flight
propulsion
inlet/engin
impact on §

and from nominal to extreme altitudes and attitudes.
ditions which are tested

Table 5.4 1ists

gine performance and in-flight thrust.

Sufficient instrumentation should be provided to i
problems encountered during the flight-test program.

5.3.1 and 5.3.2 will have provided, the data to identi
ystem deficiencies prior to flight test. It is possi

nd facility constraints. Wind tunnel size Timitation
plication of the aircraft-and may limit incidence and
rcraft limits, and rapid-changes in aircraft attitudg
annot be simulated preperly. Significant areas need
flight test program, ,particularly with respect to f1i
test program proyvides the opportunity to evaluate ref
system design in terms of their effects on aircraft p
e compatibility. For example, inlet geometry may hav
ircraft trim drag. Minor changes to inlet geometry s

improve pett

test progr
between th
during win

Cor

formance with essentially no adverse effect on distor
m shouldybe structured to explore those areas where i
propulsion system and the aircraft may not have been
tunnel tests.

steady-state and high-response instrumentation may b
dition, the engine(s) can be instrumented to permit measurement of
Flight, testin
to verify performance and distortion levels predicte

comprehensive wind tunnel testing described in Sectig

e used at the

g provides the
d from wind
dentify any

n 5.1 and
fy and correct
ble, however,
ight test program
s prevent
sideslip to less
or in-flight
to be explored
ght dynamics.
inements to the
erformance and
e a significant
chedules may
tion. The flight
nteraction
fully tested

a data bank for

evaluating future modifications to the system and for the development of new
References 19 and 20 are examples of correlations between scale model

aircraft.
and flight

data.

5.4 STABILITY ASSESSMENT VERIFICATION

Test verification of the validity of stability assessments is based on a

building bl

ock 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.
to maximize the applicability of test results.

Hence, test programs must be carefully controlled
Stability assessments are based

on experimental audits at defined propulsion system operating conditions.
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TABLE 5.4
Flight Test Conditions
GROUND OPERATION

Fod Screens
Static Taxi Operations

Crosswinds
Runway Conditions

LOW SPEED OPERATION
Rotation Takeoff
Approach Landing
Crosswinds
Auxiliary Inlet Transients
A/C Stall Characteristics
Thrust Reverser

AIRCRAFT TRANSIENT OPERATION
Accelerations
Decelerations
Automatic/Manual Inlet Controls
Emergency Procédures

SUBSONIC PERFORMANCE
Throttle and Augmentor Transients
A/C-Maneuvers
A/C,Control Surface Effects
Weapon Bay Door Operation
Weapon Release
External Stores

SUPERSONIC PERFORMANCE
Intet Control - Automatic/Manual

176

Throttle and Augmentor Transients
A/C Maneuvers

Emergency Procedures

A/C Control Surface Effects
External Stores
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Surge margin destabilizing factors for a typical turbine engine compressor
are shown in Figure 5.23 (Section 3). 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 surge 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 .
surge line(s) should be accomplished whenever practical.

A test gssessment methodology intended to demonstrate remaining margin, is
iTlustrated in Figure 5.24. In the exampie shown, an equivalent maximum
operating lire is established to account for the estimated ‘interngl effects
(engine qualijty and deterioration) margin allocations of ¢he stability
assessment. [By using the equivalent maximum operating 1%ne, a pontion of the
remaining mangin (estimated net margin available to assure stable |operation) can
be demonstratled during engine testing (Figure 5.25) without subjedting the engine
to surge. : ' o

Several [installed compressor loading techiiiques are availablg for this
purpose. Thdse techniques can be divided into two general classiflications, -
transient and steady-state loading methods: The most extensively |used transient
ql’ technique 1is |the fuel step method which-is based on the use of a dontrolled -

transient fugl step to increase the compressor ratio above the noymal transient
or equilibriym operating line. The technique usually requires only minor test
equipment modifications, but does require transient measurements.| Steady-state
loading techniques include flow-blockage methods such as "inflow hleed" or
mechanical blockage systems (Figure 5.26). Use of either system is straight-
forward  with single fixed-geometry rotor configurations. By simyltaneous use of
both systems{ selected rotor speed ratios can be controlled during loading of
dual rotor cqnfigurations; as illustrated in Figure 5.27 (Referende 36).

Defined|engine'and environmental boundary conditions are necessary for
engine stability tests. Typical c¢criteria are listed in Figure 5.28. The
.inlet/engine |[interface criteria are based on a projected flight caondition
(mission requirement) and are specified using a point-by-point digtortion 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. ' ‘

5.5 PERFORMANCE ASSESSMENT VERIFICATION

Test verification of performance assessments may be'required to validate the
QIIE effects of inlet flow distortion on engine thrust, fuel consumption and airflow.
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- FIGURE 5.23  Typical Test Data Base/Test Matrix Requirembnts for

Staliility Assessment Verification
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FICURE 5.24 Stapility Assessment Test Verification MetHodology
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OPERATING LINE
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— SLFJ‘Rgg‘;FgE’E OPERATION| WITH UTILIZATION
- STEADY-'STATE b ASSESSED REMAINING MARGIN
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COMPRESSOR PRESSURE RATIO

o COMPRESSOR CORRECTED AIRFLOW

FIGURE 5.5  Test Procedure to Demonstrate Available Margin

Gas GTerator (High= Fan (Exhaust
Pressure Compressor Nozzle Plug)
Inflow| bleed) Loading System—-  Loading Systém—\
(=1 2| A WO W dh__L

‘ FIGURE 5.26.  Schematic of Test Hardware for Simultaneous I_oadJlng of
Fan and Gas Generator Hardware
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Installation Interface Conditions (Aircraft Service Requirements)
Customer Bleed
Power Extraction

AR 141

INLET-ENGINE INTERFACE CONDITIONS

ENGINE

Corxrected Airrlow
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Total Pressure

Total Temperature .

Distortion Pattern (Point-by-Point
Definitiqn)

Circumferential Ldcation

_________ - - - -

Individual Probe Values,
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Instrumentation -
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FIGURE 5.28

Engine and Environmental Condition Criterfa for Test
Verification of Stability Assessments
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The most significant engine test objective is, in many cases, the evaluation of
engine/control system interactions and engine-rotor-speed rematch characteristics
with intet flow distortion. For example, maximum-power engine performance may be
control-Timited 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 4.0)

Performance tests are conducted on defined engine and environmental boundary

conditions, as d1scussed for stab111ty assessments (F1gure 5.28). The effects of
a3 ad d | e i alled thrust, airflow,

for the defined pattern. Because the impact of inlet flow distortjon 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 minimi , _ {

with and without inlet distortion screens may not always be practi
connect test [installations because test operations.must be interru
manually install the inlet distortion screen. Fory specific appiications,
specialized test configurations may be used to provide an "on-line! inlet
distortion scjreen change capability. A screen changer assembly su¢cessfully used
for small engline testing is illustrated in Figure 5.29. The operating time
required to change screens is on the ordet’of one-half second. Engine power is
reduced during the screen change transition period to reduce the pgssiblities of
engine operational instabilities during the screen change transient.

The air [jet distortion generator is also a potential tool for |back-to-back
testing with pnd without inlet flow distortion. Transitions from yniform inlet
flow conditiops to defined inlet flow distortion patterns may be ‘agcomplished in
time periods pn the order of 90 seconds w1th the engine operat1ng at a fixed
power level. ,

Two basit engine~thrust measurement techniques are used for engine
performance apsessments in ground test facilities. Both can be emgioyed for
distortion tepts_and are comparab]e in terms of measurement uncertdinty with
uniform (und1.torted) f1ow eng1ne tests. Use of both techn1ques simultaneously
provides maximuf ~stand Hthebest— ’ t e—thrust. The
external force ba]ance method (Figure 5.30a) requires assessment of the
flowstream force at the inlet of the thrust-stand-mounted engine inlet duct. The
measurement uncertainty of the stream 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 5.30b) 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 without inlet flow distortion.
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SECTION 6
INTERFACE INSTRUMENTATION AND DATA MANAGEMENT

Instrumentation, data acqu1s1t10n systems, data editing, and data reduct1on
techniques necessary to acquire total-pressure distortion and performance test
data are described. Since not all aircraft systems will have the same
requirements, examples of recent, past systems are presented to serve as a

guide. Formats found usefu1 in estab11sh1ng va11d 1nterpretat1ons of test .
results and fran ; hose 8 : 1ce age 2s also are
presented. 7
6.1 INLET/ENGINE AERODYNAMIC INTERFACE PLANE

The inlet/engine aerodynamic interface plane (AIP) dis the in$trumentation

station used
the inlet an
AIP are depe
inlet and en

to define total-pressure recovery and distortion int
l engine. As described below, the selection and conf
dent upon the nature of the program and the specific
jine. The AIP definition, as stated in ARP 1420, mus

prfaces between
guration of the
design of the

. be agreed upon

by all involyed parties and remain invariant throughout the test program.
6.1.1 AIP LOCATION ,
The 1pcation of the AIP is a function of the details of en;ine and inlet

design for a n ARP 1420 are
Tisted in Ta

within a few

particular installation..” The guidelines presented in
ple 6.1. In general these guidelines suggest that the
inches of the compressor face. This will permit loc

ntion of the

AIP be Tocated |

rake downstr
some cases i
guide vane (

pam of takeoff or bypass doors and other inlet variab
t may be feasibleto locate the instrumentation in thg
[GV) Teading edge to minimize the effect of rakes ups

e geometry. In
fan inlet

tream of the

IGV's on the

engine.
e face.

In ‘other cases it may be difficult to Tocate a rake close
One example is an engine without IGV's and a| rotating bullet
) e forward of
engine
bciably forward

the bullet npse providing the inlet is suff1c1ent1y Tong. During
distortion testswith installations where the AIP is located appr
of the first b]ade row, the 1n1et d1ffuser 11nes between the AIP gtation and the
first blade 'ror ; be—d _ ; i rstrumentation
locations in severa1 recent F11ght test a1rcreft are shown in Figures 6.1 through
6.3. Each installation has advantages and disadvantages that must be weighed
against program objectives:
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3 FIGURE 6.2 ATIP Instrumentation Mounted on Aircraft Ra,k‘eé Just Forward
of IGV Leading Edge
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TABLE 6.1
ARP 1420 Guidelines For Location Of The AIP

1. The AIP should be located in a circular or annular section of the inlet duct.

2. The AIP should be located as close as practical to the engine-face plane.
The engine-face plane is defined by the leading edge of the most upstream
engine strut, vane, or blade row.

3. The AIP Fhould be tocated so that all engine airflow, and only the engine
airflow,|passes through it. The distance between the inlet auxiliary air
systems and the AIP should be such that the effect of thelauxjliary air
systems on distortion is included in the measurements at the AIP.

4. The AIP flocation should be such that engine performance and stability are not
measureaply changed by interface instrumentations

6.1.2 PROBE| LOCATION

Selecftion of the number and location of probes at the AIP js a compromise
between accupacy of the pattern measurement and problems associated with data
acquisition system complexity and rake-induced flow blockage. Stlidies have been
conducted (el.g., References 37 and 38} in which specific patterns|were evaluated
using differpnt rake arrangements. /The general conclusion is that, for a typical
pattern, a 4D-probe (8 rakes of 5:.probes each) arrangement Tike the one shown in
Figure 6.4 is the minimum density of instrumentation required for| reasonably
accurate measurements. As an.example, Figure 6.5 shows a pattern|evaluated in
the Reference 37 study. The pattern is highly distorted circumferentially, with
relatively lpw radial distortion. Several probe/rake configuratipns were used in
the study. Each probe-rake configuration was rotated through 360| degrees in
20 degree imcrements’and pressure readings were taken at each prpbe position for
each incremental rotation. Circumferential and radial distortion| factors, Ko
and KRAD, were computed from each set of data. The results are pflotted in Figure
6.5 where Ky is-the maximum Kg minus the minimum Kg realized for| a given
probe-rake combination. At least eight rakes are required to defline the
circumferential distortion. The large percentage errors in radial index are
primarily due to the low levels of radial distortion.

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.

Generally, the probes should be of such design that both the steady-state

and dynamic components of total pressure can be recovered (see Paragraph 6.2.1).
This can be accomplished with various combinations of rake-mounted transducers,
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close-coupled transducers and signal conditioning equipment. Paragraph 6.3.2
discusses several approaches, and Reference 39 reviews current technology in

probe design and placement. |

~ Considerable research effort has been expended to investigate accuracies
to which instantaneous distortion parameters can be defined with various rake and 1
probe configurations. Reference 38 concludes 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 fi1l1 procedure. Using this approach, the optimum probe location for any
given number o i i i i tern and the
descriptor to be used.

Ao

6.1.3 APPLICATIONS

The pre¢eding paragraphs have described the general -requirements for probe {
location and atrangement. Examples presented below illustrate a varfiety of probe
Tocations and 3rrangements employed in recent aircraftiprograms. ,

Large sybsonic transports are not usually subjected to high apgle-of-
attack conditigns. This point when combined with the small range of| aircraft
speed, usually |permits an inlet to be designed:with a minimum of engjineering
resources. Important exceptions include initial climbout and crosswind j
operation. For example, scale model testing of the Boeing 747 inlet|{ indicated
that the total{pressure defect was restricted to the fan tip. As a pesult of '
these data and |the constraint imposed by-a rotating bullet nose on the engine,
flight tests ware conducted using partial span rakes cantilevered frpm the inlet
wall. These rgkes extended well into the high-pressure region of thp inlet. y

and Whitney in|a JT9D/747-100-nacelle flown on a B-52 test aircraft gvaluating
thrust reversen induced stalls, Reference 40. The rake has a bearing-supported
ring at the huh to accommodate the rotating hub. This type of installation is
useful in expldring reverser or crosswind related patterns which may|be
substantially different from flight patterns. ‘

A 40-prdbe-matrix was used throughout the B-1 development.program. The
program 1nc1uded—671ﬁ:—G72e—and—fu++—sca+e—+n+et—tests—as—we++—as—f+ﬁght tests.

Small differences in angular location were necessary among these models due to
the evolving nature and availability of particular IGV locations. Probes were
integral with the leading edge of the IGV's, and attempts were made to align the
probes with the flow streamlines. Both steady-state and high-frequency total-
pressure signals were generated from single transducers at each Tocation. .

The full span, high-response rake, shown in Figure 6.6, was uEed by Pratt 1

On fighter aircraft programs, AIP instrumentation is also used to define
both total- pressure recovery and appropriate distortion descriptors. Inlet
geometry can be variable, and the aircraft is frequently required to perform
highly dynamic maneuvers. The Integrated Propulsion Control System (IPCS)
Program (Reference 41) employed the 40-probe matrix shown in Figure 6.4 to ‘
evaluate inlet : . 4

P D WY FPE PP P WP WP
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performance and distortion using an F-111 aircraft. The AIP was located
approximately four inches upstream of the leading edge of the inlet guide vanes.
A photograph of the AIP rake is shown in Figure 6.7, and the design is discussed
in Paragraph 6.3.2.

The F-15 program employed a 48 probe arrangement on subscale and full-
scale wind tunnel test programs as well as during the flight test program. -The
«double probe configuration used for full-scale tests is shown in Figure 6.8.
Dynamic transducers were installed in the airframe assembly in a manner that
permitted replacement without engine removal. Pressure was sensed 4.5 inches
upstream of t ere sensed at
the same inle d environment

in the bullet

station with the-transduce;s installed in a controll
ose.

T and F-16 provide two examples of recent programs where no AIP
ded during initial flight tests of highly maneuverable aircraft.
rograms employed engines with well-developed stability character-

However, both
inlets were modeled after proven designs.

istics, and th

example, a subscale XFV-12A used a*40-probe matrix in wind tunnel
fy inlet-distortion characteristics of a modern V/STQL fighter/

attack aircraf

ry, AIP instrumentation for‘€éach system was judged on its own

g costs and technical objectives against risks. Howgver, it is
enever relatively newinTet/aircraft concepts are prqgrammed in

h the development ofi:a’new engine, inlet/engine compdtibility

are of sufficient‘'concern to warrant the use of the |40-probe
ssure matrix located as close as possible to the engine inlet. It
nce that is expressed in ARP 1420.

In summ
merit, balanci
evident that w
conjunction wi

characteristic

6.2 TRANSDUCER/PROBE CHARACTERISTICS

er/probe configuration must meet two basic requirements to

e the fluctuations produced by turbulent flow: (1) tthe transducer
must have a nopinally flat response to frequencies in excess of the,|highest
frequency of ipterest. 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 42 and are summarized in the following
paragraphs.

6.2.1 FREQUENCY RESPONSE

A transdu
properly resol

.Studies of the effect of time-varying flow on compressors, such as the- one
described in Reference 7 have shown that distortion at frequencies corresponding
to the appropriate design RPM of the critical compression unit has a significant
impact on stability. In addition, higher frequency fluctuations, up to 2000 Hz
have been shown to affect compressor pumping characteristics (Section 4.4). - The
frequency response requirement can be met because of recent advances
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in transducer technology. 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.

6.2.2 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[tha = h frequencies
is less than fthe actual auto-power spectral density.

Consider a turbulent flow with convective velocity, Ug. In[ the free-
stream, an e would propagate with the flow velocity.

U = fla (6.1)

where f, is one frequency component and ry is its-associated characteristic
wave length. | Suppose it is desired to resolve‘an eddy of characteristic wave
length Ay using a transducer of diameter D such that D<<ay.

The characteristic length of the-eddy is L = 1/2 ay, shown [in Figure 6.9.
As a rule of [thumb, the sensor size should be at most one-tenth the size of the
phenomenon urlder examination. Hence,

A

D=td = 5 (6.2)
Then,
U
: c
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 1imit 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 illustrated in Figure 6.9, 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. The values will tend to average out each other. In essence,
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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.

€1

Equation 6.3 is derived from theoretical considerations and is intended to
provide a quick, order-of-magnitude estimate of the 1imiting frequency.
Experimental data have been evaluated and are presented in Reference 42 for

specific probe sizes.

Effects of probe diameter on spatial averagi

in Figure 6.10. Typical smoothed auto-power spectra, #, were obtai

total-pressur
effect is qui
highest auto-

Finall)
total-pressur
the convectiv
data show a 1
equation abov
200-600 fps.
available. A
frequency ran
discussed in
characteristi

6.3 DATA ACQ

Foresigh
large dividen
techniques ar
frequency res

6.3.1 GENERA

The da
record the da

- .

e apparent, and as expected, the smallest diameten pr
spectral values.

y, the 1imiting frequency for which 90 percent'®@r more
» power spectra is resolved is given in Figure 6.11 ag
h velocity for several commonly used transducer diamet
imiting frequency approximately three times that given
2, Typically, the convective velocity.will be of the
Transducers in the 0.06~ to 0.125-%“jnches diameter ra
5 shown in Figure 6.11, it is possible to acquire data
je of interest for stability evaluation. Scaling crit
Paragraph 6.3,3, are also applicable to transducer/pro

CS.
JISITION SYSTEM

L in configuring appropriate data acquisition systems
s in subsequent data reduction and analysis tasks.

» described, and guidelines are provided for system ag
ponse, and data-‘record length.

| DESCRIPTION

La acquisition system consists of the hardware require
ta.~The details of the system required will depend on

transducer se

ng are shown
ned from the
tial averaging
obe gives the

of the actual
a function of
ers. These
by the
order of
nge are
over the
eria,
be

can result in

Recording

curacy,

d to sense and
the specific

lection. A schematic of a typical system is shown in

Figure 6.12.

The signal from the high-frequency-response transducer is generally

(1ess than 50 mv), and its voltage is proportional to the sensed pressure.

Tow level
That

signal, filtered if necessary, is input to a voltage controlied oscillator

(vCo).

relative to a nominal center frequency, proportional to the input voltage.

The output of the VCO is a variable-frequency signal with the variation,

The

outputs of the VCO's (one per transducer), each having a different center
frequency, are added (multiplexed) using a summing amplifier and recorded on one

track of a tape recorder.,
recording channels.

for variation

Several tracks are used to provide suffi

in tape speed, are recorded on additional tracks.

cient

Time code and a high frequency signal, used to compensate
Recorders,

VCO's, discriminators, and tape speed must be compatible with recovering data to

the maximum frequency of interest.
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available, a single track can be used per transducer rather than multiplexing.
However, it is generally advantageous to record all related signals on the same
recorder.

6.3.2 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 2. The problem is
made more difficult by the Targe range of inlet pressure lTevels encountered at
different f1igh ] F amp1 e high as 34 ps1 will be
measured at Nach 1.2, sea level, and the pressure w111 drop to 2.8 psi during
operation at|Mach 0.9, 50,000 ft. These required pressure ranges [make even the
measurement 9f steady-state pressures difficult.

Individual steady-state pressures (signals time-averaged tg
frequencies
t 0.5 percen
measured. I
highest freq
t 2.0 percen
for stabilit
These errors
and processi
to the point
indicates th;

attenuate
reater than 0.5 Hz) should be recovered with an error not to exceed
(+ two standard deviations) of the abs6lute pressure being

dividual dynamic absolute pressures (containing data|to at least the
ency of interest) should be recovered with an error not to exceed

(+ two standard deviations) of the absolute pressure being measured
and £ 5.0 percent (t two standard deviations) for performance.
include all errors introduced.by the sensing, recording, playback,

g systems from the point where the pressure signal ig being measured
where it again appears as an output pressure. Current practice

t these accuracy levels‘are attainable if the data system is

eloped, with appropriate experience and calibration procedures being

Measu
transducers
sufficiently
calibration

ement of dynamiclor time-varying pressure is more difficult because
ith adequate frequency response and sufficiently small size are not
accurate. It’is generally necessary to apply some form of inflight
0 achievesthe accuracy goals stated above, over the whole flight
envelope. This is particularly true when the operating temperatures in an
exposed inlet rake‘are considered. .The following paragraphs discuss calibration
methods that|have been used.

The dynamic ¢ g inle 5L is urbulence RMS
Tevels of less than three percent are typ1ca1. Th1s leads to the idea of
separately measuring the high- and low-frequency components of total pressure.
Accuracy can then be improved by tailoring transducer and signal conditioning
ranges to maximize resolution for each of the individual.components. Low -
frequency response measurements can be made with larger, more accurate
transducers. These transducers can be located remotely in environmentally
controlled areas to increase accuracy.

Several different approaches have been used. The following paragraphs

describe three: (a) the use of a rake which mechanically zeros a high-frequency-
response, differential-pressure transducer, (b) post-test correction of average
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pressure using accurate steady-state measurements, and (c) analog summing of Tow-
and high-frequency measurements.

In testing an F-111 aircraft, NASA/DFRC used a rake wh1ch provided
transducer zero shift data by mechanically applying a reference pressure to both
sides of the transducer diaphragm. (Reference 43). The concept is shown in
Figure 6.13. A solenoid-operated pneumatic actuator positioned the center rod in
either the "zero" or "data" positions. In the "data" position the transducer was
connected to the rake probe. In the "zero" or “"nul1" position the reference
pressure was vented to both s1des of the d1aphragm. Th1s rake was used in a

-number of f1ighttest program g N ence_pressure a

“The major advantage of this approach is that only onelow-frequency-
response transducer is required instead of 40. This reduces data ag¢quisition and
maintenance costs. There are, however, two significant{disadvantages: (1) it is
difficult to prevent leakage in the rake seals, particularly under high ;
temperature flfight conditions, and (2) the steady state measurement' are made
with the high-[frequency response transducers.

A variation of this approach (Figure 6:14) was used during the B-1 flight
test program. | Instead of venting the reference pressure to both si es of the
diaphragm, the| sensed pressure was routed to both sides to provide 3 "zero"
measurement. Additionally, the back side of the transducer was routed to a
pressure regulpted to 5.0 psi above the-reference pressure. This required a
three-way pneumatic valve for each transducer. Valves were cycled gnce per
minute throughput the flight with(the zero and calibrate positions held for two
seconds each. | In order to maintain signal resolution, provisions were also
incorporated to change gains_asia function of freestream total-pressure level.
Although the data reduction-effort becomes a 1ittle more involved, gonsiderable
success was achieved in measuring both Tow- (quas1 steady state) ang
frequency tota (9
this case means obtaining wind tunnel and flight test results that were
consistent wi

A second
(Reference 44)5—mvo 0 - ) S es—for steady-
state and h1gh frequency response measurements (F1gure 6 15). In the postevent
data processing, the time average of the high-response data for each probe was
corrected to the steady-state value measured at the same time. With this
approach, only the dynamic pressure fluctuations were measured with the high-
frequency-response transducer. As with the zeroing rake, it requires significant
postevent processing. This method also requires the additional steady-state
transducers.

A third approach is similar to the second in the use of separate probes
for steady-state and dynamic measurements. The difference is that the output of
the Tow-frequency "steady-state" transducer is low-pass filtered and electrically
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added to the high-pass filtered output of the high-frequency-response

transducer. Figure 6.16 illustrates this process, as used in a Boeing wind
tunnel test program. A similar system was used in F-15 flight testing. This
approach reduces the data reduction effort and provides an electrical signal with
the full frequency content which can be used in subsequent processing. Care must
be taken to ensure high accuracy in the filtering and summation circuits to avoid
degraded accuracy in the resulting pressures.

The above paragraphs discuss transducer accuracy and techniques for
recording steady-state and dynamic data. It is also essential to consider the
accuracy of [the signal conditioning and recording hardware. A dgtailed error
stackup is useful in evaluating a proposed system. Through such |evaluations,
sensible degisions can be made on selecting the approach and 'hardware to be used.

6.3.3 FREQUENCY RESPONSE

The frequency response of the data acquisition system must be sufficient
to have negligible effect on the quality of the data over the frgquency range of
interest.- The frequency of interest is difficult to identify and must usually be
established|empirically by the engine manufacturer. Since requinements must be
established|early in the program, usually before the actual hardware is
available, reliance must be placed on the experience of the participants to
select appropriate data acquisition hardware.

A number of studies (Referencé- 7) have indicated that frdquencies of the
order of one revolution of the first-stage compression unit are nelevant.
Generally this is interpreted as the frequency where the signal is attenuated
3 db. It i3 recommended that.signal conditioning units and tape [recorders be
selected that do not alter frequency content of the pressure signals to at least
1.5 times the maximum fredquency of interest.

For gcale model}.tests, the required frequency response scdles with
Strouhal number, fLA4/ T, where f = frequency, L = representative Tength, and T =
absolute te%perature, as shown in Table 6.2. The length is the dominant
parameter in the Strouhal number; for typical model testing, the|length
difference ¢hanges the filter cutoff frequency by a factor of 6 o 10, while the
temperature ldifference changes the filter frequency by a factor of 0. 8 to 1.13.
Because the temperature effects on the filter cutoff frequency are relatively
small, and because the value of maximum time variant distortion is insensitive to
small changes in filter cutoff frequency, the temperature difference between
model test and full scale operating conditions is usually ignored. Current
practice is to select a filter cutoff frequency for model test analysis that is
inversely proportional to the model scale. This simplified frequency scaling
procedure reduces the time and cost of model test analysis and produces good
correlation between model and flight data.
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TABLE 6.2

Data Scaling Guidelines.
Strouhal Number Constant
(Same Reynolds Number And Mach Number)

el scale

» frequency ) 'fg) - jL)
Strouhal Number -
, /T full scale Vﬁf-model scale
. Record length and ZZI) _ 'vaf)
time delay L Jfull scale L Jmode] scale
. Power spectra Q(f) VT = g \/_T—>
2 3 2
e L full scale P L model scale
« RMS values APRMS ) _ = APRMS
P full scale P mod

. Covariances

c (1) c?)
P full scale P model dcale

6.3.4 RECORD KENGTH

One congideration in the selection of data-record time length is a
requirement tolacquire statistically stationary data. Stationarity [requires the
average pressufe computed over a-small time segment to be the same as the average
pressure computed over any other  time segment. This is essential tg produce
repeatable dynamic distortion_data. Another consideration is the requirement to
record suffici¢nt data to.obtain reasonable assurance of encountering maximum
distortion levels. Chantes of encountering a higher value increase with record
Tength, Experjence has ‘shown that maximum values occurring within 30 to 60
seconds are satisfactory for full-scale conditions. Although frequency of
interest increases; required record lengths decrease as model scale |decreases.
Time-variant data.should be recorded continuously during inlet/engiqe/aircraft
transients of tnterests

6.3.5 RECORDING SYSTEMS

The recording system consists of the VCO's, summing amplifiers, and a tape
recorder as shown in Figure 6.12. The performance of these components is
extremely important to overall system accuracy. Another consideration is the
selection of the FM center frequencies and bandwidths for recording the data.
There would appear to be significant advantages to bé gained through the use of
standardized frequencies. This would simplify the general use of test data by
more than one company or agency. Unfortunately, data recording systems are
expensive and a range of frequencies is in current use. It would not be

reasonable to replace existing systems simply to change to standard frequencies.

208

Distributed under license from the IHS Archive

it i il e o B ne e |

P W ey

o ey

PPy U



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

SAE AIR*lHLﬂ 53 | BBS?BHD 0oou4é’ss v II

AIR 1419

Table 6.3 outlines suggested frequencies for new systems. Higher
frequencies are required for scale model tests due to the higher frequency-
response requirements. The frequencies suggested do not entirely conform to the
IRIG standards. However, several industry and government test facilities have
modern systems built around these frequencies. Thus, it would appear that
progress in achieving consistent frequencies would be made by adoption of the non-
IRIG frequencies.

TABLE 6.3

Racordina Eraaitanciac
ecorai-ng—rreguencies

Full Scale and|Flight Test

IRIG B o IRIG C
Center Frequengy 32KHz + N(16KHz) . Center Erequency 32KHz + N(32KHz)
Bandwidth +4KHz o Bandwidth +8KHz

Scale Model and Full Scale Ground Engine Testing

Center Frequengy 100 KHz + N(60KHz)
Bandwidth +16KHz

where N|is an integer which increases by 1 for each success1ve center
frequenty.

For any|system it is recommended that IRIG A time code be used. It is
also recommended that a high-frequency sine-wave signal be recorded|for tape
speed compensation.

6.4 DATA EDITING

Data editing consists of three distinct tasks. One is time edjting - the
essential function©f reducing the potentially infinite set of possjble data
points to a mapageable number. -Another is the identification of splurious
signals. These—canbeeithercontinuousty badsignats; generated—from faulty
transducers or s1gna1 conditioning, or intermittently bad transducers generating
occasional spikes in the data. Both types can cause problems in subsequent data
reduction effort. Having identified the spurious signals, the remaining task is
to decide what to do about them. Several techniques are described with emphasis
on those applicable to the AIP instrumentation matrix.

6.4.1 TIME SEGMENT IDENTIFICATION

Enormous quantities of data are recorded during a normal test program.
Selection of appropriate time segments for analysis is the key to a successful
test program. Appropriate techniques frequently depend on the characteristics of
the data acquisition system. Scanivalve systems are frequently used during tests
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to acquire steady-state data, and dynamic data are not necessar11y recorded
concurrently. In blow-down tunnels, each blow may provide a series of individual
data points, and care must be exercised to select time periods only where stab]e
flow conditions have been established. With flight test data, the problems are
further compounded due to variations in aircraft attitude, variable geometry, and
atmospheric conditions. .On-Tine calibration procedures also add complications.

In almost all cases, time history p1ots of selected parameters provide
initial insight for identifying appropriate time segments for analysis. Time
histories can be e1ther digital or analog p1ots and serve not only as roadmaps
for actual te i
data and the yalue of add1t1ona1 analysis. By including the recorded time code
signal on the|strip charts and selecting appropriate paper speeds' (ftime scale),
time segments|of interest, during both steady state and transient test
conditions, can be identified precisely.

Addit1$na1 time-editing is required during tests«where the objective is to
identify AIP dynamic distortion characteristics representing a partiicular
configuration and operating condition. The 30-60 seconds of run time recommended
for ful]-sca1I tests can result in more than 60,000 distinct distorition

patterns. Clearly, additional techniques must be established, and pgreed to by
the concerned|parties, to reduce this volume of data to levels that| are
manageable and cost-effective.

nce has shown that for large test programs, analog distortion

ide one of the more successful techniques for editing

e distortion data. Insthis technique, an analog comppter is wired
evant distortion discriptors. One advantage of analog computers is
ons are done in real time, and thus are useful online|as well as
bility of test-iesults is greatly enhanced when the cpmputer is

ine -device, but’/the validity of the results is stronglly dependent
of the operator to identify spurious signals and takg corrective

Experi
analyzers pro
compressor-fa
to compute re
that computat
offline. Vis
used as an on
on the abilit
action,

advantage of analog distortion analyzers is that continuous traces
components and indexes can be recorded on the same anplog tape used
Strip charts of these s1gna13 can be

Anothe
of distortion
to record the 1nd1v1dua1 AIP s1gna1s.
helpful in id
also be used to flag maximum distortion levels on the analog tape and/or trigger
analog-to-digital converters to digitize the individual signals at the moment of

peak detection.

A11 of these techniques have been employed on recent programs. During the
F-18 program, McDonnell-Douglas used an analog device to compute distortion
levels and flag maximum values. Post-test processing consisted of digitizing AIP
dynamic data only during short time periods spanning the maxima. A photograph of
the analyzer and schematic flow diagrams are shown in Figures 6.17 through 6.19.
Rockwell used a hybrid computer during B-1 inlet tests, not only to compute
distortion indexes in real time, but also to digitize individual AIP pressures at
peak distortion levels. The resulting online displays of
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individual total pressures were useful in redirecting the test and almost
completely eliminated the need for post-test processing. A photograph of the
analyzer and a schematic flow diagram are shown in Figures 6.20 and 6.21,
respectively. An onboard distortion computer was also used during an integrated
propulsion control system program (Reference 41). The analog computer outputs
were recorded on FM tape and used for editing. The computed distortion was also
output to a cockpit display which the pilots used to manually adjust inlet
geometry.

The advent of relatively inexpensive, fast, digital computers is rapidly
opening the possibili i i igi egardless of
the computation scheme, time-editing is essential to reduce the volume of data.

6.4.2 IDENTIFICATION OF SPURIOUS SIGNALS

A numbé¢r of different techniques need to be used to.identify data channels
which have fajled. Prior to the start of a test shift{or flight, ambient
readings can be compared. Any channels that appear questionable can be pressure
checked. Perjodically, all channels should be calibrated end to end. In wind
tunnels or test cells, the pump down period provides another opportunity to
calibrate and|check for bad- channels.

If the data are telemetered during tests in.wind tunnels, test cells, or flight,
oscilloscopes|or strip charts can be used.®o compare the level of dynamic
activity to i{entify bad channels. The same technique can be appljed for

post-test prog¢essing. This approach i's probably the most effectiveé method for
identifying bad channels, particularly those that fail for only a portion of the
test period.

During|the digital processing, each value can be checked against upper and
Tower limits.| These limits'can be either absolute (i.e., the range of the
transducer) or related to flight conditions or the AIP average pregsure. Another
technique for|identifying bad channels during digital processing i$ to establish
Timits for the variation from channel to adjacent channel and regard too large a
change as an jndication of bad data. Care must be taken in the us¢ of these
techniques or|valid data may be disregarded because it does not conform to
preconceived notions.

One particularly effective technique for editing AIP total pressures is
illustrated in Figure 6.22. Data were obtained from flight tests of an aircraft
where an 8 x 5 rake/probe matrix was employed. Data from individual probes were
normalized to free-stream total pressure and plotted by rake and probe number for
a number of distinct data points. In this particular example, sideslip angle is
the independent variable. Static pressures measured at the AIP also are shown.
Editing can be performed quickly and accurately since experience has shown that
the rake data produce consistent patterns. Pressure ratios exceeding unity or
falling below measured static levels can be readily identified and examined more
closely with regard to variations in the independent parameter. Although the
example shown was based on steady-state data, experience has shown the procedure
works equally as well with dynamic data.

213

Distributed under license from the IHS Archive

P SRR



https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34

