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I AIR 1419 

PREFACE 

Industry and government agencies concerned w i t h  a i rcraf t  design and operation 
recognize a need t o  improve methodology and communication on spatial total- 
pressure distortion aspects of the inlet/engine compatibility problem. The 
appearance of modern turbofan engines i n  the l a t e  1960's focused attention on 
this need, and there followed a period of intense activity t o  develop engineering 
techniques for assuring adequate stabil i ty.  These techniques were identified, 
formulated and exercised independently i n  various parts of industry t o  solve flow 
d i s t o r t i o n  problems on -specific systems. The aircraf t  and engine companies form 
a matrix of cooperative engineering activity i n  the international. military and 
civil a i rcraf t  market, and a t h i r d  dimension i s  added by the group o f  customers. 
The  three groups needed t o  consolidate individual experience, establish common 
ground, and gain a perspective concerning the applicability and accuracy of these 
techniques. Adequate resol u t ion  of the aircraft/engine stabil i ty  prob1 em Wou1 d 
depend upon generating generally usable guidelines addressing analysis, t es t ,  
data processing, and information transfer which would be applied in a manner 
consistent w i t h  the expected severity of the problem. 

The Society of Automotive Engineers (SAE) Aerospace Council Divisional 
Technical Committee S-16 was formed i n  1972 t o  examine the aircraf t  gas turbine 
inletfengine compatibility development process, as affected by flow distortion, 
t o  assess w h a t  experience was common throughout  industry, o r  what could be agreed 
as desireable t o  make common. The Committee formulated a number o f  guidel ines t o  
improve communications and minimize repeti t ive work1 oads among program 
participants. I t  recognized that practices employed t o  cope with flow d i s t o r t i o n  
effects were young and changing and t h a t  i n  several cri t ical  areas, practice was 
not sufficiently common o r  defined t o  warrant establishing guidelines. For these 
reasons the guidel i nes were purposely 1 i m i  t e d ,  and were organized and puhl i shed 
i n  March 1978 as Aerospace Recommended Practice ( A R P )  1420, "Gas Turbine Engine 
Inlet  Flow Distortion Guidelines." ARP 1420 was circulated widely i n  the U.S. 
and European aeronautical i n d u s t r i  es. 
expressed, and were carefully considered by the Committee prior t o  submi t t i ng  the 
ARP t o  the SAE Aerospace Council for  publication. 

Significant comments and opi nions were 

The S-16, i n  i t s  proceedings, produced a wealth of information which, in i t s  
entirety, contained a s ignif icant  p a r t  of the flow-distortion- re1 ated corporate 
knowledge o f  the industry as it existed i n  the mid-1970's time period. The 
Committee decided that this information, organized i n t o  a generally available 
document, would provide a source of knowledge for engineers new t o  the problems 
of in1 et-eng1 ne compati b i  1 i ty . The Committee , therefore, compi 1 ed Aerospace 
Information Report (AIR) 1419 " Inlet-Total-Pressure Distortion Considerations for 
Gas-Turbine Engines'' t o  amplify the information contained i n  ARP 1420 and t o  
provi de a "corporate memory. I' 

SAE Technical Committee S-16, t h rough  i t s  members and liaison 
representatives, represents a cross section of  the p a r t  of government and 
industry having the major share of the responsibility for assuring economical, 
safe, and surge-free propul si on systems. Tab1 e A 1 i sts the organizations t h a t  
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AIR 1419 I 
sponsored S-16 and made possible, through i t s  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 t o  provide resources t o  o b t a i n  solutions. The members and 
representatives, 1 isted in Tab1 e A ,  col 1 ectively contributed hundreds o f  hours o f  
work between Committee meetings t o  assure worthwhile results and productive 
meetings . 
H. I .  BUSH 
Chairman, S-16 
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G.-W. Burley 

General Dynamics, Fort Worth Division 
P. P. Truax 

General Electric, Aircraft  Engine Business Group 
P. H. Kutschenreuter, Jr .  
W. G. Steenken 

T. Sedgwick 

A. P. Farr, I I I  

R. D .  Sutton 

Lockheed Caïiforni a Company 

HcDonnell Aircraft Company 

Northrop Corporation, Aircraft Div is ion  

Pra t t  8 Whitney Aircraft, United Technolog.as, Inc. 
Comercial Products Division 

D. Kenison 
D. L. Motycka 
J .  M. Trinsali 

Government Products Division 
S. H. Ellis 

Rockwell International, North American Aircraft 
C. J. MacMiller 

Rol 1 s-Royce , Ltd. 
D .  D .  Williams 

Sverdrup Technology, Inc . 
R. E. Smith, Jr. 
J. T. Tate 

GOVERMENT ORGANIZATIONS 

Department of Defense, Air Force Wright Aeronautical Laboratories, 
Aero Propulsion Laboratory 

H. I. Bush 
J. E. Lueke 
R. J. Martin 
H. E. Schumacher 

F1 i g h t  Dynamics Laboratory 
D. Sedlock 

J. F. Boytos 

R. F. Nugent 

Department of Defense, Naval Air Propulsion Center 

Department of Transportation, Federal Aviation Agency 

National Aeronautics and Space Administration 
hmes Research Center 

D. P. Bencze 
Lewis Research Center 

E. J. Graber 
J. H. Povolny 
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AIR 1419 I 
I N TRO D UCT.1 ON 

Aerospace Information Report ( A I R )  1419 " I n l e t  Total Pressure Distortion 
Considerations for  Gas Turbine Engines" documents engineering information f o r  use 
as reference material and for guidance. Inlet total-pressure distortion and 
other forms of flow distortion t h a t  can influence inlet/engine compatibil i ty 
require examination t o  establish their effect on engine stabi.lity and 
performance. This report centers on inlet-generated total-pressure distortion 
measured a t  the Aerodynamic Interface Plane ( A I P ) ,  n o t  because th i s  i s  
necessarily the sole concern, b u t  because i t  has been given sufficient attention 
in the aircraft  and engine communities t o  produce generally accepted engineering 
practices for dealing with i t .  The report does not  address procedures for 
deal i ng w i t h  performance destabi 1 i z i  ng i nf 1 uences other than  those due t o  
t o t a l  -pressure distortion, or w i t h  the effects of any distortion on aeroelastic 
stabil i ty.  The  propulsion system designer must be careful t o  assure t h a t ,  
throughout the development process, other forms of inle,: flow distortion, w h i c h  
can have jus t  as serious effects on system stabil i ty and performance, have been 
effectively addressed. 

The report deals with spatial total-pressure distortion, as defined by an  
array of high-response total-pressure probes. 
distortion, synthesized from stat is t ical  da t a ,  can provide useful information. 
However, the consensus o f  SAE S-16 i s  t h a t  such techniques are n o t  developed 
sufficiently t o  permit general guidelines t o  be formulated. 

Time-variant total-pressure 

Concepts which are fundamental, t o  th is  report are: 

a. I n l e t  f low quality can be characterized, i n  a form relevant 
t o  engine distortion response, w i t h  numerical 'descriptors 
deri ved from an array of hi gh-response t o t a l  -pressure 
probes ; 

b. Propulsion system stabil i ty can be controlled by the 
aircraft  and engine designers; 

c. Engine stabil i ty can be demonstrated by tes t s  using 
equivalent levels of steady state distortion. 

The report i s  organized i n t o  seven sections, expanding upon the ideas and 
The f i r s t  two sections deal w i t h  recommended practice set  forth i n  ARP 1420. 

surge margin, loss of surge pressure r a t i o ,  and procedures for correlating the 
loss o f  surge pressure r a t i o  with total-pressure distortion. Through use of the 
terms and procedures discussed earlier,  Sect.ions 3 and 4 develop engine s tabi l i ty  
and performance assessment techniques for  hand1 i ng t o t a l  -pressure d i  s tor t i  on by 
putting them i nto context w i t h  other destabi 1 i z i  ng. i nf 1 uences and performance 
detriments. 
currently avail able for generating the information needed t o  apply d i  stortion 
assessment techniques. 

Section 5 describes various tes t  procedures, equipment, and methods 

Section 6 discusses interface instrumentation, da ta -  

10 
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acquisition system accuracy, frequency response, record length, recording 
systems, and the data management procedures necessary t o  minimize communication 
errors among participating organizations. Section 7 provides a short overview o f  
"state-of-the-art", a brief discussion of other forms of distortion a t  the inlet/ 
engine Aerodynamic Interface Plane, a summary of other considerations involved i n  
assessments of in?et/engine compatibility, and brief summaries of probable future 
activity i n  each of these areas. 

The d i s t o r t i o n  descriptor is  the vehicle by which engine reaction t o  in le t  
d is tor t ion  is  forecast and assessed, from program outset well into field use of 
the system, ARP 1420 defines the distortion descriptor a s  a non-dimensional , 
numerical representation of the measured in le t  pressure d i s t r i b u t i o n ,  and 
provides a means for identifying cr i t ical  in le t  flow d i s to r t ions  and for  
communicating during propuls ion system development. Central issues are the 
d i  s tor t ion descriptors, methods of corre1 ating them w i t h  performance and 
s tabi l i ty  changes and t e s t  and information acquisition techniques. Use and 
accuracy of the descriptors vary, depending upon the stage of the engine 
development, b u t  their definitions and purpose remain constant - t o  assess 
status, forecast s tabi l i ty  and identify required engineering activity. 

The.activities associated w i t h  d i s t o r t i o n  descriptor use can be categorized 
for convenience i n  phases (Table B ) ,  recognizing that there i s  l i t t l e  consensus 
concerning the definitions of these phases and that no clear lines of demarcation 
exist  between them. 

Conceptual Studies Phase: This phase, the ini t ia l  step i n  the l i f e  cycle for 
an aircraf t  system, i s  characterized by analytical evaluations of candidate 
aircraftlpropul sion system configurations. Generally, no new testing i s  planned 
for this phase and information for the evaluations i s  based on historical 
sources. Recognition of and planning for  s tabi l i ty  assessment dur ing  concept 
evaluation serves t o  assure that  1) d i s t o r t i o n  effects are a prime consideration 
i n  the selection of the candidate propuls ion  system, 2) those conditions t h a t  are 
considered areas of risk are given particular attention dur ing  the subsequent 
design and development phases, and 3)  d i s t o r t i o n  patterns, inherent t o  the type 
of aircraf t  inlet, are defined t o  enable the engine t o  be designed w i t h  
consideration for predominant patterns. 

The d is tor t ion  descriptor i s  used t o  determine the relative standing of 
several candi date i n l  e t  conf i gurati ons. Speci f i c i tems t o  be eval uated i ncl ude: 
design concept and location, in le t  performance, a i rcraf t  maneuverability-as 
affected by d is tor t ion ,  armament 1 ocation, approximate inlet/engine matching 
characteristics, overall d i s tor t ion  trends w i t h  in le t  geometry and primary and 
secondary airflow requirements. The descriptor i s  used t o  evaluate the s tabi l i ty  
characteristics of candi d a t e  compressor and engine confi gurati ons , their  
sensitivity t o  d i s t o r t i o n ,  the surge margin available for  distortion, and 
potential problems pecul i a r  t o  the various thermodynamic cycles and engine 
control modes 
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AIR 1419 I 
This phase should end when the general a i rcraf t  and the propulsion system 

configurations that can best meet generalized mission requirements are defined. 
Limiting operating conditions w i t h i n  the an'ticipated f l ight  envelope should have 
been identified, including those due t o  in le t  total-pressure d i s t o r t i o n ,  unstart, 
buzz, temperature d i s t o r t i o n ,  water ingestion, armament-exhaust-gas ingestion 
and unusual amounts of engine bleed or. power extraction. The consequence of 
surge associated w i t h  these conditions should have been assessed and a procedure 
established for continuously tracking compatibility throughout  the deve1 opment 
program . 

Preliminary Design Phase: This phase i s  the second step i n  the development 
cycle dur ing  which  mission requirements are defined i n  more detail and a baseline 
vehicle has been selected. Airframe-i n l  e t  integration and i n l e t  component 
testing have begun w i t h  small scale models t o  update compatibility estimates and 
t o  define the extent of required development work. Preliminary indications of 
the extent of the d is tor t ion  problems t o  be expected are identified u s i n g  data 
obtained from steady s ta te  and dynamic probes located a t  the inlet/engine 
aerodynamic interface plane. Fan and compressor performance maps, flow p a t h  
geometry and blade sizes are estimated. Where appropriate, appl  icabl e engine 
components are tested w i t h  d i s tor t ion  patterns characteristic of the in le t s  being 
considered by the airframe contractor. 

The d i s t o r t i o n  descriptor i s  used t o  aid i n  selecting those inlet/airframe 
components t h a t  result  i n  a favorable flow field. Preliminary d i s t o r t i o n  
characteristics are determined for cri tical a i rcraf t  operating condi t ions .  The 
d is tor t ion  descriptors. a re  used t o  assess the effects of d i s t o r t i o n  on the engine 
and i t s  components. 
logic ,  are initiated and used t o  perform preliminary engine s tabi l i ty  a u d i t s ,  t o  
define engine surge margin utilization and t o  aid i n  establishing d i s t o r t i o n  
goals  for the inlet ,  

Engine simulations, w i t h  transient capability and control 

Engine d i  stortion to1 erance estimates are used t o  establ ish the al 1 owabl e 
airflow range for inlet/engine matching, supercritical or subcritical 1 i m i  ts, 
start/unstart procedure, control cr i  teri a, b l  eed confi gura t i  on, boundary 1 ayer 
diverter design, noise requirements, maneuver capability, l i p  shape and radius, 
low-speed flow augmentation, and low-speed crosswind capability. 

A t  the end of this phase, in i t ia l  s tabi l i ty  a u d i t  coordination has occurred 
between engine and airframe companies. The basic in le t  and engine configurations 
have been defined b u t  require further refinement. The vehicle mission has become 
well-defined. Provisions for coordinating any mission changes will have been 
made. Agreement shoul ä exis t  between airframe and engine contractors on: 

a. The d i s t o r t i o n  goals for the in le t  and the engine a t  
specific points  w i t h i n  the f l ight  envelope. These 
represent the maximum level of distortion the in le t  will 
generate and the level the engine will tolerate. 

b. The type, severity and  number of equivalent classical 
patterns t o  be used d u r i n g  i n i  tia1 development testing. 
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c. The d i s t o r t i o n  patterns from subscale in le t  testing t o  be 
used for engine development tests. 

d. A we1 1 -defi ned compati b i  1 i ty program i ncl udi ng the 
definition of the data transmission formats, t e s t  
sequence, c r i te r ia  for  decision making, the scope of 
dynamic d i s to r t ion  tes ts ,  demonstration p o i n t s ,  type of 
instrumentation and location of aerodynamic interface plane. 

Development Phase: T h i s  phase s t a r t s  when system mechanical configurations 
are defined and terminates when the propuls ion system i s  ready for field use. 
The airframe, in le t  and engine configurations are refined through extensive t e s t  
programs. The performance and compatibility of the airframe/inlet system are 
deve1 oped through w i  nd-tunnel tests of 1 arge-scal e model s, and of the engi ne, 
through engine and component tes ts  us ing  suitable d i s t o r t i o n  generators. A fu l l  
complement of dynamic instrumentation, located a t  the agreed AIP, i s  utilized 
during testing. Prior in le t  distortion and engine tolerance committments are 
updated based on real is t ic  t e s t  data and changing requirements. 

obtained from compressor r i g  and engine tests w i t h  in le t  d is tor t ion .  Distortion 
stabil i ty coefficients are adjusted correspondingly, and the process i s  repeated 
as engine design changes occur. The descriptor i s  used t o  verify in le t  
d i  s tor t ion  1 eve1 s, and design vari ab1 es such as t h r o a t  hei g h t  , ramp pos i t i on ,  
cowl shape, bleed and bypass are examined for  their  effects on distortion. 
Updated d is tor t ion  patterns, obtained from wind tunnel and f l ight  tes t s ,  are used 
t o  refine s tabi l i ty  and performance assessments. Descriptors and engine 
simulations are used t o  focus attention on components requiring further 
development. A t  the end of this phase, the airframe and engine have demonstrated 
compati b i  1 i ty throughout  the required f l  i g h t  envel ope. 

period during which tes t s  are performed t o  clear the engine for in i t ia l  f l i g h t  
testing, for limited production, and eventually, for f u l l  production. 
Qualification or certification requires quanti tat ive assessments of engine 
performance and stabi 1 i ty a t  a number of selected condi ti  ons. D i  storti on 
patterns are used dur ing  this phase t o  define the inlet/engine interface t e s t  
conditions.  The t e s t  conditions are defined i n  terms t h a t  include: 

Updated surge margin and surge pressure rat io  changes due t o  d i s t o r t i o n  are 

Engine Qualification Or Certification Phase: T h i s  phase represents the 

Inlet/Engine Interface Condit ions 
A i  r f  1 ow 
Total-Pressure (local point-by-point values) 
Total -Temperature 
Al  ti tude Ambient Pressure 

Instal lation Interface Conditions (a i rcraf t  service requirements) 
Customer Bleed 
Power Extraction 

Engi ne Operati ng Condi t i  ons 
Engine Power Setting 
Engine Service B1 eeds ( i ntercompressor, anti -i ce) 
Control Trim Status 
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AIR 1419 
A t  the conclusion of this  phase, the engine configuration will have demonstrated 
acceptable performance and stabil i ty for the specified sets of operating 
condi t i  ons. 

F l i g h t  Test Phase: Distortion testing through the early part of the 
devel opment phase defines necessary design changes and provides an assessment of 
system performance and stabil i ty well in advance of f l ight.  Flight testing may 
identify design changes and may uncover probl ems requiring further devel opment 
because ground tes t  fac i l i t i es  are limited i n  their  abil i ty t o  simulate the full 
f l i g h t  and maneuver envelopes. 

The primary engine uses of the descriptor are t o  correlate f l ight  and ground 
tes t  da t a ,  and t o  identify sources of flight-revealed performance and s tabi l i ty  
problems. Comparisons are made w i t h  previous engine stabil i ty predictions a t  
specific steady-state and transient operating conditions. Stabil i ty assessment 
procedures may be updated and improved. Flight s tabi l i ty  limits are identified 
and tracked i n  terms of descriptor level, a i rcraf t  Mach number, altitude, 
attitude, and inlet  and engine control parameters. 

The fl ight tes t  phase i s  complete when adequate a i rcraf t  propulsion system 
performance and stabil i ty have been demonstrated over the f l ight  and maneuver 
envelopes and there are no further requirements for flight-generated 
compatibility information prior t o  certification for full  production. 

Operational Phase: During this phase, system engineering changes, 
a l  terations in a i rcraf t  usage, maintenance effects, 'and aging effects are 
assessed for  thei r impact upon i nl et/engi ne compati b i  1 i ty  . 
and instrumentation are required, use of the distortion descriptor would be 
identical t o  t h a t  previously described in the f l ight  tes t  phase. 

I f  additional testing 

The complexity and expense of a compatibility program t o  execute the 
mu1 ti-phased process descri bed will depend on system requirements. 
for a re-engining of an existing aircraf t ,  or development of a podded 
installation for  which significant background da ta  exist  based on similar designs 
and similar applications, may be uncomplicated and inexpensive t o  execute. More 
stringent mission requirements may force severe departures from experience, thus 
incurring added risk and therefore added program complexity and expense. 
information in this report can be used as necessary t o  create a development 
method t o  minimize the risk of i nl et/engi ne compati bi 1 i ty p rob l  ems. 
t o  which infoma.tion regarding descriptor formulation and use, assessment 
techniques, and testing outlined i n  th i s  document i s  applied t o  a specific 
program should be consistent w i t h  the expected severity of  the compatibility 
probl em. 

The program 

The 

The degree 

14 
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I 
SECTION 1 

SURGE MARGIN AND LOSS OF SURGE PRESSURE RATIO 

Compressor surge margin def i n i  t i  ons fa1 1 i n t o  two general cl asses: surge 
margin defined a t  constant corrected airflow, usually a t  the compressor inlet ,  
and surge margin defined a t  constant corrected rotor speed. 

Surge margin defined a t  constant a i  rf l  ow has advantages for engi ne-i n l  e t  
airflow matching and stabil i ty assessment. With this definition b o t h  inlet  
distortion and engine d is tor t ion  tolerance 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 
dt s tor t i  on to1 erance . 

Surge margin defined a t  constant rotor speed has advantages for the engine 
manufacturer; most compressor design procedures and testing are carried o u t  a t  
constant rotor speed. Also, surge margin a t  l i m i t i n g  rotor speed can be defined 
wi thou t  extrapol ation. 

The in1  et/engi ne compati b i l  i ty gui  del ines of ARP 1420, Reference 1, 
recommend a total-pressure-distortion methodology which  utilizes one definition 
of surge margin a s  a basis. T h i s  section discusses tha t  definition and the 
rationale for i t s  choice against a background of some al ternative definitions 
currently used i n  industry . 
1.1 ARP 1420 DEFINITIONS AND RATIONALE 

ARP 1420 surge margin i s  defined a t  constant corrected airflow a t  the in le t  
of the compression component, w i t h  variable geometry, i f  any, i n  the scheduled 
posit ion.  ARP 1420 surge margin i s  the difference between the surge pressure 
r a t i o  and the operating pressure r a t io ,  normalized by the operating pressure 
ra t io .  Referring t o  Figure 1.1, the ARP 1420 undistorted surge margin i s  defined 
as : 

SM = ( PR1-PRO) v 
O 
F 
Q œ 

W œ 
3 
v, 
v, w 
a a 

X 100 UNDISTORTED FLOW 
/SURGE LINE 

\ 1 OPERATING AIRFLOW 
- 

CORRECTED AIRFLOW 

FIGURE 1 . l  ARP 1420 Sclrc;ë Haryin D e f i n i  t i o n  
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The ARP 1420 l o s s  i n  surge pressure r a t i o  due t o  i n l e t  t o t a l  pressure 
d i s to r t ion  (APRS) a l s o  is  measured a t  constant  in le t  corrected airf low w i t h  t he  
var iab le  geometry, i f  any, i n  the scheduled posit ion.  APRS i s  the l o s s  i n  surge 
pressure r a t i o  due t o  inlet  d i s to r t ion  normalized by the undistorted surge 
pressure r a t io .  With  reference t o  Figure 1.1: 

(PR1-PRDS) APRS = PR1 

The l o s s  i n  surge pressure r a t i o  i s  normalized by the undistorted surge 
pressure r a t i o  ra ther  than by the operating pressure r a t i o  because the operating 
pressure r a t i o  may not have been defined when compressor r i g  tests a r e  made t o  
determine the effect of d i s to r t ion  on compressor s t a b i l i t y .  Also,  a better 
comparison among compressors from different engines can be made using a 
d i  s t o r t i o n  sensi  t i  v i  t y  t h a t  i s independent of the operating poi n t  . 

Figure 1.2 shows fan data ,  both w i t h  and without inlet  d i s to r t ion ,  t h a t  
i l lustrate the def in i t ions  of surge margin and loss of surge pressure r a t i o  due 
t o  i n l e t  d i s tor t ion .  
margin, w i t h  no inlet  d i s to r t ion ,  a t  96.4 percent airf low is: 

Using the nomenclature of Figure 1.2,  ARP 1420 surge 

In the example shown i n  Figure 1.2,  the dashed l i n e s  represents a s h i f t  i n  
performance due t o  circumferential  i n l  e t  d i  s t o r t i  on . The 1 oss i n  surge pressure 
r a t i o  due t o  d i s to r t ion  i s  calculated a t  the surge airf low w i t h  inlet  
dfs tor t ion.  A t  89.3 percent corrected inlet airf low 

A t  this airflow, the clean flow surge margin is: 

With reference t o  Figures 1.1 and 1.2,  the surge margin w i t h  d i s to r t ed  flow is: 

The change i n  surge margin for a f ixed operating pressure r a t i o  i s  r e l a t ed  
t o  the loss of surge pressure r a t i o ,  APRS, by 

PR1 SM ASM = APRS = ( 1  + APRS 

For example, a t  89.3 percent airflow: 

ASM = 1.203 x 1.2 = 1.44% 
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2,o ’ 
I I i 

90 95 100 

CORRECTED AIR FLOWN PERCENT 

NO INLET DISTORTION 

--&-- WITH CIRCUMFERENTIAL 
IN LET DI STORTI ON 

&Pc/P i Q.05 

POINT NO. PRESSURE RATIO AI !?FLOW 

2.49 
2.58 
2.72 
2.46 
2.70 
2.07 
2.33 
2.36 

89.3 
92.2 
96.4 
89.3 
96.4 
89.3 
95.6 
96.4 

TI FIGURE 1.2 Fan Map to Illustrate Surge Margin Definition 
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I AIR 1419 
1.2 OTHER DEFINITIONS OF SURGE MARGIN 

Many def in i t ions  of surge margin have been used. Some of these a r e  used i n  
compressor design and development. Some of the more common def in i t ions  a r e  g iven  
i n  Table 1.1, i n  terns of the nomenclature and numerical values of the 
undistorted flow lines i n  Figure 1.2 t o  i l l u s t r a t e  t h a t  the numerical value of 
surge margin is  dependent on surge margin def in i t ion .  

TABLE 1.1 

A l  ternative Surge Margin Definit ions 

IUMBER 

1 

2 

3 

4 +  

5 +  

6 +  

7 

8 

9 

DEFINITION 
PERCENT 

SURGE MARGIN 

15.2 
(ARP 1420) 

13.2 

26.5 

14.3 

11.2 * 

12.5 

9.3 

8.5 

16.2 

:ONSTANT 

9IRFLOW 

:ONSTANT 
SPEED 

+ WA denotes compressor inlet  corrected airflow. 
TR denotes compressor t o t a l  temperature ra t io .  

*Assuming 80 percent ad iaba t ic  e f f ic iency  

The above l i s t  of surge margin de f in l t i ons  i s  not  comprehensive; o ther  
def in i t ions  exist, u t i l i z i n g  f o r  example, compressor ex i t  s t a t i c  pressure. 
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AIR 1419 I 
The above definitions fall  into two general classes: (1) surge margin 

evaluated a t  constant airflow (definitions 1-3) which may require an increase i n  
rotor speed between the operating p o i n t  and the surge p o i n t  and ( 2 )  surge margin 
evaluated a t  constant rotor speed (definitions 4-9) w h i c h  may have a reduction i n  
airflow between the operating p o i n t  and the surge po in t .  For a vertical 
compressor rotor speed 1 i ne, when constant ro tor  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 w i t h  a vertical speed line, while definitions 2 ,  6 and 8 
are another such, set of corresponding definitions. 

Every surge margin definition t h a t  i s  normalized by the operating p o i n t  has 
a corresponding definition n,ormalized by the surge po in t .  Table 1.1 shows three 
o f  these corresponding pairs, namely: 1 and 2 ,  4 and 6, 7 and 8. Definitions 3 
and 9 are normalized by compressor total pressure r ise  rather t h a n  t o t a l  pressure 
ratio. Definition 5 i s  proportional t o  compressor exit  throttle closure; i t  i s  
the percentage reduction i n  compressor exi t  corrected airflow from the operating 
p o i n t  t o  the surge p o i n t  a t  constant corrected rotor speed. Definition 6 i s  
derived from 5 by neglecting temperature ratio differences between surge and 
operating poin ts .  

Surge margin values vary between 8.5 percent and 26.5 percent for the 
examples shown in Table 1.1. T h i s  wide variation for the same compressor, a t  the 
same operating condi t ion ,  i l lus t ra tes  the need fo r  a preferred surge margin 
de f i n i  t i  on . 
1.3 SURGE MARGIN WITH INLET DISTORTION 

Table 1.2 compares clean flow surge margin, distorted flow surge margin and 
the loss i n  surge margin due t o  inlet  dis tor t ion calculated for the nine 
definitions of surge margin presented in Table 1.1. Surge margins i n  Table 1.2 
range from 8.5 percent t o  26.5 percent, while the corresponding loss i n  surge 
margin due .to the tes t  level of circumferential d is tor t ion  ranges from 0.5 
percent t o  6.4 percent. 

accounted for consistently using any of the above compressor surge margin 
definitions. Definitions w h i c h  give higher values of surge margin usually have 
greater sensitivity t o  distortion so that a l l  definitions reproduce the t e s t  
surge point for the tes t  level of inlet  distortion. However, each method may 
estimate a different surge p o i n t  for distortions different from the t e s t  level. 

The effects of inlet  total-pressure distortion on engine stabil i ty can be 

Rotor speed and airflow relationships are required, bo th  with and w i t h o u t  
in le t  distortion, t o  match inlet  operating airflow for constant speed surge 
margin definitions. Constant airflow surge margin definitions, on the other 
hand, enable rap id  assessments of d is tor t ion  effects on surge margin t o  be made 
a t  the matched inlet  and engine airflow. Stability assessments made a t  constant 

O 

D 
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AIR 1419 

TABLE 1.2 

Different Surge Margin Definitions Result in Different 
Di storti on Accounting 

Data 
Points 

Distorted 
F1 ow 

5 ,  8 

5 ,  8 

5,  8 

4,  7 

4, 7 

4, 7 

4, 7 

4, 7 

4, 7 

Clean Flow 
Surge Margin 

Percent 

15.2 

13.2 

26.5 

14.3 

11.2 

12.5 

9.3 

8.5 

16.2 

Distorted F1 ow 
Surge Margin Di storti on 

14.4 

12.6 

25 .O 

13.0 

10.7 

11.5 

5 .6 

5.3 

9.8 

0.8 (ARP 1420) 

O .6 

1.5 

1.3 

O .5 

1 .o 
3.7 

3.2 

6.4 
1 

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r14

19

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


--.-- -~-_ - _o-___ ~ 

SAE AIR*L4Lî 83 8357340 0004708 Li M 

inlet  corrected airflow, defined a t  the interface plane, simplify communication 
across the interface plane since inlet  performance, inlet  s tabi l i ty ,  inlet  
di stortion, engine performance and engine stabil i ty  are al 1 functions of the 
corrected airflow a t  the interface plane. 

Different definitions of surge margin give different numerical values fo r  
surge margin and loss in surge margin, as i l lustrated by Table 1.2. This can 
cause appreciable confusion in inlet/engine compatibility studies because each 
definition provides a different numerical description of stabil i ty.  
Consequently, an engi neer trying t o  compare the stabi 1 i ty of propul si on systems 
t h a t  uti1 ize different definitions of surge margin and different accounting 
procedures has t o  understand different methodologies and then trans1 ate surge 
margins into a common base. This translation may require da ta  t h a t  are n o t  
readily available, such as compressor maps w i t h  and w i t h o u t  distortion. 
Trans1 a t i o n  will certainly require a significant amount of  additional work. 

The ARP 1420 surge margin definition and the associated APRS definition were 
recommended by the SAE S-16 committee t o  meet the need for a consistent approach 
t o  quantifyi ng i nl et/engi ne stabi 1 i ty  assessment w i t h  i n l  e t  total -pressure 
distortion. 
used and have been successful on all  applications t o  date. 

Stability accounting systems based on these definitions are widely 

The use of the ARP 1420 definition of surge margin fo r  in le t  t o t a l  pressure 
distortion assessment does n o t  preclude the use of alternative surge margin 
definitions for compressor design and development purposes. As stated in ARP 
1420, a particular engine configuration may require an al ternative surge margin 
definition. I n  th is  case, the surge margin definition, surge margin loss and 
stabil i ty assessment procedure need t o  be specified. 

1.4 SURGE LINE EXTRAPOLATION IN THE COMPRESSOR OVERSPEED REGION 

In the example of Figure 1.2, the surge line was defined up t o  the operating 
airflow by testing a t  higher rotor speeds on the compressor rig. In some tes t  
rig situations, the achievement of high corrected rotor speeds and corresponding 
airflows may not  be possible, for  example, r ig power supply constraints may make 
i t  impossible t o  determine experimentally a surge l ine a t  h i g h  airflows i n  the 
compressor overspeed regime. I f  the operational 1 imit rotor speed i s  achievable, 
extrapolation of the surge line s t i l l  may be required t o  extend the surge l ine t o  
the highest operating airflow. 

a t  one level o f  distortion. 
surge pressure ratio due t o  differing inlet  di stortion intensities. 
following example shows how different surge i ine extrapolations can affect this  
estimation procedure. 
Figure 1.2, b u t  i n  Figure 1.3 i t  i s  assumed t h a t  the speed l ine shown i s  a 
limiting speed line. 
distortion intensity of 0.10. Surge line extrapolation 1 i s  the same surge l ine 
as shown i n  Figure 1.2 for  undistorted operation., Surge l ine extrapolation 2 i s  
a higher surge line extrapolation. The matched inlet-engine airflow has been 
selected a s  the test  airfïow w i t h  in le t  distortion, 94.9 percent airflow, so t h a t  
stabil i ty accounting can reproduce the tes t  conditions. 

I t  i s  common practice t o  t es t  compression components w i t h o u t  distortion and 
Linear interpolation i s  used t o  estimate the loss of 

The 

Figure 1 .3  has the same undistorted speed l ine as i n  

Figure 1.3 also includes a speed line w i t h  rad ia l  

P 

B 

D 
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SURGE LINE EXTRAPOLATION 2 * /  

/SURGE LINE 
** / *  EXTRAPOLATION 

*I 

2.0 ' I I 1 
90 95 100 

CORRECTED Al R FLOW-PER CE NT 

NO INLET DISTORTION LIMITING 
SPEED 

-------- WITH RADIAL INLET DISTORTION 
LIMITING SPEED , A P R / P :  0.10 

POINT NO. PRESSURE RATIO AIRFLOW 

2.71 9 4 . 9  
9 4 . 9  

(11) 2 . 3 5  9 4 . 9  
(121 2 . 3 0  9 4 . 9  

(91 
(101 2.67 

FIGURE 1.3 Fan Map to Illustrate Effect of Surge Line Extrapolation - 
23 

. .  
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Table 1.3 shows the effect. o f  these different surge l ine extrapolations on 
estimates of the ARP 1420 surge margin for various levels o f  distortion. 

SM - Surge Margin W i t h  
Inlet Distortion 

D i  storti on Surge Surge 
.eve1 (APR/P) , Line 1 Line 2 

O 16.1 17.8 

Inlet 

0.05 9.1 10.0 = 

0.10 2 02 2 02 

0.11 O .8 O .6 

TABLE 1.3 

Effect of Surge Line Extrapol a t i o n  on S tab i l  i ty  Accounting 

APRS - Loss In Surge 
Pressure Ratio 

Due To Inlet Distortion 

Surge Surge 
Line 1 Line 2 

O O 

6.0 6.6 

12.0 13.3 

13.2 14.6 

Table 1.3 shows: 

o A higher undistorted surge 1 ine is  compensated by an increased loss ' i n  
surge pressure r a t i o  w i t h  inlet  d i s tor t ion ,  so t h a t  b o t h  surge l ine 
extrapolations produce the same distorted surge margin for the tes t  
conditions of APR/P = 0.10. 

o A h i g h  surge line extrapolation ( 2) gives higher surge margin 
estimates for distortion levels t h a t  are lower than tested and lower 
surge margin estimates for distortions higher than tested. 

Distortion tests should be conducted a t  or  above maximum anticipated 
d i  storti on 1 eve1 s because i nterpol a t i  on i s safer than extrapol at ion . 
1.5 INDEPENDENT CONTROL OF VARIABLE GEOMETRY 

When compressor variable geometry i s  scheduled as  a function o f  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 i n  the schedul ed position. Errors from the schedul ed geometry setting 
can be accounted for by u t i l i z i n g  terms describing the effects of these errors on 

i 
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AIR 1419 
t h e  surge l i n e  and opera t ing  a i r f l ow .  Engines w i t h  fan  geometry under t h e  d i r e c t  
c o n t r o l  o f  t h e  p i l o t  have been proposed f o r  some app l i ca t i ons .  
t h e  v a r i a b l e  geometry s e t t i n g  i s  an independent v a r i a b l e  adding a new dimension 
t o  compressor maps, surge margin d e f i  n i  ti on, and s t a b i  1 i ty account ing . 

I n  such cases, 

I 25 
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SECTION 2 

SURGE PRESSURE RAT IO CORRELAT ION 

Estimation of the loss of surge pressure rat io  (APRS) due t o  in le t  total- 
pressure distortion i s fundamental t o  accomplishing a stabil i t y  assessment 
(Section 3.0). 
di  stortion descriptor elements descri bed i n  t h i  s section. T h i s  section al so 
discusses the rational e underlying the selection of these d i  stortion descriptor 
elements. 

APRC defined i n  Section 1.0, can be correlated using the 

Sample probe readings based upon screen t e s t  data are given for a variety o f  
patterns useful for constructing a surge pressure-ratio corre1 ation system and 
for checking out a distortion descriptor element computation program. To a i d  
this process, the data are given i n  terms of probe-by-probe total-pressure 
readings and the associated contour plot; the results are presented as  descriptor 
element values and i l lustrated w i t h  bar charts. 

Three correlation systems are described to  familiarize the reader w i t h  the 
type of data required for constructing a surge pressure ratio distortion 
correlation system and t o  i l lus t ra te  achievable accuracies. 
discussions of methods for, and problems of, screening inlet  data and formulating 
a universal screening procedure. 

2.1 DISTORTION DESCRIPTOR ELEMENT DEFINIT IONS 

Section 2 ends w i t h  

Aerodynamic Interface Plane total-pressure probe data are used t o  describe 
in l e t  distortion directly i n  terns o f  the probe readings (pattern) and 
numerically i n  terms of distortion descriptors that  are related t o  the severity 
of the distortion. Distortion descriptors provide a means of identifying 
cr i  tical distorted i n l  et-f1 ow conditions and of comnunicating dur ing  propul sion 
system development. A universal distortion descriptor i s  beyond the state-of-the- 
a r t ;  however, d i  storti  on descri ptor el ements have been i denti f i  ed (Reference 1) 
for use i n  structuring a distortion descriptor for a particular engine. These 
elements are used t o  define each distortion descriptor system and i t s  associated 
computation procedure. The d i  stortion descriptor elements are used t o  quantify 
the distortr'on a t  the AIP. Fundamental t o  the distortion-descriptor elements i s  
the set of pressure-probe readings that are used t o  describe the total-pressure 
distribution. The pressure probes usually are arranged i n  rake and probe arrays, 
a s  descri bed i n  Section 6. Circumferential and radial distortion elements, which 
are cal cul ated using the pressure-probe readings, are defined on a ri ng-by-ri ng 
basis. 
radial elements and i s  discussed i n  detail i n  the following paragraphs. 

terms of intensity, extent and mu1 tip1 e-per-revolution elements. 

Inlet spatial distortion i s  described i n  terms of circumferential and 

Circumferential distortion i s  described for each instrumentation r i n g  i n  
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(I 

Intensity: The circumferential distortion intensity element (hPC/P)  i s  a 

Extent: The circumferential distortion extent element (e - )  i s  the angular 

Mu1 tiple-per-Revolution: The circumferential distortion mu1 t i p 1  e-per- 

numerical indication of the magnitude of the pressure defect for  each ring. 

region, i n  degrees, i n  which the pressure i s  below r i n g  average pressure. 

revolution element (MPR) i s  a numerical indication o-f the "effective" number of 
low-pressure regions for each r i n g .  

The radial distortion intensity element (hPR/P)  describes the difference between 
the ring-average pressure and the face-average pressure for each r ing .  
posi t i  ve and negati ve val ues of r a d i  al  i ntensi ty are possi bl e. 
reflect  a ring-average pressure t h a t  i s  below the face-average pressure. 

Both  
Posi ti ve val ues 

2.1.1 CIRCUMFERENTIAL DISTORTION ELEMENTS - ONE-PER-REV P.ATTERNS 

The 'intensity" and "extent" elements of circumferential d i s t o r t i o n  are 

Figure 2.1 shows typical pressures for the probes in the i-th ring for 
Theta minus, 

obtained by 1 inear interpol ation of the pressures i n  a given instrumentation 
r ing .  
one-per-revolution pattern (one pressure defect i n  360 degrees). 
ei , i s  the circumferential extent of the low-pressure region measured i n  
degrees. 
the linear interpolation which subtends the low-pressure region. 

- 
I t  i s  defined by the intersection between the r i n g  average pressure and 

I l 

61 i e2 i 
Ci RCUMFERENTIAL LOCATION (DEGREES) 

FIGURE 2.1 Ring Circumferential D i  s t o r t i o n  for  a One-Per-Rev Pattern 

Extent = (e-)i = eZi - eli 

intensity (pZ - (PAV)i  - (PAVLOW)i 
(PAV)  i - 

(2.1) 

(2.2) 
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where : ( P A V ) i  - - - 350 7 P(eIi de = ring average pressure 
o 

P(û)i i s  a function resulting from a linear f i t  between the da ta  
points 

The intensity element i s  equa 

Mu1 tiple-Per-Rev = (MPR)i = 1 

the product of e i  times (PAV)i. 

de ( 2 . 3 )  

t o  the shaded area of Figure 2.1 divided by 

(2.4) 

2.1.2 CIRCUMFERENTIAL DISTORTION ELEMENTS - MULTIPLE-PER-REV PATTERNS 

The circumferential di stortion intensity and extent elements f o r  
mu1 t i  -1 obe di stortion patterns al so are determi ned by a 1 i near i nterpol ation 
procedure. 
two -high-pressure regions o f  extents e i l  and ei2. 
analytical expressions are written for the k - t h  low-pressure region f o r  Q low- 
pressure regions for each ring, The extent and intensity elements of each low 
pressure region are calculated by Equations 2.1 and 2.2. 

Figure 2.2 shows a pattern with two low-pressure regions separated by 
t t 

In all  t h a t  follows, the 

I I I I I 
8 ii 82i e 3¡ 84i 

CIRCUMFERENTIAL LOCATION (DEGREES) 
FIGURE 2.2 

Patterns with e ik e min 

mg C ï r c w f a m t i a i  Distortion for a Multiple-Per-Rev 
+tt"" 

If the pattern has 1 ow-pressure regions ci rcumfereniial l y  separated by 
high-pressure regions with extents less t h a n  or equal t o  e min, i t  i s  
considered as an equivalent one-per-revolution low-pressure region. et min i s  
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AIR 1419 
specified by the descriptor developer and i s  a functifn of the predicted or 
measured engine response t o  distortion. A value of e m i n  of approximately 
25 degrees i s  suggested i n  the absence of other information. 

o 

= (e2 - e l l i  + (e4 - e3li for  Figure 2.2 

intensity - ( P A V ) j  - (PAVL0W)i - 
( P A V l i  

. O 

' i k  k = l  

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

e+ m i n  + Patterns w i t h  e ik 

(2.6) 

(2.8) 

If the pattern has low-pressure regions circumferentially separated by 
high-pressure regions w i t h  extents greater than e+ min ,  then the mu1 ti  pl e-per- 
revolution element i s  greater than one. 

Intensity (p),is the (9) corresponding t o  the maximum 
i k  

value of e-ik] 

Extent e i  is  the e ik  corresponding t o  the maximum value of 
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I 

The mu1 t i  pl e-per-revol uti on term i s defined as the number of equival ent 1 ow- 
pressure regions, the equivalence being based on the ratio o f  the total 
integrated area beneath (PAV)! i n  Figure 2.2 t o  the largest single area beneath 
(PAV)!. This i s  given by the equation: 

2.1.3 RADIAL DISTORTION ELEMENTS 

The radial distortion intensity of a ring i s  defined as the difference 
between the face-average pressure and the r i  ng-average pressure d i  v i  ded by the 
face-average pressure. Both positive and negative values o f  radial intensity 
therefore occur; positive values reflect a ring-average pressure t h a t  i s  below 
the face-average. A typical tip-radial distortion pattern is  shown i n  Figure 
2.3. The arrows indicate the difference in radial pressure for  Ring 5. For the 
general r ing ,  i ,  the radial intensity i s  given as: 

(PFAV) - ( P A V ) i  
= ( PFAV ) (2.10) 

where (PFAV) i s  the area-weighted face-average pressure. For N rings a t  centers 
of equal areas: 

N 
(PFAV) = ( P A V l i  

i =1 

I t  should be noted t h a t  the definition o f  the radial intensity implies t h a t  

1 
N 

N 

i 

O O 

I 
HUB TIP 

RADIUS 
FIGURE 2.3 Radial Distortiori Pattern 

(2.11) 
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I AIR 1419 
2.2 RATIONALE FOR ELEMENT DEFINITIONS 

The defi n i  ti ons of the d i  s tor t i  on-descri p t o r  el ements given i n  Faragraph 2.1 
were chosen for  a number of reasons. The most important requirement was that the 
elements should describe well-established facts, that  is, the s tabi l i ty  of an 
engine compression component is  sensi tive t o  the magnitude of a circumferential l y  
varying total-pressure defect (circumferenti,al intensity) , the time a blade 
spends i n  the defect region (extent), the number of defects encountered by a 
bl ade i n  one revol u t i  on (mu1 ti pl e-per-rev) , the magnitude of a radial ly-varyi ng 
total-pressure defect (radial intensity) and whether the circumferential and/or 
radial defects occur i n  the hub,  mid-span o r  t i p  regions of the 
compressi on-component i n l  e t  ( Reference 2) 

The particular form of the circumferential d is tor t ion  intensity element was 
chosen t o  a i d  i n  making hand calculations by avoiding complicated mathematical 
expansions and t o  avoid sensi t i v i  ty t o  a sing1 e-probe 1 ow total -pressure 
reading. The l a t t e r  was accomplished by averaging the pressures i n  the low 
total-pressure region, t h u s  avoiding an expression such as (Pr~vi\x - PMIN)/PAVG 
which is  descriptive of the flow, b u t  does n o t  take the response of the 
turbomachinery i n t o  account. The circumferential intensity element was 
nondimensional i zed by the ring-average total pressure rather t h a n  face-average 
total pressure i n  an attempt t o  reduce the apparent "double bookkeeping" t h a t  
occurs when analyzing complex aircraf t  patterns. This "doubl e bookkeeping" 
occurs when the low total-pressure region may contribute t o  both  the 
circumferential and radial intensity elements so as t o  effectively make the 
defect appear more severe than i t  actually i s .  

elements, linear interpolation i s  considered adequate for  determining the angular 
extent (e-) of a 1 ow pressure region t h u s  avoiding differing recul t s  due t o  the 
type of interpolation used (Fourier curve f i t ,  polynominal , spl ine). T h i s  
pragmatic approach t o  hand1 i ng 1 arge amounts of data produces recul ts t h a t  
corre1 ate  to  an acceptable degree of accuracy. 

To reduce the computation time for the time-variant d is tor t ion  descriptor 

A continuous functional representation, indicating the presence of mu1 t i p 1  e- 
per-rev regions, rather than an integer jump function, was chosen because the 
s tabi l i ty  response of compression components varies i n  a continuous manner, 
depending on the relationship between the intensity-extent products for  each of 
the 1 ow-pressure regions . 
2.3 SAMPLE ELEMENT CALCULATIONS 

As an aid t o  interpreting and cal cul a t i  ng the d i  s tor t i  on-descri ptor  
elements, an example in le t  pattern, i l lustrated i n  Figure 2.4, i s  examined i n  
detail . The corresponding probe readings, normal i zed by face-average t o t a l  
pressure, are given i n  Figure 2.9. The pattern has two low pressure regions 
separated by more than 25 degrees i n  the outer rings and is  termed a 'two-per-rev 
pattern". The ARP 1420 recommended probe array i s  superposed. Figure 2.5 
i l lustrates  the calculation of the circumferential d i s t o r t i o n  elements for the 
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. -  

I EXTENT = 1 5 7 O  I 
----- 
OF INNER RING 

NTENSITY = e = 0.020 

MULTIPLE - PER- REVOLUTION = 1.0 
I 

180 

ANGLE e - DEGREES 

F I G U R E  2 .5  Circumferential Distortion Elements for Inner Ring 

1.2 

1 AVG PRESS OF OUTER WNG 

LINTENSITY =EXTENT AREA I = 0.032 t 
MULTIPLE- PER-REV = ""'A,& lmEA = 1.1 

0.8 I 
I80 3 O 

ANGLE 8 DEGREES 

F F I G U R E  2 .6  Circumferential Distortion Elements for Outer 'ing 
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S A E  AIR*:L4Lî 83 m 8357340 0004720 5 m 

AIR 1419 

1 .O5 

0.95 

_.' ..- 

-n 

Face Avg Press. 
Intens 

Radial Intensity = 
Face Avg Press. - Ring Avg Press. 

Face Average Pressure 
1 I I 1 1 

1 2 3 4 5 
Hub Ring Number TIP 

FIGURF, 2.7 Radlai. Distortion Elements 
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a 

4 

I 

I AIR 1419 

2 3 4 5 

inner r ing where the circumferential p ro f i l e  i s  only a one-per-rev p r o f i l e .  
in tens i ty  element (APC/P) i s  0.02 per Equations 2.2 and 2.3. 
(e') is 157 degrees and the  multiple-per-rev element (MPR) i s  1.0 per Equation 
2.4. The calculat ion of the circumferential d i s tor t ion  elements fo r  the outer 
r i n g  i s  i l l u s t r a t e d  i n  Figure 2.6. 
separated by more than emin. 
value associated w i t h  the largest area under the ring-average to t a l  pressure. 
The multiple-per-rev fac tor  i s  equal t o  1.1 per Equation 2.9. 
radial  d i s tor t ion  elements, a s  calculated according t o  Equation 2.10, a r e  
i l l u s t r a t e d  i n  Figure 2.7. 

The 
The extent  element 

T h i s  r i n g  has two low-pressure regions 
f 

In this case, the in tens i ty  i s  equal t o  the 

The values of the 

A l l  d i s to r t ion  elements f o r  each ring of this pattern can be i l l u s t r a t e d  
u s i n g  a bar graph display a s  shown i n  Figure 2.8. 
possible t o  o b t a i n  quickly the following cha rac t e r i s t i c s  of the pattern: 

T h i s  type of display makes i t  

1) The circumferential in tens i ty  i s  grea tes t  a t  the t i p .  

2)  The circumferential extent i s  grea tes t  a t  the hub. 

3) The only multiple-per-rev content e x i s t s  a t  the t i p .  

4) The radial  in tens i ty  i s  grea tes t  a t  the t i p .  

This format gives the data and the results i n  bo th  tabular  and p ic tor ia l  
form and will be used t o  summarize the data and the r e su l t s  fo r  the sample 
d i s to r t ion  pat terns  of the next subsection. The data f o r  t h i s  example a s  well a s  
the results a re  given i n  Figure 2.9. 

CIRCUMFERENTIAL 
INTENSITY 

CIRCUMFERENTIAL 
EXTENT 

-180" r 
-+ 0.02 ':I 
- O" 

-0 

- -0.02 

FIGURE 2.8 D i  s tortion-Descriptor Elements f o r  the Example I n l e t  Pat tern 

35 
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-I_____ - ___-__LI_--- ----- 

SAE A I R * L 4 L î  83 8357340 0004722 7 

AIR 1419 I 
A pattern with two low-pressure regions separated by less t h a n  e i i n  i s  

illustrated i n  Figure 2,lO. The circumferential d is tor t ion  intensity element for 
the outer ring was calculated according t o  Equation 2.6 and has a value o f  0.026. 

2.4 EXAMPLE DISTORTION PATTERNS 

Example distortion patterns are given in this paragraph for use in checking 
computer program results and t o  i l  1 ustrate the recul ts  obtained when calculating 
the distortion descriptor elements for each of the patterns. The elements of the 
probe-by-probe da ta  arrays are the probe readings normal ized by the area-weighted 
face-average total pressure 

Each of these patterns i s  taken from screen t e s t  da ta .  A l though  the 
patterns o f  Paragraphs 2.4,l through 2.4.6 were intended t o  be classical patterns 
(180 degree one-per-rev square wave, hub radial, and t i p  radial 1, and/or sty1 ited 
combined patterns (180 degree one-per-rev + hub radial, 180 degree one-per-rev + 
t i p  radial, and 90 degree one-per-rev + t i p  radial) ,  the actual patterns often 
had significant differences from the intended patterns. I t  should be noted that 
screen design is i n  i t se l f  an art and careful attention.t.0 detail i s  required i f  
the desired pattern shapes and distortion element values are t o  be achieved for 
al 1 t es t  condi t i  ons . 
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t'rotn% bv i'r<iilii 

(Clockwise ?;rom XDC) 

1.024 -980 -960 ,570 1,UOS 1.020 1.000 1,018 

3 1.~27 .972 .94a ,960 1.001 1.017 ,995 1.010 

k l.tiL5 .'163 .Y38 .SSU 1.0(10 1.UUÓ ,585 1.C04 

FIGUE 2.10 Equival erit One-Per-Rev Pattern 
~~ 

157.2 1-00 -.U158 

144.7 1.00 -.o065 
I 

2 .u3311 

3 .o272 14'3.1 1.GO .(JOG5 

4 -0298 135.6 1.00 ,0079 

5 .O315 132.7 1.13 .O139 

37 

I AIR 1419 
Contour 111 at  Pet t ern 

1 

FIGURE 2.9 Sample Pattern Definition and Results 

LINTENSITY* AREA EXTENT I +  AREA E 0.026 

I 
180 3 O 

0.8 

ANGLE 0-DEGREES 
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AIR 1419 I 
2.4.1 180 DEGREE ONE-PER-REV CIRCUMFERENTIAL DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pat tern i s  given i n  Figure 2.11. The 
r i n g  c i rcumferent ia l  i n t e n s i t y  values are near ly constant and the angular extent  
of the c i rcumferent ia l  d i s t o r t i o n  i s  uniform from r i n g - t o  r i ng .  There i s  no 
mu1 t ip le-per- rev content and very 1 i t t l e  r a d i a l  d i s t o r t i o n  content. 

2.4.2 HUB RADIAL DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pa t te rn  i s  given i n  Figure 2.12. This 
hub r a d i a l  pat tern has almost no c i rcumferent ia l  d i s t o r t i o n .  The angular extent  
and mu1 ti p l  e-per-rev e l  ements have 1 i ttl e physical s i  gni ficance. 

2.4.3 T I P  RADIAL DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pat tern i s  given i n  Figure 2.13. This 
t i p  r a d i a l  pat tern has essen t ia l l y  no c i rcumferent ia l  d i s to r t i on .  The angular 
extent and mu1 t i p 1  e-per-rev elements have 1 ittl e physical s igni f icance. 

2.4.4 180 'DEGREE ONE-PER-REV + HUB RADIAL COMBINED DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pa t te rn  i s  given i n  Figure 2.14. This 
180 degrees one-per-rev + hub r a d i a l  combined d i s t o r t i o n  pa t te rn  has f a i r l y  
uniform circumferent ia l  angular extent, and t i p  r a d i a l  d i s t o r t i o n  i n t e n s i t y  
elements. There i s  minor mult iple-per-rev content i n  the t i p .  

2.4.5 180 DEGREE ONE-PER-REV + T I P  RADIAL COMBINED DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pa t te rn  i s  given i n  Figure 2.15. This 
180 degree one-per-rev + t i p  r a d i a l  combined d i s t o r t i o n  pa t te rn  has f a i r l y  
uni  form circumferent ia l  and angul a r  extent  d i  s t o r t i o n  elements. There i s  no 
mu1 t ip le-per- rev content.. The t i p - r a d i a l - d i s t o r t i o n  content i s  no t  as uniform as 
might be desired. 

2.4.6 90 DEGREE ONE-PER-REV + T I P  RADIAL COMBINED DISTORTION PATTERN 

The informat ion re levant  t o  t h i s  pa t te rn  i s  given i n  Figure 2.16. This 90 
degree one-per-rev + t i p  r a d i a l  combined d i s t o r t i o n  pa t te rn  has e s s e n t i a l l y  
uniform circumferent ia l  and angular extent.  d i s t o r t i o n  elements. There i s  no 
mu1 ti p l  e-per-rev content i n t h i  s pattern. The nonuni formi ty o f  the t i p  r a d i a l  
content i s  s i m i l a r  t o  t h a t  o f  the 180 degree one-per-rev + t i p  r a d i a l  combined 
d i s t o r t i o n  pattern. 

2.4.7 TWO-PER-REV WITH LOWS CLOSER THAN 25 DEGREES AND WITH T I P  RADIAL 
D I STORT I ON PATTERN 
The informat ion re levant  t o  t h i s  pa t te rn  i s  given i n  Figure 2.17. This 

pat tern i s  t reated as a one-per-rev pa t te rn  which has a near ly uniform 
circumferent ia l  extent o f  approximately 140 degrees. The c i rcumferent ia l  
d i s t o r t i o n  l eve l  i s  near ly uniform r i ng - to - r i ng  w i t h  a value o f  approximately 
0.07, and the r a d i a l  d i s t o r t i o n  i s  located a t  the t i p  w i t h  a value o f  
approximately 0.02. - 

38 I 
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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 t o  this pattern is  given i n  Figure 2.18. The 
multiple-per-rev descriptor element for this pattern has a value of almost two, 
making i t  a "bona fide" two-per-rev pattern. The extent of the largest low 
pressure region is  approximateïy 71 degrees. The circumferential distortion i s  
essentially uniform from hub t o  t i p  with a value of approximately 0.07 and a 
tip-radial -di s tor t ion value of approximately 0.02. 

2.4.9 AIRCRAFT PATTERN 

The information relevant t o  this pattern i s  given i n  Figure 2.19. T.his 
pattern has strong m i  d-span ci  rcumferenti al d i  storti on and strong t i  p radi al 
content. The circumferential d i s tor t ion  i s  essentially 180 degrees i n  extent, 
and no mu1 ti pl  e-per-rev content i s present. 

2.5 CORRELATION METHODS 

The loss of compressor surge pressure r a t io  i s  related t o  the distortion- 
descriptor elements given i n  Paragraph 2.1. There does n o t  appear t o  be any 
simple or unique form for combining the elements t o  correlate the loss i n  surge 
pressure rat io  t h a t  will meet the accuracy requirements for every compressor. 
However, the equation given below and i n  Figure 2.20 i s  general i n  nature and can 
be expanded t o  include nearly any distortion descriptor used t o  date: 

(2.12) 

where APRS is  the loss of surge pressure rat io  due t o  d i s t o r t i o n ,  expressed as  a 
percent of the undi storted surge pressure rat io  . 

N i s  the number of instrumentation rings 

KC i s the circumferential di s tor t i  on sensi ti  v i  ty 

KR is the radial d is tor t ion  sensitivity 

APC i s  the circumferential d i s tor t ion  intensity defined i n  2.1.1 
P 

APR 
P 

i s  the radial distortion intensity defined i n  2.1.2 

C i s  an offset term 

The sensitivity and offset coefficients are generalized coefficients and 
will vary w i t h  d i s t o r t i o n  content (extent, mu1 ti  pl e-per-rev) , compression system 
design, and operating conditions. They are derived from t e s t  data and should be 
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_ _ 

AIR 1419 I 
_I 

1 (HUB) 

2 

3 

I 

5 ('TIP) 

1 

a 

3 

4 

5 

--- Protir hy Proba 
(Clockwlac from TDC) 

Cont oiir Pl01 Pnt lern --- 
1 

i 2 3 4 5 6 7 8  
-.-. 

,906 ,912 ,962 1.101 1,116 1,079 ,924 ,915 

.903 .897 1,075 l , : l?  1.103 1.139 ,346  ,902 

,905 ,904 1,048 1,076 1,096 1,107 .935 ,907 

.906 .a99 1.058 1,090 1,107 1.115 ,943 ,905 

. 'IO8 ,914 1.028 1.069 1.071 1,090 ,949 ,925 

7 

1 ( M B )  

2 

3 

4 

5 (TIP) 

1 

2 

3 

4 

5 

FIGURE 2.11 180 Degree 1/Rev Circumferential Distortion Pattern 
- Probe b:: ProSe 

(Clockwise from TLX) 

1 2 3 4 5 6 7 8  

,943 ,944 .936 .942 ,945 ,946 ,947 ,938 

.972 .955 ,982 ,967 ,957 ,968 ,959 ,941 

1.023 1.01) 1,017 1.011 1.021 1,003 1,020 1.007 

1.058 1.038 1.053 1.045 1.048 1.050 1,063 1,051 

1.031 1.026 1.030 1,020 1,019 1,043 1,032 1.035 

Dis tor t ion  üescr ip tor  Clrments - 

Contour P l o t  Pattern 

1 

1 
, y 0.10 

I r -250 

FIGURE 2.12 Hub-Radial D i  s t o r t i o n  Pattern 
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1.046 1.037 1.028 1,03@ 1.033 1.G32 1.Wi3 1.032 

1.054 1.033 1.051 1.040 1.035 1.049 1.045 1.03& 

1.m i.o;o .997 1.029 1.002 1.022 i.ooe 1.021 

.970 .960 ,96 l  .960 ,956 ,976 ,960 ,975 

-968 a943 s343 ,943 ,945 ,956 ,952 ,945 

Distortion &scriptor E l n e n t s  

Cnntour P l o t  P n t t r r n  I AIR 1419 

I 

r , r0.10 

FIGLlt(E 2.13 Tip-Radia! D i s t o r t i o n  Pattern 
Probe by Probe 

(Clockviee from T K )  

1 2 3 4 5 6 7 0  
--- 

.a72 ..974 ,941 1,035 ~.oso 1.037 . ~ o  . a ~  

.a84 .aga ,996 ,988 1.0~9 1.013 ,965 ,689 

.925 ,930 1.067 1.086 1.077 1,090 ,961 ,920 

,940 .93a 1.124 1.151 1.143 1.140 ,986 .9~z 

,938 .930 1.104 1.010 1.086 1.120 1.007 ,949 

Dlstortion brcr ip tor  Elements 

FIGURE 2.14 180 Degree 1/Rev 

Contoiir Plot Fnttern 

I 

Hub-Radi a l  Combined D i  s t o r t i  on Pattern 
41 
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~- - ~ -I ~ -T----- II -- _I ~ 

SAE A I R * L 4 L S  83 M 8357340 0004728  T M- 

I 

- -  
Prohr! bv Frolic 

(Clockwise f r o m  TOC) 

II 

1 (HUB) 

a 

3 

c 

5 (TIP) 

g 
1 

a 

3 

4 

5 

1 2 3 4 5 6 7 8  

. ~ G I  ,936 1,024 i .  144 I ,175 1.120 ,988 ,947 

.939 ,943 1,128 1.131 ; , I63  :.16G 1,OC.Û ,930 

.927 ,910 1.102 1,131 1,104 1.082 ,958 ,924 

,876 .8ßS 1.062 l i U 6 1  1.050 1.057 ,931 ,889 

,873 ,871 1,002 1.0U6 1.032 1.006 ,921 ,868 

Dlstortion Doscrlptor Elrncnts 

o.oG62 201.5 1.00 -0.0332 

0.0039 173.3 1.M -C.0'&27 

0.0757 1ü1.6 1.00 -0.0126 

0.0744 172.9 1.C3 0.03ob 

0.0628 175.2 i.03 0.0569 

!o-ir Plot Pattern .. -- 
I 

I 

-----------I r 3.0 

1I ... _._ r==l ,- t0.07 
FIGURE 2.15 180 Degree 1/Rev + Tip-Rad I a l  Combined D i  s t o r t i  on Pat tern 

Prnbr IV Probe 

(Clockvlae from TOC) 

1 2 3 4 5 6 7 8  

,987 ,962 ,982 1,068 1.086 1,061 ,076 1,069 

,961 ,939 l i 0 9 1  1,072 1,086 1,064 ,080 1.064 

,911 ,913 1.020 1,034 1,010 1,046 $ O z 2  1,026 

,878 . a n  ,989 1,002 ,984 ,987 ,985 ,997 

,R72 ,858 i970 ,983 ,981 s9ß5 ,972 ,961 

I>lst.ortlon Dcscrlptor ?:lPmenta 

(y)i (e-)i ("..)i -. 

- C< ..::ii:r .... _.-_____. Plot Pnttern 

I 

I 
...- r.o.lo 

FIGURE 2.16 90 Degree 1/Rev + Tip-Radial Combined Distor t ion Pattern 
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Diatortion DescriDeor E l m n k  

I 

Wi (@-)i (...)i (+)i 

1 0.0704 140.0 1.00 -0.0072 

a 0.0761 139.8 1.00 -0.0091 (+)i 

3 o.- 139.8 1.00 - 0 . ~ ~ 2  

c 0.0710 138.T 1.00 0.m1 

5 0.0613 l38.0 1.00 o.cz4c 

FIGURE 2.17 2/Rev W i t h  Lows Closer Than 25 Desrees and W i t h  Tip-Radial 

1 

a 

3 

4 

5 

FIGURE 2.18 

0.0626 73.5 2.39 O.O?V* 

2/Rev W i t h  Lows Further Apart Than 25 Degrees and W i t h  Tip-Radial 
Distor t ion Pattern I 
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AIR 1419 I 

- 
i íiiun) 

2 

3 

4 

5 (TIP) 

sy 
1 

2 

3 

4 

5 

Probe by Probe 

(Clockwise from TDC) 

1 2 3 4 5  7 8  

1,124 1.089 1 ,010  ,947 1.017 1,037 1,039 1,082 

1,109 1,100 1,024 ,888 ,937 1,020 1,025 1,092 

. 1 , 0 8 8  1.075 1.030 ,891 ,896 ,972 ,980 1,088 

1.050 1,027 1,008 ,938 ,893 ,989 ,948 1.029 

,949 ,945 ,953 i897 ,902 ,913 ,904 i 9 7 2  

Distort ion Descriptor Elements 

(e-), (..1x (%qi 
0.0327 203.2 1.00 -0.0463 

0.0574 174.6 1.00 -0.0275 

0.062h 180.5 1.00 -0.0056 

0.039't i80.2 1*O0 

0.0236 177.8 1.00 0.0678 

0.0117 

FIGURE 2 . i 9  

Contour Plot  Pattern 
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Aircraft Pattern 

APRS = [Circ Term 3. Radial Term + Constant Term] 

Radiai Sensitivity 

Circ sensi tivi t y-/ 

Radiai Sensitivity 

Circ Intensity 

Radial I n t e n s i t y 2  

Constant Term 1 
-1 FIGURE 2,20 Basic Equation for Calculating Surge Pressure Ratio Loss 

(APRS) 
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I AIR 1419 
I 

of sufficient accuracy t o  correlate the effect of cri t ical  distortion patterns 
w i t h i n  22 percent surge pressure r a t io .  For. practical purposes, the general ized 
coef f i ci ents are of ten expanded. An exampl e o f  the expanded ci rcumferenti a l  
sensitivity i s  given i n  Figure 2.21. This expanded sensitivity i s  a function of 
the defect location (hub,  mid-span, or  t i p ) ,  the extent and mu1 tiple-per-rev 
circumferential distortion descriptor elements, as well as the reference 
sensi t i v i  ty. The reference sensi t i v i  t y  , usual ly  based on a 180 degrees 
one-per-rev circumferential d i  stortion pattern,  i s  generally represented by a 
constant a t  a given corrected speed. i f  significant nonlinearities occur i n  the 
loss of surge pressure rat io  w i t h  the level of intensity relationship for the 
reference pattern, especially a t  h i g h  levels, the relationship can be treated as 
being piecewise linear. This then leads t o  reference sensitivities which  vary 
w i t h  level of intensity and contribute t o  the offset term, Ci. 

EXTENT FUNCTION - 
MULTIPLE - PER- REV FUNCTION 

RING WEIGHTING FACTOR 

FIGLiRE 2.21 Example o f  Expanded Circumferential S e n s i t i v i t y  
The loss i n  surge pressure r a t i o  for  downstream compression components can 

be calculated according t o  Equation 2 -12 through the introduction of d i  stortion 
transfer and generation coefficients i n  the sensitivity parameters. Methods for 
accomplishing this are discussed i n  Paragraphs 2.5.2.4 and 2.5.3.4. 

The following paragraphs provide examples o f  three methods t h a t  have been 
used t o  correlate the loss of surge pressure ratio for  compression components. 
In two cases, the correlation makes fu l l  use of ARP 1420 distortion-descriptor 
elements, b u t  are n o t  i n  use i n  conjunction w i t h  an aircraf t  program, while the 
t h i r d  i s  i n  use w i t h  an aircraft  program, b u t  the circumferential distortion 
i ntensi ty i s not the ARP 1420 defini t i  on . Further, exampl es of corre1 a t i  ons , 
based on dis tor t ion elements similar t o  those derived i n  ARP 1420, are given t o  
show the broad range of components t h a t  can be treated using this correlation 
method . F- 
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SAE AIR*1417 83 m 8357340 0004732 L m 
~ 

2.5.1 METHOD A 

Method A has been used t o  correlate da ta  from a three-stage fan i n  terms 
of ARP 1420 distortion descriptor elements w i t h  the same accuracy as ,an existing 
distortion index t h a t  has been verified by d i s t o r t i o n  screen tes ts ,  propul c ion 
system tests,  and f l i g h t  tests.  

The example shows a data correlation i n  terms of four empirical 
correlation coefficients, namely: circumferential sensitivity, r ad ia l  
sensitivity, hub-radial offset, and t i p  rad ia l  offset. Fictional, but .  typical, 
values o f  these correlation coefficients are presented as functions of in le t  
corrected airflow. 

The philosophy of Method A is :  

o The Circumferential sensitivity of Equation 2.12 i s  
expanded t o  include ring-weighting factors, an extent 
factor, and a mu1 t i  pl e-per-revol uti on factor. 

o The loss i n  surge pressure r a t i o  due t o  circumferential 
distortion i s  proportional t o  a weighted average of the 
distortion-descriptor elements over the entire interface 
pl ane. 

o The loss i n  surge pressure r a t i o  due t o  radial d is tor t ion  
is  evaluated for two annular regions. For an interface 
plane defined by five instrumentation rings, the hub 
region consists of the inner two instrumentation rings and 
the t i p  region consists o f  the outer two instrumentation 
rings. 

o The loss i n  surge pressure r a t i o  due t o  radial d i s -  
t o r t i o n  is  the higher of the losses evaluated for  the h u b  
and t i p  regions. 

o The loss i n  surge pressure ratio due t o  combined 
circumferential and radial distortions i s  obtained by 
algebraic superposition of circumferential and radial 
terms . 

o Correlation coefficients are functions of corrected inlet  
airflow only, and are independent of the d is tor t ion  
pattern. 

o Loss i n  surge pressure ratio due t o  inlet  distortion i.s 
measured from an undistorted surge l ine w i t h  uniform in le t  
flow as defined i n  Section 1.2. 
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2.5.1.1 Definition of Terms 

is  the loss i n  surge pressure ratio due t o  circumferential 
distortion expressed as a percentage o f  the undistorted surge 
pressure ratio. 

i s the number of i nstrumentation rings. 

i s  the weighting fac tor  f o r  ring i .  To represent an existing 
distor-tion index, ai was selected t o  be inversely 
proportional t o  the instrumentation ring diameter, subject t o  
N 

i =1 
i s  the average circumferential sensi ti vi ty ,  determined 
empi ri cal 1 y 

C ai = 1. 

i s  the ARP 1420 circumferential distortion intensity of r i n g  i .  

i s  the ARP 1420 circumferential extent of the distortion i n  
ring i i n  degrees. 

i s  the ARP 1420 mu1 tiple per revol u t ion  element for  ring i .  

i s  the loss i n  surge pressure ratio due t o  hub radial 
distortion expressed in percent of the undistorted surge 
pressure ra t io .  

i s  the loss i n  surge pressure r a t i o  due t o  t i p  radial 
d i s t o r t i o n  expressed i n  percent of the undistorted surge 
pressure ratio. 

i s  the loss i n  surge pressure r a t i o  due t o  inlet  distortion 
expressed i n  percent of the undistorted surge pressure r a t i o  
(ARP 1420 definition) 

i s  the loss i n  surge pressure ratio due t o  radial distortion 
expressed i n  percent of the undistorted surge pressure r a t io .  

i s  the average radial sensitivity, determined empirically. 

i s  the ARP 1420 radial distortion intensity of ring i .  
intensity can be either posi t i  ve or negati ve 

This 
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C h , C t  are the radial o f f s e t  terms f o r  the hub and t i p ,  respectively.  
Usually one i s  close t o  zero, denot ing the region c loses t  t o  
surge, while the other i s  negative, re f lec t ing  the higher 
surge margin of the region. fu r thes t  from surge. 

2.5.1.2 Formulae fo r  Loss of Surge Pressure Ratio 

The lo s s  i n  surge pressure r a t i o  due t o  circumferential d i s tor t ion  i s  
obtained from a weighted average of dis tor t ion-descr iptor  elements over the 
i nterface pl ane. 

c 

(2.14) 

The ring weighting fac tor ,  extent function, and mu1 tiple-per-rev 
function of Equation 2.14 were based on experience w i t h  s imilar  fans;  
consequently, the circumferential s ens i t i v i ty ,  K c ,  i s  the only empirically 
determined corre1 a t i n g  parameter i n  Equation 2.14. 

The loss i n  surge pressure r a t i o  due t o  radial d i s tor t ion  i s  the higher 
of the loss of the hub or t i p  regions. 
surge pressure r a t i o  i n  the hub region which  consists o f  rings 1 and 2,  weighted 
equally. Equation 2.15b describes the loss i n  surge pressure r a t i o  i n  the t i p  
region'which cons is t s  of rings 4 and 5; weighted equally. 
determines whether the hub or  t i p  region i s  c r i t i c a l  f o r  the s t a b i l i t y  o f  the 
par t icu lar  radial inlet pattern and i n l e t  airflow under invest igat ion.  

Equation 2.15a describes the lo s s  i n  

Equation 2 . 1 5 ~  

x 100 (2.15a) 

x 100 (2.15b) 

( 2 . 1 5 ~  ) APRSr = l a rger  of APRSh or APRSt 

Circumferential and radial terms are added: 

APRS = A P R S ~  + APRSr 

The set of Equations 2.14, 2.15a, 2.15b, 2.15c, and 2.15d are equivalent 

(2.15d) 

t o  general Equation 2.12. An example illustrating this equivalence i s  shown i n  
Section 2.5.1.5. 

48 

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

                                                                                          

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r14

19

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


I AIR 1419 
2.5.1.3 Correl ation Coefficients 

Circumferential D i  s to r t ion  

The ci  rcumferential sensi ti v i  ty  i s  establ i shed from tes t s  w i t h  180 
degrees classical i n l e t  distortion screens. A typical variation of circum- 
ferential sensitivity w i t h  corrected airflow i s  shown i n  Figure 2.22. 

Radi al D i  s to r t i  on 

Typical vari a t i  ons of radial sensi ti  v i  ty  , hub-radi al of f  se t ,  and 
tip-radial offset  are given i n  Figures 2.23, 2.24, and 2.25, respectively. 
combination o f  radial sensitivity, hub-radial offset, and tip-radial offset i s  
used t o  model the piecewise l inear loss of surge pressure rat io  w i t h  radial 
distortion, as  discussed below. Under ideal conditions (no error) ,  one radial 
offset  should be zero while the other should be ei ther  zero or negative. From 
Figure 2.24 and 2.25, i t  can be seen that  below 60 percent airflow the hub-radial 
offset  is  significantly negative while the tip-radial offset  is  n o t  zero, b u t  i s  
between 0.0 and -0.02. This nonzero t i p  radial offset reflects error i n  the 
undi started surge-pressure-ratio measurement. T h i s  corre1 ation assumes- that  the 
undistorted surge pressure rat io  was measured between O and 2 percent lower than 
the true value i n  this airflow range. Similarly, the nonzero hub-radial offset  
above 95 percent airflow describes an undistorted surge margin that  i s  assumed t o  
be measured a fraction o f  a percent lower than the true value. 

The 

P i  ecewi se-1 i near Radi al D i  storti on Correl a t i  on 

The loss i n  surge pressure rat io  due t o  hub-radial d i s t o r t i o n  usually 
has a significantly different characteristic than the loss i n  surge pressure 
rat io  for  a tip-radial d i s t o r t i o n  of the same magnitude as i l lustrated i n  Figure 
2.26. The surge line of a fan can usually be increased by a small amount of 
e i ther  hub-radial o r  tfp-radial d i  s tor t ion .  Consequently, the piecewise-1 inear 
curve shown i n  Figure 2.273s faired through the data of Figure 2.26. 
2.27 shows art increase i n  surge 1 ine (negative APRS) over the undistorted surge 
l ine for  hub d i s t o r t i o n s  w i t h  an intensity less than 0.1. 
(radial sensit ivity) i s  assumed equal for both hub and t i p  distortions. 
were more data points to  justify different slopes, t h e n  different sensi t i v i  t i e s  
could be used for  hub-radial and tip-radial distortions.  

Figure 

The slope of the line 
I f  there 

Figure 2.28 il 'lustrates the use of hub and t i p  radial offset  terms t o  
describe the intercepts of the l inear correlation l ines on the zero d i s t o r t i o n  
axis. Figure 2.29 i l lus t ra tes  the equation used t o  correlate Toss i n  surge 
pressure ratio due t o  radial d i s t o r t i o n .  In this example, the hub constant 
c h  = -0.06 while the t i p  constant C t  = O. T h i s  can be interpreted as  the hub 
having six percent more surge margin than the t i p  which can be used t o  offset  the 
destabilizing effects of hub-radial and circumferential distortions. The loss i n  
surge pressure ra t io  i s  the maximum value calculated from either the hub or t i p  
correlation equations. For this example, the hub is c r i t i ca l  for  hub-d is tor t ion  
intensities greater than 0.05 while the t i p  i s  c r i t i ca l  f o r  hub-distortions less  
than 0.05 and for a l l  t i p  d i s tor t ions .  
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AIR 1419 I 

PERCENT OF DESIGN CORRECTED AIRFLOW 

FIGURE 2.22 Ci rcumferent ia l  S e n s i t i v i t y  

5 

2 

1 

O 

PERCENT OF DESIGN CORRECTED AIRFLOW 

FIGURE 2.23 Radial S e n s i t i v i t y  

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r14

19

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


1 

o. o 

-0.02 

-0. o4 

-0.06 

ch -0.08 

-0.10 

-0.12 

-0.14 

-0.16 
50 

PERCENT OF DESIGN CORRECTED AIRFLOW 

FI- 2.24 Huh-Fadial offset 

o. o 

-0.02 

-0. o4 

-0.06 

‘t -0.08 

-0.10 

-0.12 

-0.14 

-0.16 

PERCENT OF DESIGN CORRECTED AIRFLOW 

Figure 2.25 T i p R a d i a l  O f f s e t  
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FIGURE 2.26. Example of Radiai  Distortion Data 
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FïIGuRE 2.27 Radial Sensitivity Evalwtion 
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I AIR 1419 
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2.5.1.4 Exampl e Calcul a t ions 

Evaluate the loss i n  surge pressure r a t i o  fo r  the a i r c r a f t  pattern shown 
i n  Figure 2.19 a t  100 percent airflow. 

From Figures 2.22, 2.23, 2.24 and 2.25 a t  100 percent airflow, 

For an annular AIP w i t h  a hub-to-tip r a t i o  of 0.33 and r ings on centers 

KC = 0.55, Kr = 0.7, Ch = -0.002, and C t  = -0.096. 

o f  equal area,  circumferential weighting factors  are 

a i  = 0.303, 0.219, 0.180, 0.157 and 0.141 

Evaluat ing Equation 2.14 f o r  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 

APRSh = (-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 2.15c, the hub i s  c r i t i c a l  , therefore:  

APRSr = -2.78 

From Equation 2.15d APRS = 2.42 - 2.78 = -0.36 

T h i s  particular pattern results i n  a small increase i n  surge pressure 
r a t i o  a t  this operating condition because the gain i n  surge margin w i t h  
t ip-radial  dis tor t ion more than o f f se t s  the los s  i n  surge margin due t o  
circumferential d i  s tor t ion .  

2.5.1.5 Equivalence of Method A t o  the Basic Equation 

Method A can be p u t  i n to  the form of the basic Equation 2.12, using 
Equation 2.15e which  relates the ring sens i t i v i ty ,  K C i ,  t o  the average 
sens i t iv i ty ,  KC, and by Equations 2.,15f and 2.159 w h i c h  set  some of the terms t o  
zero as a result of Equation 2 .15~ .  

( 2.15e ) 

54 
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I 

I AIR 1419 
I f  Equation 2 . 1 5 ~  shows t h a t  K R 1  = KR2 = Kr/2 

KR3 = KR4 = KR5 = O 

c1 = e2 = ch/2 

the hub i s  c r i t i c a l ,  t h e n  

(2.15f) 

e3 = e4 = c5 = o 
I f  Equation 2 . 1 5 ~  shows t h a t  KR4 = KR5 = Kr/2 
the t i p  i s  cri t i ca l  , t hen  

K R 1  = K R 2  = KR3 = O 

c4 = e5 = et12 

e1 = e2 = c3 = 0 .  

The basic Equation 2.12 is shown below together w i t h  an array which 
shows each of the terms of the equation evaluated fo r  the example of Paragraph 
2.5.1.4. Each line of the array represents the terms of one r i n g  of Equation 
2.12 w i t h  the hub r i n g  a t  the top. 

For this example, Equation 2 . 1 5 ~  shows t h a t  the hub i s  c r i t i c a l ,  
therefore: 

K R 1  = K R 2  = 0.35 

e1 = c2 = -.o01 

c3 = c4 = c5 = o  
N 

i= 
APRS = [KCi ( - )  + KRi + Ci] x 100 

APRS = C0.188 (0.0327) f 0.35 (-0.0463) - 0.001 
+ 0.117 (0.0574) + 0.35 (-0.0257) - 0.001 
+ 0.099 (0.0624) + O (-0.0056) + O 
+ 0.086 (0.0394) + O (0.0117) + O 
+ 0.0767 (0.0236) f O (0.0687) f O] x 100 

APRS = -0.36 

The radial r i n g  sensitivities and o f f s e t  terms of Equation 2.12 can change 
w i t h  the inlet d i s t o r t i o n  pat tern,  whereas i n  the al  ternative, equivalent 
equations f o r  calculat ing loss i n  surge pressure r a t i o  (Equations 2.14, 2.15a, 
2.15b, 2 . 1 5 ~  and, 2.15d), the sensitivities and o f f s e t  terms are functions of 
inlet  corrected airf low only and a re  independent of the inlet d i s to r t ion  pattern.  
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AIR 1419 I 
2.5.2 METHOD B 

In this paragraph, an expansion similar to  an expansion of Equation 2.12 
is  developed t o  show how each term may be obtained. A l  though the fol lowing 
method has been used for  a number of recent compression components, the 
information contained herein has' been developed for a fictionalized fan 
compression component w i t h  two stages. This d is tor t ion  sensitivity methodology 
is  based on decomposing any a i rc raf t  pattern i n t o  i t s  circumferential and radlal 
elements and estimating the loss i n  surge pressure rat io  due t o  each element. 
The loss i n  surge pressure rat io  for each distortion element i s  based on 
sensit ivit ies determined from classical and sty1 ized pattern testing. 

2.5.2.1 Definition of Terms 

Correlation of the loss of surge pressure rat io  for  the fan component i s  
accomplished using the empirical relationship: 

APRS = bp . EX P [KCp (g) + ,,,] + [KRp (g) + cRp] (2.16a) 

where APRS i s  the loss i n  surge pressure rat io  and: 

- Superposition function which accounts fo r  coupling effects 
between the circumferential and radial components of 
total -pressure d i  storti on. 

bP 

EXp - Extent function which accounts for change i n  loss of surge 
pressure rat io  due t o  the extent of the total-pressure pattern 
differing from 180 degrees. 

- Circumferential total-pressure d is tor t ion  sensitivity. KcP 
AP/PC - Level of i n l  e t  circumferential total -pressure d i  storti on. 

CCp - Circumferential total-pressure distortion offset  coefficient 
for sensitivity or portion of sensitivity lines not passing 
through the o r i g i n  . 

- Radial total -pressure d i  stortion sensi t i v i  ty. KRP 
AP/PR - Level of i n l  e t  radial t o t a l  -pressure d i  storti on 

CRp - Radial total -pressure d is tor t ion  offset  coeffic 
sensitivity or por t ion  of Sensit ivity lines not 
the origin. 

ent for 
passing through 
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I AIR 1419 

G 

Equation 2.16a, when i t  i s  written i n  the form of Equation 2.12, i s  
similar t o  an expansion of Equation 2.12. 

APRS = KC ( . )  t KR (6)t C (2.16b) 

where: 

KC = bp . EXp KCp ( 2 . 1 6 ~  ) 

KR = KRp (2.16d) 

(2.16e) 
P 

. EXp . CC + CR C = bp 
.P 

The bracketed terms (Equation 2.16a) represent the l o s s  i n  surge pressure ra t io  
due t o  pure 180 degree one-per-rev circumferential  and pure radial  d i s to r t ions ,  
respect ivelyi  The  circumferential t o t a l  -pressure di  s to r t ion  term AP/PC was 
determined from the  maximum val ue of the expression 

* 
i =1 

( P  RING AVGl i  - ( P  RING MINIi 
1 AP/PC = 1/2 

or 

(P RING AVGIi  - ( P  RING MINIi 
1/2 c P FACE AVG i =4 

(2.17a) 

(2.17b) 

where i denotes a r ing  (hub r ing  is denoted by 1 and the t i p  r ing  by 5). Note 
t h a t  the def in i t ion  d i f f e r s  from the ARP 1420 def in i t ion  f o r  the circumferential 
d i s to r t ion  level element, bu t  i s  re la ted  t o  i t  f o r  well-behaved pat terns .  The 
radial  t o t a l  -pressure di  s to r t ion  term AP/PR was determined from the maximum val ue 
o f  t he  expression 

( P  FACE AVG) - (P R I N G  AVG)i 
d AP/PR = (2.18) 

Only pos i t ive  values are considered. The maximum value usually is 
contributed by either i=5 ( t i p  radial  o r  i=l (hub rad ia l  T h i s  def ini  t i on  i s  
ident ical  t o  the  ARP 1420 radial  d i s to r t ion  level element def in i t ion .  
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2 . 5 . 2.2 Coef f i ci6n.t Determi nat i  on (Constant Corrected Speed) 

This paragraph reviews the manner i n  which  the coefficients, of Equat ion 
2.16a were determined. Prior t o  this discussion i t  i s  instructive t o  examine the 
coefficients i n  more d e t a i l  t o  determine what they represent. Equation 2.16a can 
be arranged t o  give the following form: 

APRS = I C p  (E) + CCp] bp. EXp + I R p  (E) + C R p ]  

Equation 2.19 can be written i n  the fol lowing form: 

(2.19) 

(2.20) 

where 

APRSC 180 = KCp AP/PC + CCp and represents the loss of 
surge pressure ratio assuming the low pressure 
region has an extent of 180 degrees and t h a t  no 
radial  d i  s torti on i s present. 

= b and represents the r a t io  of the loss of surge 
pressure ratio due t o  a 180 degree one-per-rev low 
pressure region w i t h  radial  distortion t o  the loss 
of surge pressure r a t io  due t o  a pure circumferen- 
t i a l  180 degree one-per-rev pattern. 

= EX .and represents the r a t i o  of the loss i n  surge 
pressure r a t io  due t o  a circumferential low-pressure 
region of arbitrary angular extent w i t h  radial  dis- 
tortion t o  the loss i n  surge pressure r a t i o  due t o  a 
180 degree one-per-rev 1 ow-pressure region w i t h  
radial  d i s t o r t i o n .  

APRSC 180 , R  
APRSC 180 P 

APRSC, e R 
APRSC 180, R P 

APRSR = Loss i n  surge pressure ra t io  due t o  radial  
d i s tor t ion  assuming no circumferential distortion 
i s  present. 

The methodology screens defined i n  Table 2.2 were used t o  establish the 
loss i n  surge pressure r a t io  a t  the given corrected speeds. Further, this table 
indicates which  screens were used i n  determining each coefficient. 

58 I 
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TABLE 2.1 

TYPE - 

Methodology Screens and Coefficient Determination 

COEFFICIENTS 

T i p  Radial 

180: l/rev + T i p  Radial 

1354 l/rev + T i p  Radial 

90: l/rev + Tip Radial 

I Hub Radial 

KR , CR 
PT-¡ p PT-¡ p 

bP 

EXP 

I KR , CR 
PHub PHub 

Circumferential Distortion Sensitivities 

The circumferential di s tor t ion sensi t i v i  ty coefficients were determined from 
test  data which were obtained using 180 degree one-per-rev screens. The data are 
shown i n  Figure 2.30. S t r a i g h t  lines have been faired th rough  the data and the 
origin. I t  was assumed that the radial d i s t o r t i o n  levels are sufficiently low 
(0.015 on the average) such that any loss of surge pressure ratio due t o  radial 
d is tor t fon  could be assumed to 'be zero. In this case, Equation 2.16a can be 
written i n  the form: 

APRS 
KCp = ,& (2.21) 

since the coefficients bp and EXp are identically equal t o  one. 
straight lines can be drawn through the da ta  and the origin, then the 
circumferential d i s to r t ion  offset coefficient is identically equal t o  zero. The 
manner i n  which the 1ines.are faired i s  based upon experience and an examination 
o f  the degree of correlation a t  the completion of the f i r s t  pass i n  this 
iteration process. The results of F igu re  2.30 have been reduced t o  180 degree 
one-per-rev circumferential d i s to r t ion  sensi t ivi  ties using Equation' 2.21 and are 
p lo t t ed  a s  a function of corrected speed i n  Figure 2.31. 

Because 
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AIR 1419 I 

AP/ PC 

FIGURE 2.30 LOSS of Surge Pressure Ratio Due t o  180 Degree 1/Rev 
Total-Pressure Distortion 

Radi al D i  s tort i  on Sensi t i  v i  ti es 

da ta  t h a t  were obtained using graded* hub- or t ip-radial  screens. The da ta  are 
shown i n  Figure 2.32. 
negligible such t h a t  i t  produces no loss i n  surge pressure ratio, then Equation 
2.16a-can be written as 

The radial d i  stortion sensitivity coefficients were determined from tes t  

I f  the circumferential distortion is  assumed t o  be 

APRS 
KR,, = -4- (2.22) 

As i n  the case.of circumferential distortion sensit ivit ies,  CR i s  zero for the 
line segments which pass through the origin. The hub-radial  distortion 
sensitivity is  given i n  Figure 2.33. To ob ta in  the t ip - r ad ia l  d i s t o r t i o n  
coefficients, i t  is  necessary t o  determine whether the level of d i s tor t ion  i s  
such t h a t  the l ine segments pass through the o r i g i n  o r  whether the lines 
intercept 'the ordinate. This determination can be made by reference t o  Figure 
2.34, and will permit entry t o  Figure 2.35 for the appropriate t ip-radial  
distortion sensitivity coefficients, t h a t  i s ,  K 

RI while K and C are associated w i t h  R 2  

and C are associated w i t h  
R T l  RTl 

RT2 RT2 . 
*- as opposed t o  a uniform square pattern, i s  one i n  which  the 

total-pressure losses are faired t o  a min imum t o  avoid creating significant 
levels of turbulence due t o  screen edge mixing of a shear layer. 
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FI- 2.33 

O 10 

.o8 

.o6 

04 

.o2 

O 

60 70 80 90 100 110 

PERCENT CORRECTED SPEED, N/fi 

HubRadial Total-Pressure Distortion Sensitivity 
as a Function of Speed 

- Radial Distortion 
Sensi tivi ty-Region 1 

Sensitivity-Region 2 
- Radial Distortion R2 

I I I 1 - J 
60 70 80 90 100 110 

Percent Corrected Speed, N/F 
FIGURE 2.34 Tip-Radial-Distortion Logic Guide as a Fundïon of  S p e d  J 
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PERCENT CORRECTED SPEED N / x 6  

O 

I- 
K u 

-.O5 

-.IO 

PERCENT CORRECTED SPEED N I X 0  

FIGURE 2.35 Tip Radial DktQrtion Sensitivity C o e f f i c i e n t s ,  
as a function of Speed 
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AIR 1419 I 
SuDerPosi tion Factor 

Once the circumferential and rad ia l  distortion sensitivity coefficients have 
been determined, i t  i s  possible t o  determine the superposition factor bp from 
data obtained by testing 180 degree one-per-rev + t i p  radial combined distortion 
screens. ThiS  i s  accomplished through use of Equation 2.16a since the angular 
extent function EXp i s  identically one. Hence, Equation 2.16a can be written 
i n  the form 

APRS - K R p  (E) t CRp 

P KC,, (E) t CC 

- 
bP - (2.23) 

The results, expressed as a function o f  the ratio ( A P / P R ) / ( A P / P C ) ,  are given i n  
Figure 2.36 w i t h  corrected speed as a parameter. 
iteratively examining correlations of' a i rcraf t  patterns, the superposi t i o n  
function i s  forced t o  be less than or equal to  one. 

Based on experience and by 

Extent Function 

The extent function can be determined from the data obtained from testing 
the 135 degree one-per-rev + t i p  radial and 90 degrees one-per-rev + t i p  radial 
screens and the previously determined circumferential and radial d i  stortion 
sensitivities and the superposition factor. 
a'form t o  permit so ution for the extent function, EXp: 

Equation 2.16a now can be written i n  

EXP 
- - APRS - [ K R p  (g) + CRp] 

(2.24) 

The results o f  these computations are shown i n  Figure 2.37 as a function of 
distortion angular extent w i t h  corrected speed as a parameter. The angular 
extent, e-, is  determined by averaging the angular extents o f  the two rings 
g i v i n g  the maximum value of AP/PC,  
value of one a t  180 degrees. 
examination of aircraft  pattern correlations, the extent function i s  constrained 
from exceeding one. 

By definition, the extent function has a 
Further, based on experience and i terative 

This methodology permits Equation 2.16a t o  be used for estimating the loss 
of surge pressure ratio due t o  any pattern which f a l l s  w i t h i n  the range of the 
parameters tested. 

2.5.2.3 Coefficient Determination (Constant Corrected F1 ow) 

Because compression components normally are tested a t  constant speed, 
the f i r s t  step i n  developing the loss i n  surge pressure ratio correlation as a 
function of corrected flow follows the method outlined i n  the previous 
paragraph. Translation of the corrected speed results t o  a corrected flow form 
i s  accomplished using a flow/speed correlation. 
resul t s  obtained from cycle deck predictions. 

Generally, this i s  based on 

64 
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2.5.2.4 Distortion 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 stabil i ty estimation process are encountered for such cases: 
i) the transfer of total-pressure distortion through a fan,  and 2 )  the generation 
of t o t a l  -temperature distortion due t o  the change in t o t a l  -pressure di stortion 
through the fan component. 

Because total-temperature i s  handled in a manner similar t o  
total-pressure distortion, Equation 2.16a can be extended i n  the following manner 
for estimating the loss of surge pressure ratio of a high-pressure compressor 
(HPC)  (see Reference 3) :  

(2.25) 

where the terms in the f i r s t  l ine of the equation are given in Paragraph 2.5.2.1, 
except t h a t  A P / P C ~ E ;  and A P / P R ~ G  are the circumferential and radial 
distortions measured a t  the HPC inlet .  The remaining terms in the equation are 
defined as follows: 

s -  

bT - 

EXT - 

KRT - 

Superposition function which accounts for coupling effects 
between total-pressure distortion and total-temperature 
d i  stortion. 

Superposition function which accounts for coupling effects 
between the circumferential and radial components of t o t a l  
temperature distortion. 

Extent function which accounts for change in loss of surge 
pressure ratio due t o  the extent of the total-temperature 
pattern differing from 180 degrees. 

Circumferential total-temperature distortion sensitivity. 

Level of HPC inlet  circumferential total -temperature 
di storti  on . 
Circumferential total -temperature di stortion offset 
coefficient for sensitivity or  portion of sensitivity lines 
not  passing through the o r i g i n .  

Radial total-temperature d is tor t ion  sensi t ivi  ty. 

... . .  
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A T / T R ~ ~  - Level of HPC i n l  e t  r ad ia l  total -temperature di s tor t i  on. 

CRT - Radial total-temperature distortion offset coefficient for 
sensi t ivi  ty or  por t ion  of sensi t ivi  ty 1 ines n o t  passing 
t h r o u g h  the o r ig in .  

Since i t  i s  the high-temperature regions which cause the loss of surge 
pressure ratio,  then Equations 2.17a, 2.17b and 2.18 can be used t o  quantify the 
levels of temperature distortion through use of the following substitutions: 

AT 
TC 
- for A P  

-pc 

T RING MAXi for P R I N G  MIN1 

T RING AVGi for  P R I N G  AVGi 

T FACE AVG for P FACE AVG 

AT 
R 

for AP 
- P R  

est i mated 
plane 25 d 
d i s t o r t i o n  

The loss of surge pressure f o r  the high-pressure compressor can be 
f the sensit ivit ies and superposition functions are known and i f  the 
s to r t ion  levels are known i n  terms of a plane O1 (engine in le t )  
level. Hence, the following relationships can be written: 

- A P  PR25 = f[$iOl] 
TZ AT 5 = f[gol] 
- TR25 AT = f[gol] 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

where Equations 2.26 and 2.27 represent total-pressure d i s t o r t i o n  transfer and 
Equations 2.28 and 2.29 represent total-temperature distortion generation. 
expl ic i  t and imp1 ic i  t distortion transfer and generation coefficients are 
i l lustrated i n  Figures 2.38 through 2.41. 
i n  the following forms: 

B o t h  

Equations 2.26 and 2.28 can be written 

= CDTC L A P  J 
m2 5 mol 

(2.30) 
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AIR 1419 I 
AT = CDGCp 

5 mol Ap 1 (2.31) 

where CDTCp and CDGCp are. the d i  stortion transfer and generation.. coefficients, 
respectively, for circumferential total -pr'essure d i  stortion. These coefficients 
are examples of explicit coefficients which are i l lustrated by the examples of 
Figures 2.38 and 2.39. The radial distortion transfer and generation 
coefficients are imp1 ici  t coefficients (Equations 2.27 and 2.29) and are 
illustrated by the examples of Figures 2.40 and 2.41. 

Considerable effort  i s  currently being exerted t o  determine temperature 
d i  stortion effects on compression systems, temperature-and-pressure di stortion 
superposition effects, and d i s t o r t i o n  transfer and generation coefficient 
definitions. Al though the method discussed i n  these paragraphs represents the 
state-of-the-art, i t  has not  ye t  been reduced t o  common practice. 

2.5.3 METHOD C 

In this method, Equat ion 2.12 i s  expanded t o  formulate regional ly-averaged 
AIP total-pressure parameters e.g., for the fan-inlet h u b  and t i p  regions, in 
terms of the ARP 1420 descriptor elements. Loss of compressor surge pressure 
ratio a t  a given inlet  corrected mass flow i s  correlated w i t h  the distortion 
parameters u t i 1  izing radial and circumferential sensi tivities which are 
independent of the AIP pattern. The regionally averaged parameters w i t h  
appropriate low-pass f i l  tering (Paragraph 2.6.4) are used t o  define screening 
parameters directly applicable t o  inlet  time-variant distortion (Pa-ragraph 2.6.3) . 

The form of combinatorial algebra needed t o  correlate loss of compressor 
surge pressure r a t io  t o  the desired accuracy in a particular case depends on the 
complexity of the AIP pattern, compressor type (e.g., single or dual stream), and 
compressor radial and circumferential sensi tivi t ies .  Downstream (high pressure) 
compressor surge pressure ratio can be corre1 ated expl ici  ty w i t h  numerical AIP 
distortion descriptors through the use of upstream (1 ow pressure) compressor 
di stortion transfer functions. 

2.5.3.1 Definition of Terms 
APC , APR , e-, MPR - Total pressure distortion elements defined 
P P  i n  Paragraph 2.1 

APRS 

APRS, 

APRSR 

- Overall loss of surge pressure r a t i o  a t  
constant corrected in1 e t  flow 

- Surge pressure . ra t io  loss due t o  
circumferential total pressure d i  stortion. 

- Surge pressure r a t io  loss due t o  radial total 
pressure di stortion. 

I) 

B 

D 
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FIGURE 2.40 Radial Total-Pressure,  Distortion 
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FIGURE 2.41 Radial Tota ï -Tempera ture  Distortion Due to  
Radial Tota l -Pressure  Distortion 
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b 

KC 

KR 

B 

DPC 

DPR 

DPS 

'e 

a 

- 

fb;) 

CR 

IR 

APRST 

f ( e )  

Surge i ine  loss weighting o r  superposition 
fac tor  

Circumferential d i s to r t ion  sens i t i v i ty .  

Radial d i s to r t ion  sens i t i v i ty .  

AIP d i  storti on parameter weight ing  o r  
superposition fac tor .  

Circumferential d i  storti on parameter. 

Radi al  d i  storti on parameter. 

AIP d i s t o r t i o n  screenfng parameter. 

Effect ive d i s to r t ion  extent  fac tor .  

A numerical exponent. 

Extent function. 

Radial offset term. 

Radi al in tens i ty  parameter. 

Loss of surge pressure r a t i o  due t o  temperature 
d is tor t ion .  

Combined pressure and temperature d i s to r t ion  
superposition and spa t ia l  or ientat ion function. 

Temperature d i  s t o r t i  on sensi ti  v i  t y  . 
Temperature d i  s tor t ion  parameter. 

Pressure and temperature d i s to r t ion  t ransfer  
functions. 

2 -5.3 -2 Rational e 

Equation 2.12 may be expressed fo r  the  fu l l  AIP or a t i p  o r  hub region' 

APRS = APRSC + b APRSR 

a t  the AIP i n  the form: 

(2.32) 
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Introducing circumferential and radial distortion parameters, DPC and 
DPR, f o r  pure patterns 

APRSc = KC (DPC)  (2.33) 

APRSR = KR (DPR) (2.34) 

The terms KC and K R  are empirically established circumferential and 
radial  compressor sensit ivit ies and are independent of the pattern. Then, for  a 
combined d i  stortion pattern 

APRS = KC (DPC)  i- bKR ( D P R )  (2.35) 

w h i c h  may be written 

L 

where 

(2.36) 

bKR 
B = r  

The term B i s  a specified function o f  corrected flow and i s  independent 
of the pattern. Equation 2.36 may be used t o  define a screening parameter: 

DPS = ( D P C )  i- B ( D P R )  (2.37) 

For pure circumferential distortion .DPR = O 

For pure radial d i s tor t ion  DPC = O,  b = 1.0 

2.5.3.3 Correlating Parameters 

the scope of this discussion. 
A ful l  discussion o f  a l l  possible expansions of DPC and DPR i s  outside 

Illustrative examples are provided below. 

DPC 

A general form of DPC, explicit i n  the ARP 1420 elements for a region 
- 

comprising j rings a t  the AIP ( j < N )  - is: 

I 
72 I 

D 

D 

b 

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 SAENORM.C

OM : C
lick

 to
 vi

ew
 th

e f
ull

 PDF of
 ai

r14
19

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


I AIR 1419 
- 

where f ( e i )  = 1.0 i f  (:)< - 1.0 

depending on the shape of the circumferential pressure profile. 

The effective d i s t o r t i o n  extent factor, e;, and mu1 t i p 1  e-per-rev 
exponent, a ,  depend on compressor dynamic response t o  circumferential extent and 
are specified functions of compressor in le t  corrected flow. Descriptor elements 
are centered about the circumferential posit ion surrounding the minimum total 
pressure i n  the region. 

For classical one-per-rev circumferential patterns having e- extent 
terms greater than e:, DPC is  equal t o  the ARP 1420 circumferential d is tor t ion  
intensity descriptor element (APC/P).  

For an important class of inlet dis tor t ion where radial and circum- 
ferential total-pressure defects occur i n  the same region, and for  that  region 
where either radial intensity elements, APR , are small compared w i t h  the c i r -  

cumferential intensity elements, (APC)  , or  compressor radial sensitivity, K , i s  

low; APRS may be correlated w i t h  DPC alone. I f ,  for example, this holds  for  the 
AIP, then (DPC1 = (DPC),,,. 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 s tabi l i ty  may be utilized. 

(-+ 
i 

T i  R 

DPR 

The general correlation of radial distortion presents diff icul t ies  as 
- 

APRSR may not be monotonic w i t h  DPR, as I l lustrated by Figures 2.42 and 2.43. 
In such cases, a method logic, analogous t o  t h a t  embodied i n  f(e-1 for  
circumferential d i s tor t fön ,  needs t o  be incorporated i n t o  DPR t o  enable a unique 
radial sensitivity, KR, defined positive, t o  be used for correlating APRSR. 
A typical form applicable t o  hub and t i p  sensitive compressors may be defined 
such that: 
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APRS 

\ 
100% N/& 

FIGURE 2.42 Effect of Radial Distortion on a Fan 
Designed for a Tip-Radial Profile 

A 

105%N/& , ,\\ 95%N& 

100% N / h  

FIGURE 2.43 Effect of Radial Distortion on a Fan 
Designed for a Hub-Radial Profile 
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I AIR 1419 

The term CR i s  a radial offset term specified as a function of 
compressor-i n l  e t  corrected f 1 ow and represents a 1 i m i  t i  ng val ue of the radial 
intensity parameter, IR, and, 

For t i p  radial d i s tor t ion ,  IR i s  positive. For hub radial d i s tor t ion ,  
IR is negative. The computational logic caters t o  the experimental observation 
that  APRSR may be negative, i .e., a degree of radfal d i  s tort i  on may have a 
favorable effect on surge line. 

The application of Method C i s  conceptually similar t o  that  of Method A 
(Section 2.5.1) for circumferential, radial, and mixed in le t  d i s tor t ion  
patterns. Circumferential and radial sensit ivit ies,  KC and KR,  are similar 
t o  those of Figures 2.22 and 2.27. 

2.5.3.4 Downstream (High Pressure) Compressors 

Loss of surge pressure ratio due t o  total-pressure d i s t o r t i o n  may be 
correlated, as indicated above, utilizing d is tor t ion  parameters defined a t  the 
h i g h  pressure compressor (HPC) entry. T h i s  i s  not  sufficient for  determining the 
effect of AIP pressure d i  storti on on i nstal 1 ed HPC stabi 1 i ty , however, because 
total-temperature dis tor t ion,  created by the low-pressure-compressor, can produce 
a significant loss of HPC surge line. Moreover, the spatial orientation between 
regions of h i g h  total -temperature and 1 ow total-pressure i s  a l  so significant. 
Losses o f  surge pressure ratio due t o  pressure and temperature dlstortion may be 
additive or may cancel de ending on their  s p a t i a l  orientation, their  intensities, 
and extents, (Reference 4 P These are a l l  linked via the LPC distortion transfer 
characteristics t o  the AIP pressure d i s to r t ion  which, i t s e l f ,  may be time-variant. 

simplicity, it i s  assumed t h a t  only circumferential elements i n  the distortion 
are significant a t  the HPC entry - n o t  an unreasonable assumption f o r  engines 
having mu1 ti stage 1 ow-pressure compressors. Otherwi se, the method for  DPS 
(Paragraph 2.5.3.2) may be utilized. 

A method fo r  dealing w i t h  this complex problem i s  described below. For 

The  total loss of HPC surge pressure ratio due t o  combined temperature 
and pressure dis tor t ion is: 

APRS = A P R S ~  -+ f ( e )  A P R S ~  

where, f ( e )  i s  a combined superposition and spat 
a t  the HPC entry. 

bPRSp and A P R S ~  correspond t o  losses of 

(2.41) 

al orientation function defined 

surge pressure ratio due t o  
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- 

the to ta l  -pressure distortion and total  -temperature distortion, respectively. 
Defining pressure and temperature dis tor t ion parameter6 DPC and DTC and 
corresponding sensit ivit ies as Kp and KT such tha t :  

APRSp = Kp (DPC.) 

APRST 2 KT (DTC) 

and introducing LPC d i  stortion transfer functjons 

( DPC 
A I P  *P = -lJS?w- 

then, i t  may readily be shown t h a t  

APRS = [ApKp + f ( e )  AT KT 1 ( D P C I A ~  

usually, Ap < 1.0 and AT > O. 

(2.44) 

(2.42) 

(2.43) 

(2.43) 

The square-bracketed term i n  Equation 2,44 can be regarded as an overall 
o r  composite censitivi’ty factor f o p  correlating HP€ surge pressure ratis  loss 
w i t h  A I P  d i s t o r t i o n ,  a l lowing (DPC)AI~ t o  be used as a screening parameter 
applicable t o  time-variant distortion. Thus, for core engine s t a b i l i t y  
assessment, (DPC)AI~ may be defined i n  the hub region o f  the AZP and related t o  
the ARP 1420 descriptor elements using, f a r  example, a relation like Equat’ian 
2.38. 
depends on engine component matching. 

2.5.4 SUBSTANTIATION OF CORRELATION METHODS 

I t  should be noted t h a t  tfie value of the composjte sensit ivity factor now 

The wide range o f  appl tcabi l i ty  o f  Equation 2.12 when expanded for speclal 
applications, as illustrated by the discussion of Paragraphs 2.5.1, 2.5.2, and 
2.5.3, i s  mare dramatically illustrated by the results shown i n  Figures 2,44 
through 2.51. These results are taken from rig component, and engine tes t s  and 
cover a wide variety o f  compressian components, incTudllrrg fans w i t h  one t o  three 
stages and compressors w i t h  eight to sixteeri stages. Lines of eO.02 APRS (two 
standard deviatîons) have been superimposed about the 1 ine of perfect 
correlation. Thts tolerance value I s  generally accepted w i t h i n  t h e  fndustry for 
in?et patterns t h a t  are c r i t i ca l  far stab.r’lfty. 
provides a framework around wh.ich the lass  of surge, pressure rat io  for 
compression components can be  ceriRe1 a€& and represents the effects o f  i n l e t  
to ta l  -pressure distortion on surge Tine degradation, 

ï t  i s  clear that Equation 2.12 

2.6 INLET DATA SCREENING 

The real f t i e s  of astab;l,tshtng inkt/engine compatibility communication 
between the ai’rframer and the ertgEne manufacturer wi’th their diverse needs and 
non-optimally time-afi gned development pragrams cause inTet data screening to  be 
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FIGURE 2.44 APRS Correlation of J85 Data 
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FIGURE 2.45 APE Correlation of a Research Fan I 77 
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FIGURE 2.46 bPRs Correlation of F101 Fan 
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FIGURE 2.47 APRS Correlation of J58 Canpressor 
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I AIR 1419 

FIGURE 2.48 A P S  Correlation of a Turbofan Canpressor 
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FIGURE 2.49 A P E  CorYeïati’m of a Turbofan Core 
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a sensitive issue. W i t h  proper recogni t im of each party's requirements and 
constraints, as  discussed i n  t h e  following paragraphs, a mutualTy beneficial 
dialogue can take place. 

2.6.1 GENERAL CONSIDERATIONS 

The requirement for a universal Aerodynamic Interface P1 ane flow d is tor t ion  
descriptor which will: 
and 2) describe the effect  of the severity of the flow f ie ld  upon engine 
s tabi l i ty ,  i s  i n  direct contrast t o  the requirement for engine-specific 
information to  predict the effect  of any distortion pattern upon engine 
stabil i ty.  T h i s  dichotomy exists,  especially when b o t h  the in l e t  and engine 
development programs s t a r t  about the same time. 
program would be structured such that  d is tor t ion  sensitivity data would be 
available from engine component tests pr ior  t o  the s t a r t  of i n l e t  development 
testing. The largest impediment t o  a "universal inlet  d i s to r t ion  factor" i s  
that, a p r i o r i ,  the engine manufacturer cannot predict how the radial d i s tor t ion  
will coup1 e with the circumferential d i s tor t ion ,  nor whether a compression 
component will be hub-or ti p-di storti on sensi ti  ve 

2.6.2 EXAMPLES OF ENGINE DEPENDENCY 

1) define the quality of the a i r  supplied by the in le t  

Ideally, an in l e t  development 

If an engine were designed for a specific application, such as an Snlet 
which might have a significant amount of outer-wall boundary layer, then the fan 
migh t  be designed for  a tip-radial profile. In this case, the effect  of radial 
d is tor t ion ,  relative t o  the clean-inlet surge l ine  on which the loss i n  surge 
pressure rat io  (APRS) i s  based, might  take the form shown i n  Figure 2.42. Low 
values of t i p  radial d i s tor t ion  may lead t o  negative values of APRS and, hence, a 
"gain" i n  surge margin relative t o  the clean (uniform) inlet  flow condition. 

On the other hand, i f  the fan were designed for a hub-radial profile, as 
might  be produced by a centerbody, then the effect  of radial distortion on the 
fan m i g h t  take the form shown i n  Figure 2.43. In this case, low values of hub 
radial dis tor t ion w i l l  lead t o  "gains" i n  loss of surge pressure rat io  relative 
t o  a clean in le t  flow. 

Because of the choice of types of engine, be i t  turbojet, augmented 
turbofan, or  non-augmented turbofan and because the fan designer has the choice 
of designing for a uniform in l e t  profile or  for hub-or tip-radial profiles of 
varying intensity, i t  i s  essentially impossible a t  this time t o  develop an in le t  
flow d is tor t ion  screening parameter which i s  universal and quite independent of 
engine sensi t i v i  ty  parameters. To a 1 esser extent, the mu1 ti  pl e-per-rev (MPR) 
factor is  also an impediment t o  establishing a universal d is tor t ion  screening 
parameter. Mu1 tiple-per-rev patterns have a dominant effect  upon stress levels, 
and hence, the pressure rat io  a t  which the "effective" surge l ine may be set .  
For example, a compression system may have been designed for  an application tha t  
produces essentially a one-per-rev pattern, b u t  a t  a subsequent date, i t  i s  used 

81 
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I 
i n  a b i  furcated-in1 et-duct propul sion system w i t h  a two-per-rev pattern. The 
"effective" surge l ine may have t o  be reset so that stress limits are no t  
exceeded or the compression component will have t o  be redesigned. 
case, the sensitivity t o  distortions of the same level will generally change. 

manufacturer sufficiently early i n  a program, i t  should be possible t o  develop 
meaningful inlet  distortion screening parameters which will assure t h a t  the 
airframe manufacturer obtains optimal information from wind-tunnel testing 
efforts and will be able t o  provide the engine manufacturer w i t h  in le t  patterns 
which can be used t o  influence compression system design. 

In either 

By establishing communication between the airframer and the engine 

The d i  stortion-descri ptor elements .are independent of compression system 
characteristics. Since circumferential d is tor t ion  always causes a loss o f  surge 
pressure ra t io ,  minimization o f  the circumferential distortion intensity element 
will always be beneficial. Discussions w i t h  the engine manufacturer should 
indicate the most desirable radial profile for the given application, t h a t  is ,  
whether a uniform profile or whether a hub,  t i p  or a combination profile i s  
desired and which component of distortion should be minimized. 

2.6.3 INLET DATA SCREENING TECHNIQUES 

Screening of time-variant in le t  data identifies in le t  patterns that cause 
the greatest loss of surge pressure ra t io .  I t  follows t h a t  screening parameters 
should be proportional t o  surge pressure r a t i o  loss; and therefore, the screening 
parameters which use ARP 1420 distortion-descriptors will have a form similar t o  
the basic equation used for  calculating APRS. 

d i s t o r t i o n  descriptors. A separate screening parameter i s  used for  each 
component of the compression system t h a t  can in i t ia te  surge. Also, separate 
screening parameters may be used for  the hub and t i p  regions of a fan. Each 
screening parameter usually will select a different inlet  pattern from 
time-variant inlet  da ta .  A s t a b i l i t y  assessment, which includes al l  
destabilizing influences, i s  used t o  select a set  of cri t ical  patterns and 
associated operating conditions for- use i n  engine s t a b i l i t y  verification testing. 

Screening techniques have been used successfully w i t h  many different 

If  engine stabil i ty has been determined t o  the p o i n t  where a l l  terms have 
been defined i n  the equation used for estimating the loss of surge pressure 
r a t io ,  then screening can be done on the basis of APRS for each component. 
customary t o  provide guidelines representing the component distortion tolerance 
i n  the form of an .allowable APRS. These guidelines can be used t o  normalize the 
calculated values of APRS t o  give the screening parameter shown i n  Equation 
2.45. T h i s  screening parameter i s  similar t o  the current screening parameter 
ID. A value lower t h a n  1.0 indicates t h a t  a level of in le t  d is tor t ion  i s  w i t h i n  
the distortion allowance of the component, while a value higher than 1.0 
indicates t h a t  the inlet  distortion i s  greater t h a n  the distortion allowance of 
the component. 
probabil i t y  of occurence and the s tab i l  i ty stack-ups a t  these conditions would 
warrant closer scrutiny. 

I t  i s  

In such cases, surge or s ta l l  would have a significant 

APRS SCREENING PARAMETER = Al owabl e APRS - 
82 I 

(2.45) 
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The radial d i s to r t ion  a t  the interface plane usually i s  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 i s  described by the general 
Equation 2.46. The terms f o r  each r ing  are summed (a l though not always) over the 
portion o f  the interface plane that  measures the quality of the a i r  that  passes 
through the downstream compressor. For example, on a particular fan engine w i t h  
a bypass ra t io  of one, the screening parameter for  the compressor will be summed 
over the inner two rings of interface instrumentation contalning five rings. The 
extent and mu1 tiple-per-revol ut ion functions may be different for  each 
compressor. The engine manufacturer usually can define such functions, based on 
past experience w i t h  similar compressors for use i n  early screening of in le t  
data. T h i s  form of screening parameter i s  similar t o  the existing screening 
parameters K9, KC2 and DC,, insofar as a l l  these parameters inclode 
circumferential d i s to r t ion  only and the units are i n  terms of in le t  distortion 
rather than surge pressure ratio,  i .e, the screening parameter i s  independent of 
engine sensitivity t o  in le t  distortion. Here again, i t  i s  customary t o  provide 
guide1 ines showing the estimated engine d i s t o r t i o n  tolerance i n  terms o f  maximum 
al 1 owabl e val ues of the screening parameter. 

R 

i =1 
SCREENING PARAMETER = (q) i f (ei ) f (MPR,. ) 

For compressors that  are sensitive t o  in le t  radial d is tor t ion ,  as well as 
circumferential d i s tor t ion ,  a screening parameter o f  the form shown i n  Equation 
2.47 could be used. If such a screening parameter represents the s tabi l i ty  of a 
fan hub, the terms are summed over rings 1 and 2. I f  the screening parameter i s  
for the t i p  of the fan, the summation i s  over the outer two rings of the 
interface plane. The term describing circumferential d i s to r t ion  includes extent 
and mu1 t i  pl e-per-revol ution el ements. T h e  radi al term has a superposi t i  on factor 
"b" which describes the rat io  o f  radial d is tor t ion  sensitivity t o  circumferential 
d i s to r t ion  sensitivity. This screening parameter i s  the equivalent of the 
existing screening parameter Kaz. Here again, the engine d i s t o r t i o n  tolerance 
can be described i n  the same u n i t s  as the screening parameter. 

(2.46) 

s - 2  
SCREENING PARAMETER = 1 (%) MPRi (OF) i + b[ (T) i + ci]! (2.47) i =R 

The examples of screening parameters shown i n  Equations 2.45, 2.46, and 2.47 look 
different because they are tailored t o  different requirements. However: 

o They al l  use ARP 1420 distortion-descriptor elements combined i n  the 
same manner as i n  the equation f o r  calculating surge pressure rat io  
1 oss. 

o They al l  can be used for  comparing in le t  d is tor t ion  t o  engine 
d i  storti on to1 erance . 
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Current practice i s  t o  calcul ate dis tor t ion screening parameters i n  real 
time and identify the peak values. Short segments of data containing the 
observed peaks are then processed d i g i t a l l y  t o  ob ta in  greater accuracy t h a n  i s  
available from the analog processor. T h i s  procedure for  h i g h  speed screening of 
inlet  da ta  is  described by Crites (Reference 5) and i s  discussed i n  
Paragraph 6.4.1 

2.6.4 INLET DATA FILTERING (AVERAGING)  

Central t o  the issue of selecting dynamic inlet  patterns for  replication 
by screens, and thereby val i d a t i n g  adequate engine d is tor t ion  al  1 owance us ing  
steady-state d is tor t ion  patterns, i s  the thesis t h a t  a low total-pressure region 
must last  long enough t o  cause a loss of surge pressure ratio. Therefore, by 
low-pass f i l  tering analog probe data (or performing the equivalent r u n n i n g  
average on digitized probe data) i n  conjunction w i t h  the use of the engine 
manufacturer's d i  stortion computation al gori thm,  a d i  stor-tion pattern may be 
selected for replication by a steady-flow distortion screen dur ing  engine testing. 

engine i n  a controlled dynamic-distortion environment such as t h a t  produced by a 
random-frequency generator or a t u r b u l  a tor .  The 1 oss of surge-pressure-ratio 
data are corre1 ated versus averaging time u s i n g  screen-determined di  storti on 
sensitivities t o  establish the f i l  t e r  cutoff frequency (averaging time) which 
produces the minimum difference between the measured and calculated (using the 
largest peak d i s t o r t i o n  just prior t o  surge) losses of surge pressure ratio. 

d i  stortion 1 evel II associated w i t h  dynamic d i  s t o r t i o n  1 evel s and the steady 
screen-produced distortion which rep1 icates the maximum dynamic d i s t o r t i o n  
pattern. The steady screen-produced d i  stortion will equal the maximum dynamic 
dis tor t ion level while the steady-state inlet  d i s t o r t i o n  will be less,  sometimes 

The appropriate averaging time (Reference 6 )  can be selected by running  an 

I t  is'important t o  note the relationship between "the steady-state in le t  

by as much as  a factor o f  one-hdf. An example of the correlation between 
steady-state screen dis tor t ion and dynamic dis tor t ion (from three different 
sources) induced surges i s  shown i n  Figure 2.52, a s  taken from Reference 7. 
shows t h a t  when t o t a l  -pressure data are properly f i l  tered t o  remove h i g h  
frequency da ta  t h a t  do not contribute t o  loss i n  surge pressure r a t i o ,  dynam 
distortion will produce the same level of surge-pressure-ratio loss as 
steady-state distortion of an equivalent magnitude. 

I t  

C. 
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FI- 2.52 Surge L h e  Loss versus Instantaneous Spatial Distortion 
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I 

SECTION 3 

STABILITY ASSESSMENT 

The overall purpose of a propulsion system s t a b i l i t y  assessment i s  t o  assure 
t h a t  the design meets the aircraf t  operational goals. I t  i s  a v i t a l  part of the 
propul sion system design and devel opment process, provid ing  the inle and engine 
designers w i t h  data for defining operational capability and identify ng any 
configuration changes needed, and the program manager w i  t h  materi al  for 
allocating development time and resources. To be effective, the s tabi l i ty  
assessment procedure must be timely, visible, and continuous from conceptual 
studies t o  operational service. 

S t a b i l i t y  assessment involves determining the inlet  distortion, the base1 ine 
(essentially clean flow) engine stabil i ty,  and accounting for the destabilizing 
influence 'of the ATP distortion as  well as other engine operating and 
installation factors. AIP flow distortion may no t  be restricted solely t o  
time-variant, spa t i a l ,  total-pressure distortion. I t  i s  important a t  the outset 
of any s t ab i l i t y  assessment t o  identify when the.AIP distortion can be accounted 
adequately i n  terms of t o t a l  pressure alone. 

The assessment of the influence o f  to ta l  -pressure d is tor t ion  on engine 
stabil i ty forms par t  of a total procedure necessary t o  determine installed engine 
stabil i ty and stabil i ty margins. An assessment .of a l l  destabilizing effects must 
be made so t h a t  the contribution made by in le t  d is tor t ion  can be p u t  i n  
perspective. S tab i l  i ty assessments take various forms and are updated throughout  
the propul sion system design and devel opment cycl e . The methodol ogy descri bed i n  
sections 1 and 2 addresses the "classic I turbomachinery aerodynamic ins t ab i l i t y  
whereby consti tuent compressors s ta l l  and reduce engine a i  rfl ow, t o  produce 
ro t a t ing  stall  engine surge (oscillating reverse flow),  or combinations of these 
post-stall instabil i t ies.  Other important aspects o f  engine aerodynamic 
stabil i ty include control system effects and afterburner s t a b i l i t y ,  both of which 
may be affected by AIP distortion. 
stabil i ty margin allocated and available when other destabilizing factors, 
operating on compression component operating 1 ines and "surge" 1 ines, are taken 
i n t o  account 

Engine distortion tolerance depends on the 

This section discusses the impact of A I P  total-pressure distortion on engine 
stabil i ty i n  the broader context of an overall s t a b i l i t y  assessment. 

3.1 STABILITY ASSESSMENT PHILOSOPHY 

The assessment method depends upon the anticipated severity of the s t ab i l  i%y 
problem; for example, new engine/new i n s t a l l a t i o n ,  established engine/new 
appl ication, the i n p u t  information avai 1 ab1 e, and the degree of compl exi ty and 
expense of the assessment. Distortion s tabi l i ty  assessments are unique i n  that 
they are complex and not amenable t o  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 i s  based. Assessments will emphasize 
different facts: 
designer's needs m i g h t  emphasize surge margin sensitivity t o  blade shape, spool 
matching, and f l  ow-path configurational changes for an anticipated dis tor t ion 
pattern. An assessment suppor t ing  the in le t  designer's needs may stress the 
sensitivity of the engine t o  the various elements i n  the AIP d i s tor t ion  
descriptor for various in l e t  configurations. The assessment may be 1 argely 
empirical', i .e., engine tolerance t o  d i s to r t ion  may be derived t h r o u g h  engine 
tes t s  w i t h  suitable instrumentation, such as described i n  Sections 5 and 6,  
rather than being synthesized through the use of component t e s t  data and suitable 
engine computer simulations. 

an assessment suppor t ing  the engine compression system 

Although some features of distortion s tabi l i ty  assessments make each 
assessment unique, assessments outputs are simil a r  i n  that  they provide estimates 
of surge margin utilization a t  cr i t ical  p o i n t s  i n  the f l i g h t  envelope, engine 
to1 erance to d i  s tor t ion,  and. i denti fy the margi n required t o  achieve acceptabl e 
AIP d i s to r t ion  levels. All destabilizing effects must be considered t o  conduct a 
meaningful stabil i ty  assessment. Destabil izing effects which influence b o t h  the 
component compressor operating l ines and compressor surge lines have been 
compiled and are presented i n  Table 3.1. These factors may be random and/or 
nowrandom. Once numerical values for each significant factor have been 
determined, the s tabi l i ty  assessment may proceed. Figure 3.1 i l lust rates  some of 
these factors i n  schematic form. 
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TABLE 3.1 
AIR 1419 

S t a b i l  i ty A s s e s s m e n t  Factors 

FACTOR OP E RAT I NG SURGE 
L I N E  L I N E  

NLET DISTORTION 

a. STEADY-STATE TOTAL-PRESSURE DISTORTION 
b. TEMPERATURE DISTORTION 
c.  SWIRL DISTORTION 
d. MAX, INSTANTANEOUS TOTAL-PRESSURE DISTORTION 

!AM RECOVERY 
IORSEPOWER EXTRACTION 
'LA TRANS I ENT 
:NG I N E  DETERIORATION 
'UEL CONTROL DETERIORATION 
IETERIORATION EFFECT ON TRANSIENT FUEL FLOW RATE 
'UEL CONTROL TOLERANCES 
'ARIABLE GEOMETRY CONTROL TOLERANCES 
:NGINE-TO-ENGINE VARIATION 
:NGINE VARIATION EFFECT ON TRANSIENT FUEL FLOW RATE 
:OMPRESSOR BLEED 
LEYNOLDS NUMBER EFFECTS 
IOZZLE MATCHING EFFECTS 
IUMID I T Y  
:ONTROL MODE 
IACK PRESSURE DISTORTION 
:OMPRESSOR INTERACTION EFFECTS 
'RANS I ENT VARIABLE GEOMETRY EFFECTS 
'LA TRANSIENT HEAT TRANSFER I X X 
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The more significant operating l ine assessment factors for a given engine b u i l d  
are: 

o Deterioration 

o Bleed 

o Horsepower extraction 

o Reynolds number effects 

o Steady-state inlet  to ta l  -pressure d i  stortion and temperature d i  stortion 

o PLA transient (including augmentor operation) 

o VariabTe geometry control to1 erance and transients 

o Gas-path control system sensor( s)  i n  distorted regions 

The more significant surge line assessment factors are: 

o Deterioration 

o Reynolds number effects 

o Time-vari an t  i n l  e t - to ta l  -pressure and temperature di s tor t i  on 

o Vari ab1 e geometry toîerances and transients 

Steady-state effects of bleed, horsepower extraction and Reynolds number are 
contained w i t h i n  t h e  engine d i g i t a l  simulations used t o  define the compression 
component's operating pressure r a t i o  a t  the selected operating condi t i o n .  

Early stability assessment procedures used a direct, algebraic summation of 
the worst possible combination of destabilizing factors t o  arrive a t  the required 
surge margin. As the l i s t  of identified destabilizing factors grew longer, the 
resul t i n g  demand on engine surge margin al  so grew, compromising performance and 
weight, and it became recognized t h a t  the probabili ty of a l l  worst cases occuring 
simultaneously was low. I t  has been established t h a t  some destabilizing factors 
should be summed s ta t is t ical ly  t o  establish more real is t ic  stabil ity-performance- 
weight trade-offs. T h i s  approach is  justif ied i n  that  the Root-Sum-Square (RSS) 
combfnation of the random effects retains the overall probability of the 
individual effects. The s ta t is t ical  approach t o  s tabi l i ty  assessments has not 
been universally accepted. One approach t o  s ta t is t ical  assessment i s  shown i n  
Appendix A. 
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Nominal Surge Line 

Degraded Surge Line 

CORRECTED FLOW 

FIGURE 3.1 Typical Compressor Destabilizing Factors 
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For an individual compression component, the net surge margin i s  defined by 

the re1 ation: 
r 1 

'%et - - SMBasel ine - [ ( A s M ) ~ ~  + (ASM)~] 

where, A S M ~ ~  = 2 (ASM)~ = Total algebraic surge margin loss due 
t o  non-random factors i =1 

2 ASMR=- ( ASM) = Total root-sum-square surge margin 
loss due t o  random factors (hSMRSS) j=l 

The loss i n  surge margin due t o  d i s t o r t i o n  i s  computed using the total-pressure 
d is tor t ion  descriptors discussed i n  Section 2. Other destabilizing effects .are 
evaluated from engine/control data obtained through testing and analysis. A l  1 
destabilizing effects are combined t o  determine the net surge margin. 

The limitations of current s tabi l i ty  assessment procedures should be 
recognized i n  applying assessment results. Errors associated w i t h  t o t a l  -pressure 
d is tor t ion  assessment can occur because, (1) the value of the d i s to r t ion  
descriptor varies w i t h  the amount and accuracy of test da ta ,  ( 2 )  other A I P  flow 
distortions, such as in-phase oscillations, vortex ingestion and swirl may exist ,  
and no t  be accounted for i n  the assessment, and (3) summations of individual 
effects m a y  result i n  an oversimplification of the actual process. 

3.2 STABILITY ASSESSMENT PROCEDURE 

The s tabi l i ty  assessment process, Figure 3.2, i s  independent of the 
complexity of a parti cul a r  assessment. The resul t s  i denti fy: 
margins for the compression sys-tem components examined a t  the cr i t ical  steady or 
transient operating poin ts ,  the types and levels of d i s to r t ion  t h a t  are most 
likely t o  cause engine surge, and the need for additional engineering activity. 
The assessment procedure depicted i n  the figure i s  an integration of background 
experience, test-derived information, and synthesis techniques concerned w i t h  
accounting inlet flow dis tor t ion  effects and other destabilizing factors.  The 
procedure produces information that  i s  analyzed either t o  forecast or  evaluate 
the s tabi l i ty  status of a propulsion system a t  cr i t ical  f l i g h t  operating po in t s .  

the d is tor t ion  assessment. Synthesis refers t o  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 i n  Block B are usually based primarily on prior experience.and analytical 
estimates. As development progresses, the synthesis activity re l ies  more heavily 
on the expanding t e s t  data base, permitting the analysis act ivi t ies  t o  produce 
mure accurate indications of s tabi l i ty  margin. As development nears the 
qualification phase, testing objectives become more oriented toward s tabi l i ty  
evaluation, pemi t t i n g  the assessments t o  become, correspondingly , more oriented 
toward validating previous forecasts. 

the resi dual surge 

Blocks A, B, and C i n  Figure 3.2 provide the i n p u t  data necessary t o  conduct 
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A. BACKGROUND EXPERIENCE 

Previous Developments 
Expected Program Severity 
Resource/Time Constraints 

v .  

B. SYNTHESIS 

OTHER DESTABILIZING FACTORS 

ANALYSIS 1 -  1 
Surge Margin Effects . 
Assessment 

C1 ean F1 ow Assessment 
Face Average Pressure Assessment 
AIP Distortion (Flow Qual'ity) Assessment 
Surqe Pressure Ratio Corre1 ati ons 
Criiical Operating Conditions I 

OUTPUT C. TESTING 
Marg i n Rema i ni n 9 
Critical Points 

Future Work 

In 1 et Componen tc 
Engine Components 
In1 et 
Engine 
Propulsion System 
F1 i ght Testing 

< Critical Components 

FIGURE: 3.2 Stability aCcessmmt Process 
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An example of the output section of the s t a b i l i t y  assessment process i s  presented 
f o r  a fan/compressor propuls ion system. In this example the propuls ion system i s  
assumed t o  be operating a t  an a l t i t u d e  f l i g h t  condition where the i n l e t  
d i s to r t ion  i s  defined by the  information contained i n  Figure 2.19. 

Figure 3.3 presents an i l l u s t r a t i v e  estimate fo r  a fan operating a t  98 
percent i n l  e t  corrected a i  rfl ow. The base1 i ne operati  ng pressure r a t i o ,  PRO, i s 
3.0 and the baseline surge pressure r a t i o  PR1 i s  3.75. The baseline SM is :  

The l o s s  i n  fan surge pressure r a t i o  due t o  i n l e t  total-pressure d i s t o r t i o n  
can be calculated us ing  an expansion of Equation 2.12 i n  the  fo l lowing  form: 

T h i s  equation i s  s imilar  t o  Equation 2.16a f o r  a l/rev pat tern s ince MPR = 1. 

ri ngc : 
The maximum circumferential d i s t o r t i o n  i s  the average of any two adjacent 

($$ = 1/2 [(q2 + (9)3] = 0.0599 
rnax 

The circumferential extent  i s  equal t o  the average-of the extents of the 
two adjacent rings used t o  ca lcu la te  the circumferential. d i s to r t ion  and i s  equal 
t o  177.6 degrees. 

The  maximum radial  d i s to r t ion  occurs i n  the t i p  ( r i n g  5): 

(9) = 0.0678 
max 

The value and source of the fan coef f ic ien ts  used i n  the calculat ion a re  
given i n  Table 3.2. These coef f ic ien ts  apply a t  95 percent corrected fan speed 
which  corresponds t o  the matched-i n l  e t  corrected a i  rf 1 ow of 98 percent. 
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FIGURE 3.3 Fan Stabili ty Assessment Example 
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:oefficient 

KCP 

CCP 

T A B t E  3.2 

Fan Surge-Pressure-Rati o Loss Coefficients 

Value 

O -46 

O 

O .74 

-0.038 

1 .o 
O .995 

Source 

Figure 2.31 

Since APRS curves pass 
through origin of Figure 
2.30 

Figures 2.34 and 2,35 

Figures 2.34 and 2.35 

Figure 2.36 

Figure 2.37 

+ O] + b . ï 4  (0.0678 - 0.038) x (100) = 5,0y0 I APRS = (1) (0.995) 0.46 (0.0599) 

The loss i n  surge margin due t o  in le t  total-pressure distortion and the 
other assumed surge margin u t i l i za t ions  for this example are presented i n  Table 
3.3. 

I 95 
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TABLE 3.3 

Fan Surge Margin Assessment 

)e.stabi 1 i z i  ng 
:actor 

ion-Random ( N R )  

landom (R) 

Assumed Cause 

Operating. Line S h i f t  due 
t o  AIP to t a l  pressure 
di stortion 

Operating Line S h i f t  due 
t o  4% AP/P Augmentor spi kt 

Surge line loss due t o  
Reynol ds Number, 
APRS = 1.5 

Surge l i n e  lo s s  due t o  
time-variant AIP 
Distortion, APRS = 5.0 

Operating Line Effects: - Variable Geometry 
Control Tolerances - Engine t o  Engine 
Variations 

- - ~ ~ 

Surge Line Effec ty  of 
Engine t o  Engine 
Variations 

Pressure Ratio ( P R )  and 
Surge Margin Loss (ASM) 

PR2 = 
ASM = 

3.015 

PRO 
PR2-PRO x 100 =' 0.5 

ASM = 4.0 ASM 
PR3 = PR2 + (m) x PRO 

= 3.015 + 0.04 x 3.0' . 
= 3.135 

APRS PR4 = PR1 - (100) x P R 1  
= 3.75 - 0.015 X 3.75 
= 3.694 

ASM = (- PR1-PR4) X 100 = 1.87 

PR5 = PR4 - (m x PR1 
= 3.694 - 0.05 x 3.75 
= 3.507 

ASMNR = 0.5+4.0+1.87+6.2! 
= 12.62 

ASM = + 1.2 - 

ASM = + 1.3 - 

TOTAL A S M ~  - - bSMRSS - - 
- +$ (l.1l2 + (1.2)' + (1.3)2 

= - t2.08 
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For the purpose of determining net or residual surge margin, i t  i s  assumed 
that the to t a l  random effects may be used t o  lower the  surge l ine or raise the 
operating line. For this example, i t  i s  assumed t h a t  the surge l ine i s  lowered 
so t ha t :  

PR6 e PR5 - TO(T X PRO = 3.507 - 0.0208 X 3.0 = 3.44 

The net or  residual surge margin i s  then given by: 

'"Net = PR 
(PR6-OR31 X 100 = 10.3 percent 

A sfmilar example can be constructed for the compressor, where the effects 
o f  ampressor in1 et-total -pressure and total -temperature d i  storti on need t o  be 
assessed taking i n t o  consideration the fan d i s t o r t i o n  transfer characteristics a t  
fixed-throttle or  transiently matched conditions. I t  i s  generally accepted t h a t  
the data obtained from the two inner instruinentation rings, which are located i n  
the core stream, are sufficient f o r  developing core d i s t o r t i o n  sensi t iv i t ies  and 
d i  s tor t ion transfer corre1 ations. 

Table 3.4 presents the results o f  an example calculation, i l l u s t r a t i n g  the 
assumptions made, i n  a format suitable for  comparison w i t h  the fan stabil i ty 
assessment. In this example, the residual fan surge margin i s  10.30 percent, the 
residual compressor surge margin i s  3.27 percent. The cri tical component Wou1 d 
appear t o  be the compressor. However, t o  proceed further, i t  may be necessary t o  
calculate the probabi l i ty  of occurrence of an instability. T h i s  i s  discussed i n  
Section 7.1.3 and Appendix A. A t  a given operating po in t ,  the cri t ical  component 
i s  t h a t  component having the highest p robab i l i t y  of ins tab i l i ty .  I t  i s  important 
t o  note t h a t  the cri t ical  component a t  one f l i g h t ,  inlet ,  and engine operating 
condition need not  be the cri t ical  component a t  other conditions. Because of 
this fact, s t ab i l i t y  assessments haue t o  be conducted a t  several p o i n t s  
throughout the operational f l  i g h t  envelope. 

. .  
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AIR 1419 I 
TABLE 3.4 

Typica.1 Surge Margin S t a b i l i t y  Assessment 

ESTABILIZING EFFECTS 

OPERATING LINE 

I n l e t  D i s t o r t i o n  

PLA Trans ien t  

Var i  ab1 e Geometry 
Control  To1 erances 

Fuel Control  
To1 erances 

Engine t o  Engine 
Vari a t i o n  

SURGE LINE 

Reynol ds Number 

I n l e t  D i s t o r t i o n  

Engine t o  Engine 
Var i  a t i o n  

TOTAL 

BASE SURGE MARGIN 

NET SURGE MARGIN 

FAN 
ION-RANDOM 

0.5 

4. O 

1.87 

6.25 

- 

12.62 

25.0 

10.30 

RANDOM 

+1.1 

- 

*1.2 

+1.3 

-+2.083 

COMPONENT 

COMPRE! 
NON -RAN ÖoM'. 

0.7 

6.0 

0.36 

7.50 

- 

LOR 
RANDOM 

*1.15 

+1.25 

- 
- 

+1.35 
~~ 

14.56 

20.0 

3.27 

22.169 
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I AIR 1419 

3.3 DISTORTION STABILITY ASSESSMENT 

The above exampl es i 11 ustrate the impact of i n l  et-total -pressure d i  storti on 
on the fan and compressor stabil i ty.  The loss i n  fan surge margin due t o  AIP 
total-pressure d i s to r t ion  represented approximately 25 percent of the baseline 
fan surge margin, and the loss i n  compress9t surge margin,  due t o  the combined 
effects of to t a l  -pressure and t o t a l  -temperature d i  s tor t ion a t  compressor entry,. 
accounted for approximately 37.5 percent of the baseline compressor surge margin. 

The d i  stortion s tab i  1 i ty assessment procedure is  shown graphically i n  Figure 
3.4. As previously stated, the procedure i s  i terative and the level of 
confidence i n  the assessment increases through the propul sion system development 
process . 

Section 2 describes the methodology involved i n  establishing APRS and 
d is tor t ion  sensitivities through correlations of compressor data. Figures 2.22 
through 2.43 present typical data from which  correlations are derived. 

3.3.1 CIRCUMFERENTIAL DISTORTION 

Figure 3.5 i l lustrates  the effect  on surge l ine of t o  one-per-rev circum- 
ferential d i s tor t ions  (MPR = 1.0) of varying extents from rig tes t s  of a three- 
stage compressor w i t h  d i s tor t ion  screens. Similar examples, derived from engine 
tests, are shown i n  Figure 3.6 through Figure 3.9 for the J85-GE-13 engine. 
Figure 3.10 shows results for a two-per-rev circumferential distortion 
(Reference 8 )  . Each test result  provides d i s to r t ion  response data. Figure 3.11 
shows an exampl e fo r  one-per-rev circumferential d i s t o r t i o n s .  
established APRS are p l o t t e d  here i n  terms of a d i s tor t ion  descriptor. The 
descriptor i s  represented by the product of the ARP 1420 circumferential extent 
and intensity elements together w i t h  a correlation coefficient which  varies w i t h  
corrected airflow. The d i s to r t ion  descriptor is  a special form of Equation 2.47, 
applicable t o  this compressor. The slopes of the correlation l ines of Figure 3.11 
represent the sensitivity of the compressor expressed i n  terns of the descriptor, 
i.@., screening parameter level a s  discussed i n  Section 2. T h u s  a t  92 percent 
design a i  rf 1 ow: 

The experimentally 

1.54 x Screening Parameter m =  
3,3,2 RADIAL DISTORTION 

Figure  3.12 i l lus t ra tes  the effect  on surge l ine of a severe hub-radial 
Results, d i s tor t ion  established from r i g  t es t s  on a three-stage compressor. 

derived from tests of the 385-GE-13 engine w i t h  hub-radial, mid-span, and 
tip-radial  profiles, are shown i n  Figure 3.13 through 3.17 (Reference 8 ) .  
Correlations similar t o  those for circumferential d i s tor t ion  can be developed 
from these data. Since radial  d i s to r t ion  effects can be favorable, i t  may be 
necessary t o  apply a methodology w h i c h  accounts for the fact  t h a t  APRS changes 
are not  monotonic (Section 2, Figures 2.42 and 2.43). 
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3.3.3 COMBINED CIRCUMFERENTIAL AND RADIAL DISTORTION 

The distortion patterns encountered dur ing  normal a i rcraf t  operation are a 
combination of circumferential and radial profiles. I t  i s  necessary t h a t  a l l  
correlation methodologies. collapse data of this  format. Figures 3.18 and 3.19 
present the loss i n  surge margin demonstrated by the 585-GE-13 engine when 
combined i nl et‘ d i  s tort i  ons were imposed on the ‘engine. 

The examples p o i n t  up  the fact  t h a t  acquisition of stabil i ty response data 
can be time-consuming and expensive. To minimize the work involved i t  i s  
important t o  identify from inlet  tes ts ,  the major features of the AIP distortion 
early i n  the preliminary design and development phases of a program. Assessment 
procedures for turbofan engines are compl ex and invol ve deve1 oping a methodol ogy 
t o  account for induced radial-flow and bypass-ratio effects through and a t  the 
exi t  from the fan, and for spool interaction. 

Test da ta  may no t  be available i n  the conceptual design, preliminary design, 
and early development phases of a new system. The baseline APRS equation, 
Figure 2.20, i s  equally applicable t o  theoretical and semi-empirical s tabi l i ty  
assessment methods u s i n g  the ARP 1420 distortion descriptor elements. 
Theoretical and semi -empi rica1 methods encompass spool -, stage-, and bl ade-row 
models- incorporated i n t o  numerical computer simulations of the engine. These 
tools, together w i t h  background experience, provide a basis for s tabi l i ty  
assessment i n  early design and development phases of a program. The computer 
methods are applied i n  conjunction w i t h  steady and transient engine computer 
decks, (References 9 and 10). 

Figure 
i n  terms of 
Fiaure 3.20 
thFottl e trapsi ent ( accel 1 opera’ti on. 
assessment correctly predicted the f l  
transient results serve t o  i l  1 ustrate 
accel erati  on capabi 1 i ty . Prior t o  f 1 
i denti fy cri  tical i nl et/engi ne compat 
envel ope. 

s 3.20 and 3.21 show the results of a stabil i ty assessment, expressed 

The examples show t h a t  the fixed-throttle 

an AIP distortion descriptor compared w i t h  f l ight  t e s t  results. 
refers t o  fixed-throttle engine operation. Figure 3.21 refers t o  

g h t  s tabil i ty limit. The thrott le 
the influence of AIP d i s t o r t i o n  on 
g h t  tes t ,  such assessments may be used t o  
bi l i ty  conditions w i t h i n  the f l ight  

O 

O 

D 
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PEAK TIME-VARIANT 
AUGMENTOR STABILITY . -1 ASSESSMENT i 

DOblNSTRZAM CO:.iPRESSOR t !  Y DISTORTION ASSESWENT 

ARP 1420 UPSTREAH CO1,lPRESSOR 
DISTORTIOIt DISTORTION ASSESS!.iEMT 
DESCRIPTOR FAN OD 
ELENIEHTS I 

I --r 
I 
I 

STAôIL I T Y  
DESCRIPTORS 0 

FAN PRS COMPRESSOR PRS 
a SPOOL INTERFERECCE- AND 

SENSITIVITIES SEI IS IT IVIT IES 
( P t  Fi T t  DISTORTIONS) 

I - 
, TRANSFER 

COPBUSTOR 

PROPULSION iKlZZLE(S) 

i 

1 - i 
> * 

€ N I N E  STAaILITY ASSESStlEtrr ~ i CLEAN STAtìILITY MARGINS t SYIITHESIS 
-J7 r OPERATING L I N E  EFFECTS 

I 
CRITICAL COMPONENT 

DISTORTION TOLERANCE 
Y AIRCRAFT OPERABILITY 

NET SURGE MARGIN CAPABILITY 

FIGURE 3.4 Distortion Stability AssesCrnent 
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32 34 36 38 40 42 44 
CORRECTED AIRFLOW- L B  SEC 

DI 

I AIR 1419 

CORRECTED 
SPEED O/o 

0 07 
A93 
h 100 

SCREEN N0 .4  

LINE @ 
CLOSED SYMBOLS ARE 
STALL POINTS 

FIGURE 3.6 Exariple of me-Per-Rev C i r C L a n f e r a t i a l  Total-Pressure 
D ì s t o r t i o n ,  90 Degree Extent 

UNDISTORTED SURGE LINE 

TORTED SURGE LINE 

A/ ! / - - - N O R M A L  OPERATING LINE 

/ 
I t I I I I 

2 34 36 38 40 42 44 
CORRECTED AIRFLOW- LB SEC 

COR RECTE D 
SPEED “/o 
0 87.1 
0 90.1 
A 93.2 
0 96.2 
h 100.2 

SCREEN N0. I  

CLOSED SYMBOLS ARE 
STALL POINTS 

FI(;URE 3.7 -le of CnePer-Fev CircunrEerent ia l  Total-Pressure 
D i s t o r t i o n ,  180 Degree Extent 
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SAE A IR*L4L ï  83  m 8357340 0004770 4 m 

32 34 36 38 40 42 44 
CORRECTED AIRFLOW - L B/SEC 

CORRECTED 
SPEED O/o 

O 86.7 
0 89.9 
A 92.8 
0 96.1 
b 99.7 

SCREEN N 0 . 8  

CLOSED SYMBOLS ARE 
STALL POINTS 

FIGURE 3.8 Exarrpsle of One-Per-Rev C i r c m f e r e n t i a l  W t a l - P r e s s u r e  
Distortion, 45 Degree Extent 

4 

UNDISTORTED SURGE LINE 

DISTORTED SURGE LINE\ 

NORMAL OPERATING LINE 

I I I I 1 I 
1 34 36 38 40 42 44 

CORRECTED AIRFLOW - LB/SEC 

CORRECT E D  
SPEED O/O 

0 87.1 
O 90.1 
A 93.2 
Q 96.2 
b 100.3 

SCREEN NO. IO 
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STALL POINTS 

FIGURE 3.9 Example of One-Per-Rev Circum€erential  Total-Pressure 
Distortion, 22 Degree Ektent 

104 

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

                                                                                          

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r14

19

https://saenorm.com/api/?name=2ba9dc70234d3ace97dd00988447ba34
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FIGüRF, 3.10 Example of Two-Per-Rev Circumferential Total-Pressure 
D i s t o r t b n  
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AIR 1419 
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FIGURE 3.11 Canpressor Sensitivity to One-Per-Rev Circumferential 
Total-Pressure Distortion 
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HUB LOW PROFILE 
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FI(XTRE 3.12 Example of Hub Radial. Totïi12Pressure Distortion 
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FIGURE 3.15 Example of Mid-Span Radial Total-Pressure Distortion 
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Total-Pressure D i s t o r t i o n ’  
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SECTION 4 

PERFORMANCE ASSESSMENT 

Propul sion system internal performance is  assessed normally by evaluating 
i n 1  e t  performance i n  terms of to t a l  -pressure recovery and instal  1 ed engine 
performance a t  the corresponding value of AIP face-average total pressure, PFAV. 
Engine thrust, fuel consumption, airflow, and .accel /decel times a t  appropriate 
i n l  etiengi ne operating conditions are establ i shed by treating the AIP  a i  rf 1 ow as 
an equivalent one-dimensional flow. Assessment procedures take i n t o  
consi derati on changes i n  engi ne and matched engi ne-component perf ormance 
resulting from losses of in le t  t o t a l  pressure, and account for control 
interactions. 

In many cases where the AIP airflow pattern is  substantially uniform so that 
spatial total -pressure d is tor t ion ,  PFAV fluctuations, and turbulence levels are 
low, these assessment procedures provide adequate performance accuracy. The 
effect of in le t  flow d is tor t ion  i s  small and well w i t h i n  experimental measurement 
scatter. Engine and engine component performance tes t s  w i t h  simul ated d i  startion 
are not usually necessary. 

When the eng4 ne i n l  e t  ai rfl ow i s d i  storted significantly , assessments of 
installed engine performance on a face-average total -pressure basis may be 
insufficient, and a procedure for accounting the effect  of spatial total-pressure 
d is tor t ion ,  and perhaps flow unsteadiness, may be desirable. T h e  assessment 
procedure adopted for a parti cul a r  engine instal 1 ation may, depending on the 
anticipated severity of the prob1 em, i nvol ve synthesi zi ng overall engi ne 
performance from estimated o r  empirical data, using appropriate computer 
simulations, and from engine tes t s  w i t h  simulated in le t  dis tor t ion.  The 
assessment of the effects of d i s tor t ion  then forms part of an overall assessment 
of installed engine performance a t  selected aircraf t  mission and powerplant 
operati ng condi ti ons. 

Distortion assessment procedures take different forms according t o  the type 
and developrrent status o f  the propulsion system. They need t o  be constructed t o  
account for the effects of changes i n  engine-component performance maps, 
component matching changes, and changes i n  control system pressure and 
temperature i n p u t  signals (engine control interactions) recul t i n g  from 
modifications t o  flow profiles a t  intermediate stations throughout  the engine. 
Results may be expressed directly as installed thrust, airflow, fuel consumption, 
and other re1 evant performance parameters for a defined AIP #i s tor t ion pattern 
or, explicitly, as changes relative t o  face-average or equivalent uniform flow 
performance. 
d is tor t ion  assessment t o  corre1 ate overall performance changes w i t h  re1 evant AIP 
dis tor t ion elements o r  Combinations of those elements fo r  a range of patterns and 
levels of dis tor t ion.  

I t  may be desirable for  some purposes t o  widen the scope of the 
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Practical difficulties arise in synthesizing and measuring performance 
changes specifically due t o  distortion. Accuracy problems are experienced since 
changes are derived from small differences between large estimated or measured 
flow quantities. These can cause uncertainties in assigning numerical values t o  
threshold levels of distortion below which performance losses can be regarded as  
negligible, i n  establishing meaningful numerical performance/distortion 
sensitivity or trade factors, and  i n  deciding on the extent of testing required 
t o  establish val id distortion response data .  

4.1 INLET PRESSURE RECOVERY AND DISTORTION 

Aspects of  inlet performance relevant t o  engine pe:formance assessments are 
discussed in terms of inlet type and location, .the definition of A I P  face-average 
t o t a l  pressure, and distortion.'in the following paragraphs. . 

4.1.1 INLET TYPE/LOCATION - DISTORTION CHARACTERISTICS 

Average total-pressure recovery and distortion characteristics a t  the AIP  
differ markedly according t o  inlet type, location on the airframe, and mode of 
operation. 
simple round-l ip ,  short, straight duc t  configurations, appropriate t o  podded 
subsonic transport aircraft; t o  complex, sharp-1 ip, 1 ong, curved-duct 
configurations for highly integrated subsonic and supersonic combat aircraft. 

Inlet designs of conventional powerplants range from relatively 

The simple podded inlet  designs are very efficient. .  They provide close t o  
100 percent recovery and virtual ly  zero total -pressure di stortion a t  most major 
performance points within the normal aircraft f l  i g h t  envelope. Total -pressure- 
defect regions are generally of the tip-radial o r  Wal 1 -boundary-1 ayer type and 
are comparable t o  those observed in engine component and  engine tes t  facil i t ies.  
Total-pressure d is tor t ion  problems may need t o  be addressed a t  h i g h  inlet 
crossf 1 ow conditions t o  provi de for emergencies outside the normal operational 
envel ope . 

The more complex inlet  designs provide lower inlet  recovery as a 
consequence of 1 arger to t a l  -pressure-defect regions a t  the AIP.  
patterns generally contain radial and circumferential elements. Numerical inlet  
performance characteristics are used together with pattern da ta  t o  establ ish the 
need for and t o  conduct quantitative assessments of engine performance in 
distorted flow. The 
steady or time-averaged inlet da ta  are expressed in terms of ARP 1420 recommended 
distortion descriptor elements and area-weighted face-average total pressure. 

D i  stortion 

Figures 4.1 and 4.2, and 4.3 present da ta  fo r  three inlets. 

The figures i l lustrate several. features relevant t o  the assessment -of 
i nstall ed engi ne performance. The 1 dng-duct supersonic i n l  e t  i n  a typical crui se 
configuration exhibits low radial and circumferential distortion (Figure 4.1) 
Instal led engine performance i s  predominantly dependent on the face-average total - 
pressure level. An assessment of  performance changes due t o  distortion i s  
unlikely t o  be necessary in this case. Figure 4.2 presents low speed d a t a  fo r  a 
different supersonic inlet design. Di stortion elements are higher for the 
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AIR 1419 I 
intermediate and maximum flow conditions. An assessment of performance changes 
due t o  d i s tor t ion  i s  l ikely t o  be necessary i n  this case. The short subsonic 
bifurcated inlet (Figure 4.3) exhibits peak recovery a t  cruise incidence, and the , 

circumferential intensity elements are h igh .  B o t h  recovery and d i s to r t ion  
deteriorate w i t h  incidence. An assessment of performance changes due t o  
d i s tor t ion  may be required i n  this case also. 

4.1.2 FACE-AVERAGE TOTAL PRESSURE 

Al ternati ve defini ti ons of face-average to t a l  pressure are possi bl e a t  the 
AIP i n  distorted flow conditions. T h i s  s i tuat ion stems from the fundamental 
f lu id  mechanical diff icul ty  of constructing a unique one-dimensional or 
equivalent face-average f l  ow t h a t  can simul taneously account for  mass flow-, 
momentum-and energy-flux variations across the AIP. 
employed include flow-continuity, area-weighted (area-averaged), mass-flow- 
weighted, momentum-weighted, and entropy-derived face averaging. Differences i n  
the numerical values of the al ternate  face-average definit ions can be on the 
order of one percent o f  the face-average total-pressure level,  depending on 
pattern shape. 

Area-averaged t o t a l  pressure i s  used widely throughout  the Aerospace 
Industry, has considerable technical merit, i s  simple and easy t o  apply, and 
eases i n l  e t  and engi ne data acqui si ti  on and processing requi rements. Area- 
averaging greatly f a c i l i t a t e s  the defjnition and quantification of dis tor t ion a t  
the AIP, and i s  the recommended basis of ARP 1420 guidelines. Alternative 
definitions, appropriate t o  a particular propul sion system development, such as 
mass-flow weighting for  compressor efficiency accounting, can be related t o  the 
area-averaged value for  defined AIP patterns. 

Definitions which are 

When instrumentation rings are located a t  centers of equal area: 

N N I -  3 64 1 

where, N i s  the number o f  instrumentation rings and ( P A V ) i  are the ring- 
average total  pressures. 

area-averaged, AIP, mean total-pressure, PFAV. The above definition implies t h a t :  
The numerical d i s tor t ion  descriptor elements are defined relat ive t o  the 

N .- c = o 
i =1 

where (F)i are the radial intensity elements 

ARP 1420 guidelines for  assessing installed engine performance in 
distorted flow conditions thus involve accounting for  baseline uniform-flow 
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AIR 1419 
performance u s i n g  the area-averaged AIP total-pressure, and performance changes 
due t o  d i  storti on re1 a t i  ve t o  t h i  s area-averaged datum. 

In th i s  context i t  may be noted that, by virtue of the area weighting 
involved, PFAV i s  related t o  the conservation of momentum f l u x  a t  the AIP. 

4.1.3 INLET DATA ACQUISITION 

As time-averaged performance i s  of prime interest, i t  i s  usual t o  base 
assessments on steady-state AIP pressure data obtained from a low-response 
instrumentation array used fo r  model and full-scale in le t  t es t s  (Section 6 ) .  
Early assessments of i nlet performance use small -scale in le t  da t a ,  accounting for  
Reynolds number effects a t  defined performance conditions w i t h i n  the operational 
envelope. For a given scale of in le t  model there will be a minimum Reynolds 
number below which performance da ta  Wou1 d be unacceptable. 

4.2 ENGINE PERFORMANCE DATA 

As a preliminary t o  discussing guidelines t o  procedures for  assessing the 
effects of distortion on performance, i l lustrat ive examples of the effects of 
d i s t o r t i o n  on engine and engine compression components are presented t o  h i g h l i g h t  
the main technical issues and candidate data needs. 
time-averaged o r  steady-state d is tor t ion  and performance. 

The da ta  presented apply t o  

4.2.1 COMPRESSION COMPONENTS RESPONSE TO DISTORTION - EXAMPLES 

The upstream, low-pressure compressor o r  fan i s  unshielded from, and i s  
most likely t o  be affected by, the in le t  flow distortion. 
the fan performance map can occur. 

Significant changes i n  

Compressor r i g  t es t s  w i t h  screen-simulated t o t a l  -pressure d i  stortion 
should include cl assical (square-wave) patterns and simulated a i  rcraft  i n l  e t  
patterns (Section 5.2). Tests using classical patterns provide information on 
the types of distortion t o  which the compressor i s  most sensitive. Tests are 
conducted f o r  both stabi 1 i ty and performance evaluations and usual ly i ncl ude 
d is tor t ions  more severe than those corresponding t o  .ai  rcraft  mission performance 
points. The t e s t  data provide a basis for deriving compressor numerical 
performance/distortion sensitivity factors. 

Figure 4.4 presents the results obtained from rig tes t s  of a five-stage 
axial compressor w i t h  three cl assical time-averaged circumferential d i  s t o r t i o n  
patterns. The mu1 tiple-per-rev elements were unity. A t  these levels o f  
circumferential d i s t o r t i o n ,  which are not  untypical of those encountered i n  the 
mixed radial and circumferential patterns of in le t s  a t  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 t e s t  w i t h  

classical circumferential screen patterns (Reference 11) Screen detail  s are 
presented i n  Table 4.1. 

TABLE 4.1 

C1 assical Circumferential Screens 

Intensity 
Screen Extent ( APc/P) Mu1 tip1 e-Per-Rev. 

( e - : )  (100% F1 ow) MP R 

- - - C1 ean O 
F1 ow 

1 A 45 0.06 1 

2 0 90 O . 044 1 

3 0 .  180 0.064 1 

4 Y 90 0.07 1 

5 X 2x45 0.046 2 - 
In this case the pridominant distortion e f fec t  for the more severe patterns 
(screens 3 and 4)  was loss of corrected flow, particularly close t o  surge. 
Efficiency changes ( n o t  shown) a l so  occurred. The data give an indication of the 
measurement sca t te r  problem for  less severe distortions (screens 1, 3, and 2 of 
No. 1). 

Figure 4.6 shows the resu l t s  of t e s t s  of the same seven-stage compressor 
w i t h  hub-radial and tip-radial patterns. C1 assical ,  and graded, t ip-radial  
patterns were tested,. A mixed classical  pattern consisting of the t ip-radial  and 
90 degree circumferential screens was also tested. Screen data are  presented i n  
Table 4,2. 

O 

D 
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I 

TABLE 4.2 

Radial And Mixed Screens 

I Radi al 
Screen Distortion Intensity Radi al 

APR Extent 
-P (Percent) . 

TY Pe 

- - ;lean ~0 

13 * (CLASSICAL) *o .o4 50 (Area) 

*O .O55 50 (Area) 14 

HUB RADIAL 

TIP  RADIAL 
(CLASSICAL) 

TIP  RADIAL RING 1 2 3 4 5 

A 

100 (LINEAR) -0.15 -0.03 tO.02 +Oe06 t0.10 21 

!+21 I X I MIXED 1 SCREEN 2+21 I +loo I 
The dominant effects observed were loss of compressor corrected flow f o r  the 
hub-radial d i s to r t ion  and a gain i n  corrected flow for tip-radial d i s to r t ion  when 
the compressor is unchoked. AIP dis tor t ion,  tip-radial d i s tor t ion  i n  this case, 
does not necessarily produce losses i n  compressor corrected flow. The increase 
i n  corrected flow due t o  the graded tip-radial d i s tor t ion ,  screen 21, was 
mitîgated to  some extent by adding the circumferentia 
2, which had very l i t t l e  effect  on flow when tested a 

T h e  data i l lus t ra te  several points relevant t o  
effects on performance: 

o Testinq w i t h  classical patterns provides 

d i  storti on element, screen 
one (Figure 4.51.. 

the assessment of d i s to r t ion  

mportant quanti tat ive 
i nsi g h k  i n t o  compressor performance response. 

o Some d i s to r t ion  elements can have a favorable effect. 

o The interpretation o f  t e s t  data for  moderate d is tor t ion  levels can 
be occluded by data random error and repeatability scatter. 

The combined tip-radial and circumferential d i  stortion pattern (screen 2+21) 
results imply that  upstream compressors should be tested w i t h  inlet patterns t o  
determine the performance changes. 
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Figure 4.7 shows the results of testing on a three-stage turbofan w i t h  the 
in le t  pattern illustrated i n  Figure 4.11. Overall fan performance was affected 
significantly, corrected flow and efficiency changes being approximately two 
percent. 
ID performance characteristics and by-pass ratio may be required for analysis. 

In this case, additional da ta  relevant t o  changes i n  split-flow OD and 

The assessment procedures can use compressor test results i n  the form of 
modified performance.maps for specified distortion patterns, as discrete changes 
due t o  those patterns, o r  as changes correlated w i t h  numerical distortion 
descriptors. An exampl e corre1 a t ion  for a three-stage research compressor tested 
w i t h  a number of classical patterns i s  shown i n  Figure 4.8 (Reference I l ) .  Fan 
corrected flow, pressure ratio, and efficiency changes fo r  nominal matching of 
the operating line correlated well w i t h  radial distortion. Tip-radial 
distortions were favorable, and hub-radial distortions were unfavorable. 
Circumferential d i  stortion elements were n o t  domi nant  i n  this case. The 
particular distortion descriptor used for the correlation i s  defined by a 
combi nati on o f  radi al d i  storti on el ements : 

where 

(F) i are the radial intensity elements. 

and N denotes the number o f  instrumentation rings describing the ID region o f  the 
patterns. 
the ID region,) 

If the major effects o f  distortion are not confined t o  the upstream 
compressor, then compression component di stortion transfer data - principally 
t o t a l  pressure and temperature data - may be required t o  assess the effect o f  AIP  
distortion on downstream components. Pattern and numerical d i  stortion 
descriptors a t  1 ow-pressure-compressor exi t  Wou1 d be required fo r  this purpose. 

(For this example, N = 2, and ( P A V ) l o  equals the average pressure i n  

4.2.2 ENGINE RESPONSE TO DISTORTION - EXAMPLES 

Engine tests w i t h  total-pressure d i s to r t ion  play an important part i n  the 
assessment of perfamance changes due t a  distortion. Figure 4.9 shows the 
results of tests conducted i n  a direct-connect altitude test fac i l i ty  on a 
turbofan engine w l t h  inlet distortton stmtalated by a screen a t  Mach 0.9, 40,000. 
f t . ,  standard day condi t ionce  Data are presented i n  terns of changes i n  
corrected fuel consumption and corrected grass t h r u s t  relative t a  tests w i t h  
undistorted inlet flow. Nu signif icant  trends i n  the corrected gross thrust and 
fuel flow changes due t o  d is tor t ion  were observed i n  the data range 70 t o  100 
percent corrected fan speed for this l imi t ed  sample test case. Airflow changes 
were on the order of 0.5 percent. 
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AIR 1419 -I 
Engine tes ts  i n  bo th  undistorted and distorted inlet  flow are necessary t o  

establish distortion effects. Indiv idua l  da t a  points can be misleading. A 
factor of some importance i n  the interpretation of the da ta  is  that of accounting 
for screen pressure loss which affects the engine t e s t  Mach number/altitude 
setting for a given nominal f l i g h t  condition, the power extraction,, and the 
intercomponent match. 
necessary i n  this choked nozzle operating case. 

Figure 4.10 shows results obta ined  from turbofan engine tes t s  conducted on 
the sea-level t e s t  s tand with a cl assical circumferential inlet  d i s t o r t i o n  
pattern. Significant changes i n  corrected gross thrust and specific fuel 
consumption were caused by the inlet  screen. Specific fuel consumption increased 
by six percent and thrust decreased by two percent relative t o  úndistorted-flow 
engine performance. These changes were no t  due solely t o  the effects of 
distortion, however, b u t  t o  the combined effect of distortion and loss of inlet  
recovery which caused engine component rematching. w i t h  the unchoked mixed-flow 
nozzle. Corrections t o  the measured results for  the effect of the screen losses 
reduced the magnitudes .of the performance changes so t h a t  they fel l  w i t h i n  the 
undistorted-flow engine-performance data scatter. Corrections for  average total- 
pressure loss are necessary i n  order t o  isolate the effect of distortion i f  the 
screen loss does not correspond t o  t h a t  of the inlet  loss. Tests w i t h  uniform 
screens designed t o  simulate the d is tor t ion  screen pressure losses may be 
required t o  establish the appropriate corrections and validate cycle deck 
calculations. 

No correcti,ons for engine f i n a l  nozzle rematch were 

4.2.3 CONTROL SYSTEM RESPONSE TO DISTORTION - EXAMPLES 

Inlet flow d i s t o r t i o n  can affect rated performance i f  the engine control 
employs discrete or local-flow parameter sensing, e.g., a local exhaust pipe 
total-temperature signal . In this case very significant changes i n  performance 
due t o  distortion can occur due t o  flow profile effects w i t h i n  the engine, 
created as a consequence of AIP d i s tor t ion  transfer. Figure 4.13 shows 
ci rcumferenti al  to ta l  -temperature prof i 1 es a t  HP compressor and LP t u r b i  ne exits 
for a turbofan engine operating a t  constant HP compressor speed behind the 
screen-simulated distortion shown i n  Figure 4.12. Significant performance 
changes would result i f  the engine were controlled t o  a fixed temperature limit 
using a single local sensor. The performance change would depend on the sensor 
location relative t o  the distortion pattern. Figure 4.14 shows that this, i n  
fact ,  occurred. The changes i n  normalized specific fuel consumption, gross 
thrust, airflow, LP and HP compressor speeds were very significant. The da ta ,  
which were derived from sea-level-static tes ts ,  are uncorrected for  screen loss, 
which was- constant for a l l  screen positions. The data po in t s  were obtained by 
ro t a t ing  the screen. Figure 4.15 shows results obtained from turbofan engine 
tes ts  where a fan pressure ratio control was being investigated. Significant 
changes i n  fan operating line pos i t i on  were observed fo r  various screen positions. 

variable stagger stator b l a d i n g ,  may employ local flow sensors t o  schedule the 
Compression system designs which incorporate variable geometry, e.g., 

'1281' 
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r 

t 

geometry. In such cases, the effect  of flow distortion on the schedule and the 
recul tant change i n  component matching and overall engine performance should be 
evaluated. 

account for circumferential d i s tor t ion  pattern posit ion and that,more t h a n  one 
screen posi t ion m a y  need t o  be tested t o  c.over multi-engine (mirror imaged) 
installations. 
the anticipated d i s t o r t i o n  characteristics. 
question, engine tes t s  would be necessary t o  account such effects w i t h  confidence. 

4.3 ASSESSMENT PROCEDURES 

The data i l lus t ra te  that  performance assessment procedures may need t o  

Engine control mode and sensor selection studies should address 
In view o f  the complexity of the 

I 
Procedures f o r  assessing the effect  of AIP total-pressure d i s t o r t i o n  on 

engine performance are part of the procedure f o r  eval uati ng instal 1 ed engi ne 
performance. A prime concern i s  to  identify the technical need t o  account 
d i s t o r t i o n  effects expl ic i  t ly.  
and performance accuracy goals and the anticipated severity of the d is tor t ion  
problem. Each propulsion system should be considered on i t s  own merits. 

T h i s  need should be judged against performance 

Assessment procedures for  determining instal led engine performance fa1 1 i n t o  
two broad categories; Performance Synthesis and Performance Testing. Synthesis 
and testing act ivi t ies  interact. They are n o t  sequential, and they evolve as 
updated information becomes available. A logic flow chart for the evaluation of 
instal led engine performance i s  shown i n  Figure 4.16. 

Performance synthesi s acti v i  t i  es  i ncl ude: 

1) Assessments of base1 i ne undi storted flow or  u n i  ns ta l l  ed perf ormance 
us ing  estimated or empi rical engine component da ta .  

2) Assessments of instal led performance based on AIP  face-average 
pressure and engine component data. 

3)  Assessments of A I P  d i  s tor t ion effects us ing  component d i  stortion 
response data. 

Perf ormance testing act ivi t ies  are organi zed t o  yi  el d perf ormance data for: 

1) The uninstalled engine i n  undistorted flow. Programs may include 
sea level t e s t  stand and alt i tude t e s t  fac i l i ty  (ATF) testing. 

2) The "installed" engine w i t h  simulated A I P  d i s t o r t i o n .  Programs may 
include d is tor t ion  tes t s  on the sea level t e s t  stand and i n  the ATF 
w i t h  simul a t i o n  of a i rcraf t  services, i ncl udi ng bleed and power 
ex t ract  i on . 
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3)  The inlet  p l u s  engine. 
and f ree- je t  ATF testing. 

4)  The instal led f l i g h t  test  engine. 

Performance assessments are conducted a t  operational conditions defined i n  

Programs may include sea level t e s t  stand 

Table 4.3. 

~ ~= = =  =~ == 

A i  rc raf t 

Temperature 

A l  ti tude 

F l i g h t  Speed 

At t i t ude  (a, ß )  

T h r u s t  (Drag) Level 

TABLE 4.3 

Operational Conditions 

In le t  

Confi gurati on 

B1 eed 

Reynol d s  No. /Scal e 

Mass Flow 

Engine 

Power Level 

Servi ce Bleeds 

Power Extraction 

Afterburner 

Thrus t  Reverse 

4.3.1 PERFORMANCE SYNTHESIS 

Synthesis methods are  organized i n t o  steady-state and t ransient  computer 
programs, or  performance and handling decks, which incorporate engine component 
performance maps, matching and contr'ol logic i n  mathematical models of the 
engine. Treatments of uninstal led and instal  1 ed engine performance based on A I P  
face-average to ta l  pressure are  well established. For example, steady s t a t e  and 
t ransient  performance presentations for digi ta l  computati onal programs are  
presented i n  References 9 and 10. Other relevant data are presented i n  
References 12, 13 and 14. 

I n  assessing instal led performance on a face-average i n l e t  pressure basis, 
engine rematching due t o  changes i n  i n l e t  pressure level and i n  non-dimensional 
engine perfonnance parameters are  taken into account. The non-dimensional 
component performance maps correspond t o  undi storted AIP f 1 ow condi tions. Thi  s 
implies. t h a t  the ef fec ts  o f  d i s t o r t i o n  on the non-dimensional performance maps 
( i n  particular,  compressor maps) are assumed t o  be negligible. Rematching 
ef fec ts  due t o  dis tor t ion are  assumed t o  be small. Changes i n  engine internal 
fiow prof i les  and dis tor t ion e f fec ts  on the control system are  assumed not t o  
occur. 
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AIR 1419 I 
Synthesis outputs a t  matched i n l e t  flow conditions are  instal led thrust, 

airflow, fuel consumption, a i r c r a f t  performance parameters and engine gas 
generator performance and control parameters 

The extent t o  w h i c h  expl ic i t  distortion assessment procedures are  
incorporated i n t o  a performance synthesis methodology will depend on the 
particul ar propul sion system and ini t ia1 assessments of the magni tudes of the 
performance changes 1 ikely t o  be involved. 
indicate , that  distortion will n o t  a f fec t  instal led engine performance 
significantly and t h a t  detailed assessments will n o t  be required. The quality of 
information on the inlet and engine available d u r i n g  the conceptual studies and 
prel imi nary design phases of the power-pl a n t  deve1 opment w i  11 be re1 evant. 

Experience may, for  instance, 

4.3.1.1 In le t  Recovery Guidelines 

The need to  account for  distortion i s  indicated by the level of i n l e t  
recovery. A level close t o  100 percent indicates a low performance e f f ec t ,  and 
low levels mean t h a t  distortion e f fec ts  m i g h t  be significant.  T h i s  stems from 
the fac t  t h a t  recovery and distortion levels  are  often correlated i n  the i n l e t  
data .  Loss of recovery may be used i n  face-average performance synthesis 
programs to  establish performance sens i t iv i ty  factors - A(Thrust)/APFAV, 
A(Fuel)/~pFAv, - a t  a given operat ing condition. Losses may be expressed 
relat ive t o  a standard i n l e t  recovery schedule. 

A f i r s t  assessment of the e f fec ts  of d is tor t ion  on turbofan engines can 
be made by representing the AIP dis tor t ion as an equivalent OD (by-pass) and ID 
(core) square-wave, radial ,  total-pressure distortion. In le t  OD and ID recovery 
factors may then be defined and i n p u t  t o  engine performance decks incorporating 
spl it-flow fan character is t ics ,  i .e., separate by-pass and core-flow performance 
accounting methodology. Estimated distortion patterns and actual i n l e t  patterns,  
i f  available, can be used, and parametric studies can be conducted. The OD/IB 
s p l i t  l ine  may be taken as the radial stream-tube corresponding t o  the matched 
engine by-pass rati o. 

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: 

and for  the OD (bypass) region h a v i n g  (N-n)  rings i n  the OD flow, the average OD 
total  -pressure i s given by: 

J 
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I AIR 1419 

where, 

Ñ n (PAV)ID + (N-n) (PAV)OD = PFAV 
N 

and are the distortion radial intensity elements. 

Figure 4.17 i l lust rates  the procedure. 

An exampl e performance synthesis o u t p u t  for  a separate-fl ow two-spool 
turbofan engine operating a t  sea-level-static, standard day conditions i s  given 
i n  Table 4.4. Thrust data for  engine operation either a t  constant fan speed or 
constant jet-pipe (LP  turbine ex i t )  total temperature are provided f o r  cases 
where the in le t  total-pressure loss i s  confined either t o  the bypass or the core 
flow region of the AIP (square-wave rad ia l  pattern). A local pressure loss of 
ten percent was assumed. The  effects on thrust are expressed i n  terms of thrust 
loss sensitivity factors and are compared t o  uniform flow t h r u s t  loss factors. 
Significant differences occur i n  the engine t o t a l  thrust sensitivity, depending 
3n the location of the total-pressure- defect region and engine control m,ode. 
this example, hub radial distortion nearly doubled the thrust loss factor i n  the 
temperature-control mode. Data on engine internal temperature, pressure, spool 
speed, flow, bypass ratio,  and fuel consumption changes, can also be obtained as 
ou tpu t s .  

In 

The example, which can be generalized t o  cover other distortion cases, 
i l lustrates  three po in t s  of general intercest: 

o Turbofan performance synthesis programs can provide valuable and 
timely quantitative indications o f  the effect  of d i s t o r t i o n  on engine 
performance fo r  defined AIP patterns - in le t  type o r  parametric 
patterns - and engine control modes. 

o Performance changes can be corre1 ated w i t h  numeri cal d i  s tor t i  on 
descriptors, (Table 4.4 results may be expressed as differences). 

o Such correlations are only v a l i d  f o r  a specified class of distortion 
so that care i s  required when attempting generalized correlations. 
Different resul ts  would be obtained fo r  different I D / O D  total 
pressure dis t r ibut ions.  

Appropriate provisions for engine component rematching a t  specified propul sion 
system operating conditions shoul d be included i n  the computational system. 
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AIR 1419 I 
4.3.1.2 Distortion Data Use 

The assessment out1 i ned above accounts fo r  engine component rematching 
and control interactions b u t  uses undistorted o r  clean-flow component 
non-dimensional performance maps and excludes the potential effects of d i s t o r t i o n  
on engine control sensing i n  the mathematical modelling. 

Assessments of the performance effects of AIP distortion can be updated 
dur ing  the development phase when the effects of distortion on engine component 
performance maps - i n  particular those of the compression system - are available 
from component rig and engine tests. Distortion test  results then can be used i n  
higher order mathematical model s appropriate t o  the powerpl an t  under deve1 opment. 

Numerical assessment programs using empirical d i s t o r t i o n  da ta  shoul d 
provide for the following inputs: 

o Numerical AIP distortion descriptor elements. 

o Performance-re1 ated AIP d i  stortion parameters. (These combined 
descriptor elements are not  necessarily the same as those for  
stabi 1 i t y  assessments. 1 

o Performance changes w i t h i n  compressor, main combustion, turbine, 
afterburner, and nozzles components . 

o Control system effects. 

A logic flow chart il1,ustrating a l  ternate procedures for  synthesizing 
engine performance changes due t o  d i s t o r t i o n  i s  shown i n  Figure 4.18. Main 
points are: 

o Distorted compressor performance maps, avai 1 ab1 e from compressor rig 
tests w i t h  a given AIP distortion pattern, can be directly i n p u t  t o  
the steady state computer programs (Reference 91, as an alternative 
t o  the undistorted flow map, t o  enable matched thrust, fuel 
consumption, airflow and other engine performance vari ab1 es t o  be 
determined. The impact of d i s tor t ion  can be established by comparing 
face-average assessment outputs. This procedure i s  an important 
turbofan assessment opt ion  where ID/OD rematching i s  important. 
Spl it-flow fan performance characteristics are required i n  this case. 
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L UPSTREAM COMPRESSOR TESTS 
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FIGGBE 4.18 Steaày-Stake Perfonmnce Assessment w î t h  inlet D 
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AIR 1419 I 
o Compressor distortion-response da ta  f o r  a given AIP pattern can be 

expressed incrementally as changes i n  corrected airflow, 
A ( W K t / 6 t ) ,  and efficiency, ~ n ,  for specified compressor 
operating conditions. ' The increments may be functions of several 
relevant compressor flow variables, for example, Nc and PR (Figure 
4.6). Separate terms for  ID and OD flows may be necessary For 
assessing turbofans. The component performance increments may be 
used as i n p u t  da t a  t o  the engine matching program t o  provide absolute 
or  normal i zed engine performance w i t h .  in1  e t  d i  stortion. 

o Compressor flow and efficiency increments may be correlated w i t h  the 
distortion descriptors a t  specified compressor operating conditions 
provided a suitable background of component testing has been 
conducted.' Correlated changes may be i n p u t  t o  the engine matching 
program. This procedure i s  straightforward for turbojet engine 
assessments. However, care i s  required i n  turbofan appl icat ions t o  
assure correct ID/OD matching. Distortion transfer d a t a .  appl  ied t o  
downstream components provide similar i n p u t  da ta  t o  the engine 
matching program, w h i c h  may need t o  provide f o r  estimating the 
effects of flow profile changes on engine control functions. 

A 'flexible approach t o  the Organization o f  performance synthesis 
procedures should be adopted whenever possibl'e i n  order t o  f a c i l i t a t e  program 
options. 

\. 

4.3.2 PERFORMANCE TESTING 

Engine and engine component tests w i t h  d i s tor t ion  provide da ta  essentjal 
for the assessment and va l ida t ion  of distortion effects on 'installed engine 
performance. Component and engine tes t  da ta  acquisition should be regarded as  
complementary processes . Test p l  anni ng and imp1 ementation guide1 i nes are 
presented i n  Section 5 together w i t h  a discussion of state-of-the-art tes t  
techniques available. 

General poin ts  re1 evant t o  da ta  acqui si t i o n  for  performance assessments 
are: 

o Engine tests provide da ta  for installed components and extend rig 
experience t o  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, 
w h i c h  may affect control system design. 

144 
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I AIR 1419 

Measurement repeatability and accuracy i n  rig-component and engine 
tes t s  are primary considerations a s  the quantification of performance 
changes due t o  d i  storti on essenti al ly  i nvol ves measuri ng small 
differences between 1 arge quanti t ies.  The val i d i  ty of performance 
1 oss/di s tor t ion  data correlations and the amount .of testing required t o  
establish meaningful performance changes rest  heavily on the 
measurement technology employed. Assessments should be accompanied by 
uncertainty analyses. 

A I P  d i s to r t ion  patterns tested fo r  performance should correspond t o  
in le t  patterns representative of prime mission performance points. 

The need for tes t s  a t  d i s tor t ion  levels h i g h  enough t o  produce 
measureabl e performance changes should be considered. 

The  effects of screen loss on engine rematching, i n  particular for  
unchoked nozzle operation, need t o  be isolated i f  distortion-induced 
performance 'changes are t o  be accounted for explicitly. This may 
require uniform screen testing through the requisite t e s t  flow range. 

Adjustments t o  nominal t e s t  conditions (for  example, screen in l e t  
pressure levels) may be required t o  account fo r  screen losses over the 
t e s t  flow range and provide controlled performance assessment data. 

Assessment data acquired from inlet-plus engine-ground faci l i ty  tes t s ,  
flying t e s t  beds, and f l i g h t  development prototype aircraf t .  are included 
implicitly i n  measurements made with'gas p a t h  instrumentation. The quality of 
f l i g h t  t e s t  performance assessment data will depend on the extent t o  which 
instrument Cali brations include the effects of AIP d i  stortion. The increased 
trend towards the use of on-board diagnostic and monitoring data systems provides 
means for acquiring engine performance i n  service operation. 

4.4 TIME-VARIANT DISTORTION 

Current methods of accounting for the effects of AIP total-pressure 
d i  s tor t ion  on steady-state engine performance use time-averaged data from 
low-response instrumentation a t  the AIP.' Available information i s  insufficient 
to define the effect  of time-variant A I P  total pressure d i s to r t ion  and PFAV 
fluctuations on steady-state engine installed thrust, fuel consumption, and 
airflow. A t  typical mission performance points, AIP d i s t o r t i o n  data indicate 
that turbulence levels are low and the performance effect  minimal. 

Data avail ab1 e from compression component rig t e s t s  indicate that the 
time-averaged performance may be affected by time-dependent f 1 ow (References 15 
and 16). 
order of 1 percent + 0.5 percent RMS total-pressure amplitude. ( f i l t e r  range O 
t o  1500 Hz). The tëst results indicate that compressor performance responds t o  a 
wider turbulence frequency range than compressor stabil i ty.  

Random AIP flow fluctuations may cause losses of corrected flow i n  the 
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AIR 1419 I 
SECTION 5 

DISTORTION TESTING 

Tests provide the technical da ta  base for the develppment and verification 
of the s t a b i l i t y  and performance assessments discussed i n  Sections 3 and 4. The 
v a l i d i t y  of the assessments depends on the quality of the data bank generated 
during the tes t  effort. A program; w i t h  techniques defined i n  terms o f  the 
instrumentation, da ta  management, equipment, procedures, and analysis and 
communication of results, should be established by a l l  involved parties t o  assure 
maximum utilization of the da ta .  

The primary objectives o f  dis tor t ion  tes ts  are t o  define the flow distortion 
characteristics of the inlet  and t o  quantitatively determine the effects of 
distortion on the s t a b i l i t y  and performance of the engine. The scope of the tes t  
effort  must be tailored t o  the specific needs of the propulsion system. The 
extent and type of the tes ts  must be balanced w i t h  regard for  system 
requirements, program milestones, program risk assessments, program schedules, 
and cost constraints. Tests may be required on inlet  and a i rcraf t  components, 
engine and engine components, and the propul sion system. Information acquired 
from these tes ts  decreases the risk o f  incompatibility between the in le t  and 
engine as propul sion system development progresses (Figure 5.1) 

5.1 INLET AND AIRCRAFT COMPONENT TESTS 

The purpose o f  the inlet  system i s  t o  supply the desired quantity and 
quali ty of air t o  the engine throughout  the f l i g h t  envelope while minimizing 
aircraft  drag i tems chargeable t o  the propul sion system. A we1 1 -constructed 
in le t  development program i s  necessary t o  identify appropriate performance, 
weight and cost trades. The tes ts  required depend on the degree of complexity 
and risk associated w i t h  individual designs. 
involving significant advances i n  the state-of-the-art, may require tes t s  that  
extend over a period of years. With  a concomitant engine development program, 
time phasing and appropriate information exchanges become cr i t ical  t o  the 
development of an optimal system. In less complex programs, or  where a higher 
degree of technical risk i s  acceptable, limited tes ts  over a relatively short 
time period may be adequate. 

development program, i s  given i n  Table 5.1. Appropriate wind tunnel models, t e s t  
faciTities, major independent t e s t  variables and da ta  requirements are 
summarized. Tests are grouped i n  three major categories: i) in le t  development 
tests,  2 )  inlet  verification tes ts ,  and 3 )  full-scale, inlet-engine compatibility 
tests. Individual  aircraft  development programs may require the use of various' 
combinations of these tests. 

Highly integrated systems, 

A checklist, identifying t e s t  objectives d u r i n g  various stages of the inlet  
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\INITIAL ESTIMATES 

ET COMPONENT TESTS 

INLET TESTS 

ENGINE COMPONENT TESTS 

/INITIAL ESTIMATES 

DESIGN DEVELOPMENT FLIGHT TESTS OPERATIONAL USE 
PROPULStON S Y S T E M  L I F E  C Y C L E  

FIGUTIE 5.1 Distortion Assessment Uncertainty During Propulsion System 
Life Cycle 
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AIR 1419 I 
Inlet/aircraft models of differing scales, tested in a number of faci l i t ies  

are used t o  acquire inlet data .  Model scale, Reynolds number, and facil i ty type 
can all introduce uncertainities i n  the data .  Tests w i t h  short subsonic inlets 
have indicated t h a t  the distortion in flight may be significantly different from 
the distortion measured in scale model tests due t o  the effect of  engine pumping, 
Reynolds number, and other wind-tunnel -to-fl  ight differences. Reference 17 shows 
t h a t  engine pumping substantially reduces distortion .following separation a t  h i g h  
angle of attack. I t  appears t h a t  these effects are most significant in close- 
coupled installations such as those u t i 1  ized in commercial aircraft. Programs on 
conventional supersonic inlets indicate t h a t ,  with sufficient attention t o  - 
detail, good correlation can be obtained between subscale and full-scale model 
tests for selected inlet configurations (References 18, 19 and 20). 
Reference 18 show t h a t  Reynolds number effects on inlet  distortion due t o  model 
scale and/or tunnel conditions, were negligible a t  s t a t i c  and subsonic 
conditions. Full-scale model da ta  a t  Mach 2.2 and high Reynolds number showed 
higher total-pressure recovery and slightly lower distortion compared t o  results 
with sub-scale model s. 
continuous wind tunnel facil i t ies.  

The da ta  of 

Comparable results were obtained i n  b o t h  b l  owdown and 
Similar results are reported i n  Reference 19. 

F1 ight test  and wind tunnel results are compared i n  Reference 20. 
Distortion patterns recorded during flight tests were found t o  be similar t o  wind 
tunnel results obtained during static,  subsonic and supersonic operation. F1 ight 
da ta  resulted generally i n  sl ightly higher total-pressure recovery and sl igh t ly  
1 ower t o t a l  -pressure di storti on t h a n  recorded dur i  ng comparable wind tunnel 
conditions. These differences were smaller t h a n  the differences recorded among 
different aircraft a t  comparable operating conditions. Recul ts ,  comparing da ta  
from fu l l  -scal e i n l  et/engi ne tests w i t h  da t a  from "col d pipe" ( n o  engine present) 
tests, ind ica t ed  t h a t  the effects on total-pressure recovery and distortion were 
negligible. The la t ter  result i s  attributed to .  good simulation of the acoustic 
impedence of the engine achieved by locating the choking station (used for 
airflow control) close t o  the AIP. 

5 b 1 . 1 INLET DEVELOPMENT TESTS 

Small-scale inlet tes t  results are used t o  define the inlet/forebody 
configuration. Tests t o  evaluate the inlet in terms of the flow quality a t  the 
A I P  are described in Paragraph 5.1.1.1. 'Tests t o  evaluate inlet  drag ,  t o  
identify appropriate trades, and t o  optimize performance are described in 
Paragraph 5 . 1.1 2 

5.1 1 . 1 INTERNAL PERFORMANCE 

Internal performance, (defined by total-pressure recovery and distortion 
a t  the AIP,  airflow, and the inlet operating stability limits), i s  obtained from 
1) isolated-inlet  tests, 2) subsonic-supersonic inlet/forebody tests, and 3)  low 
speed inlet/forebody tests. These tests are described separately in Table 5.1. 
However, no single test accomplishes all the stated objectives. 
design process i s  iterative and.requires more than one wind tunnel entry. Each 
t e s t  generates da ta  t h a t  are used t o  modify the configuration for the next test. 

In practice, the 
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MdeVFacil ity/Test Variables 
Inlet Development Tests 

A. Isolated Inlet Model 

B. Subsonic-Supersonic Inlet/Forebody Model 

TABLE 5.1 
Inlet Ana Aircraft CornPonent Tests 

I AIR 1419 

1. InleWoreb dy w Fw A C 

2. owdown Hind Tunnel 
3. &fil a e 1 MFR BTeet 

ontroi cesMng &u6 
'&ale > O ia 

ow, E 3 !&ow, Gem ry 

C. Low-Speed Inlet/Forebody Model . Same Hod 1 s B Above 4 Low Spee8, eonttnuous Hind Tunnel 
3: Mach, a, 6, Inlet MFR, Geoaietry 

D .  Drag W e l s  
1. Complete Aircraft Model with 

o ria e Porti s f In e 
2. {~;m~~uous and/or Blondown Hind 

AP,PEoFce Qalance PEaPe < A.!) 
3- %Chi.a, 6, kontetry 

Inlet Verification Tests 
1. InleUFo bo y w i  

Control EcaQe = 22Pd A/C 
3: kich a fnfet M'Bleed 

Airflow: @cS Airflow, Gemtry 
ontinuous W n Tu 

In1 et/Engine Conipati b i l  ity 
1. Full-scale Inlet Model and 

Prototype Inlet Control 
Prototype Engine and Cokrol 

Da ta - 

S ad -State AIP Pressures 
Hgh-ies onse AIP Pressures 
En ine heed E S A rflpws 
St%ticlPressure Dfstrlbution 

Objectives 

nl e t  sizi n 
f n t  rnal D !fuser Lines 
Cow$/Si de ja e arrangements 
i n i t i a i  Be onfi u ati ns 
BY ass AU 1 ary M e t  eonfi 
Inyet i t a s  F F  1 ty fharftterist 
Burr Fre uenc es Amp tude 
Ra p c n& urati ns 
Inyet 8hieYding 8evi es or  
Radar Cross Section TRCSf 

.tions 

Inlet Dra Components 
External #tatic pressures 

S ead -State AIP Pressures 
Htgh-ies onse AIP Pressures 
!!i!y,"*Pressure heed i%stribut!on S A i  f l  ws 

Critical High-Response Distortion- 

fnfet e uce fierioman B eed Requ e h e r  reme p f f g h t  
&+a:x n Maneuv f!y&ofi$vel r f n v  lop s opes 

Weapon ooors - Spoilers 
~f%!?%% Schedules 
In! x ernal t ShieldSi BOO ~ c o o g s  Devi es for  RCS 
Reffned Inle sont  of Sensor Locations 
Bypass Door 8peratTon 

Patterns and Levels 

-State AIP Pressures In1 et/En i ne Compatibility 
Inlet Control Operation 

m9i esponse AIP Demonsaration 
In?et/Engine Airflows 

Tests Consists of 3 Phases: 

2. Continuous Hind Tunnel Inlet Static Pressures Inlet Control Response Rates 3. Mch, Limited a, Inlet Wit, 
Geometry, Distortion 

Full Engine Instrumentation En ine Control Sensitivity to  A/C Dis- 
I n h ? ~ ? ~ b i l i t y  Limits 
F i a h  rshoc fl Loads n ine T h r  t t l e  Transients 
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AIR 1419 I 
Tests are conducted w i t h  small-scale models t o  permit the use of less expensive 
tes t  facil i t ies.  To a great.extent, model size i s  determined by wind tunnel 
capability, b u t  the model should be a t  least  1/10 scale t o  achieve accurate 
geometric similarity. Typically, .the allowable projected frontal area of models 
required t o  simul ate the downstream aerodynamic environment shoul d be 
approximately one percent of the cross-sectional area of the t e s t  section. The 
allowable model size f o r  tes ts  i n  which only the inlet  conditions need be 
simulated can be approximately 15 percent of the cross-sectional area of the t e s t  
section . 

I n i t i a l  in le t  tes ts  may be performed w i t h  an isolated in le t  model i n  a 
faci l i ty  t h a t  permits frequent access t o  the model. Geometry, f l i g h t  Mach number 
and engine airflow are duplicated. The tes t s  provide the i n i t i a l  configuration 
evaluation and performance estimates. A l  ternate geometries (ramp, sideplate, 
diffuser, internal line, cowl l i p )  are evaluated. Limited dynamic 
instrumentation i s  used t o  identify potential distortion problems. The tes t s  
provide sufficient data t o  permit detailed configuration development. 

An example of an isolated-inlet t e s t  faci l i ty  i s  shown i n  Figure 5.2. 
The subsonic diffuser model was b u i l t  t o ,  evaluate the internal performance of 
various inlet  duct configurations. Total pressure recovery, steady-state 
d is tor t ion ,  and RMS pressure levels were measured by a 40-probe rake mounted a t  
the simulated engine face station. Internal components cou1 d be changed easily 
t o  eval uate different d i  ffusers. Other 1 ow-cost techniques are a l  so avai 1 ab1 e 
for investigating subsonic diffusers. One method; employing an altitude chamber 
as a vacuum source, i s  described i n  Reference 21. 

Inlet/forebody models, tested a t  low speed, subsonic and supersonic 
conditions, are configured w i t h  a forebody, a wing stub, any forward control 
surfaces, and other aircraft  features which affect the flow forward of the 
inlet. Flow-field tes ts  are performed t o  measure the local Mach number and the 
flow direction of the air entering the inlet .  For some tests,  the in le t  i s  
replaced by a rake of flow-field probes and is. tested over the Mach number and 
attitude range. Flow-field da ta  are used t o  optimize in le t  placement and 
orientation. More t h a n  one series of inlet/forebody tes ts  may be necessary t o  
acquire the internal performance data. Tests are conducted over the fu l l  range 
of f l i g h t  conditions from stat ic  operation t o  h i g h  Mach number. A f u l l  
complement of low- and high-response AIP instrumentation i s  employed t o  obtain 
d is tor t ion  data .  All parts of the ai rcraf t  t h a t  affect the inlet  internal 
operation are duplicated. 

As an example, a 0.10-scale B - 1  model w i t h  a single nacelle dual-inlet 
design mounted t o  a complete fuselage forebody w i t h  s tubwings ,  i s  shown i n  Figure 
5.3. A weapons bay just forward of the nacelle i s  simulated. T h i s  model was 
used t o  determine the effects of weapons bay doors and external stores on in le t  
performance. Acoustical measurements inside the bay cavity and on the doors were 
obtained. Tests were conducted t o  define inlet  performance i n  detail ,  identify 
the effects of the aircraft'and adjacent inlets,  define the in le t  control 
requirements, and provide da ta  t o  refine the i n i t i a l  design. 
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Diagnosts’c testing i n  a low-speed (Mach 0.2) wind tunnel can also be of 
val ue for screening configuration changes. Use of the 1 ow-sg.eed tunnel permi ts 
the use o f  a large-scale model i n  a cont inl iok f l o w  environment. Flow 
vfsual izat ion tests  of the  diffuser can be conducted. In ‘addi t ion,  AXP 
steady-state instrumentatlon, can be used a‘s an evaluation tool e .  These tests 
permit assessment o f  inlet changes i n  the presence of a f l ow  f ie ld  and are 
re1 a t i  vely inexpensi we. 

5 . 1.1 * 2 External Performance 

internal performance. Concurrently, t e s t s  shoul d be conducted t o  ewal uate 
external performance which  includes al1 drag items chargeable t o  the inlet  ( inlet  
spillage drag; bypass drag,  bleed drag, and any fnterference effects o f  the inlet  
flow on aircraft drag)  . Because testing requires a complete a l  rcraft model and 
the external flow field I s  important, the model i s  generally smaller t h a n  the 
internal performance model o It i s  designed w i  t h  several internal bal ances and 
extensive statlc pressure. instrumentation to evaluate the drag associated w i t h  
the inlet. These tests provide drag da ta  t o  evaluate configuration changes 
resultyng from the internal performance tests as well as providing d a t a  for  
overall aircraft  performance assessmentso 

5.4. This model represents the left-hand dual inlet nacelle mounted t o  the 
fusel age forebody. Fusel age structural mode control wanes , stub w i  ngs and the 
opposite-side f l  ow-through nace1 1 e aire sirnul ated. Model drag i s  measured by an 
internal force bal ance supports’ng the metric system. The model prowidec 
i ncremental i n l  e t  drag da ta  for  instal  I ed engine performance cal cul a t i  ons e 

5.1,% INLET VERIFICATION TESTS 

Phis test  phase provides the f inal  subscale evaluation of in le t  internal 
performance. Model size js ~lsual ly  20 percent scale or larger t o  assure t h a t  al1 
forebody and other parts o f  the airframe which may Influence the inlet  f l o w  field 
are represented. The overall purpose o f  verification tests 9’s t o  defime the inlet  
performance characteri s t i c s  throughout  the reqiri red Mach number, ang’l e-of-attack, 
sfdeslip, and corrected airflow ranges. Items t h i t  affect the i n l e t  are 
optimizedo The model should fu l ly  represent each configuration item t h a t  has a 
potentla1 influence on 9’nlet operation. Thfs requires t h a t  a l1  scoops, vents, 
exs’tc, and protuberances be simulated, As an example an F-18 model , constructed 
for t h i s  type of: testing, i s  shown i n  Figure 5.5. 

Auxi 1 s’ary a i  r induction systems enwl ronmental control system fnl etss radar 
cooling circuit scoops, and ‘gun bay purge devicesB are evaluated dur ing  the 
tests.‘ F I  ow and recovery characteri s t i c s  are establ i shed as funct!ons o f  speed 
and angle of attack. The effects of wake and shock ingestion from adjacent 
structures are evaluated. Typical items incl ude f l  ight-test or production 
nsseboom and nozzle, auxiltary tanks and gods. An evaluation o f  a t r c r a f t  
protuberances skou’l d be made o Items i ncl ude angl e-of-attack wanes, t o t a l  -pressure 
and t o t a l  -temperature probes and antennae e 

The tests described above deffne .and quantify the factors which  affect 

As an examplep a‘ 0.07 scale B-1 inlet drag model i s  shown i n  Figure 
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A l  ternative in1  e t  control -sensor l scations are i nvesti gated d u r i n g  the 
tests.  
t h a t  best prow-¡ de the desi red signal s. 
refï’ned t o  minimize inlet drag. 
bypass drag for non-maneuvering conditions, while maintaining optimal i n l e t  
operation dur ing  maneuvers or  a t  h i g h  speed, 
are requi red. In1 e t  opecati on i n buss -¡ s investi gated D i  storti on i n-phase 
pressure oscillation amplitudes, and frequency content a t  the K I P  are used t o  
evaluate engine response. 
structural design c r i te r ia  for the inlet .  

Low- and high-response staticlpressure taps  are located in .the bleed and bypass 
systems, and Yn the diffuser. The BIB i s  fully instrumented with  b o t h  low- and 
high-response total-pressure probes. 
further useful informati on 
auxiliary a i r  induction systems t o  determine i f  pressure oscillations occur. 

B i  g.1 ti zed peak time-vari a n t  d i  s tor t i  on data wil l provi de patterns for 
s%~%b-¡l i ty eval uat i  on by the engine manufacturer. D i  storti on trends w i  t h  Mach 
number, angle o f  attack, angle of sideslip, and mass flow are established. 
recoveryp stable-airfl ow-range!, and steady-state distortion data, are obtained 
for  use by the engine manufacturer t o  determine whether engine performance is 
affected o 

Several ~ p t 9 o t - 1 ~  can be ewaluated simul taneously t o  estab1 ish locations 
Boundary-l ayer-bl eed systems shoul d be 

The in l e t  bypass system i s  optimized t o  minimize 

Calibrated mass f l o w  measurements 

Static pressure 1 oadc are obtained t o  determine 

Instrumentati on for the i nl e t  veri f i  c a t i  on tes t  phase i s comprehensive o 

Static pressure taps at the A I P  can provide 
H i  gh-response instrumentat-¡ on may be requi red i n 

Inlet  

Resulta of verification tests are used t o  establish the final design of 
the i n1  e t ,  inc luding  control schedules , bl eed and bypass requirements, and 
external f l  ow f i  e9 d effects. Defi  n i  ti ve f l  ow di storti on and recovery 1 eve1 s are 
abtained for the final design. 

5.2 ENGhE AND ENGIME COMPONENT TESTS 

.Engine and engine component tes t s  are required t o  develop and verify the 
Sn4tfal (design phase) assessments of the effects of in le t  distortion on engine 
performance and s tabi l i ty ,  The tests tha t  may be required are based on three 
engine-inlet AáP flow conditions: 
state di  storted f l  ow (Section 5 * 2.2) ; and time-variant d i  storted f l  ow (Section 
s.a,31* 

Candidate engine and eng-lrk component t es t s  are shown i n  Table 5.2. The 
prï’mary objective and data requirements for each type of tes t  are out1 ined. Since 
P’nlet f l o w  distortion may affect  the basic aerodynamics of a number o f  engine 
components, interactions between those components , and the engine control system, 
testing af t he  eng-ine components, (primarily t h e  compression system components), 
and t h e  engtne is usually required. 

the engine and are generally used f o r  developing and verifying compressor and 
engine stabn’lity and performanceo I t  i s  neither technically nor economically 
feass’hle ts obtafn sufficient data for In-depth assessments from free-jet  or  
flisht tests of the propulsion system. 

uniformp steady f l o w  (Section 5.2.1); steady- 

Direct-connect test faci I i t fes provi de control I ed i n~ e t  f l  ow condi ti  on% t o  
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OtUECTIïES 

kvel op f l o w  Stabi 1 i ty 
Defina Descriptor 
Define Control Sensor Locations 
Evaluate Off Schedule G e m t r y  
Evaluate Bleed Effects 
Eva1 uate Reynolds tiusrber Effects 

Define Spool Interactions 

Evaluate Compressor-Burner Interactions 
Define Control Sensor Locations 

Define Augmentor S tab i l i ty  
Define Control Sensor Locations 

Define Control System Destabilizing Effects 

Define Engine S tab i l i ty  and Perfomance 

Define Response t o  Tirne-Variant Distortion 

k f i n e  Response t o  Special User Requirearents 

TABLE 5.2 

Engine Component And Engine Tests 

I AIR 1419 

TESTS 

Canpressor Rig/Diffuser Test w i t h  Classica 
- 

and Flight Patterns 

Dual Spool o r  Engine Tests with Distortion 
Burner Rig Tests w i t h  Distortion 

Burner Rig Tests with Distortion 

Augmentor Rig Tests 

Engine Tests with PLA Transients and F1 i ght 

Fuel System Stabi l i ty  Checks 
Trajectory Transients 

Engine Tests with Classical Patterns and 

Instal la t ion Effects a t  Cri t ical  Flight 
f l  ight  Patterns 

Condi ti ans 

Engine Tests with Time-Varlant Distortion 

Engine Tests with Water Ingestion 
Steam Ingestion 
Hot Gas Ingestion 

DATA - 
Surge Pressure ..-tio 
Airflow 
Efficiency 
Exit Profi les  
Distortion Sensitivities 
Control To1 erance 
Distortion Transfer 

Spool Supercharging 
Bypass Ratio Shi f t s  
Speed Mismatch 
Surge Pressure Ratio 
Airflow 
Efficiency 
Exit Profiles 
Distortion Transfer 
Distortion Sens i t iv i t ies  

Burner Pressure Loss 
E x i t  Temperature Prof i les  
E x i t  Pattern Factor 
Rich/Lean FuelIAir Limits 

Exit Total Pressure and 

Pressure Transients 
Rumble and Screech 
L i g h t  and Blowout 

Temperature 

Linkage Rates 
Travel Limits & Lags 
Compressor Operating 

Fuel Pressure P u l  sa t ions 
Control To1 erance 

Li nes 

Stab i l i ty  Limits 
A i  r f  1 ow(s) 
Efficiency ( s.) 
Distortion Transfer 
Speed( 5) 
Thrust 
SFC 

Stabil i t y  L i m i t  
Cri t ical  Compressor 
Ai rf  1 ow 

Stab1 e Operating Range 
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AIR 1419 

Inlet flow dis tor t ion may significantly affect engine mechanical integrity 
and l i f e ,  Experience indicates t h a t  distortion may increase the risk of 
exceeding turbi ne nozzl e and b l  ade temperature 1 imi t s ,  promote forced compressor 
rotor v i  b ra t ion  and coup1 ed blade-disk-mode exci tation, may increase stator 
stress loads, and affect compressor. f lu t te r  onset 1 imi ts  (References 22 through 
25).  During engine tes ts  w i t h  in le t  d i s tor t ion  i t  i s  necessary t o  assure t h a t  
engine component stress and temperature limits are n o t  exceeded. The 
aeromectianical 1 irni ts  of the engine components, such as the compressor operating 
limits shown i n  Figure 5.6 (Reference 251, must be considered i n  t e s t  program 
pl  anni ng 

SUPER SON IC 
STALLED FLUTTER 

1 
WEIGHT FLOII 

FIGURE 5.6 Cornpressor Map Showing Boundaries o f  Four Types of  F l u t t e r  

5.2 1 UNIFORM STEADY -STATE INLET FLOW 

Testing w i t h  uniform, steady, in le t  flow establishes the baseline 
performance and stabil i ty of the engine and engine components. Uniform 
steady-state in le t  flow conditions are defined as those conditions hav ing  low 
steady-state and time-variant to t a l  -pressure and total -temperature d i  stortion. 
Studies (Reference 26) have defined uniform steady-state flow quality goals as: 

pmx - P~~~ < o.o1 
PAVG 

(g) RMS < 0.01 i n  the frequency range 0-1000 Hz. 
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I - I  
AV Cin < 0.005 

I AIR 1419 

( f )  RMS < 0.005 i n  the frequency range 0-1000 Hz. 

Compressor r i g  t es t s  usually take place early i n  an engine development 
program and precede engine tes t s .  They provide a flexible means fo r  evaluating 
the effects of d i  s tor t ion over a range of throt t le  condi t i  ons us ing  comprehensive 
i nstrumentati on. 

An exampl e of a typical si ngle-spool , s i  ngle-di scharge compressor rig i s  
shown' in  Figure 5.7. The fac i l i ty  includes a large intake plenum, an in l e t  
bel lmouth,  and a 1 ow-vol urne, qui  ck-openi ng throt t le  val ve. The f i  rst two i tems 
provide h i g h  quality airflow a t  the compressor face and the t h i r d  allows rapid 
surge recovery. The r i g  t es t s  define the performance of the t e s t  compressor from 
open throttle settings t o  the surge throt t le  setting a t  each of several constant 
rotational speeds. The test results are presented as a compressor map defining 
performance i n  terms of flow pressure ratio,  efficiency, and s tabi l i ty  limit. I f  
the test compressor t s  an integral u n i t  of a mu1 tiple-compressor-compression 
system, such -as a dual -spool engine, then aerodynamic coupling effects between 
the spools (spool interference) may need t o  be accounted i n  the t e s t  Set-up and 
procedures. 

INLET PLENUM 

INLET 
BELL M O U T H 

1' 
LOW VOLUME 

VALVE 

AIRFLOW 

E IGV MOUNTED 
TEMPERATURE 
â PRESSURE 

RAKES 

FIGURE 5.7 Single-Spool Compressor Facility 

Figure 5.8 i s  a schematic of a dual-spool rig used t o  characterize the 
stabil i ty  of a fanil ow-pressure u n í  t and i t s  correspondi ng high-pressure 
compressor. Dual-discharge rigs are necessary for testing fan/low-pressure 
units, with close attention paid t o  simulating the expected discharge flow 
schedules. Variances i n  these schedules can cause significant changes i n  u n i t  
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- 
SAE AIR*KL4Lî 83 = 8357340  OOOLt844 I 

I 

AIR 1419 I 

-1 

Metered 
primary a i r  
Q 

Turn ing  vane section 

Centerbody support struts 

In le t  t ransi t ion bell 
Fan 

discharge 

0 

Metered primary discharge 

FIGURE 5.8 Dual-Exhaust, Dual-Spool Canpressor Facility 

FAN, 
I r n  

LOW PRESSURE r COMPRESSOR 

- 

FI- 5.9 Dual-Discharge Canpressor Flowpath. 

i 
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performance and s tabi l i ty  characteristics. 
section o f  a typical dual-discharge rig designed t o  independently vary fan and 
l ow-pressure-compressor d i  scharge-fl ow sckedul es o 

o f  component tests (e.g. compres’sor r ig  tests) and ascertain the effects of 
component interactjons on engine system s t a b i  1 i ty and performance e Tests are 
conducted t o  asseas the effects of the engine operating environment, and the 
effects of the engine operati ng condi t4 on Envi  ronmental consi derati ons 9 ncl ude 
the effects of fT i gkt Mach numberg a l  ti tarde, Reynol ds number o nonstandard day 
conditions, external engine thermal environment, and f l i g h t  transients where 
performance or s tabi l i ty  characteristics vary prior t o  the achievement o f  engine 
thermal equil ibrium. Typical ly,  the engi ne operating characteristics are 
establ i shed w i t h  and w-i tkeut eng9 ne a i  rbl eed and power extracti on, w i  th control 
system variatforis representative o f  control tolerances, and i n  steady-state and 
transient nonaugmented and augmented control modes. 

engine basel ine testing o A typical d i  rect-connect engi ne tea t  i nstal 1 at9’on i n an 
altitude t e s t  fac i l i ty  i s  i l lustrated i n  Figure 5.10, 
the installation are a critical-flow airflow-measuring venturi 
plenumo and a bellmouth a t  the engine inlet duct t o  provide uniform steady flow 
%a the engine. 
the fTow 1s uniform. 

Figure 5,9 i s  a schematic of the t e s t  

Engine teats defi ne overall performance and stabil i t y  , veri fy the resul ts 

D i  rect-connect sea-level and a l  t i  tude t e s t  faci 1 i t i e s  can be used for 

The salient features of 
a large in le t  

Flow straighteners are Pi t ted  .in the inlet  plenum t o  assure t h a t  

5 2.2 STEADY -STATE TOTAL-PRESSURE B IST0RTPOM 

Tests ni t h  steady-state i nl et. t o t a l  -pressu.re d i  stou?tion defi ne the effects 
o f  classical and composite di s t o r t i o n  patterns on engine and engine component 
performance and stabil i ty,  Test ing w i t h  classical patterns establishes the basic 
senaitivfty characteristics o f  the engine. Testing w i t h  composite patterns 
establ iskes performance changes and the loss i n  stabi l i ty  attributable t o  
f l  ight-type i n l  et-di storti on patterns o 

test resul t a  a t  sel ected operating condi t i  ons o The establ i shed practice i n  
industry is  t o  siniul ate peak time-variant d i  startion patterns with steady 
state-patterns thus avoiding the need for extensi ve compression system 
devel spment tes t i  ng w i t h  h i  gh-response i nstrumentati on and data-acqui s i  ti on 
systems. Compressor and engine testing w i  tk steady-state total -pressure 
di  stor t ion can be accompl i shed i n the di rect-connect 9’ natal 1 ationa descri bed for 
testing w i t h  uns’form in l e t  flow conditions using steady-state distortion 
generators located apgroxtrnately one eng1 ne d i  ameter forward of the compressor 
inlet. 

sufficient for most cteady-state 8.i stortion testing needs. The time-vari a n t  
component, APrm,/Pavg (0-1000 Hz), should be less than one percent and total- 
temperature di  storti on s (Tmax - Tmf n )  /Tavg s choul d no t  exceed one-ha1 f 
percent e 

Composi t e  patterns are based on i n l  e t  

Distortion levisTc up t o  30 percent - Pmin)  /Pavg generally are 
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1 Xi 
True Enqine Inlet Conditions, .€a 

Flov,-Stralghtening Screens 
I e 

FIGüRE 5.10 ~ ~ p l c a l  Direct-Connect Ehgine Test Installation for 
Baseline S tab i l i t y  and Perfomce Testing 

FIGURE 5.11 Rotatable Distortion Screen Assenf3ly 
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I AIR 1419 
5.2.2.1 Screens 

H i  re-mesh screens are used t o  generate steady-state to t a l  -pressure 
d is tor t ion  a t  the. compressor and engine inlet .  Screen systems have several 
significant advantages. They are relatively simple t o  fabricate and use. Once 
calibrated, screen systems may be used w i t h  limited A I P  instrumentation i n  
different f ac i l i t i e s  having identical engine in l e t  configurations. Rotatable 
distortion screen assemblies may be used t o  obtain detailed d i s to r t ion  data from 
a minimum number of installed sensors -(AIP and engine internal sensors) a t  a 
stabil i zed engi  ne/envi ronmental t e s t  condi t i  on and t o  assess engi ne control 
system interactions a t  a constant engine power lever position. An example of a 
rotatable di stortion screen assembly used for engine testing i s i 11 ustrated i n  
Fi gure 5 . 11 (Reference 27 ) . 

Screen design techniques have been developed t o  aid i n  the development 
of screens to  provide defined total -pressure d i s to r t ion  patterns (Reference 28) . 
Selected in l e t  d i s tor t ion  patterns usually can be established t o  required 
accuracies t o  w i t h i n  two t o  four screen tailoring t e s t  iterations. Screens have 
undesirable operating chracteristics i n  that  their  pressure losses are dependent 
on the screen porosity (blockage) and approach velocities, so that  the simulation 
of a number of i n l e t  d i s tor t ion  patterns requires a screen change w i t h  a 
consequent 1 oss of t e s t  time . 
5.2.2.2 Air Je t  Distortion Generators 

An a i r j e t  system can be used as an alternative steady-state distortion 
generator. Airjet-distortion generators use a counterflow ( t o  the primary engine 
inlet airstream) a i r  j e t  system i n  which the j e t  flow momentum cancels p a r t  of 
the primary compressor i n l  e t  ai rstream momentum w i t h  an accompanying 
total -pressure 1 oss. The f 1 ow d i  storti on pattern i s varied by remotely 
controlling the j e t  flow rate and d i s t r i b u t i o n .  

A typical a i r j e t  d i s tor t ion  generator (Figure 5.12) i s  reported i n  
Reference 29. The system includes a secondary ( a i r j e t )  a i r  temperature 
conditioning system ( t o  match the temperature of the primary engine airstream), 
an a i r j e t  nozzle array (56 equally spaced flow nozzles), and a computerized 
ai r j e t  nozzl e f l  ow control system t o  provi de "di al -a-pattern" capabi 1 i ty  . 
Defined parametric or f l  ight-related patterns can be established w i t h i n  
approximately 90 seconds dur ing  testing t o  approximately the same accuracy 1 imi ts  
obtainable w i t h  a screen distortion generator (two percent rms error on a 
probe-by-probe bas3 s) . The ai rjet system provi des a capabi 1 i ty  f o r  producing 
variable-amp1 i tude and variabl e-pattern steady-state d i  stortion a t  a fixed engine 
operating condition or a constant d is tor t ion  level and pattern over a range of 
engine airflow w i t h o u t  hardware changes. 

The air$et d is tor t ion  generator requires the use of a fu l l  AIP steady- 
s ta te  total-pressure probe array and a secondary a i r  supply system. The time- 
variant d is tor t ion  levels obtained w i t h  the a i r j e t  system may be higher than 
comparable 1 eve1 s obtained w i t h  screen systems, necessitating the use of h i g h -  
frequency-response in1 e t  instrumentation (Reference 29).  
d is tor t ion generators are reported i n  References 30 and 31. 

Simil ar a i r j e t  
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AIR 1419 

FIGURE: 5.12 Schematic of airjet Distortion Generator 

DISTORTER . 
AIR 

PLENUM 

TEMPERATURE I 
PRESSURE INSTRUMENTATION 

FIGURE 5.13 Conpressor fig T e s t  w i t h  firjet Distortion Generator Installed 
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SAE A%R*/4L7 83 8357348 BOO4847 o 

ti o i) e 2 e 3 Compressor Tests 

In1 t i a l  assessments of compression system sensi ti  v i  %y t o  i n l  e t  
dis tor t ion usually are made by compressor r i g  test ing,  A typical t e s t  -sequence 
s t a r t s  w i  t h  a basel i ne test  conducted wi th a ."clean 3 nl et" confi gurati on li as 
discussed i a  Paragraph 5.2.1. The t e s t  fac i l i ty  i s  then modified t o  include 
distortion-producing dewices,, an& distorted-flow compressor maps are produced for  
each di storti on pattern. 

converted t o  combined pressure and temperature d is tor t ion  a t  the inlets  of 
down-stream compressisn-system components. 
t e s t  HP compressors wttk both pressure amd temperature d i  s t o r t i o n  patterns. 
Figure 5.13 is  a schematic oT an airjet  disto~tion system which accomplishes t h i s  
ob~ect ive by injecting high-temperature, high-preskure a i r  a t  appropriate angles 
t o  the in le t  flow. The i n j e c t i o n  angle determines the degree o f  pressure 
dictot%ion incl uded i n  .the pattern e Another system fo r  produci ng temperature and 
pressure d i  storti ons i nvol ves the aase of hydrogen burners i n coiwbi nat i  on w i  t h  
screens (Figure 5014) ., 

The compressor r i g  t e s t  resul ts are analyzed to assess compressor 
sensi ti v i  ty t o  each in1 e t  di  storti on pattern e The typical t e s t  sequence i nvol ves 
testf'ng wi th  classical patterns such as "pure" 186 degree-ci rcumferenti al  i 
tip-radial 
such as graded-rad1 al patterns o combs'ned rad9 al and c i  rcumferenti al patterns o and 
two per rev patterns. The classical pat tern  test data serve t o  define basic 
compressor d i  storti on sensi ti v i  t i e s  and offset  c o e f f i c i  enta, whi  1 e the compl ex 
pattern data al 'Low general i zed sensi ti v i  ti  es t o  be deri ved e 

Total -pressure d i  storti on a t  the i nl  e t  o f  a mu1 ti -component system i s  

I t  may be dess'rable, therefore, t o  

and hub-radial patterns and then proceeding t o  more complex patterns 

Testing on a compressor r i g  imposes constraints which may affect  the 
applicability QP the rig t e s t  results t o  a complete engine. Insofar as 
practical the compressor rig shoul d include a simulation o f  downstream 
components i f  these are anticipated t o  affect  the dfs tor t ion  s e n s i t i w i t y  of the  
compressor, Aeromeckanical constrai n t c  may prohs'bi t testing w i  t h  h i  gh l eve1 s of 
dfs tor t ion,  and rig drive-power limitations may preclude testing above design 
speed e 

5,2,2,4 Engine Tests 

Engs'ne tests are conducted t o  estabï ist i  the overall effects o f  
t o t a l  -pressure d i  storti on on engi ne performance and stabi l i ty  I veri fy i nstal 1 ed 
compressaif sensi ti v i  ty coefficients and d i  stortion transfer characteri s t ics9  and 
confi m i nP ti a l  d i  storti on assessments ., Teats at sel ected environmental 
operating conditions are performed over a range of fixed-throttle settings and 
PLW transients (accel /dece1 rateal w-S t h  representati ve customer $9 eeds and power 
extractions, Diagnostic tests w i t h  the normal control functions muted can be 
carried out,  and classical or parametric patterns can be tested t o  determine the  
d i  s t o r t i o n  sensitivity characteristics of' mu1 ti-spool compression systems using 
heavi ly-i nstrumented eng9 nes o FOI" qual i f i  c a t i  on or  certi f i  cati  on testi ng , test 
matrix requirements are general l y  l i m i  ted t o  speci fie$ engine and envi ronmental 
"rating" condi t i  ons usi ng $4 I d i  storti on patterns ., 
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261 r 2 C  

I ¡irD i 
- 

W G 4  
- - 

H dgtort ion temperature generator, 7 I I I i - c f  
r 

rFlo3Ïi control valve . ,Flowmeter 

H2 supply 

H2 manifold, '\ \- 
Airllovi and flame holder 

- -  +- 
"Typical 90° sector -----___ 

/ 7 
(a) Schematic of installation. 

(b) Photograph looking upstream. 

?4 

FIGURE 5.14 T e s t  Configuration for Temperature Distortion T e s t i n g  
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U 

Engi ne t es t s  w i  t k  steady-state i n l  et-fl ow d i  storti on are performed i n  
the test  installations used fo r  baseline clean-flow engine performance and 
stabi 1 i ty test assessments modi f l e d  t o  i ncl ude a sel ected steady-state 
di stor t ion generator. .An  engi ne i nl et-ai rfl ow metering system, suck as a 
cri t ical  -flow venturi o for~ard of the i ni e t  p’l enum provi des accurate engi ne 
airflow measurements while testing w i t h  the steady-state dis tor t ion generator. 
Engi ne-i nstal led campressor 9 oadi rng test. teckni ques t o  assess i nstal I ed 
compressor stabi 1 f ty 1 imi ts may be empl oye8 ( Paragraph bi e 4) e 

5.2.3 TIM%-VWR%WNT TOTAL-PRESSURE %)%STORTION 

assess the effect  o f  random- and discrete-frequency pressure fluctuations on 
compression-system stabil i ty  and performance. Time-vari ant d i  storti on analysi a 
techniques are similar t o  steady-state techniques, except t h a t  the inlet  data are - 
f i l t e red  via analog and/or digital data processing systems t o  match the 
compression system dynamic response characteri s t i c s o  The objectiva o f  the tes t s  
i s  t o  correlate surge or  s t a l l  ewents wi th  the maximum time-variant d is tor t ion  
level produclng the instability. A “low-pass” fi l ter  w i t h  a cutoff frequency of 
1/2 t o  1 times the compressor. rotor speed i s  sufficient t o  assess the response o f  
most current engines (Reference 32) . 
5,%,3.1 Random Frequency Gerierat9i.s 

Fi’gure 5. $5. W cr i  t ical  -$I ow convergent-di vergent n o n 1  e w i t h  a 
vapi ab1 e-posi ti on centerbody i s used t o  generate t u ~ b u l  en% f l o w  by 9 nteracti on o f  
a shock wawe and a boundary layer i n  the same manner as turbulent flow i s  
generated i n  alt a i rc raf t  i n 1  e t ,  A turbul ence attenuation screen 1 ocated 
downstream of the venturi may be used t o  modify the characteristics o f  the 
t u r b u l e n t  f l ~ w  system. The centerbody may be o f f s e t  t o  obtain asymmetric 
di  storti on patterns o The random frequency generator ( RFG) skoul d simul a te  the 
length/vol um@ characteri stics of the a i  rcraf t  i nl  e t  duct from the i n 4  e t  .throat %o 
the compressor face. 

Random frequency generators may be desi gned t o  simul ate  speci f i c  i nl e t  
configurations e The two-dimensi onal random frequency generator, reported i n 
Reference 6 (Figure 5.16), i s  designed t o  produce d is tor t ion  patterns which are 
similar i n  shape, level and dynamic content t o  those obtained from 
Wo-dimensi onal i n l  e t  model s e Test i  ng an eng9 ne w i  th the generator provi des a 
means for eual uat i  ng pressure distorti on sensi ti  v i  ty and transfer characters’ s t i e s  
as well as  engine/control performance i n  a real is t ic  environment prior t o  
inlet/engine and P I  ight testinge The random frequency generator consists o f  a 
duet  39,85 inches square and 18.5 f e e t  long, The upper and lower duct walls each 
conslst o f  three artfculated ramps that  may be posit ioned remotely us ing  screw 
jacks. Changing the f1 ow channel geometry by posi t ion% ng these rampa 9” nduces 
d i  storti on v i  a boundary 1 ayer- separati on and shock/boundary l ayer i nteracti on . 
Dfstortfon level and extent i s  controlled by the particular geometry of the ramp 
posit ions and airflow. The turbulence level and r a t i o  o f  unsteady t o  
steady-state d i  storti on i s control I ed by a $sal I -span monoporosi ty screen 1 seated 
just behind the a f t  ramp. The dis tor t ion  levels produced by the RFG are, i n  . 
general 9 controll ab1 e and regeatabl e o 

Tests w i  t h  time-vari a n t  9 n l  e t  total -pressure 89” stortion may be required t o  

An example of a random frequency generator installa$ion i s  shown in 
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FIGURE 5.15 Typical Random Freguency Generator Test Installation for 
Engine Stability &messment 
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. 
FIGLJRE 5.16 RandomFrquency Generator nesignexi to Simlate Flow 

Conditions of IEtyo-Dimensional Inlet conficruratîon 
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Typical WFG test  results are shown i n  Figure 5 , % 9 ,  The d a t a  were 
asqui red w i  th an anal og recording system and were .di  g i  t i  zed for off-1 s’ ne 
analysis. The da ta  were filtered’ t o  a time constant nearly equal t o  one engine 
revolution. The curves show ( a )  one second of data w i t h  an engine stall  near, 
0.80 seconds and ( b )  calculated d i  stortion parameter.c and Pace-average pressure 
i n  an expanded region from 0.75 seconds t o  8.85 seconds, 

Another méthod for generati ng AIP. time-var9 a n t  d i  storti on 9 nvol ves t h e  
use of a perforated plate simulator designed t o  reproduce the A%P steady-state 
t o t a l  -pressure d i  stortion pattern and the statistical characteristics of the 
inlet Plow. An arrangement of slots or holes i n  the plate can be adg’usted t o  
reproduce steady-state and 1 oca1 RMS, pressure contours ampl itude proba$=¡ l i %y 
density, and spectral density characteri stics (Reference 33) 
i n,strumentation f s requi red t o  deve1 op the sf mu1 a to r  o 

5.2.3,2 Biscrete frequency Generatow 

due t o  turbulence and as a result of inlet  in s t ab i l i t y ,  such as $UZE, or as a 
result o f  duct resonances. The propagation characteristics, the surge9 and the 
performance effects o f  the planar i nl e t  pressure f l  uctuations may be determined 
us$ ng d i  screte-frequency generatorso They are effective tool c for  eva1 uati  ng 
time-variant analytical models which descrfbe the dynamic behavior of‘ compressors. 

Several types o f  d i  screte frequency generators have been devel oped. The 
aír j e t  distortion generator designs reported 9’n References 30 and 3% have 
d i  screte frequency pressure pul se cagabi I i t ies e A rotor/stator f l  ow $1 ockage 
design i s  reported i n  Reference 34, fhe,generator consists of a rotor 9’nstailled 
between matched stator assemblies. The o u t p u t  frequency o f  the g8nerator 9s 
controJled remotely by varying the speed o f  the rotor. The amplitude of t he  
pressure f l  uctuations can be varied by changing the sol Sdity (blockage) of the 
rotor/stator assembl l e s  e A s i m i  1 ar des9 gn concept, the PI anar-Pressure- 
Pulse-Generator (P%) 1s reported i n  Reference 16. The P% 9’s a choked-flow 
device which uses a single-stage rotor and s t a to r  combination t o  sinusoidal ly 
modulate the m i n i m u m  area, The frequency o f  the planar waves i s  governed by the 
rotor-to-stator spacing (Figure 5.18) e An advantage o f  t h i s  device i s  i t s  
ability t o  produce planar waves w i t h  peak-to-peak amplitudes o f  1Q %o 3Q percent 
o f  the  mean t o t a l  pressure over a frequency range from 420 t o  800 W a r .  

ti 0 3  PROPULSIION SYSTEM TESTS 

High-response AIP 

D i  screte-frequency pressure f l  uctuat iona occur i n  an a i r c ra f t  1 n l  e t  duc t  

Testing o f  the integrated inletlengine system prior t o  installatlorn i n  the 
fl  i g h t  tes t  aircraft provi des the f i  r s t  veri f - i c a t l  on o f  instal  1 ed performance and 
i n l  et/engi ne compati b i  l i ty o Tests on a representati ve system may be carrs’ed owt 
on a sea-level-static test  stand, i n  an altitude-propulsion wind tunnel or a 
flyl’ng test bed, depending on instal 1 a t i  on and program requ9 rements . FI i ght 
t e s t i  ng demonstrates and veri f íes the performance and compati bs’ I i ty  o f  the 
propul sion system over $1 ight/maneuver envelopes of the f l  i g h t  tes t  aircraft. 

. .  - .  ._< ~ . . . . - - -’ . . 
- /  

:! . . !  
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(a) variation of ~ g i n e / ~ l e t ~ v e r a g e  Pressure and 
C k c u m f e r e n t i d  Diskorbion at  Onset of S t a l l  

0 
TJNE [SEC.) 

(b) *ded Scale a t  T h  o€ Engine S ta l l  

L I  
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TI-ME (SEC.) 

[(c) @dial Distortion a t  T h  of S ta l l  
FIGURE 5.17 Typical Ehgine Tes t  R e m i t s  Obkahed wïkh a Randa 
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FAN SUPPLIES 

VARIABLE SPEED ENERGY TO 
TO ADJUST 
FREQUENCY 

i3 IABLE DISTANCE 

TO ADJUST PULSE 

MAGNITUDE 

FIGURE 5.18 Schematic of Planar  Pressure  Pulse Generator 
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1 AIR 1419 
The types o f  test ,  primary t e s t  objectives, and basic data requirements 

which m a y  be needed fo r  system development are shown i n  Table 5.3. 
considerations f o r  the select ion o f  the desired t-est techniques f o r  spec i f i c  
programs include: (1) t e s t  model a v a i l a b i l i t y  and cost, ( 2 )  t e s t  condit ion/ 
matr ix requirements, ( 3 ) .  data and instrumentation system Considerations, and ( 4 )  
t e s t  f a c i l i t y  requirements/l imi tat ions.  

Pr imary 

5.3.1 STATIC TESTS 

Sta t ic  tes ts  o f  the in let /engine system can provide an ear ly  ind ica t ion  o f  
inlet/engine operation a t  take-off.  Test configurations represent the a i r c r a f t  
as c losely as possible and include simulat ion o f  the ground plane, adjacent 
a i r c r a f t  structure o r  adjacent engine, as appropriate. Tests enable the e f fec ts  
o f  the externa? environment on the f low qua l i t y  a t  the A I P  t o  be established a t  
s t a t i c  o r  near-stat ic condi t ions  . 
The General E lec t r i c  Peebles Cross-Wind F a c i l i t y  (Figure 5.19) was designed f o r  
tes t ing  large turbofan engines and determining the e f fec ts  o f  winds ranging f rom 
quarter i  ng t a i  1 winds t o  headwi nds . The f ac i  1 i ty i s composed o f  13 i ndi v i  dual l y  
contro l led fans capable o f  creat ing uniform-velocity f lows ranging from 15 t o  78 
knots, and has a capab i l i t y  f o r  ground plane simulat ion and ground vortex 
suppression 

5.3 . 2 WIND TUNNEL TESTS 

I n  a i r c r a f t  programs involv ing s ign i f i can t  advances i n  the state-of-the- 
ar t ,  inlet/engine tes ts  i n  a wind tunnel can prove t o  be a cost -ef fect ive way o f  
demonstrating in let /engine compat ib i l i ty  p r i o r  t o  the s t a r t  of f l i g h t  test ing.  

conducted t o  determine the fu l l -sca le  i n l e t  character is t ics  over a wide range of 
i n l e t  mass f low rat ios.  These tes ts  provide a i r f l ow  ca l ib ra t ions  f o r  subsequent 
use i n  tests  w i th  the engine. A l  though complete a i r c r a f t  maneuvers envelopes 
cannot be explored, tes ts  with off-scheduled i n l e t  geometry can be conducted t o  
simulate d i  s to r t i on  character is t ics  observed duri.ng previous sub-scal e tes ts  
throughout the maneuver envelope. The e f fec ts  of known external disturbances 
(external weapons, control  vanes, weapon bay doors and others) can be simulated. 
If var i  able geometry i n l  e ts  are empl oyed, programs usual l y  i ncl ude a second , 
co l  d-pipe phase consi s t i  ng o f  deve1 opment tes ts  o f  the i n l  e t  and i n l  e t  control  
system. Use o f  the actual a i r c r a f t  control  system, if timing permits, can be an 
effect ive means of system checkout and o f  minimizing the f l i g h t  t e s t  development 
program, pa r t i cu la r l y  f o r  supersonic a i rc ra f t .  The t h i r d  t e s t  phase includes a l  1 
three elements: i n l e t ,  i n l e t  control  system, and engine including the engine 
control  system. Emphasi s i s p l  aced on demonstrating in1 et/engi ne compati b i  1 i ty 
over a compl e te  range o f  equi 1 i b r i  um operating condi ti ons and engi ne t h r o t t l  e 
t ransients a t  c r i t i c a l  f l i g h t  conditions. Techniques f o r  i n ten t i ona l l y  s t a l l i n g  
the engine t o  determine s t ructura l  loads and t o  v e r i f y  the system s t a b i l i t y  
l i m i t s  can be employed. Engine d i s t o r t i o n  l i m i t s  can be explored by 
off-scheduling i n l e t  geometry t o  generate high d i s to r t i on  levels. The use o f  

I n l e t  tes ts  w i th  a co ld  pipe i n s t a l l a t i o n  (no engine present) can be 
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FXü€!E 5 e 20. Free- jet PropulsLcm-System T e s t  Installatîon Schematic 
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f l i g h t  t e s t  instrumentation and da ta  reduction procedures dur ing  these tes ta  can 
be an e f fec t iwe  means o f  reducing the required effQrt dur ing  the f l i g h t  t es t  
program. A successful program requires a h i g h  degree of coordination among the 
parts’e,~ i nvol ved. 

W schematic o f  a typical free-jet engine tes t  f a c i l i t y  is presented i n  
Figure 5.20. The test  facs’ls’ty i s  configured t o  duplicate the inlet 
envi ronmental operating condi t i  on% a t  sel ected pos’ n t c  9” n the fl  i ght and maneuver 
envel opes for defi ned propul si on system operati ng condi ti ons e A propul si on w i  nd 
tunnel tes t  in s t a l l a t ion  is  shown i n  FSguPe 5.2%. 

Model s i te  requirements have a s’ignificant effect on the  selecti.on of 
desired propul sion system test  techniques, The historical growth i n  engs’me 
a i  rfl ow requi rements has 1 ed t o  i ncreascd t e s t  f a c i  l i ty a i  rfl ow requi rements * 
Semifree j e t  ( inlet  simulator) techniques can be used where tes t  f a c i l i t y  
l imitations exist. Semifree j e t  tests may be used t o  pt-odu~e inlet/engine 
interface ~ I Q W  conditions t o  a high degree o f  Ps’delity over the operating range 
o f  the propulsion system. An,exatnple of an In le t  design simulats’mg an aircraft 
inlet  system downstream o f  the i n i  t i  al  . compressi on shocks o f  an external 
compression f i l e t  i a  reported fn Reference 35, ~ i g u r e  5.22 illustrates the basic 
concepts of the sitmulator. 

‘ 

f 
Reproduce engine 
inlet conditions 

íturbulenceldistortion) 

Reproduce inlet 
flow conditions 

FIGURE 5.22 Schematic o f  Inlet  Siniulator 
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I AIR 1419 

5.3.3 FLIGHT TESTS 

F l i g h t  tests a r e  o r i en ted  t o  demonstrate propul si on system opera t i  onal 
goa ls  and t o  provide v e r i f i c a t i o n  of system performance, s t a b i l i t y ,  and 
mechanical i n t e g r i t y  over the a i r c r a f t  f l i g h t  and maneuver envelopes. Since 
i n s t a l l e d  surge margin is  usually n o t  measured i n  f l i g h t ,  propulsion system 
s t a b i l i t y  i s  demonstrated by opera t ing  t o  the a i rc raf t -engine-surge- f ree  limits. 
F1 igh t -  tests w i  11 gradual ly expand the envelope from 1 ow speed t o  supersonic  
condi t ions  and from nominal t o  extreme a l t i t u d e s  and a t t i t u d e s .  Table- 5.4 l is ts  
typ ica l  condi t ions  which a r e  tested.. 

Both s t eady- s t a t e  and h i  gh-response instrumentat ion may be used a t  the 
In addi t ion ,  the eng ine ( s )  can be instrumented t o  permit measurement of AIP. 

i n t e rna l  engine performance and i n - f l i g h t  thrust. F 1 i g h t . t e s t i n g  provides the 
opportuni ty  t o  verify performance and d i  s t o r t i o n  l eve l  s predicted from wind 
tunnel data .  S u f f i c i e n t  instrumentat ion should be provided t o  identify any 
propuls ion problems encountered during the f l i g h t  tes t  program. 

The  comprehensive wind tunnel testing descr ibed i n  Sect ion 5.1 and 
Paragraphs 5.3.1 and 5.3.2 will have provided the da ta  t o  i d e n t i f y  and c o r r e c t  
any major system deficiencies p r i o r  t o  f l i g h t  test. 
t h a t  problems m a y  be encountered during the e a r l y  part  of the f l i g h t  tes t  program 
due t o  ground f a c i l i t y  cons t r a in t s .  Wind tunnel s i z e  l i m i t a t i o n s  prevent  
complete dupl ica t ion  of the a i r c r a f t  and may limit incidence and sideslip .to less 
than the a i r c r a f t  limits, and rap id  changes i n  a i r c r a f t  a t t i t u d e  o r  i n - f l i g h t  
condi t ion  cannot be simulated properly.  S i g n i f i c a n t  a r e a s  need t o  be explored 
during t h e  f l i g h t  tes t  program, p a r t i c u l a r l y  w i t h  r e spec t  t o  f l i g h t  dynamics. 
The f l i g h t  test program provides the opportuni ty  t o  eva lua te  refinements t o  the 
propulsion system design i n  terms of their effects on a i r c r a f t  performance and 
in l e t / eng ine  compat ib i l i ty .  For example, in le t  geometry may have a s i g n i f i c a n t  
impact on a i r c r a f t  trim drag. Minor changes t o  in le t  geometry schedules may 
improve performance w i t h  e s s e n t i a l l y  no adverse e f f e c t  on d i s t o r t i o n .  The f l i g h t  
test program should be structured t o  explore  those  a reas  where i n t e r a c t i o n  
between the propulsion system and the a i r c r a f t  m a y  no t  have been ful ly  tested 
during wind tunnel  tests. 

I t  is  poss ib le ,  however, 

Corre la t ion  of f l i g h t  tes t  and wind tunnel da ta  provides a da ta  bank f o r  
eva lua t ing  future modif icat ions t o  the system and f o r  the development of new 
a i r c r a f t .  References 19 and 20 a r e  examples of  c o r r e l a t i o n s  between s c a l e  model 
and f l i g h t  data .  

5.4 STABILITY ASSESSMENT VERIFICATION 

Test v e r i f i c a t i o n  of  the v a l i d i t y  of s t a b i l i t y  assessments i s  based on a 
bui ld ing  block concept. The q u a n t i t a t i v e  eva lua t ion  of a l  1 d e s t a b i l i z i n g  f a c t o r s  
cannot be assessed during a s i n g l e  engine o r  engine component test. 
Consequently, s tabi l i ty  assessments a t  program milestones are based on the tes t  
da ta  ava i l ab le  a t  t h a t  time. Hence, tes t  programs mus t  be c a r e f u l l y  c o n t r o l l e d  
t o  maximi te the appl icab i  1 i ty of tes t  resul ts. Stab i  1 i ty  assessments a r e  based 
on experimental audits a t  def ined propul si on system operat ing condi ti  ons. 

r- 
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TABLE 

F l i g h t  Test 

GROUND OPERATION 
Fod Screens 

5.4 

Conditions 

S ta t ic  Taxi Opera ,ions 
Crosswinds 
Runway Conditions 

LOW SPEED OPERATION 
Rotation Takeoff 
Approach Landing 
Crossw? nds 
Auxiliary In le t  Transients 
A/C Sta1 1 Characteristics 
Thrust Reverser 

AIRCRAFT TRANSIENT OPERATION 
Accelerations 
Decelerations 
Automatic/Manual In1 e t  Control s 
Erne rgency Proce du res 

SUBSONIC PERFORMANCE 
Thrott le and Augmentor Transients 
A/C Maneuvers 
A/C Control Surface Effects 
Weapon Bay Door Operation 
Weapon Re1 ease 
External Stores 

SUPERSONIC PERFORMANCE 
In1 e t  Control - Automatic/Manual 
Throttle and Augmentor Transients 
A/C Maneuvers 
Emergency Procedures 
A/C Control Surface Effects 
External Stores 
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Surge rnargf n destabi 1 i z i  ng factors fo r  a typical turbine engine compressor 
are shoian i n  Figure 5.23 (Section 3)  e 

engines are not  subjected t o  intentional surge because of the hazard of 
structural damage and del ays i n engi ne qual i fi cati on/certi f i  c a t i  on testi  ng o 

Consequently, the compressor surge 1 i ne and engine stabil i %y margi n requi rements 
must be determined during component and engtne development t e s t  programs 
conducted w t t h  qual iPicat ion/cer t i~icat io~ components , Verification o f  the 
operati ng 1 ine excursions caused by control requi rements and d i  storti on effects 
m a y  be obtained dur ing  the qual if ieatton/certif icatio~ testo  Engl ne operation i n  
the region abowe the maximum predicted operating l i n e  b u t  below the anticipated . 

surge 1 i ne( s) s h o d  d be accompl i shed whenever practical . 

#omally,’ qual ification/certification teat  

A t es t  assessrnent methodology i ntended t o  demonstrate reniai n i  ag rnargi n 9 s 
illustrated i n  Figure se240 
operating line i s  established t o  account for the estimated internal effects 
(engine quality and deterioration) margtn allocations ~f the stability 
assessment. By us ing  the equiwalent maxfrnurn operating line, a portion of the 
remai ning margi n (estimated net margf n avai 9 ab1 e t o  assure stab1 e operati on can 
be demonstrated dur ing  engine testing (Figure 5.25) w i t h o u t  subjecting the engine 
%o surge, 

Several instal  l ed compressor- l sadi ng techni ques are ava i  1 ab1 e for  this 
purpose. These techniques can be divided i n t o  two general classifications, 
transient and steady-state loading methods, The most extensi wely used transient 
technique i s  the fuel step method which i s  based on the use o f  a controlled 
transient fuel step t o  increase the compressor r a t i o  above the normal transient 
or equil i bri um operati ng 1 i ne o The techni que usual ly  requl res only mi nor t e s t  
equipment modi f icati  om,  but does requi re t ransi  en% measurements e Steady-state 
’l oading techniques incl ude f l  ors-$1 ockage methods such as  “i nfl  6 w  b l  eed“ or 
mechanical $1 ockage systems (Figure 5 -26) Use of e i  ther system i s straight- 
forward w i t t i  single fixed-geometry rotor configurations. By slmultaneous lise of 
both systems, selected rotor speed ratios can be controlled dur ing  loading OP 
dual rotop configurations, as  illustrated i n  Figure 5,29 (Reference 36) 

Defined engine and environmental boundary conditions are necessary for 
engine stability testso Typical criterla are l isted i n  Figure 5.28. The 
in1 etlengine i nterface cri teri  a are based on a projected f l  i g h t  candi ti on 
(mission requi panent) and are specified usi ng a ps i  nt-by-poi nt d i  atorti on pattern 
definition. Other enwfronmental criteria which require definition are the 
projected atrcraft service requi rements such as cotsipress~r bleed and power 
extraction. Engi ne operating condi ti ons are def i  ne8 i n terma of corrected rotor 
speed, corrected rotor speed ratios engine service bleeds, ahd control mode 
operation. The operating corndition matrix should be organized on a bu l d i n g  
block concept, Baselfne data ave established first;  then the various 
destabtl iring factors ( Weynol ds numbers i n 1  e t  d i  s t o r t i o n ,  control mode ana 
a i  rcraft service requi rements are eva’luated . 

In the example shown, an eq~ivalent maximum 

5.5 BEWFQRMNCE ASSESSMBEMT VER%F%CATIOM 

effects of inlet flow dis tor t ion  on engine thrust, fuel consumption and airflow. 
Pest veri fication of performance assessments may be requi red t o  val i date the 
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SOLID SYMBOL : 
NORMAL OPERATING 

HIGH-PRESSURE 

95 97 99 101 

N 1 /./e, NI /Je2 N i / 4 . 4  N2/Je3 
CORRECTED ROTOR SPEED, '/o of RATED 

(31 High Pressure  Ccmpressor ?nbleed Iioading ~2%. 
correcteii mtor speeä, G=95,6 percent 
130- r - 

w - - - SOLID SYMBOL: 
a NORMAL OPERATING - - CONDITION 

- - 
- - =r FAN HUB $!- COMPRESSOR 

o 

LOW-PRESS. . 

i l l (  70 l ' I I  - ' I 1 '  
80 100 120 80 100 I20 80 100 i20 95 97 99' 101 

NI /./e2 N i 4 4 2  NI I d 2 . 4  N 2 / J 3  

CCRRECTED ROTOR SPEED, % of RATED 

Cb). Fan Load$ng wW-correCted I;C>w-Pressure Compressor 
€@tor S p e d ,  NG-96 F e r w t  

8 
- - 130- 

z 
%- - - - E - - SOLID SYMBOL: 

0 NORMAL OPERATING 8 -120- 
- - z -  d 110 

' J  

- 

LOW- PRESSUR 
- COMPRESSOR FAN TIP - FAN HUB 

(c) S h u l h e o u s  Ioadîng of Fan and Comprescor 
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INLET 

Corrected Airflow 
Al t i tude  
Mach Number 
Ram Recovery 
Angle of Attack 
Angle o f  Yaw 

INLET-ENGINE INTERFACE CONDITIONS 

ENGINE 

Corrected Airflow 
Al t i tude  - 
Total  Pressure 
Total Temperature 
Distor t ion Pa t te rn  (Point-by-Point 

Defini t ion)  

Circumferential Location 

- - _  - - - - - - - - - -  
- - - - - - - - - - - - -  - - - - - - - - - - - - -  
- - - - - - - - - - - - -  
Individual Probe Values, 
Plocal/Pavg a t  Corrected 

Airflow Value 
Instrumentation 

Defini t ion 

I n s t a l l a t i o n  In te r face  Conditions (Aircraf t  Service Requirements) 
Customer Bleed 
Power Extract ion  

Engine Operating Conditions 
Corrected Ro€or Speed 
Corrected -Rotor Speed Ratio 
Engine-Service Bleeds (Intercompressor, Anti-Ice) 

-Control Function - Steady-State (SS), Transient 
Control Oueratine Mode - Afterburnine, Nonafterburning 
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The most significant engine t e s t  objective i s ,  Sn many cases, the evaluation of 
eng! ne/control system i nteractions and engi ne-rotor-speed rematch characteri s t i c s  
w l  t h  5 n l  e t  flow d i  storti on . For examgl e, maximum-power engine performance may be 
control -1 imo ted a t .  d i  fferent eng=¡ ne operati ng condi %ions w i  t h  or w i  thout i n l  e t  
distortion; or engine performance, a t  a selected t h r u s t  level may vary dile t o  
rotor speed rematch. (Section 4,O) 

Performance tes ts  are conducted on d e f i  ne8 engf ne and envi ronmental boundary 
conditions, as discussed for stabil i ty assessments (ßiguire 5.28) e The ef fec ts  o f  
inlet  distortion may be as-sessed directly i n  terms of installed thrust, airflow, 
and fuel consumption for a defined W%P dis tor t ion  pattern orp i n  terms o f  thrust, 
a i  rP1 ow, and fuel consumption changes re1 a t 1  we t o  u n i  form inlet  f l  ow performance 
for the defined pattern. Because the Impact o f  inlet  f low'diatsr t ion may be 
small re1 ative t o  experimental measurement uncertai nt ies ,  i t  may be desi rab1 e t o  
conduct tes ts  i n  a back-to-back mode ( w i t h  and w i t h o u t  a defined in le t  d i s t o r t i o n  
pattern) t o  minimize the effect of measurement bias errors. Back-to-back testing 
w i t h  and w i t h o u t  in le t  d i s t o r t i o n  screens may not always be practical i n  direct- 
connect test  instal la t ions  because t e s t  operat ions must be interrupted t o  
manually install the inlet  dis tor t ion screen. For specific appl icatl 'ons, 
special i zed t e s t  confi.gurati ons may be used t o  provi de an "on-1 i ne" i n 1  e t  
d9stortIon screen change capabili ty.  W screen changer assembly successfully used 
for small engine testing i s  illustrated l n  Figure 5.29. The operating time 
required t o  change screens i s  on t he  order o f  one-half second. Engine power i s  
reduced during the screen change transition period t o  reduce the possi $1 9 t l e s  o f  
engine operational i ns tab i  1 i ti es duri ng the screen change transient. 

The a i r  j e t  d i s tor t ion  generator i s  a lso  a potential tool fo r  back-to-back 
tes t i  ng w i t h  and w i  thout  i nl  e t  f l  ow d i  storti on. Transi tlons from un9 form i nl  e t  
f l  ow conditions t o  defined i n l  e t  P1 ow d i  storti on patterns may be accompl i shed i n 
time periods on the order of 9Q seconds w i t h  the engine operating a t  a fixed 
power 1 ewe'l o 

Two basic engine thrust measurement techniques are used for  engine 
performance assessments i n  ground t e s t  facil i t i es .  Both can be employed fo r  
d i  stortion tes ts  and are comparable i n  terms o f  measurement uncertainty w i  t h  
uniform ( undi  storted) flow engine t e s t s ,  Use of both  techniques simul timeously 
provides maximum understanding and the best assessment o f  engine t h r u a t e  The 
external force balance method (Figure 5.38a) requires assessment o f  the 
flowstream force a t  the inlet  o f  the thrust-stand-mounted engine imlet  duct. The 
measurement uncertainty of the stream force i s  higher i n  a non-uniform flow field 
and may signi ficantly affect thrust measurement uncertas'nties dur ing  tes%$ ng w i t h  
in le t  f low distortion. The internal force balance method (Figure 5.36)b) i s  an 
alternative way of testing t o  assess the e f f e c t s  o f  in le t  distortion on engine 
t h r u s t  performance. Engine fuel flow and engine exhaust ambient pressure 
measurement uncertainties usual ly  are not  impacted by 11-11 e t  flow d i  s tor t i  on so 
t h a t  conventional measurement techni ques may be used t o  assess engine performance 
wl'th and without inlet  flow distortion, 
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/INLET SCREEN 

5.29 
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NON DISTOFjTED 
INLET AIRFLOW 

TRANSITION 

FINAL POSITION, 
BIaTOWTED INLET 
AIRFLOW 
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SECTION 6 

INTERFACE EMSTRUMEMTATIBM AND DATA MAMAGEMEMT 

Instrumentation o data acqui si t i  on systems o data edi ti ng and data reducti on 
techniques necessary t o  acqui re to t a l  -pressure d i  stor t ion and performance t e s t  
data are described, Since n o t  a l l  a i rc raf t  systems will have the same . 
requirements, examples o f  recent; past systems are presented t o  serve as a 
guide,  Formats found useful i n  establ ishing val i d  interpretations of t e s t  
results and transmittal o f  those results among concerned agencies also are 
presented 0 

6.1 IMLET/ENGPME AERODYNAMIC INTERFACE PLANE 

statti on used t o  defi ne total -pressure recovery and d i  storti on i nterfacea between 
the Inlet  and engine. As described. belows the selection and configuration of the 
APP are dependent upon the nature of the program and the specific design o f  the 
i n l e t  and engine. The WIP definition, as stated i n  ARP 1428, must be agreed upon 
by a l l  involwed parties and remain -invariant throughout  the test program. 

6.1.1 AIP LOCATIOW 

The location o f  the A I P  i s  a function o f  the details  o f  engine and in le t  
design for  a particular installation. The guidelines presented i n  ARP 1428 are 
listed i n  Table 6.1, 
within a few Inches of the compressor faceo T h i s  will permit location o f  the 
rake downstream of takeoff or  bypass doors and other i n l e t  variable geometry. 
som@ cases i t  m a y  be feasjble t o  locate the instrumentation -in the fan in l e t  
guide vane ( I W )  leading edge t o  minims'ze the effect  o f  rakes upstream o f  the 
IGY's on the engine. In other cases 1% may be di f f icu l t  t o  locate a rake close 
ta the engine fase. One example 3 s  an engine w i t h o u t  IGV's and a rotating bullet 
noseo i n  suck a caseg i t  may be more reasonable t o  locate the rake forward of 
the bullet noce providing the in l e t  i s  sufficiently long. Durlng engine 
di storti on tes t s  with instal 1 at ions where the AIP 9's l ocated appreci ably forward 
of the f i rs t  blade rowp the in l e t  diffuser lines between the AIP station and the 
f.i" rst bl  ad@ row chou1 d be dupl icated. Photographs o f  BIB> i nstrumentati on 
locat-ions i n  several recent P l igh t - tes t  a i rc raf t  are shown i n  Figures 6.1 through 
6 , s .  Each installation kas advantages and disadvantages that  must be weighed 
agat'nst program objectivesi 

The .i" nl et/engi ne aer"odymaml c i nterface p l  ane ( N P  ) is the i nstrumentati on 

I n  general these gu-idelines suggest t h a t  the AIP be located 

In 
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AIR 1419 

TABLE 6.1 

ARP 1420 Guidelines For Location Of The AIP 

1. The AIP should be located i n  a circular o r  annular section of the in l e t  duct. 

2. The AIP should be located as close as practical t o  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 should be located so that  a l l  engine air'flow, and only the engine 
airflow, passes through i t .  The distance between the in l e t  auxiliary a i r  
systems and the AIP should be such that  the effect  of the auxiliary a i r  
systems on d is tor t ion  i s  included i n  the measurements a t  the AIP. 

4, The AIP location should be such that  engine peyformance and s t a b i l i t y  are no t  
measureably changed by interface instrumentation. 

6.1.2 PROBE LOCATION 

Selection of the number and location of probes a t  the AIP is  a compromise 
between accuracy of the pattern measurement and prob1 ems associated w i t h  data 
acquisition system complexity and rake-i nduced flow bl ockage. Studies have been 
conducted (e.g., References 37 and 38) i n  which specific patterns were evaluated 
u s i n g  different rake arrangements. The general conclusion i s  that, fo r  a typical 
pattern, a 40-probe (8  rakes of 5 probes each) arrangement l ike  the one shown i n  
Figure 6.4 is  the minimum density of instrumentation required fo r  reasonably 
accurate measurements. As an example, Figure 6.5 shows a pattern evaluated i n  
the Reference 37 study. The pattern i s  highly distorted circumferentially, w i t h  
re1 a t i  vely 1 ow radial d i  storti on . Several probe/rake configurations were used i n 
the study. Each probe-rake configuration was rotated through 360 degrees i n  
20 degree increments and pressure readings were taken a t  each probe position fo r  
each fncremental rotation. Circumferential and radial d i  s tor t ion factors, K, 
and KRAD, were computed from each set of data. The results are plotted i n  Figure 
6.5 where AKe is the maximum KO minus the minimum Ke realized for a given 
probe-rake combination, A t  l e a s t  e i g h t  rakes are required t o  #define the 
circumferential d i  storti on . The 1 arge percentage errors i n radial i ndex are 
primarily' due to  the low levels of radial distortion. 

For a particular installation, t h e  type o f  pattern anticipated may 
For example, an  i n l e t  w i t h  a strong radial influence the rake selection. 

distortion m a y  require more than five probes per rake. A bifurcated inlet  may 
require that  special attention be given t o  the circumferential location of the 
rakes i n  relation t o  the t ra i l ing 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). 
T h i s  can be accompl i shed w i t h  various combinations of rake-mounted transducers, 

.- * -. 
*. 
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FIGURE 6.5 D i s t o r t i o n  Factor  Dependence on Probe/Rake Configurat ion 
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AIR 1419 I 
close-coupled transducers and signal conditioning equipment. Paragraph 6.3.2 
discusses several approaches, and Reference 39 reviews current technology i n  
probe design and placement. 

t o  which instantaneous distortion parameters can be defined w i t h  various rake and 
,probe configurations. Reference 38 concludes that reasonably accurate values of 
engine face distortion parameters can be obtained w i t h  fewer than 40 total 
pressure probes, particularly when sufficient knowledge exists t o  select a proper 
da ta  f i l l  procedure. Using this  approach, the optfmum probe location for  any 
given number of probes i s  dependent on the particular distortion pattern and the 
descriptor t o  be used, 

Considerable research effort  has been expended t o  investigate accuracies 

6 1 . 3 APPLICATIONS 

The preceding paragraphs have descri bed the general requirements for probe 
1 ocation and arrangement. Exampl es presented bel ow i 11 ustrate a variety of probe 
1 ocations and arrangements employed i n  recent a i rcraf t  programs. 

Large subsonic transports are not usually subjected t o  h i g h  angl e-of- 
attack conditions, This p o i n t  when combined w i t h  the small range of a i rcraf t  
speed, usually permits an inlet  t o  be designed w i t h  a m i n i m u m  o f  engineering 
resources. Important exceptions include i n i  tia1 cl imbout and crosswind 
operation. For example, scale model testing of the Boeing 747 in le t  indicated 
that the total-pressure defect was restricted t o  the fan t i p .  As a result of 
these data and the constraint imposed by a rotating bullet nose on the engine, 
f l i g h t  tes ts  were conducted us ing  partlal span rakes cantilevered from the in le t  
wall. These rakes extended well i n t o  the high-pressure region of the inlet .  

The,full span, high-response rake, shown i n  Figure 6.6, was used by Pratt 
and Whitney i n  a JT9D/747-100 nacelle flown on a B-52 t e s t  a i rcraf t  evaluating 
thrust reverser induced s ta l l s ,  Reference 40. The rake has a bearing-supported 
ring a t  the hub t o  accommodate the r o t a t i n g  hub. T h i s  type of installation i s  
useful i n  exploring reverser or crosswind related patterns which may be 
substantially different from f l i g h t  patterns. 

A 40-probe matrix was used throughout the B - 1  development#program. The 
program included 0.10, 0.20 and full-scale in le t  t es t s  as well as f l i g h t  tests. 
Small differences i n  angular location were necessary among these models due t o  
the evo1 v i  ng nature and avai 1 abi 1 i t y  of particul ar IGV 1 ocati ons. Probes were 
integral w i t h  the leading edge of the IGV's, and attempts were made t o  align the 
probes w i t h  .the flow stream1 ines. Both  steady-state and high-frequency total - 
pressure signals were generated from single transducers a t  each location. 

O n  fighter aircraft  programs, AIP instrumentation i s  also used t o  define 
b o t h  t o t a l  - pressure recovery and appropriate d i  stortion descriptors. Inlet  
geometry can be variable, and the aircra.ft i s  frequently required t o  perform 
highly dynamic maneuvers, The Integrated Propul sion Control System (IPCS) 
Program (Reference 41) employed the 40-probe matrix shown i n  Figure 6.4 t o  
eval uate i n l  e t  
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FICGURf3 6.6 F u l l  Span Non-EGV Engine Inlet Rakes 
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F I G U R E  6.7 Compressor Face Rake 
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performance and d i s t o r t i o n  using an F-111 a i r c r a f t .  The A I P  was located 
approximately fou r  inches upstream o f  the leading edge o f  the i n l e t  guide vanes. 
A photograph of the A I P  rake i s  shown i n  Figure 6.7, and the design i s  discussed 
i n  Paragraph 6.3.2. 

scale wind tunnel t e s t  programs as wel l  as dur ing the f l i g h t  t e s t  program. -The 
.double probe conf igurat ion used f o r  f u l l - s c a l e  t e s t s  i s  shown i n  Figure 6.8. 
Dynamic transducers were i n s t a l l e d  i n  the airframe assembly i n  a manner t h a t  
permit ted rep1 acement wi thout  engine removal . Pressure was sensed 4.5 inches 
upstream o f  the leading edge o f  the IGV’s. Steady-state pressures were sensed a t  
the same i n l e t  s t a t i o n  w i  t h  the transducers i n s t a l  1 ed i n a con t ro l  1 ed envi ronment 
i n  the b u l l e t  nose. 

The F-15 program employed a 48 probe arrangement on subscale and f u l l -  

The HIMAT and F-16 provide two examples o f  recent programs where no AIP 
data were recorded dur ing i n i t i a l  f l i g h t  t e s t s  o f  h igh l y  maneuverable a i r c r a f t .  
However, both programs employed engines w i t h  we1 1 -devel oped s t a b i l i t y  character- 
i s t i c s ,  and the i n l e t s  were modeled a f t e r  proven designs. 

Another example, a subscale XFV-12A used a 40-probe ma t r i x  i n  wind tunnel 
t e s t s  t o  i d e n t i f y  i n l e t - d i s t o r t i o n  cha rac te r i s t i cs  o f  a modern V/STOL f i g h t e r /  
at tack a i r c r a f t .  

I n  summary, A I P  instrumentation f o r  each system was judged on i t s  own 
merit ,  balancing costs and technical  ob ject ives against  r i sks .  However, i t  i s  
evident t h a t  whenever r e l a t i v e l y  new i n 1  e t / a i r c r a f t  concepts are programmed i n  
conjunction w i t h  the deve1 opment o f  a new engi ne, i n l  et/engi ne compati b i  1 i ty 
charac te r i s t i cs  are o f  s u f f i c i e n t  concern t o  warrant the use o f  the 40-probe 
8 x 5 total-pressure matr ix  located as c lose as possible t o  the  engine i n l e t .  
i s  t h i s  preference t h a t  i s  expressed i n  ARP 1420. 

It 

6.2 TRANSDUCER/PROBE CHARACTERISTICS 

A transducer/probe conf igurat ion must meet two basic requirements t o  
proper ly resolve the f l uc tua t i ons  produced by tu rbu len t  flow: (1) the  transducer 
must have a nominally f l a t  response t o  frequencies i n  excess o f  the, h ighest 
frequency o f  i n te res t ,  and (2) the probe must be smaller than the c h a r a c t e r i s t i c  
s ize o f  the eddy producing the highest frequency o f  i n te res t .  Both o f  these 
requirements are discussed i n  Reference 42 and are summarized i n  the fo l l ow ing  
paragraphs. 

6 . 2.1 FREQUENCY RESPONSE 

.Studies o f  the e f f e c t  o f  t ime-varying f l o w  on compressors, such as the.one 
described i n  Reference 7 have shown t h a t  d i s t o r t i o n  a t  frequencies corresponding 
t o  the appropriate design”RPM o f  the c r i t i c a l  compression u n i t  has a s i g n i f i c a n t  
impact on s t a b i l i t y .  
have been shown t o  a f f e c t  compressor pumping cha rac te r l s t i cs  (Section 4.4) . The 
frequency respon.se requirement can be met because o f  recent advances 

I n  addit ion, higher ‘frequency f luctuat ions,  up t o  2000 Hz 
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i n  transducer technology. A f l a t  transducer response a lso requires t h a t  the  
natural  frequency o f  the transducer be two t o  three times higher than the highest 
frequency o f  i n t e r e s t  t o  avoid problems i n  s ignal  ampl i f icat ion.  Further, the 
transducer must be s u f f i c i e n t l y  c lose t o  the measurement l oca t i on  t h a t  
frequencies o f  i n t e r e s t  are no t  a f fec ted  by the  i n s t a l l a t i o n .  

6.2.2 SIZE CRITERIA 

Spat ia l  averagtng o f  the to ta l -p resswe f luc tua t ions  occurs as the eddy 
cha rac te r i s t i c  s ize  becomes commensurate w i t h  the  transducer o r  probe diameter. 
The r e s u l t  i s  t h a t  t he  measured auto-power spectral  densi ty a t  h igh  frequencies 
i s  l ess  than the actual  auto-power spectral  density, 

stream, an eddy would propagate w i t h  the  f l ow  ve loc i ty .  
Consider a tu rbu len t  f low w i t h  convective ve loc i ty ,  U,. I n  the  f ree-  

u, = fuxu (6.1) 

where fu i s  one frequency component and xu i s  i t s  associated charac ter is t i c  
wave length, Suppose i t  i s  desired t o  resolve an eddy o f  charac ter is t i c  wave 
length  xu using a transducer o f  diameter D such t h a t  D < < x ~ .  

As a r u l e  of thumb, the sensor s ize  should be a t  most one-tenth the  s ize  o f  the 
phenomenon under examination. Hence, 

The charac ter is t i c  leng th  of t he  eddy i s  L = 1/2 xu, shown i n  Figure 6.9. 

L D=m - - 7 0  

Then, 

fu =.'RT[T 

(6.2) 

(6.3) 

where f, i s  in te rpre ted  t o  be the  highest frequency t o  which a tu rbu len t  f low 
can be resolved. Two important conclusions can be drawn from the above equation: 

1. The upper frequency l i m i t  f o r  a given ve loc i t y  and accuracy o f  reso lu t ion  can 
be increased by using smaller diameter transducers. 

2. The upper Frequency l i m i t  f o r  a transducer o f  a given s ize  and accuracy o f  
resol  u t i o n  decreases as the ve loc i t y  decreases. 

For a given frequency component, as i l l u s t r a t e d  i n  Figure 6.9, as the wave 
length becomes commensurate with the transducer diameter, both high and low 
values of the property being measured w i l l  be located simultaneously over the  
transducer surface. The values w i l l  tend t o  average ou t  each other. I n  essence, 

                                                                    
                                         
                                                                    
                                         

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r14

19

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


-_ _ _  
SAE AIRm141S 83 8357340 00048811 2 W 

AIR 1419 I 
this i s  the concept of "spatial averaging." Hence, the spa t ia l  averaging of 
turbul ence that occurs duri  ng any measuri ng process i n a turbul  ent f 1 ow depends 
upon the interrelationship of flow velocity, highest frequency of interest, and 
transducer d i  ameter. CI 

Equation 6.3 i s  derived from theoretical considerations and i s  intended t o  
provide a quick, order-of-magni tude estimate of the 1 imi t i n g  frequency. 
Experimental da ta  have been evaluated and are presented i n  Reference 42 for  
specific probe sizes. Effects of probe diameter on spatial averaging are shown 
i n  Figure 6.10. Typical smoothed auto-power spectra, 8,  were obtained from the 
total-pressure fluctuations a t  a flow velocity of 236 fps. The s p a t i a l  averaging 
effect i s  quite apparent, and as expected, the smallest diameter probe gives the 
highest auto-spectral values. 

Finally, the l i m i t i n g  frequency for which 90 percent or more of the actual 
total-pressure power spectra i s  resolved i s  given i n  Figure 6.11 as a function of 
the convective vel oci ty  for  several commonly used transducer diameters. These 
da ta  show a 1 imi ti  ng frequency approximately three times t h a t  given by the 
equation above. Typically, the convective velocity will be of the order of 
200-600 fps. Transducers i n  the 0.06- t o  0.125- inches diameter range are 
available. As shown i n  Figure 6.11, i t  i s  possible t o  acquire data over the 
frequency range of interest fo r  s tab i  1 i ty  eval ua t i  on. Scal i ng cri  ter i  a ,  
d i  scussed i n Paragraph 6 3.3, are al  so appl  icabl e t o  transducer/probe 
characteri sticc. 

6.3 DATA ACQUISITION SYSTEM 

large dividends i n  subsequent data reduction and analysis tasks. 
techniques are described, and guide1 ines are provided f o r  system accuracy, 
frequency )response, and da ta  record length. 

Foresight i n  configuring appropriate data acquisition systems can recul t i n  
Recordieng 

6.3.1 GENERAL DESCRIPTION 

record the data. The detail s of the system required will depend on the specific 
transducer selection. A schematic of a typical system i s  shown i n  Figure 6.12. 
The signal from the hi gh-frequency-response transducer i s general ly  1 ow 1 eve1 
(less t h a n  50 mv),  and i t s  voltage i s  proportional t o  the sensed pressure. T h a t  
signal, f i l  tered i f  necessary, i s  i n p u t  t o  a vol tage controlled oscil lator 
(VCO) .  The o u t p u t  of the VCO i s  a variable-frequency signal w i t h  the variation, 
relative t o  a nominal center frequency, proportional t o  the i n p u t  voltage. The 
outputs of the VCO's (one per transducer), each hav ing  a different center 
frequency, are added (multiplexed) using a suinming amplifier and recorded on one 
track of a tape recorder., Several tracks are Used t o  provide sufficient 
recording channels. Time code and a h i g h  frequency signal ,  used t o  compensate 
for variation i n  tape speed, are recorded on additional tracks. Recorders, 
VCO's ,  discriminators, and tape speed must be compatible w i t h  recovering da ta  t o  
the maximum frequency of interest. I f  tape recorders of sufficient capacity are 

The da ta  acquisition system consists of the hardware required t o  sense and 
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I AIR 1419 
available, a single track can be used per transducer rather than multiplexing. 
However, i t  is  generally advantageous t o  record a l l  related signals on the same 
recorder. 

6.3,2 SYSTEM ACCURACY 

A h i g h  degree of accuracy i n  the pressure measurement i s  necessary i n  
order t o  quantify the dis tor t ion.  Small differences between pressures become 
significant i n  the d is tor t ion  descriptors presented i n  Section 2, The problem i s  
made more diff icul t  by the large range of i n l e t  pressure levels encountered a t  
different f l i g h t  conditions. For example, pressures as h i g h  as 34 psi will be 
measured a t  Mach 1.2, sea level, and the pressure will drop t o  2.8 psi during 
operation a t  Mach 0.9, 50,000 f t .  These required pressure ranges make even the 
measurement of steady-state pressures d i  f f  icul t . 

Indi vidual steady-state pressures (signal s time-averaged t o  attenuate 
frequencies greater than 0.5 iiz) should be recovered w i t h  an error n o t  t o  exceed 
& 0.5 percent (+ two standard deviations) of the absolute pressure being 
measured. Individual  dynamic absolute pressures (containing data t o  a t  l ea s t  the 
highest  frequency o f  interest)  should be recovered w i t h  an error n o t  t o  exceed 
+, 2.0 percent (2 two standard deviations) of the absolute pressure being measured 
for s tabi l i ty  and 2 5.0 percent (2 two standard deviations) for  performance. 
These errors i ncl ude al 1 errors i ntroduced by the sensi ng , recordi ng , pl  aybac k , 
and processing systems from the p o i n t  where the pressure signal i s  being measured 
t o  the po in t  where i t  again appears as an o u t p u t  pressure. Current practice 
indicates that  these accuracy levels are attainable i f  the data system is 
carefully developed, w i t h  appropriate experience and cal i bration procedures being 
empl oyed. 

Measurement o f  dynamic or  time-varying pressure i s  more d i f f icu l t  because 
transducers w i t h  adequate frequency response and sufficiently small size are n o t  
sufficiently accurate. I t  is generally necessary t o  apply some form of i n f l i g h t  
calibration t o  achieve the accuracy goals s ta ted  above, over the whole f l i g h t  
envelope. T h i s  i s  particularly true when the operating temperatures i n  an 
exposed inlet rake are considered. . The fol lowing paragraphs discuss calibration 
methods that  have been used. 

The dynamic content of inlet total pressure is  smal 1 Turbulence RMS 
levels of less  than three percent are typical . T h i s  leads t o  the idea of 
separately measuring the high-  and 1 ow-frequency components of total pressure. 
Accuracy can then be improved by t a i l  ori ng transducer and signal conditioning 
ranges t o  maximize resolution for each of the individual components. Low 
frequency response measurements can be made w i t h  1 arger, more accurate 
Wansducers. These transducers can be located remotely i n  environmentally 
control 1 ed areas t o  increase accuracy 

Several different approaches have been used. The fo l  1 owing paragraphs 
describe three: 
response, differential-pressure transducer, ( b )  post-test correction of average 

(a )  the use of a rake which mechanically zeros a high-frequency- 
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pressure usi ng accurate steady-s'tate measurements, and (c  1 anal og summing of 1 ow- 
and high-f requency measurements. 

In testing an F-111 aircraft, NASA/DFRC used a rake which provided 
transducer zero shift  da t a  by mechanically applying a reference pressure t o  b o t h  
sides of the transducer diaphragm (Reference 43). The concept i s  shown i n  
Figure 6.13. A solenoid-operated pneumatic actuator  positioned the center rod i n  
either the ''zero" or Ildata" positions. In the ''data" position the transducer was 
connected t o  the rake probe. In the ''zero'' or " n u l l "  pos i t i on  the ,reference 
pressure was vented t o  bo th  sides of the diaphragm. This rake was used in a 
number of flight tes t  programs (e.g., Reference 41) w i t h  reference pressure a 
function of f l i g h t  condition t o  minimize the component measured by t h e ' h i g h  
response transducer. 

The major advantage of this approach i s  t h a t  only one low-frequency- 
response transducer i s  required instead of 40. This reduces d a t a  acquisition and 
maintenance costs. There are, however, two significant disadvantages: (1) i t  i s  
difficult t o  prevent leakage in the rake seals, particularly under high 
temperature flight conditions, and (2) the steady-state measurements are made 
with the high-frequency response transducers. 

A variation of this approach (Figure 6.14) was used during the B - 1  f l i g h t  
test  program. 
diaphragm, the sensed pressure was routed t o  bo th  sides t o  provide a ''zero" 
measurement. Additionally, the back side of the transducer was routed t o  a 
pressure regulated t o  5.0 psi above the reference pressure. This required a 
three-way pneumatic valve for each transducer. Valves were cycled once per 
minute throughout the flight w i t h  the zero and calibrate positions held for two 
seconds each. In order t o  maintain signal resolution, provisions were also 
incorporated t o  change gains as a function of freestream total-pressure level. 
Al though the da ta  reduction effort becomes a 1 i t t l e  more involved, considerable 
success was achieved in measuring bo th  low- (quasi-steady state) and h i g h -  
frequency t o t a l  -pressure components w i t h  a miniature transducer. 
this case means obtaining wind tunnel and flight tes t  results t h a t  were 
consistent w i t h  each other. 1 

Instead of venting the reference pressure t o  bo th  sides of the 

(Success i n  

A second approach, used i n  enginelinlet testing a t  NAPC and AEDC 
(Reference 441, involved the use of a rake having separate probes for steady- 
state and high-frequency-response measurements (Figure 6.15) * 
da ta  processing, the time average of the high-response da ta  for  each probewas 
corrected t o  the steady-state value measured a t  the same time. W i t h  this 
approach, only the dynamic pressure fluctuations were measured with the h i g h -  
frequency-response transducer, As w i t h  the zeroing rake, i t  requires significant 
postevent processing. T h i s  method a l  so requires the add i t iona l  steady-state 
transducers. 

In the postevent 

A third approach i s  similar t o  the second in the use of separate probes 
for steady-state and dynamic measurements. The difference i s  t h a t  the o u t p u t  of 
the low-frequency "steady-state" transducer i s  1 ow-pass f i l  tered and electrically 
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added t o  the high-pass f i l  tered o u t p u t  of the high-frequency-response 
transducer. Figure 6.16 i l lus t ra tes  th i s  process, as used i n  a Boeing wind 
tunnel test program. A similar system was used i n  F-15 f l i g h t  testing. T h i s  
approach reduces the data reduction effor t  and provides an electrical signal w i t h  
the full frequency content which can be used i n  subsequent processing. Care must 
be taken t o  ensure h i g h  accuracy i n  the f i l  tering and summation circui ts  t o  avoid 
degraded accuracy i n  the resulting pressures. 

The above paragraphs discuss transducer accuracy and techniques for  
recording steady-state and dynamic data. I t  i s  also essential t o  consider the 
accuracy of the signal condi t i  oni ng and record2 ng hardware. A detai 1 ed error 
stackup is useful i n  evaluating a proposed system. Through such evaluations, 
sensible decisions can be made on selecting the approach and hardware t o  be used. 

6.3.3 FREQUENCY RESPONSE 

The frequency response of the data acquisition system must be sufficient 
t o  have negligible effect on the quality of the data over the frequency range of 
interest. The frequency of interest  is d i f f icu l t  t o  identify and must usually be 
established empirically by the engine manufacturer. Since requirements must be 
established early i n  the program, usually before the actual hardware i s  
available, reliance must be placed on the experience of the participants t o  
select  appropriate data acquisition hardware. 

A number of studies (Reference 7) have indicated that  frequencies of the 
order o f  one revol ution of the first-stage compression u n i t  are relevant. 
Generally this is  interpreted as the frequency where the signal i s  attenuated 
3 db. I t  is recommended that signal conditioning units and tape recorders be 
selected t h a t  da not a l t e r  frequency content of the pressure s ignals  t o  a t  least  
1.5 times the maximum frequency o f  interest. 

For scale model tes ts ,  the required frequency response scales w i t h  
Strouhal number, f L /  where f = frequency, L = representative l e n g t h ,  and T = 
absolute temperature, as shown i n  Table 6.2. The length i s  the dominant 
parameter i n  the Strouhal number; fo r  typical model testing, the l e n g t h  
difference changes the f i l t e r  cutoff frequency by a factor of 6 t o  10, while the 
temperature difference changes the f i l t e r  frequency by a factor of 0.8 t o  1.13. 
Because the temperature effects on the f i l  t e r  cutoff frequency are relatively 
small, and because the value of maximum time variant d i s t o r t i o n  i s  insensitive t o  
small changes i n  f i l t e r  cutoff frequency, the temperature difference between 
model t e s t  and fu l l  scale operating conditions i s  usually ignored. Current 
practice is  t o  select a f i l t e r  cutoff frequency for  model t e s t  analysis that  i s  
inversely proportional t o  the model scale. T h i s  simp1 i.fied frequency scal i ng 
procedure reduces the time and cost of model t e s t  analysis and produces good 
correlation between model and f1.ight data. 
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AIR 1419 I 
TABLE 6.2 

Data Scal ing Guidelines. 
Strouhal Number Constant 
(Same Reynolds Number And Mach Number 

- Frequency - (Strouhal Number) 

- 
fu l l  scale - ?model scale 

. Record length and 
time del ay 

- 
-)model P2 L scale 

. Power spectra - 

. RMS values APRMS = APRMS ) model scale 
I 

- . Covari ances - 
P2 ) fu l l  scale y)model scal e 

6.3.4 RECORD LENGTH 

One consideration i n  the selection o f  data-record time length i s  a 
requirement t o  acqui re s t a t i  s t ica l  ly  . stationary data. Stationari  ty  requires the 
average pressure computed over a small time segment t o  be the same as  the average 
pressure computed over any other time segment. This i s  essential t o  produce 
repeatable dynamic d i  stortion data. Another consideration i s  the requirement t o  
record suff ic ient  data to  obtain reasonable assurance of encountering maximum 
d i  s t o r t i  on 1 eve1 s. 
length, Experience has shown tha t  maximum values occurring w i t h i n  30 t o  60 
seconds are satisfactory for  f u l l  -scale conditions. A l  though frequency of 
in te res t  increases, required record lengths decrease as model scale decreases. 
Time-variant data should be recorded continuously dur ing  inlet/engine/aircraft  
transients of interest .  

Chances o f  encou'nteri ng a higher val ue increase w i t h  record 

6.3.5 RECORDING SYSTEMS 

The recording system consists of the. VCO's, summing amplifiers, and a tape 
recorder as shown i n  Figure 6.12. The performance of these components i s  
extremely important t o  overall system accuracy. Another consideration i s  the 
selection of the FM center frequencies and bandwidths for  recording the data. 
There would appear t o  be s ignif icant  advantages t o  be gained through the use of 
standardized frequencies. This would simplify the general use of t e s t  data by 
more t h a n  one company or agency. Unfortunately, data recording systems are  
expensive and a range of frequencies i s  i n  current use. 
reasonable t o  replace existing systems simply t o  change t o  standard frequencies. 

I t  would not be 
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I AIR 1419 
Table 6.3 outlines suggested frequencies for new systems. Higher 

frequencies are required for scale model tes t s  due t o  the higher frequency- 
response requirements. The frequencies suggested do not entirely conform t o  the 
IRIG standards. However, several industry and government t e s t  f ac i l i t i e s  have 
modern systems b u i l t  around these frequencies. Thus ,  i t  would appear that  
progress i n  achieving consistent frequencies would be made by adoption of the non- 
IRIG frequencies. 

TABLE' 6.3 

Recordi ng Frequencies 

F u l l  Scale and Flight Test 

IRIG B IRIG C 

Center Frequency 32KHz + N(32KHz) 
Bandwidth i8KHz 

Center Frequency 32KHz + N(16KHz). 
Bandwidth i4KHz 

Scale Model and Full Scale Ground Engine Testing 

Center Frequency 
Bandwidth k16KHz 

100 KHz + N(60KHz) 

where N i s  an integer which increases by 1 f o r  each successive center 
frequency 

For any system i t  i s  recommended that  IRIG A time code be used. I t  i s  
al CO recommended- that  a high-frequency s 
speed compensation. 

6.4 DATA EDITING 

Data editins consists of three d i s t  

ne-wave signal be recorded for tape 

nct tasks. One i s  time editina - the 
essenti al function of reducing the potenti al ly i nf i n i  t e  s e t  of possi bl e"data 
points t o  a manageable number. -Another i s  the identification of spurious 
signals. These can be either continuously bad signals, generated from faulty 
transducers o r  signal condi t i  oni ng , o r  i ntemi ttently bad transducers generati ng 
occasional spikes i n  the data .  Both  types can cause problems i n  subsequent da ta  
reduction effort. Having identified the spurious s igna ls ,  the remaining task i s  
t o  decide what t o  do about them. Several techniques are described with emphasis 
on those applicable t o  the AIP instrumentation matrix. 

6.4.1 TIME SEGMENT IDENTIFICATION 

Enormous quantities of da ta  are recorded during a normal t e s t  program. 
Selection of appropriate time segments for analysis i s  the key t o  a successful 
t e s t  program. Appropriate techniques frequently depend on the characteristics of 
the data acquisition system. Scanivalve systems are .frequently used dur ing  t es t s  
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AIR 1419 I 
t o  acquire steady-state da ta ,  and dynamic da ta  are no t  necessarily recorded 
concurrently. In blow-down tunnels, each blow may provide a series of individual 
da ta  points,  and care must be exercised t o  select time periods only where stable 
flow conditions have been established. With flight test  da ta ,  the ,problems are 
further compounded due t o  variations i n ai rcraf t a t t i  tude, vari ab1 e geometry, and 
atmospheric conditions. . On-1 ine ca l ibra t ion  procedures a l  so add compl ications. 

In almost all Cases, time history p l o t s  of selected parameters provide 
initial insight for identifying appropriate time segments for analysis, Time 
histories can be either digital o r  analog plots and serve no t  only a s  roadmaps 
for  actual tes t  conditions, b u t  al  so provide v i  sibil i ty on the qual i ty of the 
da ta  and the value of additional analysis. By including the recorded time code 
signal on the strip charts and selecting appropriate paper speeds (time scale), 
time segments of interest, during both  steady state and transient tes t  
conditions, can be identified precisely. 

Additional time-editing i s  required d u r i n g  tests where the objective i s  t o  
identify AIP dynamic di stortion characteristics representing a particular 
configuration and operating condi tion. The 30-60 seconds of run time recommended 
for full-scale tests can result in more than 60,000 distinct distortion 
patterns. C1 early, additional techniques must be establ i shed, and agreed t o  by 
the concerned parties, t o  reduce this volume of da t a  t o  levels t h a t  are 
manageable and cost-effective. 

Experience has shown t h a t  for large test  programs, analog distortion 
analyzers provide one of the more successful techniques for e d i t i n g  
compressor-face distortion da ta .  
t o  compute re1 evant di storti on di scri ptors One advantage of anal og computers i s 
t h a t  computations are done in real time, and thus are useful online as well as 
off1 ine. Vi sibil i ty  of tes t  resul t s  i s  greatly enhanced when the computer i s  
used as an online.device, b u t  the validity of the results i s  strongly dependent 
on the ability of the operator t o  identify spurious signals and take corrective 
action. 

In this technique, an analog computer i s  wired 

Another advantage of analog d i  stortion analyzers i s  t h a t  continuous traces 
of distortion components and indexes can be recorded on the same analog tape used 
t o  record the individual AIP signals. 
helpful i n  identifying appropriate time segments. Peak detection circuits can 
also be used t o  f l a g  maximum distortion levels on the analog tape and/or trigger 
analog-to-digital converters t o  digi t i t e  the individual signal s a t  the moment of 
peak detection. 

Strip charts of these signals can be 

All o f  these, techniques have been employed on recent programs. During the 
F-18 program, McDonnell -Doug1 as used an analog device t o  compute d i  storti on 
levels and f l a g  maximum values. Post-test processing consisted of d i g i t i z i n g  A I P  
dynamic da ta  only during short time periods spanning the maxima. A photograph o f  
the analyzer and schematic flow diagrams are shown i n  Figures 6.17 through 6.19. 
Rockwell used a hybrid computer d u r i n g  B-1 inlet tests, not only t o  compute 
distortion indexes i n  real time, b u t  also t o  digitize individual AIP pressures a t  
peak di storti on 1 eve1 s. The resul ti ng on1 i ne di spl a y s  of 
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F I G U R E  6.17 F-18 Analog Dis tor t ion  Analyzer 
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F I G U R E  6..18 Analog Data Editing 

T I M E  HISTORIES 
@ 

OUTPUT 
CONDITIONING 

OUTPUT DISTORTION PARAMETERS 
1. LPC parameters 

- IDCLmax 

2. HPC parameters 

- IDCCmax 
- APRSHPC - APRS LPC 

- I O R  hub - IDCR 
- IDA tip 

Pmax - Pmin 
time variant face average 

3,, 82 = 

time variant face average 
SS face avg 

4. PIPS = 

5. Turbulence 

FIGURE 6,151 F-18 Analog Distortion Computer Block Diagram 
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I AIR 1419 
ind iv idua l  t o t a l  pressures were useful i n  redirecting the t e s t  and almost 
completely eliminated the need for post-test processing. A photograph of the 
analyzer and a schematic flow diagram are shown i n  Figures 6.20 and 6.21, 
respectively. An onboard d i s to r t ion  computer was al so used dur ing  an integrated 
propul cion control system program (Reference 41) . The analog computer ou tpu t s  
were recorded on FM tape and used for  editing. The computed d is tor t ion  was a l so  
o u t p u t  t o  a cockpit display which the p i l o t s  used t o  manually a d j u s t  in le t  
geometry 

The advent of re1 a t i  vely i nexpensi ve, fas t ,  di gi tal computers i s rapidly 
opening the possibility of performing these functions digitally. Regardless of 
the computation scheme, time-editing i s  essential t o  reduce the volume of data .  

6.4.2 IDENTIFICATION OF SPURIOUS SIGNALS 

A number of different techniques need t o  be used t o  identify data channels 
which have failed. 
readings can be compared. Any channels t h a t  appear questionable can be pressure 
checked. Periodically, a l l  channels should be calibrated end t o  end. 
tunnels o r  t e s t  cel ls ,  the pump down period provides another opportunity t o  
call brate and check for bad. channel s. 

Prior t o  the s t a r t  of a t e s t  sh i f t  or f l ight ,  ambient 

In wind 

I f  the data are telemetered d u r i n g  t es t s  i n  wind tunnels, t e s t  cel ls ,  o r  f l ight ,  
oscilloscopes or strip charts can be used t o  compare the.1evel of dynamic 
activity t o  identify bad channels. The same technique can be applied f o r  
post-test processing. T h i s  approach i s  probably the most effective method for  
identifying bad channels, particularly those t h a t  fa i l  for only a portion of the 
test period. 

During the digital processing, each value can be-checked against upper and 
lower limits. These limits can be either absolute ( i  .e., the range of the 
transducer) or  related t o  f l ight  conditions o r  the AIP average pressure. Another 
technique for  identffying bad channels during digital processing i s  t o  establish 
limits for the var ia t ion  from channel t o  adjacent channel and regard too large a 
change as an indication of bad data. Care must be taken i n  the use of these 
techniques o r  v a l i d  data may be disregarded because i t  does n o t  conform t o  
preconcei ved notions . 

One particularly effective technique for editing AIP total pressures i s  
illustrated i n  Figure 6.22. Data were obtained from f l igh t  t e s t s  of an a i rcraf t  
where an 8 x 5 rake/probe matrix was employed. Data from ind iv idua l  probes were 
normalized t o  free-stream to t a l  pressure and plotted by rake and probe number for 
a number of dist inct  data  poin ts .  In this particular example, sideslip angle i s  
the independent variable. Static pressures measured a t  the AIP also are shown. 
Edi t ing  can be performed quickly and accurately since experience has shown t h a t  
the rake data produce consistent patterns. Pressure ratios exceeding unity o r  
falling below measured s ta t ic  levels can be readily identified and examined more 
closely w i t h  regard t o  variations i n  the independent parameter. Al though the 
example shown was based on steady-state data,  experience has shown the procedure 
works equally as well w i t h  dynamic data.  

i :  
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