


A

I & u i
. AR Eoo

b
-

2

(S

B
5

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU Of STANDARDS-1963-A




g
<
10
; ™
| ©
o
00
F
T
Q
<
AGARD CONFERENCE PROCEEDINGS No.400
Engine Response to Distorted
Inflow Conditions
ELECTE
MAY 0 6 1987
NORTH STHLANTIC »IHHT\TY ORGANIZATION .'< >
¢
¢
g DISTRIBUTION AND AVAILABILITY
ON BACK COVER
i Yoooys . 87 S




COMPONENT PART NOTICE

THIS PAPER 1S A COMPONENT PART of THE FOLLOWING COMPILATION REPORT:

TITLE: _ Engine Response to Distorred Inflow Conditions: Conference Proceedings

of the Propulsion and Energe:ics Specialiats' Meeting (68th) Held

in Munich, Germany on 8-9 September 1986.

TO ORDER THE COMPLETE COMPILATION REPORT, USE __AD-A182 635

THe COMPONENT PART 1S PROVIDED HERE TO ALLOW USERS ACCESS TO INDIVIDUALLY
AUTHORED SECTIONS OF PROCEEDING, ANNALS, SYMPOSIA, ETC. HOWEVER, THE COMPONENT
SHOULD BE CONSIDERED WITHIN THE CONTEXT OF THE OVERALL COMPILATION REPORT AND
NOT AS A STAND-ALONE TECHNICAL REPORT,

THE FOLLOWING COMPONENT PART NUMBERS COMPRISE THE COMPILATION REPORT:

AD#:  POOS 462 thru P05 473

AD#:
AD#: AD#:
AD#

Accession For

NTIS GRA&I g
DTIC TAB
Unannounced a

Justifiocation el

By.
pistribution/
Availability Codes

Avail and/or .

Dist Special c
S B..—I‘:".-C!TE

A-/ JUL3 1 %87

F [:h décament hos heen
ORM selecee and sales e . =
DTG, o463 . e OPI: DTIC-TID /

— e - e e —

ey, | — - . R P .




B e e e

AGARD-CP-400

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD)

AGARD Conference Proceedings No.400
ENGINE RESPONSE TO DISTORTED INFLOW CONDITIONS

Papers presented at the Propulsion and Energetics 68th (A) Specialists’ Meeting,

g e e ervan ais s

held in Munich, Germany, 8—9 September 1986.




THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science and
technology relating to aerospace for the following purposes:

- Exchanging of scientific and technical information;
— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;
— Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the Military Committee in the field of acrospace research
and development (with particular regard to its military application);

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

~— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

PR

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published March 1987

Copyright © AGARD 1987
All Rights Reserved

ISBN 92-835-0412-7

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex IG1031Z

=mATS — -

R




RECENT PUBLICATIONS OF THE PROPULSION AND ENERGETICS PANEL

Conference Proceedings

Testing and Measurement Techniques in Heat Transfer and Combustion
AGARD Conference Proceedings No.281, 55th A Meeting, May 1980

Centrifugal Compressors, Flow Phenomena and Performance

AGARD Conference Proceedings No.282, 55th B Meeting, May 1980
Turbine Engine Testing

AGARD Conference Proceedings No.293, 56th Meeting, Sep/October 1980

Helicopter Propulsion Systems
AGARD Conference Proceedings No.302, 57th Meeting, May 1981

t

5 Ramjets and Ramrockets for Military Applications

; AGARD Conference Proceedings No.307, 58th Meeting, October 1981

. Problems in Bearings and Lubrication

) AGARD Conference Proceedings No.323, 59th Meeting, May/June 1982

Engine Handling
AGARD Conference Proceedings No.324, 60th Meeting, October 1982

Viscous Effects in Turbomachines
AGARD Conference Proceedings No.351, 61st A Meeting, June 1983

Auxiliary Power Systems
AGARD Conference Proceedings 352, 61st BMeeting, May 1983

Combustion Problems in Turbine Engines
AGARD Conference Proceedings 353, 62nd Meeting, October 1983

Hazard Studies for Solid Propellant Rocket Motors
AGARD Conference Proceedings 367, 63rd A Meeting, May/June 1984

Engine Cyclic Durability by Analysis and Testing
AGARD Conference Proceedings No.368, 63rd BMeeting, May/June 1984

Gears and Power Transmission Systems for Helicopters and Turboprops
AGARD Conference Proceedings No.369, 64th Meeting October 1984

Heat Transfer and Cooling in Gas Turbines
AGARD Conference Proceedings No.390, 65th Meeting, May 1985

Smokeless Propellants
AGARD Conference Proceedings No.391, 66th A Meeting, September 1985

‘ Intesior Ballistics of Guns
AGARD Conference Proceedings No.392, 66th B Meeting, September 1985

Advanced Instrumentation for Aero Engine Components
AGARD Conference Proceeding No.399, 67th Meeting, May 1986

Transonic and Supersonic Phenomena in Turbornachines
AGARD Conference Proceedings No.401,68th B Meeting, September 1986

IR RPN, SN e

Accesion For

\
NTIS CRAQY I~}
DYIC TAB (9]
U..aaroum ced a
Justiicstion
ke et
By ... S
Drst ik tio. !
Availability Codes
. Avail didfor
Dist Spcial

-




-

—e ¢

Working Group Reports
Aircraft Fire Safety

AGARD Advisory Report 132, Vol.1 and Vol.2. Results of WG1 1 (September and November 1979)

Turbulent Transport Phenomena (in English and French)
AGARD Advisory Report 150. Results of WG 09 (February 1980)

Through Flow Calculations in Axial Turbomachines
AGARD Advisory Report 175. Results of WG 12 (October 1981)

Alternative Jet Engine Fuels
AGARD Advisory Report 181. Vol.1 and Vol.2. Results of WG 13 (July 1982)

Suitable Averaging Techniques in Non-Uniform Internal Flows
AGARD Advisory Report 182 (in English and French). Results of WG 14 (June/August 1983)

Producibility and Cost Studies of Aviation Kerosines
AGARD Advisory Report 227. Results of WG 16 (June 1985)

Performance of Rocket Motors with Metallized Propellants
AGARD Advisory Report 230. Results of WG 17 (September 1986)
Lecture Series

Non-Destructive Inspection Methods for Propulsion Systems and Components
AGARD LS 103 (April 1979)

The Application of Design to Cost and Life Cycle Cost to Aircraft Engines
AGARD LS 107 (May $980)

Microcomputer Applications in Power and Propulsion Systems
AGARDLS 113 (April 1981)

Aircraft Fire Safety
AGARD LS 123 (June 1982)

Operation and Performance Measurement of Engines in Sea Level Test Facilities
AGARD LS 132 (April 1984)

Ramjet and Ramrocket Propulsion Systems for Missiles
AGARD LS 136 (September 1984)

3-D Computation Techniques Applied to Internal Flows in Propulsion Systems
AGARD LS 140 (June 1985)

Engine Airframe Integration for Rotorcraft
AGARD LS 148 (June 1986)

Other Publicstions -

Airbreathing Engine Test Facility Register
AGARD AG 269 (July 1981)

PSS o ¥, TR . . -




n

e

3 -"‘?‘w S ¥ e N

THEME

This meeting provided research scientists and development engineers with a broad information on acceptable inflow
distortion parameters to be applied to airframe intake integration, computation technique for engine/compressor’
performance predictions of distorted inflow, distortion inflow detection and experimental investigation of engine instability
and response to flow distortion, extending, to the present-state-of-the-art, methods and data reported in previous Symposia,
and particularly in the 46th PEP Meeting (September 1975) on ‘Unsteady Phenomena in Turbomachinery’, and the
AGARD Lecture Series No.72 (November 1964) on ‘Distortion Induced Engine Instability’.

Particular attention of the meeting was also focused on: matching inlet and engine designs; acromechanical response of
turbo-engine to time-variant total pressure and temperature distribution; test techniques for simulating the effects of dynamic
distortion on engine stability.

2 5 % % @

Cette réunion a donn¢ aux scientifiques et aux ingénicurs de développement une grande quantité d’informations sur les
paramétres acceptables de distorsion de I'entrée d'air 2 appliquer a I'intégration de I'admission de 1a cellule, sur les
techniques de calcul pour prévoir l'influence de la distorsion d’entrée d'air sur les performances des moteurs et des
compresseurs, sur la détection de la distorsion d’entrée d"air et sur les études expérimentales de I'instabilité des moteurs et de
leurs réponses i la distorsion de I'écoulement; ces informations actualiseront, en tenant compte du niveau actuel de la
technique, les méthodes et les données signalées dans les Symposiums precédents et en particulier dans la 46éme Réunion
du PEP (Septembre 1975) sur ‘Les phénomeénes transitoires dans les turbomachines’, et dans le Cycle de Conférences
AGARD No.72 (Novembre 1984) sur ‘L’instabilité des moteurs provoquée par le distorsion’.

Cette réunion a étudié plus particuliérement les sujets suivants: adaptation de la conception de I'entrée d'air i la
conception du moteur; réponse aérodynamique d’'une turbomachine a la distribution de pression et de température en
fonction du temps; technique d’essais pour simuler les effets de 1a distorsion dynamique sur fa stabilité des moteurs.
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TECHNICAL EVALUATION REPORT

by

D.D.Williams
Rolis-Royce plc
PO Box 3
Filton
Bristol BS12 7QE
UK

SUMMARY

The 68th (A) Specialist Meeting of the PEP was held to debate state-of-the-art developments in engine response to
intake distortion. The meeting was well attended and the principal objectives were met. Aeromechanical aspects of intake/
engine compatibility were not covered.

Recommendations for specific technical work items arising from the presentations and discussions held at this meeting
and from the subsequent oral evaluation are made (Section 3). Four follow-up PEP Specialist meetings to take place
notionally in a five- to ten-year period can be considered. These cover:-

— Intake Flow Numerical Computation

— Compressor Aeromechanical Response

— Engine Stability Computer Modelling
Statistical Aspects of Surge and Post-Stall Modelling

The last proposal has wide ramifications, extending beyond the interface flow — distortion issue.

General observations are that liaison should be maintained with other organisations working in the distortion field. eg,
the S 16 Committee of the SAE. Proposals for work on developing intake total-temperature distortion methcdology have
been deferred pending developments in other areas.

1. INTRODUCTION

Intake/engine acrodynamic compatibility continues to be a major interface operability consideration affecting the
design and development of military aircraft propulsion systems. In the decade or so since AGARD Lecture Series 72 on
“Distortion-Induced Engine Instability”, held in November 1974, and the 46th Propuision and Energetics Panel Meeting
held on “Unsteady Phenomenon in Turbomachinery” in September 1975, intake flow distortion, in a variety of forms, has
become increasingly a key technical and formal issue as regards its effects on turbomachinery design, performance, stability
and mechanical integrity.

The principal problem remains that of engine stability or surge. As a result, it is the destabilising aspect of intake
distortion that is prominent in the design specifications of the intake, engine components — notably the compressors, and the
intake and engine control systems. General guidelines to engine stability ts have been developed and great
progress has been made in establishing improved empirical correlations, analytical methods and numerical computer codes.
Novel forms of distortion affecting propulsion system operability have been encountered during flight development.

The increased cost of ground testing (rig, wind-tunnel, engine) and flight testing has led to a further need to improve
prediction methods to provide reliable assessments of the compatibility problem and anticipate solutions earlier in the design
phase of a project. The rapid increase in the power of digital computers has led to the need to better understand the
important underlying physical parameters governing surge, for example, 1o be able to interrogate the computer and to make
best practical engineering use of the large numerical data base generated and minimise its costs.

It was therefore timely that the PEP 68th (A) Specialists’ Meeting had engine response to distorted inflow conditions as
its theme. The meeting objectives were to review the state-of-the-art and provide research scientists and development
engineers with a broad information base on:-

— Acceptable Flow Distortion Parameters

— Flow Distortion Measurement

— Computational Techniq

— Experimental Engine-Response Investigations.

It was the intention that particular altention be paid to inlet/engine matching, engine stability and acromedical response
to total-pressure and temperature distortion and to test techniques for simulating the effects of dynamic distortion on engine
stability.
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This report summarises the papers presented (Section 2) and assesses them against the above aims using as a basis the
presentation and discussion material together with the results of the oral evaluation. The main conclusions and
recommendations for further work are presented with suggestions for future distortion-related PEP Specialists’ Meetings
(Section 3).

2. CONTENT OF MEETING

The two-day meeting was organised in four sessions covering 16 papers. There were approximately 163 officially-
registered attendees from a number of universities, research establishments. industry (airframe, engine) and government
bodies. Attendance was excellent at all sessions.

2.1 Introduction

The introductory overview of the state of the art discussed total-pressure distortion and other forms of intake
disturbance such as planar-wave distortion. swirl and total-temperature distortion, concentrating on developments in time-
variant total-pressure methodology in the context of engine stability. Attention was drawn to the comprehensive guidelines
covering the empirical approach to distortion description (parameter formulation), data acquisition and processing,
performance and surge correlation and assessment procedures provided in SAE publications ARP 1420 and AIR 1419.
Semi-analytic dynamic distortion response, spool-coupling aspects of engine distortion response and statistical aspects of
surge were stressed.

Principal conclusions were that good progress has been made since AGARD Lecture Series 72 in a number of key
areas covered in the session papers. Extensions of methods to the new compact, high-duty engines for use in high-capability
military aircraft are needed, particularly in the development of analytical and computer methods having improved instability
onset criteria. The relevance of other forms of intake distortion to a specific propulsion system development needs to be
identified earlier.

2.2 Technical Presentations

Session | — Unsteady Flow and Validation of Empirical Distortion Parameters

M.Goutines (SNECMA, Fr) reported work carried out at SNECMA to develop clean-flow surge line predictions and
numerical distortion-response codes. The experimental work described a state-of-the-art, time-variant total-pressure data
acquisition system and a simple means of generating and simulating dynamic pressure distortion.

1t was concluded from parametric studies that compressor inlet guide vanes, low-aspeci-ratio blades and small blade-
row gaps increase stall margin and reduce compressor distortion sensitivities.

F.Aulehla (MBB, Ge) discussed low-cost methods for synthesising time-variant total-pressure distortion and the effects
of intake swirl on surge and blade/disc vibration. Some aspects of temperature distortion due to VSTOL hot-gas reingestion
were reported.

It was recommended that synthesis methods or steady-state correlation methods be considered as a basis for estimating
time-variant total-pressure distortion for preliminary design work, albeit with increased uncertainty and need for greater
margins.

The effectiveness of fences/baffles as simple, effective solutions to swirl problems was pointed out in the paper and
during the ensuring discussion.

H.Kiinkler (IABG, Ge) described a steady-state temperature distortion prediction model, extending the two-
compressors-in-parallel method. together with results from tests on a single-spoot jet engine with total-pressure and
temperature distortion.

Session II — Computation Techniques for Engine/Compressor Performance Predictions of Distorted Flow

L.A Povinelli (NASA LeRC, US) dealt with the important topic of modelling intake flow. His paper presented the
results of applying a parabolised Navicr-Stokes (PNS) code to various subsonic curved inlet ducts and a 2-D hypersonic
mixed-compression Mach S inlet. Total-pressure and secondary-flow predictions, including effects of vortex generators.
were compared favourably with experimental data.

The importance of total boundary layer development on all walls was stressed. The model is thought to be capable of
predicting swirl development in S-shaped ducts provided that one-sided flow separation at diffuser entry can be specified
adequately. Experimental confirmation of entry conditions would be difficult. The limitations of the PNS model in regions of
strongly-separated flow were discussed. Further work in this area is desirable.

T.P.Hynes (Camb U, UK) introduced a fundamental 2-D fluid-dynamic stability analysis, extending that presented by

Gireitzer and Hynes at the 1984 Winter Annual Meeting of ASME. The eigenvalue model predicts flow instability onset in
low-speed multistage axial compressors for long-wavelength circumferentially-distorted inlet flow. Main conclusions were
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that an “integrated-mean-slope” instability-onset criterion may be used for distorted flow wherever the dynamics of the
compressor can be regarded as independent of the operating environment. This is valid except when system-dependent surge
and compressor stall-cell frequencies coincide, when the tendency to instability increases.

The analysis provides estimates of compressor sensitivity (rate of loss of surge pressure ratio with pressure distortion
level). It enables the validity of the two-compressors-in-parallel method to be examined in terms of compressor design
variables.

P Laval (ONERA, Fr) gave a comprehensive mathematical description of a major numerical code for predicting
compressible 3-D flow development through turbomachinery. Numerical results obtained from a CRAY-1S, operated in the
vector mode, were compared favourably with experimental data obtained from tests of a single-stage low-speed compressor
operating with a steady, mixed circumferential/radial total-pressure distortion at entry. Developments of the code are in
process.

A film was shown to illustrate the numerical convergence of the program to an asymptotic solution.

J.P.Ollier (Soc Bertin, Fr) provided an overview of a singularity method coupled with an unsteady boundary-layer
calculation for modelling unsteady subsonic cascade flow in unstalled and dynamic-stall regimes. The short-term aim of the
work is to provide a method for assessing the distortion sensitivity of multistage axial compressors.

Good numerical results have been obtained for steady flow and unsteady attached flow but quantitative validation is
proving difficult due to the paucity of relevant experimental data. For dynamic stall, the studies have shown the importance
of correct modelling of the flow in the neighbourhood of the separation point.

M.Lecht (DFVLR, Ge) has studied ways of improving the compressors-in-parallel model for surge-line-loss prediction
due to circumferential total-pressure distortion using a simple rotor dynamic-response model based on Melick and Simkin,
together with a C, ,, overshoot formulation. Comparisons with experiment for single-stage compressors show that
distorted-flow performance predictions can be stbstantially improved though some beyond-stall extrapolation difficulties
arise.

Session III — Distorted Inflow Detection

W.G.Steenken (GE, US) addressed the important question of engine post-stall behaviour. The results of a whole-
engine, low-frequency (order 50 Hz) computer model of a mixed-flow augmented turbofan engine were described briefly in
relation to engine test validation. Circumstances typifying the development of cyclic surge or stagnation stall were described.

J.E.Flitcroft (RAE, UK) presented the results of research tests on a three-stage, axial-flow fan performed to investigate
the effects of total-pressure distortion and inlet bulk swir! on fan distortion tolerance and its distortion-transfer
characteristics. The results showed that fan contra-rotational swirl caused a severe increase in unsteady distortion at the hub
of the fan at exit, particularly when associated with a steady circumferential total-pressure distortion at inlet, due to the
development of rotating stall in the hub region. Theoretical modelling met with only limited success.

S.Colantuoni (Alfa Romeo, It) dealt with an experimental investigation of compressor rotating stall development and
noise in the A 318 turboprop engine.

TJ.Biesiadny (NASA LeRC, US) reviewed the wide-ranging experimental and modelling work carried out by NASA
on engine total-pressure and temperature distortion response. Descriptions of the LeRC hydrogen burner for generating
steady-state and transient total-temperature distortions and of the air-jet generator for producing total-pressure distortion
were desciibed. Experimental results for spatial temperature distortion and temperature ramps; for spatial, rotating and
pulsed totai-pressure distortion and for combined pressure and temperature distortion were presented in terms of
compressor sensitivities and distortion transfer. The results from refined parallel-compressor models were described as
successful in accounting for the important features of the test results.

Session IV — Experimental Investigations of Engine Instability and Response to Flow Distortion

CJ.MacMiller (Rockwell, US) summarised the results of extensive investigations conducted to determine the B1-B
aircraft intake performance and distortion characteristics. Planar-wave total-pressure distortions at discrete frequencies
were encountered as a result of intake duct and ECS pre-cooler resonances and nose-gear wake ingestion. Several general
observations were made:

—  Every effort should be made to identify novel forms of distortion and their impact on engine stability and structures
prior to flight development.

—  The problem of engine response to combined planar and spatial time-variant distortion is not well understood and
needs to be addressed. Analytical methods need to be developed.

—  The engine-face acoustic termination should be simulated in small-scale intake model testing where significant planar-
wave and duct resonances are anticipated to occur. (Means for accomplishing this have been identified.)

— A g e i mm = S = R
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JHuard (ONERA, Fr) dealt with experimental work on the distortion transfer through a single stage. The work is
aimed at establishing a data base using Fourier analysis of the distortion profiles for the development of an unsteady semi-
actuator disc model.

H.P.Genssler (MBP, Ge) described methods for generating bulk- and twin-swirt for future Larzac engine testing. Swirt
pattern results from small-scale development tests show good agreement with design goals.

2.3 Discussion

The meeting content reflected well the progress that has been made in developing intake/engine distortion technology.
It succeeded in achieving its principal objectives and provided a good forum for the exchange of views. Turbomachinery
distortion-response aspects were well covered with the exception of acromechanical questions such as compressor rotor-
blade forced vibration and flutter.

The material can be grouped into four main categories: Intake Distortion Sources, Compressor and Engine Response
(Prediction, Experimental), Test Techniques and Distortion Consequences. A grouping is shown in Table 1.

The coverage of intake distortion sousces was good. The four contributions dealt with time-variant spetial total-
pressure distortion (state of the art) and new approximate methods of treatment. More importantly, new forms of distortion:
planar-wave total-pressure fluctuations and swirl were reported, pointing up the need to develop methods for anticipating
these early enought to avoid encountering them in flight development. More attention needs to be paid to the question of
engine simulation during small-scale intake wind-tunnet tests and to the development of appropriate intake distortion
simulators at full scaie.

The discussion of interface distortion parameters was somewhat disappointing, being limited to the reporting, without
commentary, of established spatial total-pressure distortion guidelines described in SAE Acrospace Recommended
Practice, ARP 1420, and Air Information Report, AIR 1419 Little progress appears to have been made in the three 10 eight
years since these publications and, clearly, there is a need o consider the application of these recommendations and address
mixed forms of intake distortion. Again, very little progress appears to have been made in developing temperature-distortion
parameters and establishing and validating compressor temperature-distortion sensitivities. This represents a technology
void which is surprising, recalling that HP compressors operate in the mixed pressure and temperature distortion fiekd
delivered by the LP compressor. The problem is being addressed currently by the S 16 Committee of SAE.

There was a strong emphasis on engine distortion response via fifteen relevant contributions. These were about equally
divided between prediction and experimental topics, several authors contributing to both.

In the test-techniques section, methods for total-pressure, swirl and total-temperature distortion simulation were
addressed. The latter is particularly relevant to the hot-gas-reingestion problem of STOL and ASTOVL aircraft and further
work in this area should be encouraged. The two papers dealing with the consequences of instability reviewed the important
subject of post-stall engine modelling (surge, stagnation stall) and a particular turboprop rotating stall experience.

A welcome feature was the emphasis on the development of theoretical, semi-analytic and numerical codes and their
validation. Major and impressive progress has been made since the last AGARD review in the development and application
of methods to the distortion problem, on both intake and engine sides of the interface. The development of prediction
methods is important 1o anticipate problems earlier in propulsion system design, prior to component testing, to allow
effective design action to be taken and reduce intake wind tunnel, compressor rig, and engine bench and ATF test costs.
Developments may be expected to be very rapid so there is a near-term need to provide practical focii for intake/engine
aerodynamic compatibility aspects of the work through clear problem statements. Priorities need to be stated if best use is to
be made of the enormous computer data output that will result. As examples, intake Navier-Stokes codes need to be capable
of dealing with separation and estimating time-variant total-pressure distortion patterns and parameters, swirl distortions in
S-shaped ducts and axial-mode acoustic resonance. Turbomachinery codes need to address stage, compressor and system
instabilities by means of soundly-based criteria for predicting instability onset. Much work needs to be done to ensure that
the numerical stability limit is a true estimate of the aerodynamic instability.

An excellent start from fundamental principles has been made for low-speed, high hub-tip-ratio compressors in the 2-D
incompressible analysis of Hynes and Greitzer. This approach needs to be extended to compressible flow and, as anticipated
by the authors, to multiple components and the overall system. Clearty, a *3-D version™ is required. It is still not clear how
the Greitzer B parameter is to be used to help assess the stability of a military turbofan compression system. A related issue is
that of the flow coupling between the spools of a multispool engine. This subject has not received sufficient attention despite
the fact that it has for some time now been recognised that compressor behaviour, i particular its distortion response, is
strongly dependent on the system in which it operates, when close-coupled to other components within that system.

A refreshing aspect was the atiempts by several contributors to develop clearer physical insight and develop simpler,
approximate theories for surge prediction, in particular 1o extend the two-compressors-in-parallel (2CLL) model through
the inclusion of rotor unsteady response terms. Two approaches were evidenced involving biade-row channel inertia
modelling and acrofoil unsteady response. These approaches need to be reconciled. This work again emphasised the need to
pay careful attention t0 compressor boundary conditions.
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There was very little discussion of structural and mechanical integrity aspects of propulsion system development, either
from the intake stressing viewpoint, eg, response to engine surge loads, or compressor acromechanical response, as may be
expected perhaps from a meeting of this nature and the time constraints. intake/engine interface distortion parameters to
describe compressor rotor-blade forced vibration and flutter differ from those appropriate to surge and performance in
having a strong Fourier-harmonic content. The blade-row modelling discussed at some length at the meeting was restricted
to rigid blades and is not appropriate. Engine acromechanical problems are encountered in propulsion system development
and it is recommended that a separate forum be held to review this aspect of compatibility.

‘The meeting was reminded of statistical aspects of the surge problem and the implications for assessment procedures
and design. The overall engine stability question depends on many potentially destabilising effects, other than intake
distortion. Such effects include for example compressor surge margin loss due to power off-take and Reynolds number.
Some of the effects are random in nature and the arithmetic summation of all effects leads to large, often unrealistic, surge
margin requirements. More work is needed in this area.

The consequences of exceeding the engine stall limit (surge, stagnation stall) can now be modelled and procedures
should be evolved through such whole-engine codes to estimate the wider operational implications of stall. Conclusions from
such studies may well influence intake/engine compatibility considerations and design decisions.

3.  CONCLUSIONS AND RECOMMENDATIONS

A number of specific recommendations for further work can be considered as an outcome of this specialist meeting.

Intakes

Develop numerical flow-prediction methods for sub- and supersonic intake diffusers capable of modelling separation,
swirl development and acoustic resonances. Codes should aim to calculate distortion parameters.

Pursue simplified, time-variant, total-pressure, spatial-distortion measurement methods for use in the early stages of
propulsion system design and development.

Develop temperature-distortion technology with improved full-scale simulation techniques and model/full-scale scaling
rules.

Investigate the need for and means of simulating the presence of the engine during small-scale intake wind-tunnel tests.

Turbomachinery

Pursue 2-D flow stability analyses and extend to compressible flow. Applicability and limitations to low-hub-tip-ratio
compressors (2-D/3-D aspects).

Consolidate circumferential-distortion, dynamic-response estimation methods and reconcile alternative channel/blade
approaches.

Develop numerical codes with improved instability onset criteria.

Develop spool-coupling methodology in overall engine distortion-tolerance assessments.

Maodel planar-wave distortion with coupled time-variant spatial distortion.

Develop models to account for the destabilising effects of intake swirl in the presence of total-pressure distortion.
Pursue statistical aspects of surge.

Develop whole-engine models to estimate post-stall engine behaviour and evaluate control strategies.

Address acromechanical response technology: develop relevant distortion parameters; methods for the prediction and
cotrelation of compressor rotor blade (blade/disc) forced vibration and flutter.

It is anticipated that the above topics provide, variously, tasks appropriate {0 the range of AGARD participating
organisations over a notional five to ten-year time span. Ongoing research and project-related efforts within this time period
will mature and it is important to maintain liaison with appropriate bodies, for exat.iple the S 16 Committee of the SAE.

Recommendations for four follow-up PEP specialist meetings are suggested:-
1. Intske Flow Numerical Computation

2. Compressor Acromechanical Response

3. Engine Stability Computer Modelling

4. Statistical Aspects of Surge and Post-Stall Computer Modelling,

v e e e




The rationale underlying these suggestions is the need to assemble a wider range of informed opinion on specific
aspects of the inlet/engine compatibility problem to provide a better appreciation of technological capability and prospects
in the various specialist fields. Pre-requisite is the need to maintain communication across the interface. Sufficient
information was generated at this specialist meeting to set appropriate guidelines.
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EXPERIMENTAL 1 WILLIAMS (RR)
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(RWTH, IABG)
8 LAVAL — BILLET (ONERA)
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18 MEYER — FOTTNER ~ GENSSLER (UNIV' B, MBB)
DISTORTION 12 STEENKEN (GE)
CONSEQUENCES 14 COLANTUONI(ALFA ROMEQ)
(MISCELLANEOUS)
DISCUSSION
Ph.Ramette, Fr
What are the possible limitations of the next generation of computers on our ability to carry out the intake
computational work?
Author’s Reply:

Iam not qualified to answer the question. The computer may be expected to have a powerful role in future
compatibility work provided the right problems are put to it. We have to be selective in what we do and how we cope
with the information generated.

F.Aulehla, Ge
1. Isuggest that we should concentrate on developing simplified time-va want total-pressure distortion methods,
starting perhaps from the steady half-lambda correlation and distinguishing unseparated and separated flow cases.

2. 1cannot see how we can readily simulate the engine during intake model tests. Would not a mini-engine, for
example CMAPS, be unrepresentative of later engines?

Author’s Reply
It would be difficult to simulate a particular engine, especially over the range of throttle settings. One should consider
provisioning means to simulate the acoustic termination when there is reason to believe duct resonance could be a
problem.
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REVIEW OF CURREWT KNOWLEDGE ON ENGINE RESPONSE TO DISTORTED INFPLOW COMDITIONS

by

D D WILLIAMS
CHIEP OF INSTALLATION TECHNOLOGY
ROLLS-ROYCE plc
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The purpose” of this paper is to provide an introductory overview to the 68th PEP Spe.ialist
Meeting. It'reviews some current aspects of time-variant, spatial total-pressure distortion and
other forms such as swirl, static-pressure distortion, planar-wave perturbations of total
pressura, and total temperature distortion. Engine response considerations include the
influence of engine 8pool coupling on stability, developments in the modelling of total-
P cir £ ial axtent effects, and swirl/total-pressure interactions.
Guidelines for the formulation of distortion descriptors and performance/stability assessmente

are reviewed. -

LIST OF SYMBOLS

a Constant

AIP Aerodynamic Interface Plane
Ap Total-Pressure Distortion Attenuation Ratio
APD Amplitude Probability Density
b Constant

bx Blade Chord

CN Coupling Number

Cp Static Pressure Coefficient
DC(60), DC(O) Circumferential Total~Pressure Distortion Coefficients
E Extent

HGR Hot Gas Reingestion

HEC High-Pressure Cowpressor

H/T Compressor Hub: Tip Ratio

JPT Engine Jet-Pipe Temperature
x Compressor Sensitivity

LPC Low Pressure Compressor

M Mach Number

n Harwonic Number

N Compressor RPM

1 Non-Dimengional unqth,x/;

P Static Pressure

P Total Pressure

4 Radius

R Compressor Pressure Ratio

o Compressor Whesl Speed

s Compressor Sensitivity

t Time

T Total Temperature
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{ TC(120), TC(®) Temperature Distortion Coefficients
W, WA: Compressor Airflow
x Axial Length
2CLL Two Compressors In Parallel
Superscripts
() Average
() Low Total-Pressure Sector
( )' Perturbation
4 Bubscripts
av Average
c Circumferential
Clean Undistorted, Steady-State Plow Conditions
CRIT Critical Sector Angle
INST Instability Onset Value
L Low-Pressure Compressor
m Maximum
M Constant Corrected Mass Flow
N Constant RPM
op Operating Value
A R Radial
su Surge Value
T,t Total Conditions
Greek
1 Y Blade Stagger Angle
A A Change
n Intake Total-Pressure Recovery Factor
[’} Angular Extent or Relative Total Temperature
A Blade Unsteady Response Parameter
P Gas Density
o Standard Deviatjion
T Blade Row Unsteady Parameter
! ) Axial-vVelocity/Wheel Speed Ratio
V ¥ Non-dimensional Compressor Pressure Rise
1. INTRODUCTION
In the decade orx so following AGARD Lecture Series 72 on Distortion-Induced Engine
Instability, held 4in 1974, and the 46th PEP meeting on Unsteady Phenomena in
Turbomachinery in 1975 (Refs 1,2), a great deal of progress has been made on technical,
procedural and organisational aspects of the intake/engine flow compatibility problem.
This is reflected in some seven relevant papers presented at the 60th PEP Symposium held
in 1982. (Ref.3).
A consengus has been rsached on the elements needed to formulate empirical total-pressure
distortion parameters or descriptors at the Intake/Engine Interface Plane (AIP). A
methodology for the treatment of time-variant, spatial distortion has been consolidated
! into general, practical, engineering guidelines, (Nefs 4,5). Other forma of intake flow
) digtortion, such as swirl and so-called static-pressure distortion have been identified
[ -
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and  treated. The problems of planar wave or "in-phase” total-pressure and
total-temperature distortions have received attention, as has that of tise-variant,
spatial total-temperature distortion at the AIP - an important topic for future ASTOVL or
VBTOL aircraft. Math ical and comp modelling of intake flows and the distortion
response of engine compressicn system components and the engine itself have advanced in
several major respacts and are being extended into the post-stall regime; these
developments emphasising system unateady dynamics. The importance cof assessing the
effects on engine stability of flow coupling between the spools of a multi-spool engine
has been recognised and a methodology developed to account for it. A turther development
has been the implementation of statistical surge-margin budgeting methods.

The distortion effort continues to be driven by engine performance and, predominantly,
stability aspects of the compatibility problem, dealt with here. Aeromechanical issuves
such as rotor-blade forced response and distortion effects on flutter boundaries appear
to have received less attention so that a consensus, state-of-the-art methcdology has yet
to emerge. (Discussions of distortion-induced blade vibration and the effects of intake
conditions on supersonic unstalled flutter in turbofan engines are provided in
Refs 6 and 7),

Most smignificant has been the formulation of procedural guidelines to aid the
construction of intake and engine design and development programmes and of
performance/stability assessments appropriate to an engineering development. Practical
recosmendations for intake/engine interface instrumentation, test and distortion-data
management exist (Refs 4,5).

Mot least important is the improvement that has taken place in the organisstion of the
effort on compatibility. Closer collaboration bstween airframer, engine wmanufacturer,
research establishments and procurement agencies has taken place - in sowe cases through
the formation of project compatibility groups, increased international exchanges through
standing cosmittees, such as 516 of SAE, and symposia. A valuable development has been
the increased involvement of the Universities and Technology Institutions in aerospace
engineering problem solving, complementing fundamental research.

A result of the technology and ial develop has been the progressive elevation
of intake flow distortion to be an active consideration in propulsion system risk
assessment in the early design phases of a project. It is the purpose of this paper to
provide an overview of some of these developments, as best they are perceived by the
author.

TOTAL-PRESSURE DISTORTION

A significant development in the technology of intake/engine compatibility has been the
establishment of general guidelines for assessing the effects of time-variant, spatial
P _~distortion. With the publication of SAE Air Information Report, AIR 1419, i{n

y 1983, supplementing Aerospace Recommended Practice, ARP 1420, published earlier, a
definitive engineering methodology is available. This describes AIP distortion
descriptors, methods for assessing engine performance and stability changes, and methods
for conducting experimental programmes. Data acquisition, processing and management
guidelines are provided.

DISTORTION DESCRIPYION

Intake steady-state and time-variant total-pressure measurements are used to define
engine-face, average total pressure (recovery factor) for performance assessment and
spatial-distortion components for correlating the effects of distortion on performance
and stability., As the performance question is predominantly a time-average one, it is
still engineering practice to use steady-state measurements to describe it. The
additional dynamic measurements are used in the stability context.

The evolution of distortion descriptors and their components from those reviewed in LS 72
has stemmed from an engineering consensus derived from a thorough co-operative effort
4involving a lot of applications experience. Whilst no universal parameter has emerged or
is thought possible for the general distortion case, agrsement has been reached on the
elements of a general parameter defined from pressure-probe measurements in the intake.
Typical full-scale rake arrangements are shown in Pigures 1 and 2.

Pour basic elements have been recommended (Pigure 31): Circumferential Intensity, Extent
and Multiple-Per-Rev elements, defined at constant radius (per ring) and a Radial
Intensity Element. These are used for two purposes:-

(1) to complement the conventional, total-pressure contour Bap by an element histogram
displaying information related to engine performance and stability response (Figure

9.
(11) to construct fan and comp ge-pr ratio loss ( A PRS) correlations.
Pigure 5 shows the ARP 1420 general ( PRS-correlation format where and ¢+ hare

applied flexibly on a ring basis, represent rates of loss of surge ssure ratio with
circumferential and radial distortion and the circumferential-extent and MPR elements are
incorporated into these sensitivities. The principle of linear superposition has been
adopted. Pigure 6 provides an exsmple of an algsbraic formulation of an engine-face
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distortion paramster appropriate to circumferential distortion in annular regions of the
ALIP. A typical surge corrslation is shown.

The effectiveness of such empiricsl correlations, validating the methodology, say be
judged from the comparison between predicted and measured loss of surge pressure ratio
shown in Pigure 7 for five compressors. Similar results, stemming from the co-operative
effort alluded to earlier, apply for the J B5 compressor, ¥ 101 fan, J58 compressor,
2100 fan, TFr 41 fan and compressor, and for a research fan, and turbofan core and
compressor, (Rsf S5).

A central consideration is the identification of permissible levels of distortion for the
avoidance of surge, ie, the specification of engine distortion tolerance. The erosion of
surge margin may be expressed in terms of A PRS or in terms of a distortion descriptor
compared with s limiting level of that descriptor.

A gensral algorithm for accounting engine performance changes using the distortion
elemants, analogous to the O PRS relationship for stability, has not emerged. This
partly reflects the fact that engine performance is highly engine, control-sensor and
control-system - specific. Steady-state distortion levels are usually small at important
mission performance points.

Radial total-pressure distortion attenuates rapidly through a compressor as
static-pressure perturbations give rise to spanwise gradients that act to even out the
flow. A consequence is that radial distortion effects, particularly of the tip-low type,
are almost exclusively limited to the LP compressor, as is now well established.
Axisymmetric through~flow programs are well able to be adspted to investigate the
[ -state problem, though much work still remains to be done to identify instability
criteria for low hub/tip designs.

In practical installations the AIP distortion is a mixture of radial and circumferential
elements for which, as stated earlier, a gensral empirical correlation method has been
developed. A task facing the engine designer, however, is that of predicting the effects
of distortion on the LPC surge line prior to rig test. An interesting result is shown in
Figure 8 where a three-stage fan was tested with an jntake distortion comprising a
tip~low radial distortion having low and high levels of circumferential distortion.
Predictions of the effect of the circumferential distortion wusing a wodified
two-compressors~in-parallel (2CLL) model operating on the radially-spoiled surge line
produced tolerably good agreement with the experimental results. rigure 9 shows
sensitivity presented as A PRS vs circumferential distortion level at design speed.
Similar results were obtained in the speed range 808 to 100%.

Estimation methods for high hub/tip, HP compressor are quite well developed and are
reasonably reliable for circumferential distortionm.

Dyasmic Aepects

Techniques for the treatment of time-variant spatial distortion are now well known and
need little further elaboration here. There have been no significant developments to
suggest that the dascription of the intake spatial distortion by low-pass filtering to a
fraquency of approximately one LP Compressor rotor revolution is seriously in error.
Strictly, cut-off frequencies differ between the fan and HP compressor and should vary
through their speed ranges.

Dats Scaling

Small-scale model tests are the main source of intake distortion data. In order to apply
results to full scale, turbulence data must be scaled correctly. Current practice is
based on holding Strouhal Wumber and Mach Nusber invariant, Reynolds Wumber being held
as high as possible consistent with wind-tunnel facility/model-scale constraints.
Scaling of the statistical data is based on turbulence dissipation/dispersion concepts,
{Ref 10). Data 8caling guidelines are shown in Table 1. Reference 11 provides results
on the effects of scale and the presence of an engine on the flow distortion measured in
a pod intake of a transport aircraft. The results emphasise again the importance of
Reynolds number and flow-field interactions between components in close-coupled
installations. Results for a long, combat-aircraft intake are given in Reference 12.

Time-vVariant Distortion Synthesis

The acquisition of time-variant data is expensive and time consuming. During early
screening of candidate inlet configurations it may not be appropriate to employ full,
time-variant-distortion measurement methods. It is however highly desirable to ensure
that the preferred inlet design is selected against a background of quantified flow
unsteadiness as well as steady-state distortion. Por this initial screening purpose a
technology for synthesising time-variant distortion from local-probe steady-state and RMS
pressure recordings using random number algorithme has been established (Refs 13 to 16).
An array of low- and high-response probes may be {ncorporated into a rotsble-rake
assembly. By this wmeans, contour plots of stationary RMS and time-averaged
total-pressure may be obtained readily at selected inlet operating points from which
estimates of peak time~variant distortion can be made. £hould regions of high local
turbulence be fixed then the data acquisition system may be asimplified further. The
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minimws data sampling time required to ensure statistically statlonary data needs to be
compatible with wind-tunnel operating times and cost. This normally is a subject for
agreement between airframe and engine manufacturers. Figure 10 shows an output
distortion level and pattern from a RR distortion-synthesis program. Agreement with the
measured peak time-variant pattern, obtained from comprehensive AlP instrumentation, is
considered to be good. At higher levels of distortion, errors can occur due to the fact
that cross-correlation of total-pressure between probes is required, (Ref 9). The need
to incorporate cross-correlation is indicative of large turbulence eddies in the flow,
symptomatic of undesirable, large-scale, flow separation within the intake.

Circumferential Extent

Much work has been done on compressor circumferential-distortion response, a key question
being that of rotor relative dwell-time in the spoiled sector, ie, of reduced frequency.
A recent analysis by Hynes and Greitzer for circumferentially-distorted incompressible
flow (Ref 8) provides an important, original method for predicting the stability limic of
high hub/tip multistage axial compressors. The calculations show from first principles
that a wide range of distortions of varying extent, intensity and waveform can be
correlated using the critical-sector-angle concept, "@crit”. FPigure 11, reproduced from
Ref 8, shows the predicted loss of stability margin with the DC (9crit) parameter for a
critical sector angle of 125°, appropriate to the analysis. This finding confirms
established experimental results, eg, those of Reid, (Ref 17).

The "Ocrit® concept provides a basis for correlating circumferential distortion in terms
of an effective intensity and leads to a modified 2CLL model for engineering assessments
of loss of surge pressure ratio, having a roughly unique sensitivity. In terms of the
ARP 1420 circumferential intensity and extent elements, an approximate relation is:-
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This type of relationship is embodied in the DPC parameter and correlation of Figure 6.

The circumferential dynamic response is determined by a relatively simple model of the
blade-row channel flow, notably that of the rotor, by equating fluid accelerations
through the rows to the unsteady pressure rises across the rows. A simple development of
the method utilises the rotor-row unsteady response parameter, A , and the (provisional)
instability onset IMS = O criterion of Ref 8, in the modified pressure rise equation:-
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Parabolic fits to the overall compressor characteristic in stalled and unstalled regimes

yield a simple gemi-analytic solution for critical sector angle in terms of the intensity
and unsteady parameters:

Rk

e ‘mia and A(a+d)

p.U ¥, 200V,
where, circa the peak of the compressor characteristic:-
Unstalled Regime (#29) : + = ¥ —a'(e-0)
Stalled Regime (058) : ¥ = ¥ -b(e-o)

Results from this analysis, applied to three high-gpeed multistage compressors, are
presented in Pigure 12. Agreement with empirically-derived values of the critical sector
angle {s good.

Values of the response term, A , per stage app to be r bly t for LP and
HP compressors. For four low H/T LP compressors and seven H/T compressors examined;
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A Lrc = 0.314 (210%)
per row
A HPC = 0.140 (213w)
per row
This development represents an important adv in the hodology for the estimation of

compressor circumferential distortion response and it is interesting to compare FPigure 11
of Paper 5 of AGARD LS 72, soma twelve years ago, with an output of the analysis - c.f.
Pigure 13 (Ref 18) and Pigure 14, respectively. The form of the loss in stall margin is
well predicted by the theory, (typical values of A /a for the assumed symsetric
characteristic of Figure 14 lie in the range 0 to 0.15). The critical sector angle locus
lies in the range 0 to 180°.

Purther generalisation can be made to relate the critical sector angle uniquely to a
compressor design-variable group and to express surge sensgitivity in terms of
circumferential extent and this group or theta-critical. This extension allows the
conditions for the 2CLL model to be valid to be examined.

SP00L COUPLING

Traditional assessments of engine stability treat the constituent compressors of
multispool engines as uncoupled, ie regard them as operating in isolation. Estimated or
empirically-derived LP compressor and HP compressor rig distortion sensitivities and
distortion transfer characteristics, appropriate to compressors having roughly -constant
exit static-pressure are utilised. The effect of AIP distortion on the HP compressor is
assessed from the LP-compressor rig disiortion transfer characteristics, accounting the
loss of HP-compressor surge margin due to both total-pressure and temperature
distortions. It has now been established that such assessments can produce serious
errors in engine distortion tolerance estimates and in the diagnosis of the “critical®™
compressor when the compressors are closely coupled. It has emerged that compressors of
aircraft gas turbine engines are mostly close-coupled in the inner (ID) or core-flow
region, (Ref 19),

The spool coupling stems from the change in the LPC (upstream) cowmp -exit b dary
condition in circumferential total-pressure distortion when induced interspool
static-pressure distortion acts to change the LPC distortion transfer characteristics and
hence the LPC distortion sensitivity and HPC sensitivities to pressure and temperature
distortion. As a ryesult, the loss of surge margin of the LP and HP compressor differ
from those assessed on an uncoupled basis. Distortion results from compressors tested
alone have to be interpreted carefully in the engine context. Reference 19 presents a
full theoretical analysis for both comp ible and i P ible flows, suggesting a

hod for ing for the coupling and comparing experimental results of flow-field
weagurements in vaned and vane-free interspool gaps.

Pigure 15 shows how the estimated distortion tolerance of an engine varies with the
degree of coupling and how the perception of the critical component alters. Results
agree well with engine test results from ground and flight tests. Figure 16 show how the
estimated and measured fan-inner total-pressure dJistortion attenuation varies for
uncoupled (rig) and coupled (engine) conditions, (Ref 9),

The th ical of the interspool flow-field in the vane-free gap case
utilised the Rolls-Royce LINEAR A and LINEAR B two-dimensional (x, 8 ) codes developed in
conjunction with Cambridge University. The A and B codes use overall-compressor actuator
discs and blade row semi-actuator discs, respectively. The flow-fields are regarded as
linear, This umption is di d in Ref 8. Essentially, its validity lies in the
fact that velocity perturbations associated with the relatively large-extent
total-pressure distortions of interest are such that quadratic terms are much smaller
than first-order téerms so that they have little effect on the flow-field.

The static-pressure distortion induced in a vaneless interspool gap can be expressed in
teras of the gap geometry as:-

(_—'.)IK - = eﬂ-l 2
| g - 1=

This static-pressure distortion ratio is independent of the compressor operating
conditions.

A Bpool Coupling Number (CN) ranging between & value of zero for no coupling to 1.0 for
complete coupling can be defined to quantify the extent of the interaction in terms of
geometry and compressor operating conditions. This may Le axtended to the csse of vaned
interspool gaps, (Ref 19),

The stability cslculation uses an adaptation of the 2CLL model developed for
fixed-throttle or transiently-matched multispool compression systems that provides for
spool coupling by means of the coupling factor. The code (PCPCN) assumes constant static
pressure at HP compressor exit. It calculates the AIP distortion required to cause
surge, Spool surge~margin utilisation and the critical compression system component.

A good approximation to the APRS sensitivity relationship with total-pressure
attenuation factor for circumferential distortion is given by:
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The circumferential distortion intensity is defined in Figure 3.

Results from the igsolated 2CLL and PCPCN codes are shown in Pigure 17, illustrating the
approximation and the effaect of spool coupling in reducing LP compressor attenuation and
sensitivity.

At present, predictions are based on the assumption that the interspool gap (vaned or
unvaned) is a high H/T annulus at approximately constant mean radius. Purther
developments of the coupling methodology are required to include radial terms,
particularly for swan-neck inter-ducts with swirling flow where different types of flow
disturbance are highly coupled and inherently three-dimensional, Ref 20.

Planar Wave or "In-Phase” pressure disturbances represent time changes of average
total-pressure or intake recovery at the AIP. Waveforms can be deterministic - ramps,
spikes, periodic (sinusoidal, Fourier) or statistically random. Computer models for
estimating compression system and engine response are well developed for deterministic
problems, appropriate models depending on the frequency range of interest.

Compressor models utilising defined, matched operating lines and unsteady mass, momentum
and energy or entropy conservation equations applied on a stage-by-stage basis enable
compressor sensitivities to planar waves to be quantified over a wide range of
disturbance frequency. Figure 18 shows typical outputs for a sinusoidal disturbance for
a seven-stage HP compressor from both the Rolls-Royce COSMOS lumped-volume stage model
and LINEAR B code in the frequency range 0 to 40 Hz. Compressor gensitivity is presented
as QAPRS per unit half-amplitude of the inlet total-pressure wave. The loss of surge
line for a 10% amplitude sinusoid at 30 Hz is 2.5%. Compressor rematch due to engine
control system response needs to be taken into account up to 5 or 10 Mz, or so. At low
frequency, circa 10 Hz, the operating pressure ratio excursion is small, as illustrated
in FPigure 19. This reflects the fact that the wavelength of the axial-flow disturbance
at this frequency is large in relation to compressor length, The computer models provide
response estimates up to about 1KHZ when sensitivity continues to increase due to the
increased tendency for compressor exit pressure to remain constant, (Refs 21 to 25).

Turbulence-induced changes in AIP average total-pressure are random and in conventional
compatibility analyses are judged to be sufficiently small to be neglected within the
uncertainty of the assessment. In highly turbulent conditions, characteristic of intake
separated flow or shockwave instability in supersonic intakes, pressure amplitudes are
not small and a methodology for accounting for the distortion needs to be developed. In
practical installations the planar-wave distortion is accompanied by time-variant spatial
distortion so that the total compatibility problem becomes complex. No state-of-the-art
consensus method yet exists for dealing with it. When spatial distortion levels are
small and the planar-wave frequency range low, it is plausible to consider treating the
problem on the basis that the in-phase component changes the operating line and the
spatial component changes the surge line on an uncoupled basis, using superposition to
sum the effects. When distortion levels are high, difficulties arise due to the need to
account for the phase relationship between operating line and surge line excursions. The
magnitude of the difficulty may be judged from Pigure 20, repregsentative of the analysis
of Ref 26, where random changes in surge and operating pressure ratio are modelled as
functions of time, Surge margin remaining is represented by the difference between the
upper (surge) pressure ratio and lower (op line) pressure ratic. The key feature of the
result is the need for correct phasing to account for surge.

Engine and compressor facilities for enabling tests with AIP planar total-pressure waves
to be carried out have been established using arrays of programmed forwards-facing
airjets (Example, Ref 27) or a system of rotating and stationary perforated disks
(Example, Ref 28). In conducting planar wave experimental research it is important to
ensure that the test assemblies do not produce spatial distortion.

The S 16 Committee of the SAE is engaged in reviewing the planar wave/spatial
total-pressure distortion problem and methodology.

OTHER FORMS OF DISTORTION

Total-pressure distortion is not the sole form of intake distortion that adversely
affects engine behaviour. Other forms can be equally or more important, alone or in
combination with total-pressure distortion. It is important at the outset of a new
project to identify all forms of relevant distortion to decide what needs to be
incorporated into performance, stability and aeromechanical assessments.

S-shaped intakes with flow curvature can produce swirl at the AIP, usually of the
solid-body type, due to secondary flow generated as a consequence of flow separation at
intake entry. The imbalance between stream momentum in the total-pressure-defect region
and the radial static-pressure gradient needed to support radjal equilibrium causes
transverse flow which develops into swixl. The combination of swirl, acting in the fan
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contra-rotational sense, and circumferential total-pressure dJdistortion can for some
engine designs promote loss of stability, as reported in AGARD-CP-324 (Paper 20).
Figure 21 illustrates the loss of stability, expressed in terma of loss of final nozzle
operating range. Theoretical analysis of the flow through multistage LP compressors on a
two-dimensional, stage-by-stage basis shows that total-pressure attenuation 4is changed
due to contra twirl - largely becsuse of changes in first-stage loading.

Experimental research on swirl generation in highly-curved intakes and on multistage fan
response is under way. Pigure 22 shows a schematic of an intake modsl being ressarched
in the low-speed wind tunnel at Rolls~Royce. The model, adapted from that described in
References 29 to 32, is S-shaped in plan viev and has provision for the insertion of
parallel ion pieces b front and year bends. Instrumentation consists of
pitots, wall statics and yawmeters at the planes indicated. Results from the tests
(rigure 23) show that very severe solid-body bulk swirl up to 24* or more is generated at
the AIP when the intake is operated at high incidence - causing lip separation and
total-pressure distortion (DC(60)) growth. These results confirm those reported in
References 33 and 34 for the Tornado intake, vhere the severity of the swirl was much
less. An important feature of the results is the large improvement in the swirl
characteristics effected by a side-wall fence, (Figure 22). Similar results were
obtained with a cowl-lip fence. Such fences are highly effective - as first discovered
during the testing reported in the above references. An unexpected result is the large
reduction in DC(60) produced by the fence, due to enhanced mixing within the duct. This
finding has important dJdesign implications for military intakes intended to operate at
high incidence. It would appear that duct fences located near the front of the intake
can provide an alternative to intake shielding measzures and hence a prospect for greater
design flexibility as to intake location.

STATIC-PRESSURE DISTORTION

Another form of curvature-related distortion, termed “"static-pressure distortion™ arises
when the flow field is highly-curved at the AIP. Such distortion can arise in
esgentially isentropic conditions. PFigure 24 presents iscbars derived from stream-static
and wall-static measurements in one half of a short, bifurcasted intake, where
total-pressure distortion was very low. Engine performance can be adversely affected, as
illustrated in Pigure 25 where thrust changes are expressed in terms of a static-pressure
distortion parameter defined as a (max-min) pressure coefficient. The figure shows that
thrust gains of approximately 3% can be achieved in constant corrected-speed operation
and of 6% at constant jet-pipe temperature by eliminating the distortion. This may be
achieved by smsll, straight extensjions of the intake duct immediately ahead of the engine
face. Engine-response analysis shows that the mechanisa of the engine performance loss
consists of a loss of corrected airflow at constant speed together with a loss of engine
core efficiency that contributes to the increase in engine jet-pipe temperature. These
effects can be correlated to provide a general prediction of engine performance
sengsitivity using core- and overali-AIP static-pressure-distortion indices similar to
that illustrated in Pigure 25. The resulting correlations apply to duct modifications
where static-pressure distortion is reduced through duct wall-curvature changes without
increase {n duct length, as reported in Reference 35,

TENPERATURE DISTORTION

The work previously reported in AGARD Lecture Series LS 72 and, in CP 324, appears still
to be a fair summary of the broad aspects of engine response to temperature distortion.
Developments that have taken place have encompassed better computer modelling (Refs 21,
36, 37 and 38) but little progress has been made as regards the technology for treating
practical AIP distortion problems. It is anticipated that the UK/US intergovernment MOU
on ASTOVL aircraft will provide increased incentive for work in this area.

In the UK, full-scale work on hot-gas reingestion aspects of ASTOVL using an early
Pegasus engine, with plenum chamber burning {PCB), installed in a Harrier airframe is
being carried out by Rolls-Royce under Ministry-of-Defence sponsorship. The arrangement
at the test site at Shosburyness (Figure 26) provides for defining hot-gas reingestion
(HGR) characteristics in terms of AIP mean tempersture rise and time-variant spatial
distortion in dynamic landing manoeuvres. Anti-HGR configurations are investigated and
engine tolerance to temperature distortion is being evaluated. An important objective of
the work is the acquisition of data to help establish wodel HGR scaling laws. The first

phase of testing with a low-pr ratio Peg 2A engine was completed in
December 1984. Planning for tests with a higher pr ratio Peg 11 engine is in
hand.

Preliminary results from the Pegasus 2A programme indicate, not unexpectedly, that engine
distortion response dJdepends both on the time-rate-of-change of intake mean total
temperature as well as spatial distortion. In this tespect the nature of the AIP
temperature distortion problem is somevhat different to that of pressure distortion.
Mean temperature rise rates lie in the range 300 to 600°C per second with maximum local
rates being in the range 1000 to 1500°C per second. Engine entry temperature increases
of up to 150°C can occur transiently with maximum local temperature rises being about
200°C,

Temperature distortion in terms of the TC{120) parameter typically ranges from 5% to 10%
transiently close to the ground in the absence of anti-HGR measures. A typical intake
total-temperature distortion pattern during landing, occurring after 0.25 seconds from
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HGR onset, at a front-nozrle PCB temperature of 1000°K is shown in Pigure 27. The engine
was surge free,

Pigure 28 presents a correlation of temperature distortion at surge onset deduced from
the results of Ref 39 and 40 for the TP 30-P-3 engine. The curves derive from tests
where temperature distortion was simulated by hydrogen burners programmed to provide
temperature ramps at various rates from 300 to 10,000°C/sec in spatial sectors of 90°,
180°, 270* and 360° extent. They show values of allowable spatial temperature
distortion, expressed as TC(O it) » for threshold values of mean temperature rise rate at
the surge limit. A prelninag Yesult for the Pegasus is superimposed. Purther work is
required to identify distortion descriptors and a viable methodology for quantifying loss
of engine stability.

The 5 16 Committee of the SAE is currently engaged in studying AIP total-temperature
distortion to determine whether sufficient information exists to warrant formulating
guidelines to a methodology for spatial distortion. Distortion elements analogous to
those for total-pressure distortion (Section 2.1) could in principle form a basis for
constructing /APRS-related descriptors,

Assessments of the effects of distortion on engine performance and stability take various
forms according to the perceived severity of the problem. They evolve through the engine
design and development process - predefinition, preliminary design, development,
qualification and flight test, as more information becomes available and the
intake/engine compatibility issues mature. A consensus methodology is fully described in
SAE Report AIR 1419 for total-pressure distortion. This is consistent with SAE Aerospace
Standard AS 681C and Recommended Practice ARP 1257 applicable to gas turbine steady-state
and transient performance computer decks (Refs 41 and 42).

The effect of distortion on performance ig calculated on a steady-state or time-averaged
basis and is minimal at important aircraft operational conditions. Its assessment forms
part of the wider evaluation of installed engine performance and is conducted, as
necessary, after a clean-flow assessment at a specific flight condition. Clean-flow
asgsessments include the effect of flight condition, power offtake, bleed and intake
recovery at the engine operating point,

Distortion assessment procedures consist of complementary synthesis and component/engine
test analysis activities. Initial estimates for turbofans may use intake split-flow
(core/bypass) recovery factors as inputs to the engine performance deck. Asgsessment
appropriate to the engine development phase utilise distortion data from rig componen®
tests and from engine bench and altitude cell tests with distortion screens. Various
synthesis procedures use fan and HP compressor distorted-flow performance characteristics
or flow and efficiency "deltas” as inputs into main deck or auxiliary programs that yield
thrust, fuel consumption and airflow, or changes in these quantities from clean-flow
performance, as outputs.

Assessments should include engine component rematch stemming from the effect of
distortion on local control sensors in the engine gas path,

Performance changes due to signal errors can be large. Figure 29 shows results obtained
from a turbofan bench test with an intake total-pressure distortion pattern simulated by
means of a rotable screen. The engine was controlled by a local HP turbine entry
temperature sensor. Performance gains or losses occurred due to engine rotational speed
changes: overspeed when the temperature sensor (T) was located circa 180°, resulting in a
performance gain; underspeed with the sensor at 360°, resulting in a performance loss.
These results reflect the fact that the sensor locations corresponded respectively to low
and high temperature regions of the temperature distortion pattern generated at turbine
entry due to the attenuation of total-pressure distortion through the compression system.

STABILITY

The major intake/engine compatibility concern continues to be engine discortion tolerance
in the context of surge avoidance. As a result, significant progress has been made in
developing better stability assessment procedures with improved accounting for the
destabilising effects of total-pressure distortion. Intake compatibility considerations
can with more confidence be included in the specification of design requirements, notably
those for LP and HP compressors (geometry, surge margin) and the engine control system,
earlier in the propulsion system design process. An important aspect of this process has
been the increased emphasis on collaboration between airframer engine manufacturer and
procurement agencies throughout all phases of the evolution.

Stability assessments are complex and "not amenable to standardised cookbook treatment™
(Ref 5). The magnitude of the t task depends on the anticipated severity of the
compatibility problem and the particular objectives appropriate to the development
prograsme ., The determination of distortion effects forms part of an engine overall
staL.lity audit(s), (Pigure 30). The clean-flow assessment accounts the effects on
compressor operating and surge lines of relevant engine control functions, geometry,
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power offtake, bleed and Reynolds Number in fixed and variable-throttle (handling)

operation. Intake-recovery effects are included and allowances for estimated engine
clearances, variable-geometry and control scatter, engine-to-engine variations and
in~service deterioration are included, as appropriate. Steady~state and transient

performance decks are used to determine matched operating points. The distortion
assessment evaluates LP and HP compressor sensitivities, distortion transfer, spool
coupling, and control implications. The overall stability audit uses the results of both
clean and distorted-flow assessments to provide estimates of engine distortion tolerance,
net stability margin, the critical compression-system component, the aircraft operating
risk and the need for any design action.

An example of an assessment output - engine distortion tolerance expressed as an AIP
distortion parameter for an installed HP compressor, is shown in Pigure 31. The
permissible level of distortion for HPC surge avoidance is expressed in terms of Reynolds
Wumber Index (RNI) for various engine corrected-flows and fixed power-offtake and bleed.
The curves may be used with the distortion characteristics appropriate to the engine
installation to evaluate fixed-throttle intake/engine compatibility throughout the flight
and manoeuvre envelopes of the aircraft.

STATISYICAL SURGE MARCIN ACCOUNTING

An important development has been the growth in the recognition of the statistical nature
of the surge limit. Some of the destabilising factors referred to in Section 4.2 are
random or have random components. To sum their effects arithmetically would lead to
unrealistically high assessments of surge margin utilisation and surge margin
requirements. Statistical considerations apply to both cperating and surge lines of the
COmpPressors. Factors such as engine-to-engine build scatter, control tolerances, and
variable~stator setting tolerances can be regarded as essentially random, in some cases
with a load bias. In-service stability margin deterioration can have both a non-random
and random aspect. Figure 32 presents an example of HP compressor operating line scatter
derived from bench calibrations of 76 engines from a production batch. A total of
approximately 400 test points covering a range of speeds forms the statistical
population. The two-sigma value of the pressure ratio scatter is 1.4%8. Figure 33 shows
that the pressure-ratioc APD at constant corrected flow is Gaussian.

Figure 34 presents an illustrative example of a basic stability breakdown for an HP
compressor operating at a fixed-throttle setting and flight condition. Assigned random
and non-random factors are tabulated. The non-random factors are summed arithmetically
to yield a 16.8% surge margin utilisation and the random effects are root-sum-squared to
yield a $3.6% variation. The extreme requirement is 24.7%¢. If the available surge
margin at this condition were 25% then the probability of surge would be zero. If the
surge margin available were 20.4% there would be a risk that surge margin would be low by
4.3% giving a surge probability of about 0.2%, or one engine in 530, for this extreme
case.

Statistical analysis provides a realistic approach to surge margin budgeting, accounting
for the fact that the worst combination of all destabilising factors is rare. It
supplies management with a tool to examine whether design action is warranted.

The above point-stability assessment is capable of considerable extension, beyond that
appropriate to intake/engine compatibility, to projecting surge risk during a specified
mission or over the whole of the flight and manoceuvre envelopes. Surge risk can be
assessed as a rate, eg, number of surges per 1,000 aircraft flying hours. In-flight
shut-down rate is another criterion.

By estimating the frequencies or proportions of time in a defined portion of the flight
envelope, in manceuvre, at a rated power getting or handling - dry or reheat, etc, the
cumulative probability of encountering surge and hence the aircraft operational
effectiveness can be estimated. Much work is needed to define appropriate statistical
methods, provide reliable operational data and establish the statistical distributions of
pertinent factors. Prerequisite is the need for a high degree of collaboration among all
parties concerned.

The S16 committee of SAE is exploring this wide - ranging issue.
COUCLADING REMARES

This paper has attempted a review of some of the key developments that have taken place
in the last ten years or so in our understanding of engine response to intake flow
distortion and in methods for dealing with the problem. It has emphasised engineering
aspects of inlet/engine compatibility, focusing on practical methods for quantifying
engine response rather than on academic research aspects.

Good progress haas been made since AGARD Lecture Series 72 on distortion-induced engine
instability. The challenge for the future is conaiderable, encompassing the need for:

o Extensions of methods to new compact, high-duty compression systems for use in future
high-capability aircraft,

o Analytical and economic computer methods that provide general insight as well as
ad-hoc numerical solutions.
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o The development of improved instability criteria.

(<] Increased emphasis on forms of AIP distortion other than spatial total-pressure

distortion | temperature distortion, swirl and static-pressure distortion,
planar-wave distortion; alone and in combination with spatial total-pressure
distortion,

o Development of the statistical aspects of stability accounting procedures.

Though not directly an AIP distortion~response concern this review would be incomplete if
it did not mention the very important developments that have occurred in the modelling of
post-ingtability engine behaviour (Refs 43 to 48).

The major task is the identification of conditions under which engines will "stagnate™,
"hang-up* or “lock-in" following stall. %This important design and operational issue is
still not well understood. The establishment of a method for predicting the chance of
encountering stagnation stall would appear to form a natural extension of the statistical
analyses of Section 4.3 and the formulation, prospectively, of design, control and
operational strategies for dealing with it,
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NOTATION;
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Strouhal number constant

FREQUENCY 1FS = IMS  LMS
== /TS
Lrs / TtHs
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) n - g
POWER SPECTRA Pt FS = [-1¢4 LFS
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( Pt ) Ms  LMS J/ TEFS
RMS VALUES ( p; nns) Pt RMS
3 FS ( )
c tr) c (1)
COVARIANCES 2 FS = 2 Ims
Pt Pt
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LENGTH v -
TOTAL TEMPERATURE

VELOCITY

SUBSCRIPTS:
TOTAL PRESSURE MS - MODEL SCALE
POWER SPECTRA FS - FULL SCALE
STROUIAL No = fL
COVARIANCES v

TABLE I - DATA SCALING GUIDELINES
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FIGURE 26 PEGASUS 2A/HARRIER AT SHOEBURYNESS
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HP COMPRESSOR
FIXED OPERATING POINT
DESTABILISING FACTOR NON-RANDOM RANDOM
EFFECT EFFECT
OPERATING LINE
® INLET DISTORTION Y 0
® REYNOLDS NUMBER -4.4% 0
@ ENGINE-TO-ENGINE SCATTER (] +1.4%
® CONTROL TOLERANCES 0 £2%
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® POWER OFF-TAKE ~3.6% o
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® REYNOLDS NUMSBER -4.7% 0
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TOTAL SURGE MARGIN UTILISED -16.8% +3.6% (RSS)
FIGURE 34 STABILITY ASSESSMENT BREAKDOWN
DISCUSSION
Ph.Ramette, Fr

In Figure 8, how do you explain the fact that the cruise-simulator stall line is higher on the compressor map than the
clean-flow stali line?

Author’s Reply:
The test result applies to the effect of a tip-low total-pressure distortion on a low hub-tip-ratio multistage compressor
design that has excess work capacity at the tip. Radial equilibrium is affected and span-wise changes in deviation occur.
This results in an improved surge line.
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COMPATIBILITE ENTREE D'AIR-MOTEUR
IMPACT DES METHODES THEORIQUES ET EXPERIMENTALES
Par
Marius GOUTINES & Hugues JOUBERT

Société Nationale d'Etude et de Construction de Moteurs d'Aviation (SNECMA)
77550 MOISSY-CRAMAYEL
FRANCE

RESUME

Pour atteindre les qualités de manoeuvre demandées aux avions militaires modernes, les turboréacteurs
doivent pouvoir fonctionner avec une entrde d'air présentant d'importantes distorsions spatio-
tewporelles. Dans ce domaine, les objectifs principaux du concepteur de compresseurs sont
1'évaluation, théorique ou expérimentale, de 1a marge au décrochage nécessaire et 1'atténuation de 1a
sensibi1ité des compresseurs aux distorsions de 1‘'@coulement. La premiére partie de 1'exposé décrit
les méthodes de calculs théoriques utilisées. Ces méthodes nécessitent la connaissance des pertes de
pression et des déviations des profils fonctionnant & forte incidence. La seconde partie traite des
expériences destindes 3 valider les méthodes de calcul ou & démontrer 1a compatibilité entrée
d‘air-moteur : essais en vol, essais en soufflerie, création de distorsions non stationnaires sur banc
d'essals au sol. La troisiéme partie décrit les {mpacts de ces &tudes sur la conception des
compresseurs.

NOTATIONS
Variables Indices ou symboles
a2 Ve /W=
A : Section de passage d'un canal inter-aubes ¢ : Relatif au carter
¢ : Corde d'une aube [ » Relatif & V'entrée de Ya grilie
€ : Energie totale par unité de volume h : Relatif au moyeu
1 : Rothalpie r : Relatif & la direction radiale
M, : Nombre de Mach absolu [ : Relatif 3 la sortie de la grilie
M, : Nombre de Mach relatif x  : Relatif & ta direction axiale
Ps : Pression statique L4 ¢ Relatif 4 la direction tangentielle
Py : Pression totale absolue X : Valeur moyenne de X
P:- . Pression totale relative X' 1 Perturbation de X
r : Constante massique des gaz parfaits x XX
R : Rayon
s : Abscisse curviligne sur une ligne de courant AX  : Variation de X
t : Temps Xoff : Valeur efficace de X
Ts : Température statique xC, : Coefficient de cos ne dans la série
de Fourier de X
Tr : Température totale
y ¢ Vitesse d'entrafnement xS, : Coefficient de sin n@ dans 1a série
Y : Vitesse absolue de Fourier de X
W : Vitesse relative
% : Coordonnée axiale Xgs @ Vaieur moyenne stationnaire de X
® : Direction relative
¥ : Rapport des chaleurs spécifiques
ASKM :Variation de marge au décrochage
@ : Inciinaison méridienne des tubes de courant
W : Coefficient de pertes
R : Rapport de pression totale du compresseur
TS : vateur de ;U au décrochage
e : Masse volumique
B Temps réduit ou constante de temps
R : vitesse de rotation
Les autres variables sont déftnies dans le texte.
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1 - INTROOUCTION

Les avions de combat modernes doivent évoluer & des incidences et i des dérapages de plus en plus
élevés. Les avions de transport dofvent &tre capables d'effectuer leur service dans des conditions
wétéorologiques de plus en plus difficiles, notamment en présence de forts vents de travers. Bien
que les entrées d'air de tous les types d'avions soient sans cesse améliorfes d'un point de vue
aérodynamique, 1'&coulement de 1'air s'en trouve perturbé par des décollements non stationnaires.
Dans ces conditions, les compresseurs sont alimentds par un flux hétérogéne présentant
d'importantes distorsions spatiales et temporelles.

La princtpale conséquence de cette mauvaise alimentation est une perte sensible de marge au décro-
chage des compresseurs. Cette perte représente environ 70 3 de 1‘abaissement de la ligne de décro-
chage qui se produit, toutes causes confondues, dans les cas de fonctionnement les plus critiques
des compresseurs basse pression. On observe en outre une diminution du débit aspiré par les
compresseurs. Dans ce domaine, les trois principaux objectifs du motoriste sont les suivants :

(a) - démont rer avant les essais en vol, 1a compatibilité du moteur avec une entrée d'air donnée,

(b) - prédire au mieux, par le calcul, les effets d'une distorsion amont pour pouvoir optimiser la
conception des moteurs et évaluer notamment la marge au décrochage strictement nécessaire
sur les compresseurs basse et haute pression,

(c) - atténuer, dés le stade du projet, la sensibilitdé des compresseurs aux perturbations de
1'entrée d'air.

Ces problémes ont fait 1'objet de trés nombreuses &tudes chez les constructeurs de turboréacteurs.
En ce qui concerne les travaux de 1a SHECMA, {1 se sont intensifiés depuis 1979 (Réf 1, 2 et 3).
Nous allons d'abord décrire les méthodes de calcul théoriques utilisées. La premiére est une mé-
thode simplifiée. Le compresseur est divisé en plusfeurs secteurs ol sont appliqués des calculs
monodimensionnels ; 1'amont et 1'aval é&tant traftés par un calcul bidimensionnel lindarisé. En
revanche, 1a méthode plus compléte résoud les équations d'tuler de 1'écoulement tridimensionnel et
non permanent. La seconde partie traite des expériences destindes d valider les méthodes de calcul
ou & démontrer la compatibilité entrée d'air-moteur. Enfin, la troisiéme partie décrit les impacts
que ces études ont eu ces dernidres années sur la conception des moteurs d'avions.

2 - METHODES DE CALCUL

2.1. METHODES DES SECTEURS OE COMPRESSEUR EN PARALLELE

2.1.1. Description de 1a méthode

Ces méthodes ont &té les premiéres développées et ont &té sans cesse perfectionnées
{Réf. 4). La veine du systéme de compression est divisée en 4 zones (Fig. 1).

Dans 1a zone A et B on résoud les équations de 1'écoulement bidimensionnel (x, & ) et
stationnaire de fluide parfait

3 Vo 2 V. 4}Ve) Eq- de continuits
Vx.a_s +_E.S%+Q(a_£:,i,s§_ =0 q. de continu
o V'x,.av +V__e Bk =_4_:)_‘ Eer :le quantité de mouvement projetée
¥ R 238 ¢ 9=
V«,,ZV +V__93_\]§_ =‘_1_:B_P§ 53 ei'e quantité de mouvement projetée
3= R 3O RIS

R est Ve rayon constant du tube de courant moyen qui est supposé cylindrique. Ces &qua-
tions sont 1inBarisées en admettant que les perturbations dues § 1a distorsion circon-
férentielle sont petites devant les valeurs moyennées sulvant & . Les pertubations par
rapport & la solutfon sans distorsion sont notées par le svmbole { ') et on introduit
les varfables réduftes sufvantes :

vecVE he o Ve , P
S A T AR )

Suivant Mokelke (R&f. 5), on suppose que 1'écoulement de chaque filet fluide est isen-
tropique et, en utilisant 1‘'équatfon d'état du gaz Ps = e . r. Tg, les &quations (1)
peuvent s'écrire :

. e .
44._831 ._._Mv.(BL,,;E_.%%)

%
)

ox r e

O f= Lo 302 (1a) . Ys
) a , 3V _ AT
T rg e =-(1Y)-5
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ol a = -;Q et oli M est le nombre de Mach moyen
¥x

La solytion du sy nc(Z) est recherch&se sous forme de séries de Fourier ; par exem-
ple Vx = Z.u% (U5 {2 cd nE +Vx, (x). bin w0 - La splutfon peut donc
&tre caractérisée, pour'% aque harmonique n, par les 8 fonctions ( Uy, Vg ,'U';' Ve,
:-‘; R fﬂ ,65, 63 ) qui sont respectivement les coefficients des séries de Fourier
[[LEVARL) % .rgf (perturbation de pression totale) et ty {perturbation de température
totale). La résolution du systéme (2) donne une expression analytique pour chaque
fonction. Chaque expression ainsi trouvée est une fonction de x, de n et de 8 constan-
tes qui dofvent étre fixées pour satisfaire aux conditions limites.

Dans la zone A, 1'annulation des perturbations & 1'infini amont ne laisse subsister
que 2n coefficents. On suppose que la distorsfon de pression et de température est
engendrée, 3 une distance donnfe du compresseur, par un dispositif au travers duquel
i1y a continuité du champ des vitesses. Ce dispositif, par exemple un écran, est donc
caractérisé par 1a seule donnée de la distorsion de pression totale et de température
totale qu'i) impose.

Dans la zone B, les considérations physiques qui viennent d'étre faites permettent
d'écrire 8n relations d'od on déduit les 8n constantes qui fixent la solution.
En effet, la connaissance de py donne 2n relations, celle de iy donne 2n relations et
1a continuité de Vx et de Ve- & travers le générateur de distorsion fournit 4n
relations. Finalement, le champ des vitesses dans les zones A et B ne dépend que des 2n
constantes qui déterminatent 1'@coulement de 1a zone A. I1 est plus pratique de se
fixer les 2n coefficients de la sér‘l; de Fourier de‘\"x dans 1e plan d'entrée du com-
presseur {plan 3), soit Urx3, et VUxs, . La connaissance de 1a perturbationVy dans le
plan 3 fixe donc la solution dans tout 1'espace amont et en particulier fournit la
perturbation Ve dans le plan 3. Le fonctionnement de chaque secteur du compresseur
peut dés lors &tre calculé.

Le compresseur (zone C) est divisé en plusieurs secteurs que 1'cn suppose fonctionner
indépendamment les uns des autres. lLes performances de chaque secteur sont obtenues
par un calcul monodimensionnel classique sur la ligne moyenne. En particulier, 1'angle
relatif du flux @ la sortie de chaque aubage, Qs, et le coefficient de pertes, @ ,
sont des fonctions connues des conditions aérodynamiques & 1'entrfe de 1'aubage,
?s =Qs (B¢, Mwe), W B (Be,Mwe) . On peut ainsi prendre en compte le caractére non
inéaire du fonctionnement du compresseur. A ce stade du calcul, la pression statique
3 1a sortie du compresseur, Ps,, est connue sur chaque secteur.

Lorsque le systéme de compression ne comporte pas de diffuseur de sortie, les pertur-
bations de vitesse axiale & 1‘'entrée du compresseur,VUx3, sont ajustées itérativement
jusqu'd obtenir 1'annulation de la perturbation de pression statique & la sortie,
psa = 0. S1 le systéme de compression comporte un diffuseur de sortie, 1'Ecoulement
dans la zone D est assimilé & celuf d'un diffuseur plan équivalent (Réf. 6) dans le-
quel on résoud les équations lindaires de 1'écoulement stationnaire incompressible. Le
processus itératif de correction de4,3 est alors utilisé pour satisfaire i
1'annulation de la perturbation de pression statique 3 1a sortie du diffuseur, pgs = 0.

La modélisation est améliorée par la prise en compte des effets instationnaires dus
aux mouvements des rotors & travers la distorsion stationnaire.

Nous avons utilisé 1'analyse d Melick (R&f. 7). Par analogie avec un profil isolé, on
admet que Ya grille d'aubes se comporte comme si elle étaft attaquée par un écoulement
de direction Qe,p, différente de 1a direction réelle instantanée Be. Cela permet de
tenir compte du temps de rép des phénoménes visqueux. On peut simuler cet effet
par 1'équation suivante :

(3) Lleear ) (e 1) «A@ﬁd) ed (R Bt (08
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oi G est le temps réduit T =‘t':-?‘ , Gaet Ba, des constantes expérimentales. Si

Ya perturbation {©) est représentée par la série de Fourier suivante :
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6@ +"Z_‘ [O.W.CAA %94»5" My 'we] . 1a solutfon de 1'équation (3) est alors :
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€n admettant que les perturbations d'incidence sont petites, on peut en déduire la
correction instationnaire & apporter au rapport de pression de chaque secteur :
—
Wert -~ Begre -Be
T - e -Be
L'amplitude du cycle instationnaire décrit par le point représentatif dans le champ
compresseur (Fig. 2) se trouve donc atténuée et son allure peut &tre déformfe. Dans la

pratique, cet effet est calculé en ne fafsant intervenir que la corde de 1a premiére
roue mobile.




Enfin, dans le compresseur (zone C), les rotors sont alimentés par du fluide présen-
tant des variations temporelles de température et de yression totales relatives. Les
effets instationnaires qui en résultent sont approchés en schématisant 1'&coulement
monodimensionnel dans le canal inter-aube du rotor par 1'équation suivante (REf. 4):
RAVRNRVER \ I 1
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Cette équation permet en particulier de
connaftre les corrections de pression
totale relative & apporter aux abaques
de performances stationnaires des profils.
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2.1.2. Applications

Les figures 3a, 3b et 3¢ montrent les résultats obtenus par 1'application de 1a métho-
de des secteurs de compresseurs en paralléle & un compresseur BP & 3 étages équipé
d'une RDE et fonctionnant @ 85 % du régime de rotation nominal. On constate une for,
atténuation de 1a distorsion de pression totale ; le coefficient H s (B mox-F min (E
est divisé par 3 4 la sortie du compresseur. Simultanément i1 app:rait une distorsion
de température totale mesurée par le coefficient Hy = (T, mex-To m-...)/i'-,..

En ce qui concerne la perte de marge au décrochage, la figure 4 montre le cycle de
fonctionnement formé par 1'ensemble des secteurs. On constate que les effets
d'incidence fluctuante (méthode de Melick) applatissent le cycle et procurent un trés
1éger gain de marge au décrochage.

Les effets non stationnaires dus a la fluctuation des pressions et températures tota-
les relatives 3 1'amont des rotors é&largissent le cycle de fonctionnement sans avoir
d'effet notable sur la marge au décrochage.

Les applications numériques se font en général en divisant le compresseur en 18 sec- 1
teurs et en utilisant 20 harmoniques pour 1a description suivant © . Les temps de cal-
cul sur ordinateur sont trés courts et permettent 1'étude de nombreuses variantes.

2.2. METHODE DE CALCUL DE L'ECOULEMENT TRIDIMENSIONNEL ET NON STATIONNAIRE {

2.2.1. Description sommaire de 1a méthode

La méthode utilisée est celle développée par MM. Laval et Billet de 1'ONERA (Réf. 8).

L'écoulement tridimensionnel, compressible, non stationnaire et hétérogéne est obtenu 1
en résolvant les équations d'Euler complétes dans les espaces libres d'aubages. Ce

calcul est couplé avec un modéle simple représentant les rotors et les stators.

Ce modéle de grilles d'aubes est construit 3 1'aide des principales hypothéses suivan-
tes :

- 1'évolution radiale des surfaces de courant est imposée et provient d'un calcul
axisymétrique stationnaire Ve = ¥, .tg ﬁoss (R, x)

- les coefficients de pertes non stationnaires ainsi que la direction relative de
sortie sont gouvernées par des &quations de retard faisant intervenir des constan-
tes de temps Ge et bgs

‘Cl‘}s&?.‘.w = w$$

T, %@tz 2B = Broa

les variables indicées ss caractérisent les performances des aubes en écoulement
stationnaire et sont des fonctions supposées connues des conditions d'entrée de
1'aubage, notamment de la direction amont g | et du nombre de Mach relatif amont

Ml.

- Le pas de 1'aubage est petit devant la longueur d'onde spatiale de 1a distorsion.

Les hypothdses précédentes permettent d'expliciter simplement 3 relations intégrales
(conservation de 1a masse, quantité de mouvement et énergie) qui gouvernent le fonc-
tionnement d'un canal fnter-aubes.

Dans les domaines de calcul 1ibres d'aubage, on effectue la transformation de
coordonnées sulvante qui permet d'obtenir un domaine de calcul paralléiépipédique

R - Rp (x)
- R

Relx} - Ryx)

R 4

—ada - - - - cm e



Les équations d'Euler peuvent alors s'écrire sous la forme conservative suivante :
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+ _;_.Q.vz est 1'énergie totale par unité de volume.
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Ce systéme d'équations est résolu par un schéma aux différences finies, explicite et
du 2éme ordre. Il s'agit d'un schéma de désintégration qui est le produit de plusieurs
opérateurs monodimensionnels. Cette technigue permet d'obtenir une condition de stabi-
11té linéaire qui pénalise le pas de temps du calcul d'une fagon moindre qu'une dis-
crétisation directe de 1'opérateur tridimensionnel.

2.2.2. Applications

Nous présentons un calcul fait sur un compresseur basse pression @ 3 &tages avec ROE.
Le maillage utilisé est formé de 93 lignes dans la direction x, 41 lignes dans la di-
rection @ et de 11 lignes dans la direction R. Le temps de calcul est de 1'ordre de 45
minutes sur 1'ordinateur CRAY-1. Les figures 5a, 5b, et 5¢ représentent les cartes de
pression totale dans les ,.ans amont compresseur, aval rotor i et aval rotor 2. Comme
prévu, on remarque que, dans la zone de moyeu 3 1'aval de la RM1, la distorsion est
beaucoup moins atténude qu'd la téte. On note un accord qualitativement satisfaisant
entre les calculs tridimensionnels et les résultats d'essais présentds par les figures
12a, 12b et 12¢c. Un des principaux intéréts de ce calcul est de fournir les conditions
de fonctionnement (angle de 1'coulement et nombre de Mach amont) de chaque profi)
d'aube.

2.3. METHODE DE PREDICTION DE LA STABILITE DES COMPRESSEURS ALIMENTES PAR UN ECOULEMENT HOMOGENE

La prédiction de la limite de stabilité des compresseurs alimentés par un flux homogéne est
un préalable nécessaire aux études spécifiques sur la distorsion. Cela apparaft, par exemple,
dans 1a méthode décrite au paragraphe 2.1. Diverses méthodes de stabilité 1inéaire ont été dé-
veloppées (Réf. 9, 10 et 11). Nous allons décrire bridvement une méthode de calcul qui modé-
1ise le comportement du fluide sur une nappe de courant en tenant compte des effets non
stationnaires dus aux volumes de chaque rangée d'aubes et aux distances qui les séparent
(Réf. 12).

2.3.1. Description sommaire de la méthode

Le compresseur est divisé en plusieurs modules. Les rangées d'aubes ainsi que les es-
paces qui les séparent constituent chacun un module. Les principales hypothéses néces-
saires sont les suivantes :

- écoulement axisymétrique

- nappes de courant tronconiques repérées par le paramétre géométrique b (Fig. 6)

- vitesse radiale négligeable

- écoulement adiabatfque

- perte et angle de sortie des aubes en fonctionnement stationnaire donnés comme
fonctions des conditions d'entrée.

Chaque point d'espace est repéré par les deux coordonnées x et A

R=Re + A\-ARe +x [Rs -Re +)\(AR5-AR£)]

La figure 6 définit les noé;tions employées.

Les équations de continuité, de quantité de mouvement projetée sur? et d'énergie sont

intégrées sur le volume délimité par deux tubes de courant infiniment voisins respec-
tivement repérés par )\ etA+dNFig. 6). On obtient les 3 équations suivantes :
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auxquelles on adjoint Jes deux équations supplémentaires suivantes :

(a} En fonctionnement stationnaire, 1'angle de sortie est supposé étre une fonction
connue des conditions d'entrée. On adopte une loi du type tg Be= by -tg Be + by
ol b) et by sont des constantes données.

En fonctionnement non stationnaire, on peut alors écrire la relation suivante :

As
(8) J L.é_(w_e.&b H —&4’)’4‘\& +!72,
AW B \Wa W g W,
Dans les modules dépourvus d'aube, (8) est remplacée par 1'équation de quantité de
mouvement projeté sur @

1y
ois | R Ve ds - ReVe, -R¢ Vs,
e V OE

(b) En dehors des rangées d'aubes, les tubes de courant sont supposés isentropinues.
Pour traiter les rargées q;aubes nous supposerons connu le coefficient de pertes
stationnaires fy_ P’f - Prg en fonction des conditions d’entrée de 1'aubage.

Pre. = Ps L. : .
On peut alors écrire f"equation suivante qui gourverne 1‘'accroissement d'entropie.

Ay
o[£35 ds 2 Se Sy nileg (1.8 Bect)
be W OL ¥ . 185 N
oi R, . <4* We" )1-1 et Bse (4+ We -Ue U, )1-4
Z<CP~T,. 2’Cl° Tre

Les 5 équations (5), (6), (7), {8) ou (8 bis), (9) sont ensuite linearisées par rap-
port & 1'état staticnnaire et forment le systéme suivant :

M) 2-(B-852) = [P (# - #5)
"B = (pe Ve Voo Te, e, s Vg Vo, Ts , S5)

et ol [M] et [P] sont des matrices 10 x 10.

Si le compresseur se compose de n modules, on arrive & un systéme de 5 n é&quations
scalaires reliant les 5n + 5 composantes du vecteur f. En effet, les modules étant re-
liés en série, (Qe)j ¢+ ) = (©5s)j, (Vaglj + 1 = (¥xs)j, etc..., j étant le rang du
module. Le nombre 1m‘]t1al d'inconnlies est ‘donc divisé par deux, sauf pour le premier
ou le dernier module. A )'entrée du premier module on impose la stationnarité des con-
ditions génératrices et de la composante tangentielle de la vitesse ()R\_(QT,) W o
T/ \FE/ e \TE )
La sortie du dernier module est une vanne définie par sa caractéristique quasi-
stationnaire. Ces conditions aux limites fournissent les 5 relations manquantes.

D'aprés le théoréme de Lyapunov, on peut dire que la limite de stabilité du systéme
réel est la méme que celle du systéme linarisé. Les instabilités apparaissent donc
quand la partie réelle d'au moins une des valeurs propres de la matrice [M]"'.[P] de-
vient positive. Dés qu'une nappe de courant devient instable, on dit qu'il y a insta-
bilité de fonctionnement du compresseur. Cette méthode ne peut pas différencier le
décrochage total du décrochage tournant partiel.

2.3.2. Applications

La figure 7 montre les résultats de ]'applicat1on du code de calcul précédemment dé-
crit a un compresseur basse pression 4 3 étages. On constate que 1'accord entre le dé-
crochage mesuré et le décrochage calculé est relativement satisfaisant. Bien entendu
la prévision de la limite de décrochage est fortement dépendante de la précision avec
laquelle est restitué le champ stationnaire. Les amdliorations envisagées portent sur
1'introduction d'une équation d'équilibre radial non stationnaire dans le systéme
d'équations utilisées.

3 - METHODES EXPERIMENTALES

3.1. CARACTERISATIONS DES DISTORSIONS NON STATIONNAIRES

Pour assurer la compatibilité entrée d'air-moteur, 11 est nécessaire de connaftre les distor-
sfons auxquelles sera soumis le turboréacteur. A titre de vérification finale, ou bien s'il
s'agit d'un programme d'avion expérimental, i1 peut &tre envisagé de mesurer ces distorsions
au cours d'essais en vol. I1 s'agit alors d'opérations colteuses par suite des conditions
difficiles de mise en oeuvre (probléme de sécurité, probléme d'acquisition 3 grande cadence &
partir d'un avion de chasse, etc...}. Toutefols ces méthodes d'expérimentation différent peu
de celles employées au cours des essals des maquettes d'entrée d'atr en soufflerfe.
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te but principal est )1'établissement de cartes instantanées de pression totale dans un plan
situé le plus prés possible de 1'entrée du compresseur basse pression. Ce plan est équipé de
8 peignes circonférentiellement équirépartis, chacun comportant 5 prises placées au centre de
5 anneaux fictifs d'égales sections. Chaque prise fournit la pression totale moyenne et est
équipée d'un capteur a court temps de réponse qui donne la composante fluctuante de la pres-
sion totale. Les signaux sont préalablement filtrés 3 une fréquence proportionnelle i la vi-
tesse de rotation du compresseur BP. Le systéme d'acquisition et de traitement (Fig. 8 et Réf
13) est entiérement numérique. Le dépouillement est réalisé 3 1'aide d'un processeur vecto-
riel AP1208 associ@ & un ordinateur HP 1000. Cette chafne, placée sur une plate-forme mobile,
peut traiter 64 voies synchronisées i une fréquence d'échantillonnage maximale de 16 kHz. €n
temps réel, elle est capable de tracer la carte stationnaire et d'afficher les maximums de
plusieurs coefficients de distorsion instantanée (Ko , Kgaz, I10C, IOR, ...). En temps
différé, des dépouillements plus complexes, tels que carte de turbulence, carte de pression
totale instantanée ou &tude de différents filtrages peuvent &tre effectuées. La fig. 9 donne
un apergu des résultats qu'il est possible d'obtenir. Cette Chaine d'Acquisition et de Traite-
ment de 1‘lnstationnaire (C.A.T.[.) a été entiérement congue 't réalisée par 1u SNUMA,
3.2. CREATION DE DISTORSIONS NON STATIONNAIRES SUR BANC D'ESSAIS DE COMPRESSEUR

Un moyen simple de créer des distorsions non stationnaires est de créer des manches d'entrées
non axisymétriques. Certains secteurs, semblables 3 des pavillons classiques, n'engendrent
pas de perte de pression totale. D'autres secteurs présentent des arétes vives, des diffu-
seurs locaux ou tout autre forme qui provoque des décollements plus ou moins intenses. Ces
dispositifs sont en général mis au point 3 petite échelle dans une soufflerie. On recherche
d'abord & reproduire la carte stationnaire de pression totale. On vérifie ensuite, 3 une
échelle si possible plus grande, que les coeffic’ents maximaux de la distorsion instantanée
sont proches des valeurc souhaitées (REf. 14 et 15). Les figures 10a, 10b et 10c représentent
un dispositif qui a déjd été monté devant un compresseur en essais. On note que la distorsion
stationnaire mesurée est trés voisine de celle qui avait été relevée au cours d'essais en
soufflerie sur une maquette d'entrée d'air, De tels dispositifs permettent en outre d'obtenir
des distorsions dont la composante stationnaire est supérieure & celle que 1'on obtient par
les techniques classiques des 8crans & perméabilitd variable.

3.3. ESSAIS DE COMPRESSEURS QU DE MOTEURS COMPLETS

Au cours des essais de compresseursalimentds par un dispositif créant de la distorsion, le
plan amont est équipé des peignes de mesure décrits au paragraphe 3.1. I[1 est alors possible
de relier la perte de marge au décrochage mesurée & un coefficient caractéristique de la dis-
torsion instantanée maximale (Fig. 11}. Si les essais sont suffisamment nombreux, la recher-
che de bonnes corré@lations peut faire intervenir une fonction de plusieurs variables
caractérisant la distorsion et peut nécessiter une étude fine du filtrage & effectuer.

Ces essais permettent en général de mesurer les cartes de plusieurs variables aérodynamiques
{pression totale, temp”rature totale, angle absolu, etc...) dans Yes plans situés entre les
rangées d'aubes. Les fijures 12a, 12b et 12¢ montrent 1'évolution de la distorsion de pres-
sion totale au travers d'un compresseur basse pression 3 3 étages.

4 - IMPACTS DES ETUDES SUR LA CONCEPTIUN S COMPRESSEURS BASSE PRESSION

4.1, ROUE DIRECTRICE D'ENTREE A L'AMONT DU COMPRESSEUR

Les résultats expérimentaux (Fig. 13} montrent qu'un compresseur muni d'une roue directrice
d’entrée est moins sensible 3 la distorsion circonférentielle qu'un compresseur qui en est
dépourvu. Le calage variadble accroit 1'effet bénéfique de la roue directrice d'entrée aux
faibles vitesses de rotation du compresseur. Les études théoriques faites avec 1a méthode des
compresseurs en paralléle montrent que, en annulant les perturbations circonférentielles in-
duites de la vitesse tangentielle, la roue directrice d'entrée réduit beaucoup 1'étendue du
cycle décrit par le point représentatif des différents secteurs du compresseur (Fig. 14).
Dans cette étude théorique la sensibilité du compresseur, exprimée par A SM/Ke- , passe de
0,28 & 0,18 par 1‘'adjonction d'une roue directrice d'entrée n'induisant pas de circulation
moyenne.

On peut donc dire qu'une roue directrice d'entrée 3 3 effets bénéfiques sur le fonctionnement
des compresseurs basse pression :

- elle réalise 1'adaptation radiale du degré de réaction du premier &tage au point de
dessin,

- lorsqu'elle est & calage variable, elle permet de réadapter le compresseur aux vitesses
de rotation réduite. Cela procure un important gain de marge au décrochage,

- en supprimant les perturbations circonférentielles induites de la vitesse tangentielle,
elle diminue la sensibilité du compresseur 3 la distorsion amont.

4.2. INFLUENCE DES ALLONGEMENTS DES AUBES
Les résultats expérimentaux (Tableau 1) montrent que 1'augmentation des cordes (diminution
des allongements) & pas relatif fixé (diminution du nombre d'aubes) procure un gain de marge
au décrochage.
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4.3

4.4,

Effet de 1'allongement sur
Type de compresseur 1a marge au pompage
8IS/ A (h/cg
Soufflante (1 &tage) 0.046
Compresseur BP (3 étages) 0.072
Compresseur @ B étages 0.30
TABLEAU 1

Influence de 1'allongement moyen sur 1a marge au décrochage

Les résultats théoriques fournis par la méthode des compresseurs en paralléle (Fig. 15) mon-
trent que les effets non stationnaires résultant de 1'augmentation des cordes sont
bénéfiques. La sensibilité & 1a distorsion diminue Yorsque les cordes augmentent. L'adoption
de grandes cordes pour le premier ou les deux premiers &tages pourrait falire gagner environ 11
de marge au décrochage, uniquement par 1'effet de moindre sensibilité & la distorsion
circonférentielle. Nous ne possédons pas de résultats expérimentaux pour confirmer 1'effet
des cordes sur 1a sensibi1ité a 1a distorsion amont.

INFLUENCE DE L'ESPACEMENT DES RANGEES D'AUBES

En ce qui concerne la sensibilitd & 1a distorsion, nous ne possédons pas de résultas expéri-
mentaux sur 1'influence de 1'espacement des rangées d'aubes. L'approche théorique a &té faite
avec un calcul bidimensionnel qui est la g¢énéralisation, 3 1'ensemble du compresseur, du
traitement de 1'espace amont exposé au paragraphe 2.1.1. Le cas d'application retenu est un
compresseur 3 4 étages et nous avons étudié 1'influence de la distance axiale entre le rotor
et le stator du premier &tage et ensuite, 1'influence de la distance axfale séparant les
deux premiers étages (Fig. 16 et 17).

La réduction de 1'espacement rotor 1 - stator 1 atténue la perturbation d'incidence sur les
aubages du premfer &tage mais augmente 1a distorsion transmise aux étages suivants. La réduc-
tion de 1'espacement stator 1 - rotor 2 atténue les perturbations sur le deuxiéme &tage et
les suivants mais les augmente sur le stator 1.

Pour des raisons d'encombrement et de poids, les compresseurs sont souvent congus avec des
distances entre rangées d‘aubes choisies 3 la valeur minimum compatible avec les contraintes
de dilatation des rotors et d'assemblage de la structure. Les &tudes aérodynamiques sur la
distorsion et la marge au décrochage indiquent que ce choix est bénéfique pour 1a stabilité
aérodynamique du compresseur. I1 faut toutefois indiquer que notre modéle ne tient pas compte
des fortes fluctuations dues au défilement des sillages.

DISTRIBUTION DE LA CHARGE AERODYNAMIQUE ENTRE LES ETAGES

11 est évident que le premier &tage des compresseurs basse pression réalise une grande partie
de 1'atténuation de 1a distorsion de pression amont et fonctionne en étant soumis aux plus
fortes perturbations d'incidence. Cet &tage doit donc étre congu avec des charges aérodynami-
ques qui ne sofent pas trop é&levées, notamment dans 1a régfon du moyeu. Cependant,
1'obtention d'une bonne marge au décrochage aux vitesses de rotation élevées conduit & rédui-
re la charge aérodynamique du dernier &tage. Cela limite donc les possibilités de réduction
de 1a charge aérodynamique du premier é&tage. Dans la pratique la conception des compresseurs
basse pression fait donc toujours appel 3 des compromis difficiles 3 évaluer.

CONCLUSION

Les méthodes de calcul, de la plus simple (compresseurs en paralléle) jusqu'd la plus complexe
{calcul tridimensionnel non stationnaire) s'avérent utiles pour arriver i un dessin de compres-
seur de moins en moins sensible 3 1a distorsion. Parall@lement, des moyens expérimentaux ont été
mis en oeuvre pour reproduire des distorsions fluctuantes existant dans les entrées d'afr d'avion
et démontrer ainsi la bonne compatibilité entrée d'air-moteur. Pour celd, i1 a été& nécessaire de
construire des instruments de mesure et d'analyse destinds 3 carctériser les cartes instantanées
des variables aérodynamiques de 1'Scoulement.

Ces &tudes ont montré que la présence d'une roue directrice d'entrée, 1'adoption d'allongements
faibles, 1a réduction des espaces entre les rangées d'aubes, atténuent 1a sensibilité du compres-
seur & 1a distorsion de pression totale et accroissent sa marge au décrochage.

e m e ————————
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SUMMARY

- . .
The measurement of dynamic pressure distortion requires meticeableseffort in instru-
mentation and data processing. Considerable reductions in cost can be achieved by simpler
methodse Examples of which awill be given. In addition, the relevance of dynamic distortian
on intaie/engine compatibility has been overestimated as:will be demonstrated by the ex-
perience gained from Tornado where swirl emerged as the decisive compatibility parameter.
Also, during the Airbus A300APU intake development,swirl turned out to be an important
criterion. In conclusion, it is argued whether, in many cases,dynamic distortion measure-
ments can be avoided in favour of swirl measurements in combination with simplified mett-
ods for dynamic distortion predictions based on steady state measurements and, in sorme
methods, on statistical models. .

v

LIST OF SYMBOLS AND ABBREVIATIONS

AIP Aerodynamic interface plane RMS Root mean square value
APD Amplitude probability density WAT Corrected engine mass flow
APU Auxiliary power unit VO/VC Free stream velocity / velncyity
. in compressor entry plane
AO/Ac Mass flow ratio
DC6O Rolls Royce pressure distortion o Incidence
coefficient, 8 Yaw anale
( Pearp ~ Pt60°min )/ arp Y Front/rear auxiliary docr ansle
IGv Inlet guide vanes fa, A First/second ramg anale
M Free stream Mach number 3 Subsonic diffuser 1uss coeffi-
n Number of Kulites in AIP clent
P Total pressure 1 Intake pressure revoversy
t
Sk [4 Standard deviation
Pr60°min Minimum of mean total pressures
in a 60° sector in AIP T Circumferential flow an:le
PSD Power spectral density T Mean value of 1 at constant
q Dynamic pressure radius fbulk swiriy
1. INTRODUCTION

It appears trivial to regquest that the compatibility of the intake and ti+ -
gine, especially of high performance combat aircraft, must be ensured under all ar-und
and flight conditions. Although this has been well known, serious draw-backs no-urred in
the past in many aircraft projects because decisive incompatibilities were not detected
during development testing but only in prototype flying. Expensive post-developments Le-
came then necessary.

In this context incompatibility means that the quality of the i1ntake flow 1+ o
sufficient relative to the tolerance of the engine. This usually results in a degrada+r:or
of the performance and in a reduction of the stall margin. Flame-out may alsc ocour and,
in severe cases, the structural integrity of the compressor or tne inlet may be

(RN

Compatibility problems were encountered in the early versions of the F-111,
the F-14, the MIG 25, the Tornado and the Airbus A300 APU to name 3just a few examples.
It should be noted that in most cases these problems had occurred although the apecifi-
cations of the engine manufacturers had beern met according to the intake wind tunnel test
results. It may be questioned, therefore, whether past wind tunnel tests were not fuliy
representative or whether the compatibiliy parameters specified by the engine marufactur-
ers were not sufficiently descriptive of the intake flow quality required by *heir enginex.



As was done in previous publications (Ref.12,18,79) «this paper tries to stress
again, especially for engines without inlet guide vanes, the importance of a more recent
compatibility parameter, that is intake swirl. However, the main purpose of the present
paper is to review simpler methods of obtaining time variant total pressure peak distor-
tion values as alternatives to the standard fully dynamic measurement. This implies
accepting slightly larger uncertainties and, therefore, increased safety margins. Depend-
ing on the degree of simplification considerable cost savings will then be achieved.

2, TOTAL PRESSURE DISTORTION SYNTHESIS METHODS

To avoid the time-consuming and expensive measurement of dynamic pressure distor-
tion, a number of different synthesis methods have been developed (Borqg, Mctycka, Mel:r i,
et al.}. All these methods replace the measurement, storage, and processing of steady-state
and time dependent pressures of each probe for calculating the required distortion creféy-
cient from measured total pressure patterns by the measurement of steady--tate pressures
and the RMS-values of the dynamic component for each probe.

2.1 General Description of Distortion Synthesis Methods

The patterns required to calculate the distortion coefficien*t are jenerated bLy
a random number process: the fluctuating pressure components are assumed ‘o have an
amplitude probability density {(APD) which is normally distributed. A normally d:istrilbted
random number is generated for each of the dynamic probes. This random number 18 “onver-
ted to an equivalent instantaneous dynamic pressure component using the curve of —um,la-
tive amplitude probability density APD. The random dynamic components and the steady-s*ate
components for each probe are superimposed, thus generating a random *5'a. LIess.re [a°te::
for which the required distortion coefficient i1s calculated. This prowess s refeareod
several hundred or thousand times for each test point. The maximum dist-rtion coeffi ient
of these patterns is retained as the relevant peak value of *1me variant Jis* rti1 @m. The
main difference in the methods mentioned above 18 the process of fi1ltering the lynam:
pressure components.

2.1.1 Distortion Synthesis Method by Motycka

The method described by Motycka (Ref.') requires the ~easiroment . £ thre EME g, .ers
of the fluctuating pressure components as a function of their frequenry. in add:
power spectral density PSD for each probe has to be measured. The randor pressur
ted from the cumulative APD are scaled to the PSD of the test data by a ii121ral
before the distortion coefficients are calculated.

2.1.2 Distortion Synthesis Method by Melick

Melick assumes a random distribution of vortices ¢+ be the reason for iynam::
distortion. These vortices are convected downstream at *he jocal flow vel city. The:r
strength is related to the measured RMS values, the size of the vortices s described oy
the power spectral density. A comparison of unfiltered and filtered RMS data provides *he
PSD. With the given PSD, the random pressures can be filtered to: the specific ~ondi*i n=
(Ref. 2,3)

2.1.3 Distortion Synthesis Methcd by Borg

The Borg method {(Ref.4) assumes an equally distributed PSD (white nolsel  However,
the pressure fluctuations can be filtered Ly a low pass filtey des ritii=g *he sersieiwyry

of a specific engine before heing cunverted to RMS valiues. This method has beer agiired

by MBB in 1982. It was extensively tested by compariscon with experimental data. Soux! sgree
ment was achieved, as will be shown in this paper. After these wuccessfa) tests, (* wau
introduced to project work where it 18 still applied requlariy ¢ shtarn Reells Reyvoe and
General Flectric distortion parameters.

2.1. 4 Other Distortion Synthesis Methods

The synthesis method described by Stevens, Spong, and Oliphant (Ref. .51 v er,
similar to the Borg method. Sedlock's prediction method (Ref.8) 1s alsc hased on randew
pressures. It includes two digital filters to shape *he random number PSD t~ *hat f ‘he
measured PSD. A ‘map averaging' approach 1s made to i1mprove the predic*in of 1nstant ane: -«
total pressure patterns. A more detsiled survey f the diffurent synthesis methods is
qiven in Ref.6 and 17.

2.2 Tests with Reduced Dynamic Instrumentation

The use of theae distortion synthesis methods alluws a signifirant redurtior :n
computer hard- and software for data storage and process:ng during and afrer intake *rs’«
An additional simplification of test equipment can be reached by reducing the number f
dynamic pressure transducers in the asrodynamic interface plane AIP. However, 'he t-tal
pressure patterns for which the required distortion coeff. lenty are al-ulated FLave ' e
jenerated on the basis of the complete rake arrangemen® f 40 ior }6) dynami- ‘ransducers,
i.e. an assumption has to be made on the distribution :f *he RMS values fnr the deletsd
transducers. The reason 1s that for the assumption of non-corrriated normally disetributed
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pressure fluctuations for each transducer an increase in the number of assumed transducer
locations will smooth the synthesized patterns (for n approaching infinity the distortion
coefficient will approach the steady-state distortion level), while a reduction will in-
crease the roughness of the pattern, thus increasing the distortion coefficient. The rake
geometry, however, has to remain the same as for fully dynamic measurements as an increase
in the number of rake arms (for a constant total number of transducers) will increase
steady-state and time-variant DC60.

A comparison has been made to assess the influence of a reduced dynamic instru-
mentation on the synthesized DC60, compared with a complete dynamic instrumentation
(Ref.10). For this comparison, the Borg synthesis method was applied. The intake data
were measured on a 1/7 scale intake model (TKF-18) with twin single wedge intakes with
variable cowl in an under-fuselage position. Tests were made in the DFVLR Braunschweig
low speed tunnel at incidences between 0 and 45° and yaw angles between -15° and +15°.

The AIP instrumentation consisted of a rake with 84 steady-state total pressure probes

on 7 rings and 36 dynamic transducers on 3 rings. Before being integrated to RMS values,
the dynamic signals were filtered to a cut-off frequency of 1244 Hz, equivalent to 178 Hz
for full scale. The instantaneous distortion parameter DC60 was calculated from 2000 syn-
thesized patterns. Fig.1 and 2 compare the synthesized DC60, based on a reduced number of
dynamic transducers, to the equivalent DC60 synthesized from the complete instrumentation
of 36 transducers on 3 rings (Ref.10). They show that there is nearly no detericration

for 12 transducers, and even a synthesis based on 6 measured RMS values yields acceptable
results. However, if only 4 transducers are used, the difference increases significantly.
In Fig.3 (Ref.'4), the mean value and the standard deviation of the difference between

the synthesized DC60 for reduced instrumentation and for the complete instrumentation with
36 transducers are plotted vs. the number of transducers. For 12 transducers, for example,
the standard deviation in DC60 is *+ 0,013 which is well within the limits of measurement
accuracy.

2.3 Extreme Value Analysis

The extreme value analysis proposed by Jacocks and Kneile (Ref.7) is an addition
to any distortion synthesis method. Its aim is to reduce the observation time, i.e. the
namber of patterns to be synthesized. It assumes the distortion factors to be random
variables and predicts the maximum which can be reached with an increased number of samples
Ly an asymptotic function.

‘.4 Simplified Methods for Dynamic Distortion Assessment

At MBB, a simple method for estimating peak time-variant DC60 was developed by
Habiy. In contrast to the synthesis methods described above, this method is based on the
average turbulence of the dynamic signals in the AIP. The peak value of DC60 is approached
Aas

DCGOmax : Dcsosteady state * 1.5 RMSmean
with RMS being the mean absolute value of the RMS-values of all transducers, normalized
by g I 1 reliminary comparison, based on an intake model with 8 Kulites in the AIP,

showéapxond agreement between the Borg and Habig methods (Ref.8).

A further simplif.cation of dynamic distortion assessment is the deletion of all
hi1gh response *ransducers in the AIP. The influence of the dynamic component of the pressure
flactuation 1s accounted for by steady-state data. For example, the subsonic diffuser loss
vefficient +, defined as ) = Py, ptAIP) / Ap1p

with: P,y avg. total pressure at subsonic diffuser entry

Fyarp 3V9- total pressure in AIP

darp dynamic pressure in AlIP

- muld be ne of the factors increasing with turbulence, and, hence, with dynamic distor-
ti1on. Based nn test data from different asrcraft configurations, Hercock (Ref.15) made

* e approach

DC60max : Dc&osteady state ° £0)
with: | SRS = 0,723 * for 1+ s 0,455
and £ («} = 0,329 = const. for 1 - 0,455

In a similar way, Malefakis (Ref.16) correlated DC60 and !, proposing the equation
- . *
mhboma‘ 0,5122 +» 0,1739 In ().

Ancther empirical method proposed in (Ref.3) is

Dcsomax " Dcsosteady state * 0,5 * 2.

The Herrcock method was derived purely from subsonirc lata; the 1A/2 method was applied also
to papersonlc test data after shock pressure losses had been substracted.

The different methods, their complexity and the required instrumentation are described in
Table .
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No. of dynamic
Complexity Method transducers, Test equipment, software
measured dynamic data
high 1. Dynamic
4 measurements Measurement, processing
. and storage of 40 time-
1.1 Fhight test Telemetry or air- dopen d;‘fsignal A
40 bome data storage analog/hybrid computer,
Pe=1(t) peak detector
1.2 Model tests
2. Synthesis
2.1 with 1:1"!_ 140 :ltlg(aasure;?em and Digital synthesis program
instrumentation Prnes %0 R,a%_v alues for random pattern generation
and computation of
2.2 with reduced 8=n<40 Measurement and distortion coetficients
mentation storage of
nstrumentatiol APwrms n RMS-values
n Dynamic distortion
3. Habig method - Ax 10y computed as -
Pesas = 0 1 IPums steady-state distortion + f (Dyams)
Dynamic distortion computed from
low 4. Empirical methods steady-state distortion and diffuser losses
(no dynamic measurements)

Table t Simplified Distortion Assessment Methods

Comparison with Experiment

To investigate the reliability of the different methods for dynamic pressure
distortion assessment requiring different complexity in instrumentation and data pro-
cessing, a comparison of these methods was made. Test results from three completely dif-
ferent intake models were used:

a) an intake model with twin single-wedge under-fuselage intakes, (TKF model,
scale 1/7), tested in the DFVLR low speed tunnel at angles of attack up to 45°
(see also para. 2.2}

b) an intake model with double-wedge side intakes, (Tornadc model, scale 1/6,5),
tested in the ARA transonic wind tunnel at Mach numbers up to 1,3 and angles
of attack up to 35°

c) an isolated double-wedge side intake model, (NGTE Tornado intake model, scale

2.5.1

‘"he variable cowl lip was drooped from 0°

1/9), tested at supersonic speeds.

Static and Low Speed Tests with TKF 1/7 Model

The high-response instrumentation of the TKF model consists of 36 transducers
on 3 rings. Dynamic distortion DC60 was measured during the tests. 98 test points were
investigated, comprising angles of attack from 0 to 45° and sideslip from -15° to +15°,

{normal position) down to 50°. A few tests with

tocreased cowl lip thickness ('bellmouth’) were made at M = 0. An initial comparison
between synthesized (Borg method) and measured distortion coefficients DC60, based on the

TKF model,

is described in Ref.10.

In addition, the Hablig, Hercock, Malefakis, and X/2

methods were applied to the same tes* data as the Borg method (Ref.14). The results of
each method were compared with the results from the fully dynamic measurement. In Fig.4
(Ref.14) the results of the different methods for M = 0 are plotted vs. engine face Mach
number, i.e. engine mass flow, and compared with experimental data. The cowl position
i8 30°, For these test conditions, the Borg, Habig, and }/2 methods provide excellent

agreement with test data while the empirical approaches by Hercock and Malefakis over- or
underpredict the measured data. In Fig.5 (Ref.14) the results of the different prediction
methods are plotted vs. velocity ratio and compared with experimental data for different
cowl positions and angles of attack. In. Fig.6-9 the results of the different prediction
methods are compared with the measured DCEJ. e direct comparison of measured and synthe-
sized data (left) includes all test points, the histogram (right) does not include the
test points with the ’bellmouth’' confiquration.

For the Borg method, this comparison shows excellent agreement between measured
and synthesized DC60 and a small scatter band except for
- some static test points
- cowl in normal position in combination with 45° angle of attack, with the trend of

—a% . A
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underpredictine the measured values, i.e. for tést points where a severe intake flow

separation will occur (Fig.6, Ref.10}.
Any other combination of cowl position and angle of attack (for example, normal position
with 30° angle of attack or cowl rotated 30° down with 45° angle of attack) provides very
good agreement, see Fig.5. The reason for these discrepancies is the assumption of un-
correlated random pressures in the synthesis method which is correct for normal flow
conditions, but not for severe separations. The analysis of the discrepancies between
synthesis and measurement shows that the difference does not increase with the absclute
value of DC60. For very low distortion, this may result in relatively high percentage
values for an intake test condition where thLe intake distortion is far below the engine
limits. However, at higher distortion values, which are closer to the engine limits, the
absolute error is still the same order of magnitude, resulting in a low percentage of
error.

The Habig method shows a very similar trend as the Borg synthesis method;
however, the trend towards underprediction for the test conditions with intake flow
separation and, hence, with correlated signals, is less significant (Fig.7, Ref.14).
The Hercock method shows a similar scatter band with a trend towards overpredictions,
especially at the higher distortion values (Fig.8, Ref.14).

Compared with the Borg synthesis, the 1/2 method shows an increased scatter band.
However, the accuracy of the prediction is slightly less sensitive to flow separation
(Fig.9, Ref.14). Fig.10,11 and 12 (Ref.9) compare the 1/2 method with experimental data.
In contrast to Fig.a ané 5, a wider variation in cowl position and incidence is covered
here. It is evident that even for this simple method without any direct information about
the dynamics of the flow the trend of DC60 versus mass flow is clearly duplicated. The
absolute values are also in excellent agreement except for two test conditions where
strong separation occurs. These are: M = 0 with the cowl at 0° (Fig.10) and v_/v_ > 0
at a = 45°, cowl at 0° (Fig.11). However, for these off-design conditions the®erfor is
within acceptable limits.

2.5.2 Tests with Tornado 1/6,5 Intake Model

The high response instrumentation of the Tornado 1/6,5 model (MC19) consisted
of 36 transducers on 3 rings. 280 test points were investigated, and the results of the
different prediction methods were compared with the measured dynamic distortion DC60.

The Mach number range was from M = 0 to M = 1,3; the angle of attack varied from -3° to
+35°, and the angle of sideslip from -10° to +10°. The configuration represented the early
intake standard without fences. In Fig.13-16 (Ref.14) the results of the Borg, Habig, and
A/2 methods and the measured DC60 are plotted vs. engine mass flow for M = 0,2; M = 0,4;

M =20,9and M = 1,2 at different angles of attack. This comparison shows that at low and
moderate angles of attack the results of the different prediction methods (Borg, Habig,
A/2) and the dynamic measurement agree quite well. However, at high incidence, the measured
DC60 exceeds the results of the Borg and Habig methods significantly. These two methods
yield very similar values over the whole range of Mach numbers, incidence, and engine mass
flow. At high incidence (i.e. flow separation at the cowl 1lip), the A/2 method provides
better agreement with test data than the more complicated Borg and Habig methods. The
general trends of the prediction methods are shown in Fig.17-19 (Ref.14) for all 280 test
points. The Borg and Habig methods provide good agreement at lower distortion values with
a trend towards underprediction with increasing distortion, corresponding to increasing
incidence. The reliability of the simple A/2 method is less dependent on flow separation
and, hence, on incidence. The scatter band is slightly wider than those for the two other
methods; however, there is nearly no trend towards underprediction (nearly symmetrical
error distribution).

2.5.3 Tests with Tornado 1/9 Intake Model

An isolated Tornado inlet model was tested at M = 1,91 by NGTE (Ref.13). These
tests provided reliable distortion data for the high supersonic flight regime. The RMS
values were not available at MBB, therefore only a comparison with the i/2 method could
be made. The subsonic diffuser loss coefficient A was calculated from measured intake
pressure recoveries and from computed shock losses (Ref.9).

The comparison between the 1/2 method and the measurement is shown in Fig.20-22
(Ref.9). They comprise twelve different test conditions (three different incidences, two
different ramp angles &:; and configurations with/without the cowl fence) over the whole
mass flow range ((AO/AC)/n ~ WAT).

Excellent agreement in the trend and fairly good agreement in the absolute level
were cobtained. The greatest deviation occurs for a = +5°, §, = 12* (Pig.22). For these high
effective wedge angles {a+6,,6;) the inviscid computation of the shock system and thus
of A 18 not very accurate, which probably explains this deviation.

3. INTAKE SWIRL
A rather comprehensive discussion on the generation of intake swirl and its

sffects on intake/engine compatibility was given in Ref.12 and 18. Some of the main issues
will be repeated in the following.

3.1 Generation of Different Types of Swirl

The centrifugal forces acting on a viscous flow in a bent duct produce the well
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known cross-flow (secondary flow) which is called here "twin swirl®". Similarly, if the
flow separates at or near the leading edge of an intake, i.e. ahead of a bend, this low
energy air near the duct wall is forced to move inwards while the high energy air is
displaced outwards in the bend. If the separation zone does lie in the plane of svmmetry
of the bend, a solid body type cross flow is generated which is called "bulk swirl”,

In every curved intake twin swirl, therefore, must be present; under extreme conditions
bulk swirl is superimposed, Fig.23 (Ref.12).

Bulk swirl can be suppressed effectively by simple flow straightening devices
e.g. by & fence, while twin swirl is very stable and is only little affected by simple
flow straighteners. For the Tornado series aircraft a fence was fitted in each intake.
This solution proved to be as simple as effective so that Tornado now is not limited
in incidence and Mach number from compatibility point of view.

3.2 Relevance of Swirl on Compatibility

In the early Tornado prototypes (without cowl fence) a twin swirl was found
which was nearly constant up to moderate incidences in subsonic flight. Exceeding this
incidence level a sudden onset of bulk swirl occurred combined with an increase of the
existing twin swirl., This was caused by flow separation at the cowl lip. At high super-
sonic Mach numbers the analogue phenomenon occurred at large second ramp angles §, (se~
paration due to too high diffuser angle), F1§.24 (Ref.12). However, the sense of rotation
was opposite to that in subsonic flight at gh incidences.

Naturally, both intakes had the same flow patterns, which were symmetric to the
aircraft symmetry plane. That is, the sense of rotation of the swirl in both intakes
was in opposite direction. Therefore, at any time the swirl was co-rotating relative
to the engine in one intake, while it was counter-rotating in the other. As a consequence,
in the critical subsconic flight conditions only the left hand engine surged, while in
high supersonic flight the right hand engine was affected. Although pressure distortion
and swirl in both intakes increased simultaneously, (Fig.25, Ref.12}, only the engine
with counter-rotating swirl surged.

Since the usual pressure distortion coefficients do not take into account any
swirl, it is clear that these pressure distortion coefficients alone cannot be the decisive
factor for the RB199 and other engines without inlet guide vanes which have a certain
flow straightening effect. The other, probably more important factor must be swirl, in-
cluding its magnitude and sense of rotation. Swirl may not only trigger surge but can
also cause blade vibrations, due to the periodic loading of a compressor blade during
one revolution.

According to Lecht and Weyer, circumferential non-uniformities in total pressure

as well as in pre-swirl flow (twin swirl) "... do not only affect the compressor stall
margin but result in severe unsteady aerodynamic load of the rotor blades thus initiating
or aggravating airfoil vibrations and flutter ... . Pre-swirl distortions tend to create

more intense blade force fluctuations than even very strong total pressure distortions®
(Ref.19). These investigations on a research compressor were confirmed not only by the
fan vibration of the unmodified Tornado near the maximum flight Mach number but also by
a high cycle fatigue problem on the APU TSCP 700-5 of the early versions of the Airbus
A300: "To the same extent as the number of aircraft increased, a growing number of cracks
or blade separations was experienced in the low pressure compressor, especially in the
first stage. In a number of failures, blade dovetail and/or disk single platform separa-
tions occurred (Fig.26). The inspection of the blade dovetails revealed that the cracks
had been induced by fretting" (Ref.18). Swirl measurements in the unmodified APU intake
revealed a twin swirl without any bulk swirl. This caused blade oscillations and, in
combination with the same material for both, blade and disk (Ti-6Al-4V), blade dovetail
fretting. By simple modifications of the intake the maximum swirl angles were reduced

by nearly 50% (Fig.27, Ref.18). These modifications were:

- a modified position of the baffle plates (parallel to each other)
~ a fairing between the two baffle plates attached to the rear plenum chamber
wall (Fig.28, Ref.18).

In addition, the blade dovetails were copper/nickel coated to avoid surface contact be-
tween the two titanium parts. Thus the problem was successfully tackled from both ende,
i.e. the aerodynamic disturbances were reduced and the structural tolerance of the engine
towards flow non-uniformities was increased.

3.3 Prediction of Swirl Patterns from Wall Streamlines

The visualization of the streamlines at the intake wall by the so called oil
dot technique is a very simple and cheap method, which was applied by MBA in many model
and full scale tests, the latter also in flight. The oi] traces were copied simply by
pressing a sheet of paper onto the wall. For the quantitative assessment of the flow
angle this method proved to be superior to the evaluation of photographed streamlines:
this method is particularly useful for cylindrical surfaces. Fig.29 (Ref.12) compares the
cross~flow angles from the wall stream lines in the Tornado tul! scale intake with a swirl
pattern in a 1/6,5 scale model at static conditions. It can be seen that the extrapolation
of the measured swirl pattern towards the wall agrees well with the oil flow values,
which suggests that the Reynolds number effect is negligible here.

All combat aircraft with an S-shaped duct investigated by MBB confirm that the
swirl pattern in front of the engine consists of twin swirl and - if separation occurs
ahead of the bend - also of bulk swirl (see para. 3.1). There are a few exceptions, e.q.

atm - A
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if a disturbance is generated by a fence or a similar device immediately upstream of the
measuring plane.

Whether above rule holds also for other intakes can be easily verified during
a test by the wall streamlines. A circumferential swirl distribution as shown in Fig.23
must then be found. Assuming a linear distribution of the circumferential mean value
versus radius (solid body type) for bulk swirl and a sinusoidal distribution for twin
swirl, the swirl pattern in the complete duct cross-section can be reconstructed from
the wall streamlines as follows:
The maximum/minimum swirl angles are directly obtained from the wall streamlines. The two
components bulk and twin can then be computed by the following equations:

Tmax = Tbulk * Tewin

"min © bulk T Tewin
With the above assumptions for the radial distribution the cross-flow angles in the whole
cross-section are defined. An example is shown in Fig.30 {(Ref.11).

Even if there are no swirl measurements at all, i.e. neither at the wall nor in
the inner of the duct, a qualitative swirl pattern for the entire cross-section can be
predicted from the isobar pattern if there is a distinct high and low total pressure
region (no concentric isobars). The maximum swirl angle is at the duct wall. Its circum-
ferential position coincides with the low pressure region. The minimum swirl angle (be it
positive or negative) lies diametrically opposite at 180°. The "sense” of rotation of the
bulk component is defined by the direction from the high to the low pressure region
along the larger circumference, Fig.24. The symmetry line of the twin component lies at
90°/270°. Above findings are purely empirical and are based on numerous test data from
different configurations.

4. TEMPERATURE DISTORTION

Ingestion of hot gas causes in principle the same problems as total pressure
losses: apart from the thrust loss equivalent to the mean temperature rise, there are
additional thrust losses due to the non-uniformity of the temperature distribution. In
severe cases engine surge and flame-out will occur. Hot gas ingestion may be encountered
during V/STOL operation, thrust reversing, formation flying and armament firing. Gas
ingestion during armament firing can be so severe that the engine must be temporarily
deloaded, which means that the engine produces less thrust for a short while. However,
during V/STOL operation the maximum thrust is required and, therefore, hot gas reingestion
has to be avoided. Comprehensive investigations in this respect were conducted in the
sixties by many industry and research groups. The conditions during V/STOL are better
reproduceable than during armament firing. Although no exact limits for surge onset are
known, temperature limits can be defined below which surge does not occur. Above such
limits surge may or may not happen. An example is shown in Fig.31 (Ref.20).

These resuits were obtained from NASA Ames who tested in 1966 the MBB V/STOL
configuration No.5 using a half scale model with six YJ-85 GE 5 engines, the nozzle throat
of which were increased by about 15%. As shown in Fig.31 the limits can be expressed by
the mean or maximum overtemperature. Engine No.! had twice the tolerance than engine No.2
for the mean and maximum overtemperature. This can be due to the different location on
the aircraft, different engine modification or measuring error. The main conclusion from
this diagramme, however, is not affected.

5. CONCLUDING REMARKS

5.1 Intake Swirl

A pure twin swirl ({.e. without any bulk component) of larger magnitude can
produce serious structural damage via forced blade vibration. A pure bulk swirl cannot
exist in curved inlet ducts. Due to the boundary layer a twin swirl component is always
present. If separation occurs in an S-shaped duct there is always a combination of bulk
and twin swirl. [t is expected that any combination of bulk and twin swirl will trigger
surqe provided that the local counter-rotating swirl is of sufficiently large magnitude
and extends over a reasonable sector of the compressor face.

For engines without IGV dynamic distortion is not the only relevant parameter
as the Tornadc experience has shown. The same pressure distortion in the left/right hand
intake produced engine surges only in combination with counter-rotating swirl {(relative
to the fan rotation). Intake fences have proven to be a simple and powerful means to
reduce swirl. This was demonstrated very clearly on Tornado which now is not limited in
tncidence and maximum Mach number from compatibility point cf view.

5.2 Simplified Distortion Assessment Methods

The Borq synthesis method was applied to nearly 400 test points from two com-
pletely different intake configurations. The synthesized pressure distortion coefficient
DC60 agrees very well with the measured values except for test points where strong sepa-
ration occurs. The Borg method then ylelds too optimistic values. Even if the number of
dynamic pressure transducers is reduced from 36 down to 6 or 8 only small errors are
tntroduced.
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The Habig method in general agrees well with the Borg method. However, the trend
towards underprediction in cases with strong separation is less pronounced. The methods
by Hercock and Malefakis over- and underpredict, respectively, the measured data in general
with a fairly large scatter band. The simple 1/2 method gives surprisingly good agreement
with the measured data for test conditions with attached flow. Especially for cases with
separation this method proves to be superior to all other methods investigated.

5.3 Recommendations N

For preliminary design it is recommended to delete the fully dynamic presgsure
distortion measurement (by 36 or 40 transducers) in favour of swirl assessment plus measure-
ments of a reduced number of RMS values (Borg and Habig methods). It is even worth-while
considering to abandon dynamic pressure measurements completely and apply the A/2 method
instead. Considerable cost savings will then be achieved. The degree of simplification
for the different methods is shown in Table 1. Certain safety margins in DC6C to cope with
the deviations shown in this paper will then have to be added. The complete deletion of
the dynamic pressure measurement cannot be yet recommended for the final design phase.
The same holds for other test objectives like hammershock or surge interaction tests.
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Fig-30 Cemparieon of messured swirl angles with computed values

darwed from messured near wall distribution
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DISCUSSION
J.Heuwrmeuziadis, Ge

Mr Williams tokd us in the first lecture this morning that inlet swirl is not a problem any more since you can use fences.
Could you comment on that please?

Author’s
There can be no doubt that intake swirl is a decisive compatibility parameter for engines without inlet guide vanes.
Paramount exampies for this are the flight test results from the unmodified inlets of Tornado and the Airbus APU and
also the work by Lecht and Weyer on a research compressor. These examples have been only briefly mentioned in our
paper and are described in more detail in the referenced literature.

Although we were very successful in suppressing counter-rotating bulk swirl on Tornado for all flight conditions by the
embodiment of intake fences, | would not dare to say that this excellent result can be directly transferred to any new
combat aircraft inlet. In any case, numerous wind tunnel and flight tests will be necessary 1o achieve the same or a
similarly good result as on Tornado.

Since one cannot assume to completely eliminate bulk swirl on a new inlet configuration for all ground and flight
conditions, the remaining tolcrable bulk swirl needs to be specified by the engine manufacturer. The same holds for
twin swirl which can only partially be suppressed by simple flow straightening devices.

For future aircraft and particularly for aircraft which attain high angles of attack we would prefer fusclage or wing
shueided uuets to avoid the generation of large swirl angles nght from the beginming of a new aircraft development.

D.D.Wiliams, UK
In my paper you will find some results from general rescarch on an S-shaped duct which are useful. We found we can
control swirt and chiminate it with fences there as well. The fences also reduce the total-pressure distostion (they mix the
flow and reduce the circumferential distortion). They are cost-effective devices. Lagree. though, that it is better to have
an intake without swirl. Straight intakes.

Author's Reply
The more important question probably i whether future engines should have inlet guide vanes or not from the
compatibility point of view. As stated in my Scattle paper (Ref 1210 Paper 68A-3) we prefer fences instead of inbet
gude vanes for weght reasons. Would vou like o comment”?

D.D.Willlems, UK
Whatever it takes to get 4 good propulsion system. One pays large penahtics tor inlet guide vanes - they weygh a Jot,
reduce flow per frontal arca. have a bied stnke problem ete, so where there is an aliernative, simple. ightweght fence 1t
18 4 more attractive solution, as 1n fact we have shown on Tornado

—afa | - - . - S —— VUSSP
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STATE INLET TEMPERATURE DISTORTION ON THE ENGINE JOMPRESSOR FLOW

by

W. Koschel
Institute for Jet Propulsion and Turt~machinery
Technical University ~f Aachen
Templergraben 55, D-51Q0 Aachen, West-Germany

EFFECT OF STEADY

H., Kilnkler and H. TH#nskdtter
Industrieanlagen-Betriebsgesellschaft m.b.H.
Einsteinstrafe, D-8017 Nttobrunn, West-Termany

{TARS),

. SUMMARY

o~

A prediction model for the effects of a steady state lemperature 1ls-
tortion on the overall performance of a multistage englne compress r

i1s presented. In contrast to the woll-known parallel compressor model,
this method takes into account the clircumferential Interactton of the
d{storted and undistorted compressor flow. An extensive experimental
program has been carried out on a single-spool 'et ensine with steady-
siale inliet temperature and pressure dist-rtion tests. The experimen-
tal set-up is briefly descrited. Tetalled results of the flow measure-
ments ohtained at the compressor inlet and exit and at the compressor
{nterstage positions are presented and discussed. The experimert: re-
sults support the validity of the prediction model ileveloped withi:
this project.
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According to Eq. (4) the pressure loss in the hot sector of the combustor is lower than
1n the cold one. Therefore we get by Eg. (5)
<

pt}h = pt30~ (8)

Now the area ratios A, /A, of the hot and cold sectors have to be examined. They compare
the turbine nozzle arg§ u$ed by one sector flow with the corresponding compressor face
area. For critical nozzle flow we obtailn

. - e
(/T 37p e shpy Iy = (AT 3/Pyghpy ),

At the conslidered rotor speeds the sector alr flow can be assumed to be proportlonal to
e 'Aiptl/Ttl' Hence and from equations (1), (7) and (8) we get

CApy 72400 ¢ fTrae . (9)
TRy 7A7¢ "N Tyin

srefore 1t 2an be conrluded that the hot sector Is strongly narrowlng in the com

! in the rear compressor part especlally after having expanded within the Tirst

ressure has to irop from cold to hot sector. Statlc pressure p at turbine inlet
t 3Qhe correspondling valies

0 orr

Fap € Pzee
B

q. (2) the statlc pressures at

Fop * Fooe -

rreliminary assumption of By, /%) by Egq. (11} *le resglts -f .
Y owlll to Intencifled.
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can be more than 25 % at high temperature distortion and is caused by the circumferential
pressure gradient. The expansion of the hot sector corresponds to a narrowing of the cold
sector. As a result the compressor section of the cold sector has a new effective flow
path, which 1s different to the geometry of the present compressor. From this it 1s to

be concluded that the behavior 1s quite different to that of the totally undistorted com-
pressor. Even for the undistorted sector the correlation of corrected rotor speed, pres-
sure ratio and corrected ailr flow of the original compressor map is invalid.

At high rotor speeds the alr flow through the compressor is determined by the capacity
of the first stages. The so called "undisturbed" sector will get a narrowed flowpath in
the front part of the compressor if there is a temperature distortion. The throttling of
the first stages will be increased and the airflow ingested will be shifted to lower va-
lues. Therefore it is expected that the operating point of the cold sector is shifted

to the left side of the corresponding constant speed line of the original compressor
map, contrary to the simplified assumption of the "parallel compressor model” as depicted
in Fig. 1. The same statements can be made for the operating points of the hot sector:
The corrected constant speed lines are shifted to higher corrected airfilows.

Fig. 6 shows the slopes of stage pressure ratios and total pressures versus compressor
ax1aY position considering the deviations of the superimposed flowpath. The slopes of
the cold sector now differ from those of the undistorted compressor. The relative para-
meters on the right side illustrate this tendency very distinctively.

The stage pressure ratio of the cold sector exceeds scmewhat the level of the undistor-
ted operation within the front stages. Due to the narrowing of flow path they are stron-
ger throttled in this section. Downstream of the mid stages the "cold" values are be-
low the undistorted as the whole compression ratio decreases a little if the compressor
inlet flow is distorted. In the hot sector the stage pressure ratios follow the slope
shown in Fig, 4.

In Fig. 7 the statlc pressure 1s plotted versus the compressor axial position. In the
front part static pressures exceed the values of undistorted operation even in the cold
sector. As the first stages are stronger throttled by the superimposed narrowing of the
flow path the Mach number level at the compressor face 1is lower even 1n this sector.

In the rear compressor part the static pressure corresponds to the total pressure slope
of the cold sector. The lower Mach numbers of the inlet flow cause a change of inci-
dence even in the primarily undisturbed sector (Fig. 7 bottom) und lead to the small
increase of stage pressure ratio shown in Fig. 6.

All considerations are based on the assumptlion that a mixing of the distorted and the
undistorted flow through the compressor 1s neglegible. This assumption seems to be ju-
stified due to the following reasons and if minor effects are neglected.

- Only within the axlal gaps between the blade rows the flow is not ducted
circumferentially. These unducted distances sum up to 10 to 15 % only of
the total compressor length.

~ within the rotor blading the hot and the cold stream lines mainly follow
eachother on the same tracks. Between the cold and the hot flow particles
of different verlocity kinetic energy 1s exchanged. A mass exchange can be
neglected.

Therefore it is to be expected that even at the compressor exit the hot sector will
have a significant core that almost consists totally of "distorted" hot material.

3.5 PARTIAL FLOW SEPARATION AND COMPRESSOR STALL

From the above considerations it can be derived that - contrary to the "parallel-com-
pressor model" - the surge lines cannot be treated separately for the distorted and for
the undistorted sector.

In Fig. 8 the flow conditions at the first stage rotor are shown schematically. Due to
the cErcumrerential gradient of static pressure an asymmetric flow fleld 1is obtalned
already at the rotor inlet:

Caused By an Increased deflection of the rotor flow within the transitfon zone on the
left side of the distorted sector the throttling of the front stages 1s reduced in this
area. The induced larger flow veldcity decreases the strong incidence of the ro-

tor that results from the superimposed circumferential component of the absolute velo-
city.

In the transition zone from the distorted to the undistorted sector - in Flg. 8 at the
right boundary of the hot sector - there will be a lower total pressure rise in the

front stages due to a minor deflection (lower Ac ). Therefore the front stages are stronger
throttled in this area. In combinatifon with the Rarrowed flow path this leads to lower
local inlet Mach-numbers M1 and p,/p,° is increased with p being constant. As the
influences of the reduced ﬁbsolut% v&locity and of its cfrﬁﬁmfereneial eomponent induced
by the pressure gradient will nearly compensate each other, therefore the rotor incidence
remains low in this transitlion zone. But a strong incidence of the following

stator will occur. As Fig, 8 shows this 1s very distinct on the hot side of the transi-
tion zone (dotted velocity triangles).

Therefore it 1s tQ be expected, that even at high rotor speeds flow separattion within
the bot sector will not occur in the rear stages. As Fig. 8 shows the flow separates in
one of the front stages and there locally on the right side of the distorted sector.
Downstream of the separation now the superimposed narrowing of the flow path is inten-
sified caused by the larger pressure gradient (Fig. 3). Due to this the local flow se-
paration will normally not propagate into the rear part of the hot sector.
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On the other hand in the case of such flow separation, the cold sector expands strongly
within the whole rear half of the compressor. In combination with the described higher
throttling of the front stages and with the airflow through the cold sector being dimi-
nished this may - depending on the aerodynamic design of the compressor - lead to a com-
pressor stall induced by a flow separation in the rear stages of the primarily undistor-
ted sector,

4. EXPERIMENTAL INVESTIGATIONS

The experimental investigations were carried out on the turbojet engine ATAR F at the
test bed of the Institute for Jet Propulsion and Turbomachinery, Technical University
of Aachen [15].

The single-spool ATAR engine incorporates a 7-stage axlal compressor, an annular com-
bustion chamber and a single-stage turbine. For the investigations the exhaust nozzle
position could be varied independently from the engine control. The hub/tip ratlo at com-
pressor inlet is 0.55. Some characteristic engine data at takeoff power (ISA/SLS) are:

Rotor speed 8300 min~t
Qverall pressure ratio 5.2
Alr mass flow 52 kg/s

Aerodynamic design of the compressor stages:

Pront stages: solid body
M:id stages: constant reaction versus blade height
Rear stage: free-~vortex design

4,1 SET-UP FOR GENERATION OF DEFINED TEMPERATURE AND PRESSURE DISTORTION

For the simulation of defined circumferential distortions a special inlet duct was in-
stalled in front of the engine (Fig. 9). This duct is divided into quadrants by four
separatlon walls. The walls are xed at the same circumferential position as the four
struts at compressor inlet. Hence, the extent of the distortion is exactly defined up
to the 1inlet gulde vanes of the compressor (Fig. 10). The steady-state total tempera-
ture distortion was produced by the injection of hot alr into the inlet air flow. There-
fore, preasurized air from the central air distribution system of the institute was
heated up in a three-flow combustion chamber operated by natural gas (Fig. 9). Passing
a distributor with electropneumatic valves the hot alr was injected into one sector of
the inlet duct through cascades. The temperature distributlon in the distorted sector
at compressor inlet wag satisfactorily. Electromagnetic hleed valves were synchronized
with the distributor valves, so that a continous operatlion of the gas combustion cham-
ber was possible.

By computer control 1t was possible to establish a certain level of temperature 4l: ~--
tion at harmonized total pressures in the distorted and the undistorted sector. PFor ,c-
nerating a steady-state total pressure distortion a screen was installed in one sector
of the inlet duct.

4,2 MEASURING TECHNIQUE AND DATA REDUCTION

A survey of the measuring planes 1s given in Fig. 10. The compressor inlet (plane E)
was equipped with 24 rakes. Each rake had a thickness of 1.6 mm and incorporated

4 measurlhg points at different radil. According to the type of distortion investiga-
ted the inlet plane was equipped predominantly with temperature or pressure rakes. Sta-
tic pressures were measured by pressure taps in the compressor outer casing.

Interstage measurements were carried out in two dlametrical sectors with combined
/T, -probes and wall pressure taps. The probes were installed in front of each rotor.
e ﬁeasuring points were positioned at 60 % blade height in the center of the flow-~
path at the exit of two gulde vanes. To reduce the interaction of the probes with the
vanes the probes had only a thickness of 1.5 mm, so that the blockage of the flow area
between two vanes was less than 2 %. Due to the fact that the clrcumferential position
of the distortion changes by approximately 120 degrees in the direction of rotation
when paasing the compressor, the interstage prohes were positioned in such a manner
that they were continually in the center of the distorted respectively undistorted sector.

At compressor exit the p /T.-probes and wall pressure taps were positioned about S50 mm
downstream of the guilde sangs of the last compressor stage hetween the 10 struts (plane 2
in Pig. 10) of the compreasor exit casing. Due to the very large spacing (36 degrees)

of the struts compared to the hlades and vanes, 1t can be assumed that the static pressure
gradients which exlisted within the houndary zones of the distorted sector at the outlet

of the gulde vanes of the last compressor stage are substantlally attenuated at the
measuring plane 2.

To get additional information on the circumferential total pressure and total temperature
distribution at the Inlet of the combustion chamber (plane EB) 14 total pressure and

}M total temperature prohes were installed about 100 mm downstream of plane 2 near the
uel nozzles.

Due to the great number of measured values (more than 200, including 144 pressures and
63 temperatures) and to realige short engine running time hecauase of the high fuel cost,
data acquisition wa carried out by a computer.

The measured values with distortion were relatéd to the values without distortion measured
at the same point - without any change of prohe position - and were corrected according
to the actual environmental conditions. Due to this procedure even small changes of the
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aero-thermodynamic data could be measured and data scattering because of different cha-
racteristics of the probes (e.g. thermocouples) was eliminated. As an example Fig. 11
shows the ahsolute values and the changes of total pressures and total temperatures with
and without dlstortion versus circumferential angle at combustion chamber inlet.

5. EXPERIMENTAL RESULTS OF THE PRESSURE DISTORTION INVESTIGATIONS

The effect of distortion on ¢ e r behaviour was investigated at three different
corrected speeds (N = N//T 1/23§Ki)and two different exhaust nozzle positions (A,).
Several tests with EWD screens (48 % and 55 % area blockage) were carried out. Some of
the results of the investigations with the 55 %-screen at high corrected speed and minl-~
mum exhaust nozzle area (A, closed) are presented herein. For all other operating points
qualitatlvely similar resu¥ts were obtained.

5.1 DISTORTION AT COMPRESSOR INLET

The levels of pressure distortion (Ap, = p -p and AT, =P, ~ T, ) are
summarized in Tab. 1 for the test poigts. &ggXDC ETégtor (_A%€60 q)twas gséﬁt68.62
and only less Influenced by the operating point g? the engine. P§ . 12 shows the total
pressure and static pressure distributions at compressor inlet (plane E) for the selec-
ted operating point. The total pressures are average values of the four radially distri-
buted measuring points of each rake and were related to the values without dlstortlon

(py /P E ). The static wall pressures were also related to the corresponding values
w1E§ou§ d?stortion. Due to the separatlon walls in the inlet duct the circumferential ex-
tent of the distortion at compressor inlet was still 90 degrees and qulte homogeneous
within the distorted sector. This was especlally advantageous for the evaluation of
interactions in the boundary zones between the distorted and undistorted flow.

TAB. 1: Distortion indices at compressor inlet

Neor Apy Ais‘t,GO ka,so
[nin-t]| *n 5, B, T
closed| 0,051 0,038 0,65
6000
open 0,055 0,039 0,65
closed] 0,108 0,081 0,61
7500
open 0,115 0,084 0,61
0,140 0,105 0,62
8000
open 0,145 0,109 0,62

Assuming that the total pressure loss does not really change between plane E and plane

1 - in the area of struts and inlet guide vanes - the correlation of total pressure
distribution (Fig. 12) and static pressure distribution (Fig. 13) gives information on
the local changes of Mach number and corrected air mass flow at compressor inlet. In the
distorted sector the corrected air flow 1s reduced whereas 1in the undistorted sector

the air flow 1s - except for the transition zones - almost unchanged. The small diffe-
rences in static pressure level at plane E und plane 1 area result of some alr mass flow
exchange through the axial gap between the struts and inlet guide vanes (Flg. 10).

Comparing the static pressure distribution at the inlet of the first and third stage
(PFQ/P g) in Fig. 13, the Interactions between the sectors become evident. These in-
te1 itﬁgh are primarily a result of the circumferential pressure gradients within the
axlal gaps.

5.2 BEHAVIOUR OF THE COMPRESSOR WITHIN THE DISTORTED AND UNDISTORTED SECTOR

Fiﬁ. 14 shows the total pressure changes from compressor inlet to exit for the distor-

ed and undistorted sector. The total pressures are local values measured in the center
of the two sectors. It 1s demonstrated that the level of pressure dilatortion 1s substan-
tially reduced when passing the compressor. Throttling of the compressor in the un-
distorted sector 1s slightly decreased. The continuous increase in total pressure in
the distorted sector shows that none of the seven stages has reached its surge line.

The static pressures in Fig. 15 correspond to the total pressures and are harmonized in
both sectors at compressor exit.

5.3 DISTORTION AT COMPRESSOR EXIT AND EFFECT ON ENGINE BEHAVIOQUR

The distortion at compressor exit (inlet of the combustion chamber) 1s demonstrated in
515%_1§. Due to the static pressure gradient the circumferential extent of the distorted
sector was reduced to 75 degrees and the offset of the distorted flow when passing the
compressor was about 120 degrees in the direction of rotation, almost independent from
the level of rotor speed. Furthermore, the pressure distortion at compressor inlet has
changed into a temperature distortion at compressor exit.
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The asymmetry of the curves in Pig. 16 indicate that the circumferential pressure gra-
dients at the boundaries of the distorted sector influence the flow angle at rotor in-
let. Therefore, blade incidence is Iincreased at the right boundary and decreased at the
left where now the total pressure minimum can be observed. Fig. 17 shows the attenuation
of_pressure distortion and the generation of temperature distortlion at compressor exit
(a '+ 60 ® Temax.60 Tt) for different engine operating points.

k] »

A pressure distortion at compressor inlet results in a combined pressure and temperature
distortion for the downstream engine components. Nevertheless 1t should be mentioned
that the compressor exit distortion of a2 single compressor engine is not necessarily the
same as the distortion at the inlet of the high pressure compressor of a twin compressor
engine, because a downstream compressor causes a different throttling compared with a
downstream combustion chamber and turbine.

Fig. 18 shows the compressor map of the undistorted compressor and the ogerating Yointa
ol the distorted and undistorted sector at corrected speeds of 7500 and 8000 min~' and

at two exhaust nozzle positions (open and closed). Although the operating pointa of the
distorted sector (closed nozzle) have reached the surge line of the undistorted compres-
sor and according to the "parallel compressor model" surge could have been induced, no
surge was observed during steady state operation nor at accelerations. This demonstrates
that the characteristic of the undistorted compressor cannot be used to predict surge by
the position of the operating point of the distorted sector relative to the surge line

of the undistorted compressor. The surge llne of the dlstorted sector has moved towards
higher pressure ratios mainly due to the constriction of the sector from 90 to 75 degrees.

€. EXPERIMENTAL RESULTS OF THE TEMPERATURE DISTORTION INVESTIGATIONS

The investigations were carried out at the same englne operating points as the pressure
distortion tests. The results which are presented helow were obtained at N =8000 min~
and closed exhaust nozzle. These are similar to those results obtained at ISFer rotor
speeds and at an open position of the exhaust nozzle. Three different temperature distor-
tion levels were adjusted (see Fig. 19).

6.1 TEMPERATURE DISTORTION AT COMPRESSOR INLET

Pig. 19 shows the total temperature distrlibution versus clrcumferentlal angle at
compressor inlet (plane E) and exit (plane EB). The temperature increase at the bounda-
ries of the distorted sector is induced by the separation walls in the inlet duct. These
walls provided an almost exact limlitation of the circumferential extent of the distortion.
The radial uniformity within the dilstorted sector was also satisfactory.

6.2 DISTORTION AT COMPRESSOR EXIT

The lower part of Fig. 19 shows the total temperature distribution at compressor exit
(inlet of combustion chamber). The extent of the distorted sector 1s still 90 degrees

and attenuation of distortion level was only about 30 %, In parallel the pressure distor-
tion shown in Fig. 20 and 21 was induced. The level of pressure distortion at compressor
exit 1s about 5660 = 0.15 to 0.4

6.3 BEHAVIOUR OF THE COMPRESSOR WITHIN THE DISTORTED AND UNDISTORTED SECTOR

In Fig. 22 the total pressure changes in the center of the distorted and undistorted sec-
tor are presented. The static pressure curves 1in Fig. ZE indicate that the circumferential
extent of the dlstorted sector increases in the firs ree stages and decreases in the
following four stages. The extention of the distorted sector results in a rapild increase
in stage pressure ratios (Fig. 24). Therefore, and due to the shape of the stage characte-
ristic line the operating points of the fourth and sixth atage are located on the left
slde of the characteristic line more or less near the flow separation point.

The slope of the total pressure curve for AT = 90 K in Fig. 22 indicates an increased
local flow separation at the right boundary of the distorted sector. The impact of the
flow separation is attenuated by the constriction of the distorted gector dQwnstream of
the third stage. The situation 1s similar to the local flow separation in the front
st;ges at low rotor speeds (rotating stall) but without rotation of the separated flow
cells,

Ten bleed air taps are introduced in the compressor outer casing above the gulde vanes
of the fifth stage. These taps are connected by a collecting duct and their circumfe-
rential position corresgponds to the positlon of the transition zone from the distorted
to the undistorted sector. Therefore, the reason for the kink in the static pressure
curves of the distorted sector at plane E 6 in Fig. 23 may be an exchange Qf air mass
flow through the collecting duct.

The interactions between the distorted and undistorted flew have already been discussed
in section 3.4. Fie. 25 shows the static pressure distribution at compressor inlet
(plane 1). At constant total pressure these curves give an information on the circum-
ferential distribution of the corrected alr mass flow.

A similar asymmetry as for the gtatlc pressure curves at compressor inlet can he obaer-
ved for the static pressure curves at the inlet of the third stage (plane E 3) in

Pig. 26. The extension of the dlstorted sector from 90 to 110 degrees 1s alaso demonatra-
Ees Tn this figure. The significant pressure peak at AT = 30 K on the right alde Qf the
distorted sector causes together with the total pressure decrease according te Pig. 5
and 8 (minor flow deflection) a significant reductlon in flow velocity. The resulting

L _mdfy - A



e

Ry

49

guide vane incidence 1s increased in the area of negative circumferential pressure gra-
dients on the right side of the pressure peak. The pressure distribution at AT = 90 K
indicates that a local flow separation has already been induced. This also gives an ex-
planation for the increased throttling within the first quadrant at compressor inlet in
Fig. 25.

Yt can be seen that the flow separation tendency within the right boundary zone of the
hot sector, that has already been discussed in section 3.4 (Pig. 8), 1s transfered from
the distorted sector to the originally undistorted sector when the alr flow 1s passing
the front compressor stages. Furthermore, for local flow separations the level of maximum
circumferential pressure gradients often is more critical than the level of an average
distortion index.

6.4 EFFECT ON ENGINE BEHAVIOUR

Fig. 27 shows the operating points of the distorted and undistorted sector 1in the map of
the completely undistorted compressor. The increased impact on the flow in the undistor-
ted sector at bigh compressor throttling (nozzle closed) becomes evident. The correla-
tion of corrected rotor speed and corrected ailr mass flow of the completely undistorted
compressor 1s no longer relevant. The level of corrected air mass flow in the distorted
sector 1s significantly higher than that of the undistorted compressor at the same cor-
rected speed (Ncor,h)'
7. CONCLUSIONS

A procedure for a qualitative analysls of the impact of steady-state circumferentilal
pressure and temperature distortion on the flow characteristics within a multistage
compressor and of the interactions between the distorted and undistorted compressor flow
is descrihed.

This qualitative analysis was carried out in advance of the experimental investigations
and of the publishment of relevant experimental results (p, - and T -distortion) in the
literature. The theoretical analysis revealed the dericienSy of thé parallel compressor
model for a multistage engine compressor and significantly reduced the amount of expepl-
mental investigation.

The theoretical analysis model was verified by the experimental results discussed in this
paper. Due to a high accuracy measuring technique and the procedure of data reduction
even pressure and temperature changes of about 0.1 % could be identifled. Although a high
level of pressure and temperature distortion with strong gradients at the boundarles of
the distorted sector was selected for the tests, no compressor surge could be observed.
It has been demonstrated that the characteristic of the undistorted compressor cannot be
used to predict compressor surge in the case of circumferential pressure and temperature
distortion.
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Viscous Analyses for Flow Through Subsonic and Supersonic Intakes

Louis A. Povinelli and Charles E. Towne
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135 U.S.A.

e SUMMARY

A parabolized Navier-Stokes code was used to analyze a number of diffusers typical
of a modern inlet design., The effect of curvature of the diffuser centerline and
transitioning cross sections was evaluated to determine the primary cause of the flow
distortion in the duct. Results are presented for S-shaped intakes with circular and
transitioning cross sections. Special emphasis is placed on verification of the anal-
ysis to accurately predict distorted flow fields resulting from pressure-driven sec-
ondary flows. The effect of vortex generators on reducing the distortion of intakes
is presented. Comparisons of the experimental and analytical total pressure contours
at the exit of the intake exhibit good agreement. In the case of supersonic inlets,
computations of the inlet flow field reveal that large secondary flow regions may be
generated just inside of the intake. These strong flows may lead to separated flow
regions and cause pronounced distortions upstream of the compressor.

INTRODUCTION

The importance of computational fluid dynamics as an analysis tool for external
flow about aivcraft and aerospace configurations has been illustrated in the literature
on numerous occasions. Less clearly demonstrated, however, has been the applicability
of computational methods for internal flows in propulsion systems. Clearly, a need
exists for analyzing the components of engine systems. In particular, the effect of
intake design on air flow quality at the compressor face constitutes the initial step
tequired in the overall flow analysis. High performance aircraft frequently employ
complex intake ducting which, in turn, leads to highly three-dimensional flows. The
complexity of the intake may include changes in curvature, cross-sectional area and
out-of-plane bends. These geometric changes lead to cross-stream pressure gradients
which drive secondary flows along the walls, and possibly result in strong vortex flow
or separations. There exists a critical need, therefore, to properly model and cal-
culate the flow in a variety of intake shapes in order to ensure reasonable flow qual-
ity to the engine over a wide flight range.

Numerous approaches have been used for the analysis of the flow for intake ducts.
Inviscid computations coupled with a boundarz layer analysis appear inadequate to
describe the flow since the boundary layer thickness can grow to be a major portion of
the duct height. Euler solvers can yield the velocity field but will not account for
the viscous pressure losses. Fully elliptic Navier-Stokes solutions can provide an
accurate flow field, but require hours og computer time. 1In addition, the grid size
that can be efficiently analyzed is limited by computer storage for the full Navier-
Stokes solutions, Computation time becomes important in the preliminary design process
where a large number of intake configurations and operating conditions are analyzed.
Parabolized Navier-Stokes solvers (PNS), however, offer a considerable reduction in
computer time by making a single pass through the duct. Coupling of the elliptic
pressure field with a %ast PNg solver offers many desirable features. The PNS solvers
are more economical than the full Navier-Stokes equations and less expensive to operate
on preseant-generation computers. Most importantly, the PNS codes have been shown to
yield accurate predictions within their domain of applicability.

This paper presents a review of the viscous analyses used by the NASA Lewis
Research Center for application to aircraft intakes and the ducting upstream of the
compressor. The computer methods discussed are based on the PNS equations. Analytical
and experimental secondary flow and distortion patterns are reviewed for subsonic as
well as high speed intakes.

APPROACH

The approach used in this paper is to review a number of computational studies for

which selected serodynamic parameters have also been measured, and to arrive at con-
clusions regarding our predictive capability for intakes. Three separate flow cases
will be reviewed in sequence. A brief description of each study will be presented,

including, as appropriate, the intake geometries, starting conditions, analysis method, \
%rid size, experimental measurements and computational results of pressure and veloc- .

ty. Each of the three cases will be examined as to the adequacy of the computational ;
scheme to predict reasonable values. On the basis of the comparison, an evaluation or
agsessment of the predictive capability of the PNS solvers will be presented, 1In
addition, potential difficulties associated with the PNS codes will be identified.
Spe:éf(c :xamples will also be discussed regarding the needs for additional code
verification.
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The three cases chosen for review involved an examination of:

(1) Pressures and velocities for intakes with ceuterline curvature and cross-sec-
tional shape transitioning (Ref. 1).

(2) Secondary flows and total pressure coefficients for an S-duct with and without
vortex generators (Ref. 2).

(3) Mach number and secondary velocities in a Mach 5 inlet, including spillage
effects (Refs. 3 and 4).

The paper now proceeds to the Results section in which the three flow cases will
be discussed in sequential fashion.

RESULTS

Centerline Curvature and Cross Section Transitioning (Ref. 1)

Summary of Analysis Method. Subsonic intakes at Lewis are typically studied using
a three-dimensional PNS computer code (Refs. 5 to 7). This analysis is compressible
and fully viscous. The flow is computed by a single sweep spatfal marching procedure
which solves an approximate form of the Navier-Strokes equations. It is assumed that
the flow is primarily in the direction of the duct centerline, with transverse second-
ary flow. This allows two basic assumptions to be made. The first is that second
derivatives in the primary flow direction are negligible. The second is that the
pressure in the primary, or streamwise, momentum equation can be represented during a
marching step by the sum of a known three-dimensional pressure field and a one-dimen-
sional correction for viscous blockage. A two-dimensional pressure correction Poisson
equation is also solved after each step to ensure that the computed velocity and pres-
sure fields are consistent. The known three-dimensional pressure field can be obtained
from any available source. Normally a potential flow solution is used. When these
agsumptions are applied to the Navier-Stokes equations, a set of equations can be
derived that can be solved by forward marching in the primary flow direction. The
equations are solved in a body-fitted nonorthogonal coordinate system using an implicit
finite-difference technique. The analysis has been verified by comparing computed
results with benchmark experimental data for a variety of duct configurations and flow
conditions (Refs. 6 to 10).

Duct Configurations and Inlet Conditions. Examples of the types of geometries
studied with this analysIs are shown In Fig. 1. These configurations were used to
investigate the effects of centerline curvature and cross section transitioning on the
distortion in modern complex intake ducts (Ref. 1). The first, called the baseline
configuration, represents a typical modern intake design. The cross section is repre-
sented by a superellipse, and transitions from nearly rectangular at the inlet to
citcular at the exit. The exit-to-entrance area ratio ifs 1.31., The other two config-
urations are derived from the first, and were used to isolate the effects of cross
section trangitioning and centerline curvature on the flow. The second configuration
has the same distribution of cross section shape, but with a straight centerline. The
third configuration has the same centerline shape and area distribution as the base-
line configuration, but with a circular cross section.

Conditions used at the inlet were a total pressure of 800 psf and a Mach number of
0.5. This corresponds to flight at about 28 000 ft altitude. An initial tuctbulent
boundary layer thickness equal to 4.8 percent of the duct half width was used for the
baseline and straight centerline configurations. For the circular cross section con-
figuration a thickness of 5.6 percent was used to give the same inlet blockage.

Computed Results. The effect of centerline curvature on flow distortion was
determined by ana[xzing the circular cross section configuration of Fig. 1(c). 1In
Fig. 2 the computed secondary flow field ie shown at six stations through the duct.
At the first station the cross flow velocities are small. The effect of the first bend
can be seen at station b, The core flow moves toward the left side of the duct,
responding to centrifugal effects. The low energy boundary layer flow moves away from
the pressure side of the duct, on the left, toward the suction side of the duct, on the
right. A vortex motion thus begins to develop but is quickly dissipated, as shown by
the results at station ¢, when the cross flow pressure gradients reverse in the second
bend. At station c the secondary flow {n the boundary layer has reversed direction,
flowing toward the low pressure region now on the left side of the duct. By station d
a pair of counter rotating vortices has formed. These persist into the third bend and
continue to move the low energy flow toward the left side, of the duct. By station e
the cross flow pressure gradients have again reversed direction, causing the formation
of an additional pair of counter rotating vortices in the left half of the duct.
Theses two pairs of vortices interact, driving the low energy flow away from the wall.

In Fig. 3 the distortion resulting from these secondary flows is shown in the form
of constant total pressure contours at the six stations. The total pressure values are
treferenced to the inlet total pressure. The thickened boundary layer on the right side
of the duct at station ¢ is a result of the vortex pattern shown at station b in
Fig. 2. As previously described, these vortices dissipate and a new pair is set up in
the second bend. These persist into the third bend, where another pair develops. The
two pairs of vortices interact, driving the low energy flow away from the wall, as
shown by the bulges {n the total pressure contours at stations e and f.
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The computed secondary flow field for the baseline configuration of Fig. 1(a) is
presented in Fig. 4. Even though this duct has tne additional geometric complication
of a transitioning cross section, the physics of the flow are essentially the same as
in the circular cross section configuration just discussed. The same types of vortices
are {telent, and they result in the same type of distortion pattern, as shown by the
total pressure contours in Fig. 5. This indicates that for this intake duct the effect
of the curved centerline on the flow is much more important than the effect of the
changing cross-sectional shape,

To further confirm this, a straight centerline configuration, shown in Fig. 1(b),
was analyzed. This duct has the same distribution of cross-sectional shape as the
baseline configuration. As shown by the computed total pressure contours in Fig. 6,
the transitioning cross section by itself does not cause any significant distortion of
the flow.

It is noted that a small separation bubble was predicted along the right side of
the duct between the first and second bends for both the circular cross section and
baseline configurations. This is caused by the local adverse streamwise pressure
ﬁradlent in this region. The marching analysis proceeds through this region using the

FLARE" approximation (Ref. l1). 1In the PNS analysis, this approximation is imple-
mented by resetting the streamwise velocity to a small positive value if it falls
below that value during a marching step. This stabilizes the analysis and allows it
to march through small regions of separated flow. The flow details within the recir-
culation region are not modeled accurately, but if the separation bubble is small its
effect on the rest of the flow is usually well modeled.

Vortex Generators in a Diffusing S-Duct (Ref. 2)

Summary of Analysis Method. 1In efforts to save weight and thereby fuel, it is
common to deslign modern Intake ducts to be as short as possible. The designer must
therefore be concerned with the possibility of flow separation due to a strong adverse
pressure gradfent. To alleviate this problem, vortex generators are often used as a
flow control device, Most vortex generators in use today are simply small wing sec-
tions mounted on the inside of a duct or on the wing of an airplane. Figure 7 shows a
typical vortex generator. The vortex generators are inclined at an angle to the
oncoming flow to generate the shed vortex. Also, the vortex generator is sized so that
the tip lies just outside the edge of the boundary layer. This allows for the best
interaction between the shed vortex and the boundary layer. The vortex generators are
usually placed in groups of two or more upstream of the problem flow area. The vortex
generator will cause a mixing of the high momentum core flow with the low momentum flow
in the boundary layer, resulting in a net increase of momentum near the surface. This
can delay or even eliminate the separation region.

In order to provide an analytical capability for these flows, the PNS analysis
discussed in the previous section has been modified to included a model for vortex
generators within a duct flow field (Ref. 12). The transverse momentum equations in
the analysis are solved using a stream function - vorticity formulation. The vortex
generator model takes advantage of this. The shed vortex is modeled by introducing a
source term into the vorticity transport equation that is a function of the vortex

enerator characteristics. T{e effect of the drag of the vortex generator is also

ncluded in the model. The drag on the wing section is a combination of profile drag,
which is due to viscous and pressure effects, and induced drag, which is due to the
shed vortex. In this model the profile drag of the vortex generator is neglected in
comparison to the induced drag because in the cases studied here the generators were
small. The induced drag is then proportional to the vortex strength and the crossflow
velocity at a point. This term is included in the governing equations as a negative
soutce term in the primary momentum equation.

Duct Configuration and Inlet Conditions. Figure B8 shows a circular cross
sectioned 30° - 30° 5-bend diffuser that was tested experimentally both with and with-
out vortex generators (Refs. 13 and 14). For the cases with vortex generators, three
paits were placed well upstream of the separation point. The axial location is indi-
cated in Fig. 8. They were set at incidence angles of :16° to form three pairs of
counter rotating vortices. They were placed along the inside of the bend at azimuthal
locations of -38.0°, 0.0°, and +38.0°, as measureg from the inside of the bend. The
flow in this duct was turbulent with a Mach number of 0.6 and a Reynolds number based
on the duct diameter of 1 760 400. The initial conditions were measured at 1.65 duct
diameters u¥;tream of the first bend to remove the influence of the bend on the static
pressure. e initial boundary layer thickness was 0.1 times the initial duct radius
and the ares ratio was 1.51,

Computational and Experimental Results. Figure 9(a) shows the computed total
pressure coe cient contours at six stations in the duct for the case without vortex
generators. The inlet values were used as the reference conditions in computing the
total pressure coefficient.

Figure 9(b) shows the experimental results. The maximum and minimum values at
each streamwise station are shown on the figure. Comparing the computed and experi-
mental results indicates that the analysis is able to adequately predict the total
pressure distortiona for the duct. A separated flow region exists in both the experi-
mental and computed results along the lower surface near the inflection {oint between
the two bends. Although the computed results in the gseparated region will not be cor-
rect because of the "FLARE" approximation, the global effect of the separated region
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is well modeled. The comparison also shows that at 6 = 30°, the fourth contour

plot, the experimental results indicate a larger separated region. In the exper-
iment the streamwise separated region was found to be between 8 = 22° and 8 = 44°,
while in the computation the separated region was between 6 = 30° and @ = 54°,
Fi{urel 10 and 11 show comparisons between the comEuted and experimental secondary
velocity profiles at the inflection plane and at the bend exit. The agreement between
the two results is very good. At the inflection point the vortex due to the curvature
of the centerline i{s evident in both plots. Also at the inside of the first bend the
separated region can be seen in the experimental results, by the region with no data.
In the computed results the onset of separation i{s also evident where there is minimal
secondary flow. At the bend exit both results in Fig. 11 show that the separated
region {8 gone by the large amount of flow being swept toward the outside of the sec-
ond bend. These results differ from those of a2 nondiffusing circular cross section
E-bend, where the vortex due to the centerline curvature i{s strengthened in the second
end.

Figures 12(a) and (b) show the computed and experimental total pressure coeffi-
cients in the S-bend fur the case with vortex generators. Again the maximum and mini-
mum values are shown at each streamwise station. At the 6 = 15° pofnt the effect
of the vortex generators i{s evident in the contours. The computed results compare
qualitatively well with the experimental results. In both sets of contours the dis-
tortion caused by the generators is pushed toward the outside of the first bend,
opposed to the pressure driven secondary flow. The total pressure values in these
contours are higher than in those of Figs. 9(a) and (b) near the inside wall. This
indicates that the vortex generators successfully mixed the high energy flow with the
low energy flow to suppress the separation. Although the contours in Figs. 12(a) and
(b) still show a very distorted flow, the difference between the maximum and the mini-
mum values is much less here than in the duct without vortex generators. Figures 13
and 14 show the secondary flow development at the inflection plane and at the duct
exit. 1In the experimental results at the inflection plane, the vortices due to the
pressure driven secondary flow huve washed out the vortices from the vortex generators
except near the inside of the first bend. The contour plot indicates that in this
region there may still be some interaction between the vortex generator vortices and
the ones induced by the pressure difference. The computed regults at the inflection
point show that all of the vortices have been washed out by the pressure driven sec-
ondary flow. This is why the distorted region in the experimental results moves more
toward the outside of the bend than in the computed results. At the exit of the bend
both the experimental and computed results indicate less secondary flow toward the
outside of the gsecond bend than without the vortex generators. Also near the walls
they indicate more flow back toward the inside of the second bend. The experimental
results show a higher level of flow toward the outside of the bend in the core flow
than do the computed results.

High Speed Inlet (Refs. 3 and 4)

Analysis Method. A three-dimensional supersonic viscous marching analysis was
used Tn t*ls study. The code solves the PNS equations for supersonic flow by a lin-

earized block implicit scheme (Ref. 15). The code has been extensively verified at
Lewis, with particular emphasis on the calculation of the glancing shock/boundary layer
interaction (Ref. 16). The work has demonstrated the numerical capability to real-
istically model the complex three-dimensional phenomena occurring in this interaction.
The work in Ref. 16 also established the importance of grid resolution in modeling this
interaction.

Intake Configuration. A schematic drawing of the mixed compressfon intake is
shown In Fig. 15. This Inlet was originally designed using the method of character-
istics with the surfaces corrected for boundary layer displacement effects. It {s rec-
tangular in cross section and has a pre-compression ramp and three compression ramps
external to the cowl. Operation at angle of attack generates a shock wave at the
leading edge of the pre-compress{on plate. The pre-compression and ramp shocks were
designed to fall outside the cowl lip at the design Mach number of 5.0. The shock
generated at the cowl lip is cancelled at the ramp shoulder and the cowl is contoured
to provide further {nternal compression. A swept sideplate runs from the leading edge
of the pre-compression plate to the leading edge of the cowl to minimize the drag gen-
erated by compressed flow spilling over the sides.

Two-Dimensional Computed Results. The PNS code was initially run two-dimen-
sionally at a frge stream Mach number of 5.0, angle of attack of 9.0°, and a Reynolds
number of 2.5x10%, Fig. 16 shows the computed Mach number profiles at various posi-
tions. Proper cancellation of the cowl shock at the shoulder is observed in apite of
the extremely large displacement correction. The figure also shows the extremely thick
boundary layer that forms on the ramp surface; i.e., abo 't 1/3 of the flow into the
inlet is boundary layer. Near the inlet throat, the two boundary layers are merged.
Predictions of static pressure rise and total pressure loss through the compression
u{;tem agree well with method of characteristic results corrected for boundary layer
effects,

Three-Dimensional Computed Results. The Mach 5.0 inlet described in a previous
section was analyzed three-dimens{onally using the PNS analysis program. The free
stream conditions for the three-dimensional case were the same ss those i{n the two-
dimensional inlet case. The computations were performed on an 80 by 60 cross-sectional
grid, which corresponds to the levels of grid resolution required for accurate
modeling of glancing shock boundary laver interactions (Ref. 16). The inviscid Mach
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number aft of the pre-compression shock is on the order of 4.0, which {s very close to
our established data base.

The results from the three-dimensional calculstion are presented in Figs. 17 to
20. At the top of each figure is a schematic of the inlet, with the location of the
cross-sectional plane given by a vertical line and a prescribed distance from the inlet
leading edge. The bottom of the figure shows the flowfield in & cross section of the
inlet; the ramp surface is at the bottom, the cowl surface at the top, and sideplates
are on both sides. Because of flow symmetry, only half of the inlet was calculated.
The left side of the figure shows Mach number contours, while the right side shows
secondary velocity within the cross-sectional plane. The figures proceed from a loca-
tion just downstream from the inlet leading edge to a location inside the cowl near the
throat, On the so0lid surface of the ramp, cowl and sideplste, one will note the
development and growth of the boundary layer by a concentration of Mach contours near
these surfaces. Shock waves are noted by a concentration of Mach contours away from
the solid surfaces. They can also be detected by an abrupt change in rthe secondary
velocity vectors. In this calculstion, the compression shocks and the Mach contours
are parallel to the ramp and cowl surfaces.

Entering the region of the compression ramps, Fig. 17 shows the flowfield just
downstream of the first ramp. The shock generated by this ramp i{s evident in the Mach
contours; near the center of the flowfielg this shock is flat while near the sideplate
the shock forms a characteristic 1 as it interacts with the boundary layer of the
sideplate. In the secondary velocity vectors, one sees a cross flow be{ng induced
along the sideplate and feeding forward of the inviscid shock location. Near the cowl
lip, the flow field appears as Fig. 18. The secondary velocity vectors also show
extremely strong flow along the l%dcplate. while the Mach number contours show the
sideplate boundary layer to be highly distorted. The boundary layer has been thickened
in the vicinity of the shock waves and thinned in the corner formed by the ramp and
sideplate. The secondary velocity vectors show flow being drawn along the ramp sur-
face into this corner. The boundary layer along the ramp surface is quite thick and
corresponds to the thickness predicted in the two-dimensional calculations. The strong
secondary flows induced by the multiple shock interactions persist even though the
shock waves have left the flow domain over the cowl. The flowfield from the inlet
leading edge to the cowl lip has been shaged by the thick boundary layer that grows on
the ramp and sideplate and the multiple shock interactions that occur on the sideplate
due to the compression ramps. The flow is highly three-dimensional at the cowl lip
with low energ{ boundary layer flow being swept up along the sideplate. As the flow
enters the cowl, Fig. 1; shows that a shock wave Yn generated by the cowl lip. This
shock, indicated by the horizontal lines in the Mach contours, mo.es down through the
flow field as shown in Fig. 20. The strong secondary flow moviang up the sideplate
encounters the internal cowl surface and the secondary velocity vectors indicate that
this flow turns through the corner formed by the cowl and sideplate. Figure 20 shows
that two things happen as the secondary flow turns this corner; first, the secondary
flow rolls up into a vortex, and second, the low energy flow is concentrated in the
corner. The internal surface of the cowl has been shaped to further compress the flow.
As the low energy flow in the corner is subjected to the adverse pressure gradient
created by this turning, a large separation occurs. The last calculated cross section
is shown in Fig. 20. The shock from the cowl is about to hit the ramp surface, while
the large separation region exists in the corner. The secondary flow has rolled into
a vortex near the sideplate, while along the ramp, flow continues into the corner.

Even though the FLARE apf:oximation was employed, the magnitude of the separation
was 80 severe that the analysis did not march further. The existence of a large sep-
aration in the corner of the inlet would probably trigger an inlet unstart at these
condftions. Even if the {nlet remained started, the ex{stence of the vortex near the
sideplate and the distortion of the sideplate boundary layer as shown in Fig. 20 would
pose major problems for the propulasion system.

Fvoerimental Observatjons. A subscale model of the Mach 5 inlet was tested at
Lewis, Figure 21 shows oll Flow results which indicate that the flow near the ramp
surface is drawn in towards the sideplstes. This figure shows velocity vectors on the
surface of the ramp from the third ramp to the cowl. In the lower left corner of the
figure the computed velocity vectors near the ramp surface are shown. The velocity
vectors also indicate that flow is drawn in toward the sideplate because of the
glancing sidewall boundary layer interact{ona. This is the first qualitative verifi-
cation of the results of the Mach 5.0 inlet study.

Addit{onal confirmation of the strong secondary flow patterns computed for the
inlet may be found in Ref. 17. 1In Ref. 17, a two-dimensional mixed compression Mach
3.05 intake was experimentally tested. Total pressure measurements were obtained at a
number of statfons within the inlet. Figure 22 shows total pressure contours down-
stream of the normal shock which clearly indicate vortex-l:ke flow. These measured

flow contours yield further qualitative confirmation of the PNS computed results
described above.

Sideplate Spillage Computations Further development of the PNS solver (Ref. 4)
has yTelded the cnplS![lty of analyzing the flow spilled over the intake side plates.
Initial results obtained are shown in Figs. 23 and 24, The static pressure distribu-
tion both upsteam and downstream of the cowl are shown.
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CONCLUSIONS

Computer results of the flow distortion and total pressure variation in complex
intakes were reviewed. The analyses were performed using parabolized Navier-Stokes
marching analyses. The first set of results were for intakes with centerline curvature
and cross-sectional transitioning. It was concluded that the distortions and losses
in the S-shaped duct were primarily related to the centerline curvature, whereas the
transitioning cross section had little effect on flow quality and pressure loss. The
second set o? results reviewed were for a diffusing S~-duct with subsonic entrance flow.
Numerical analysis of the flow was performed both with and without vortex generators
located near the entrance of the di%fuset. The generators were found to be computa-
tionally effective in suppressing the flow separation that occurred previously.
Althoug‘ flow distortion was not eliminated, the difference between the maximum and
minimum total pressure at the compressor face was significantly reduced. The computed
results compared favorably with the experimental data. Further analytical refinements
are needed to improve the vortex generator model in the analysis.

The final set of results presented were for a Mach 5.0 i{ntake, Both a two-dimen-
sional and a three-dimensional version of a supersonic PNS code were run. The two-
dimensional version verified the original method of characteristics design, while the
three-dimensional version revealed entirely new information relative to the nature of
the flow. High amounts of distortion, strong secondary flows and flow separation were
computed in the supersonic intake. These phenomena are caused by thick boundary layers
which develop on the inlet surfaces and their interaction with the shock waves of the
compression syatem. The results from these calculations indicate that the sideplates
require redesigning. In addition, provisions for bleeding the sideplate and the corner
may be required to improve flow quality. In that case, a compromise would be necessary
between recovery, distortion, spillage drag and bleed drag. Limited experimental data
provided some verification of the occurrence of secondary flows in the intake.
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Figure 3, - Computed total pressure contours in circular cross-section configura-

tion, M + 0.5, & - 0,056, 50x50x105 mesh.
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Figure 5. - Computed total pressure contours in basefine configuration,
M =0.5 6 +0.048, 50x50x105 mesh.
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Figure 6. - Computed total pressure contours in straight centerline config-
uration, M = 0,5, b = 0.048, 50x50x105 mesh.
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Figure 8. - Schematic of diffusing S-duct showing the axial location of
the vortex generators.

(b) Experimentsi results.

Figure 9. - Total pressurs cosfficlent contours for S-duct without v.q. 's,
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Figure 11. - Comparison of secondary flow at the exit plane for S~duct without v.g.'s.
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Figure 12, - Total pressure coefficient contours for S-duct with v.g.'s.
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Figure 13, - Comparison of secondary flow at the inflection plane for S-duct with v, g.'s.
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Figure 14, - Comparison of secondary flow at the exit plane for S-duct with v, ~.'s,

Figure 15, - Mach 5.0 Hypersonic inlet Geometry,
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Figure 2. - Surface ol flow and calculated velocity vectors for Inlet
ramp surface,
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DISCUSSION

J.Fabri, Fr
Pourriez vous présenter ce papier a nouveau dans la partie “B” de cette réunion de spécialistes ou de nombreux
chercheurs en “ondes de choc™ seront présents?

Author’s Reply
1 would be pleased to repeat the portion of the paper dealing with the supersonic inlet and shock structure in the
second panel (Part B) of the Specialists’ Conference. In addition. I will also present some results obtained for a Mach
7.4 inlet configuration.

G.Winterfel, Ge
You showed in this S-shaped duct, which has the offset, that you had separation on the first part of the inner
curvature. Would you think that this separation is caused only by the secondary flows? Could you please comment on
the contribution of the side-wall boundary layer?

Author’s Reply
I believe the separation is caused by the geometry, not by the secondary flows. The secondary flows interact with that
separated region to give some resulting pressure distortion downstream, but it is primarily the geometric design that
creates the problem, as you suggested.

A similar S-duct was tested experimentally, which had no diffusion. In that duct. the secondary flow pattern was
similar to the one in the present paper, and no separation was detected.

G.Winterfeld, Ge
Have you tried to predict this separation with a normal boundary layer code?

Author's Reply
For this particular problem of the diffusing S-duct we have not tried to use a boundary layer approach. It could be
used, although the PNS analysis used here does not employ as many approximations in the governing equations, and
therefore should give a better prediction of the boundary layer behaviour. [ do not believe that a boundary layer
analysis would give a good prediction of the extent of the separated region.

D.D.Williams, UK
I would be interested to know whether you. can speculate on the ability of the approach to model an S-bend subsonic
diffuser with offset and a heavy one-sided separation at infet — as this appears 10 be the source of bulk swirl affecting
engine stability — discussed this morning.

Author’s Reply
If the separation is “big". the parabolised analysis would not be able to march through the region. As far as starting the
calculation with a separated initial profile, the analysis would not be able to handle that cither. Tt is type of problem
would need a full Navier-Stokes analysis and the solution would need to be started upstream of the separated region.

A possibility exists, however, that if one were to model around the separated region of the inlet, ie treat the separation
as a zone of zero flow, then the PNS analysis with proper inlet conditions might be able to compute the flow ficld.
Offset bends, of themselves, do not present computational difficulties.

J.Hourmouziadis, Ge
The parabolised model used in your investigation cannot be applied to cases with reverse flow. How did you cope
with this problem in the high supersonic intake example in the vicinity of the shock/boundary layer interaction of the
side wall?

Author’s Reply
The PNS model used to calculate the high-speed inlet incorporates a FLARE model in the vicinity of flow separation.
This model was originally developed by Reyhner and Flugg-Lotz, in 1968 Int Jour of Non-Linear Mechanics. The
model assumes that the recirculation is small compared to the dimensions of *he inlet. Within the recirculation, the
negative, streamwise convective velocity is overwritten by a small positive value and the solution is marched as usual.
The solution may continue to produce negative streamwise velocities, which require the FLARE approximation to be
used at the next marching station. When compared with experimental resuits, we have found the FLARE model to
accurately reproduce the displacement effects of separation on the external flow, but it does not properly modet the
details of the recirculation region itself, particularty the upstream influence. For small separation regions within the
inlet, this model is accurate; for details within a large separated region, it is inadequate.
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Ph.Ramette, Fr
For a supersonic intake at a frec-stream Mach number of 5.0, what is the average Mach number at the eatrance of the
engine? Have you done similar calculations at higher Mach number, and what is the evolution of the Mach number at
the entrance of the engine (which is then a scramjet)?

Author’s Reply
For the Mach 5.0 inlet, the Mach number at the end of the calculation was in the order of 1.3. The calculation
procedure will only handle the supersonic/hypersonic part of the inlet system. In the actual inlet, the flow just
downstream of the throat would encounter a normal shock and then pass on through the diffuser to the ramjet burner.
The Mach number at the entrance to the burner would probably be on the order of 0.6.

The PNS code which has been used 1o calculate the Mach 5.0 inlet is now being modified and tested for higher Mach
numbers. At Mach numbers greater than 5.0, the real gas effects associated with heating the flow become quite
important. Models to acount for real gas chemistry are being incorporated in the PNS inlet code. The code has been
used to calculate flow in a Mach 7.4 inlet and these results will soon be presented at the AIAA Reno conference.

Ph.Ramette, Fr
Have you made comparisons between your Navier-Stokes calculations and other models like LES (Large Eddy
Simulation)?
Do you think that LES models, which are used mainly for the combustor, could be used for inlet flow calculation?

Author’s Reply
No comparison has been made between results of the Lewis PNS calculations and Large Eddy Simulation (LES)
calculations. The verification of the codes has concentrated on comparison with experimental data obtained from
benchmark experiments. A thorough description of the verification process and the associated experiments was given
by Anderson at the AIAA 22nd Aerospace Sciences Meeting as NASA TM 83558. LES work at NASA Lewis chiefly
concerns the combustor problem. Because of the long run times associated with LES calculations, this method would
probably not be suitable for full inlet calculations. The resolution of the muitiple phenomena present in the inlet (shock
waves, boundary layers, shock/boundary layer interaction, boundary separation, recirculation, reattachment, three-
dimensional effects) demands large, high-speed calculations. The optimum solution to this resolution problem has been
the use of PNS codes, given the current computing speed and size.

R.LeBoeuf, Fr
What is the lowest Mach number you could handle with your code?

Do you have any special treatment for the points located very near to the wall (that is, to say in a subsonic zone)?

Author’s Reply
In regard 10 the near-wall treatment, the supersonic PNS code does have special logic for solution of the flow equations
in the subsonic part of the boundary layer. This region is assumed to be small in a supersonic inlet, so within the
calculations, a boundary layer type model is employed. The pressure is imposed from the edge of the subsonic part of
the boundary layer, and the flow is assumed to be parallel to the nearest wall. In regard to the lowest Mach number
calculated, the supersonic PNS code has been run in a nozzle mode where the calculation begins near the throat of the
nozzle. A free-stream Mach number of 1.05 worked the best for this case; smaller free-stream Mach numbers
sometimes encountered small wavelettes from the wall boundary which produced embedded subsonic packets and the
solution would become unstable.

The main part of the flow field must remain supersonic, without embedded subsonic regions, for code stability.

H.Kordulla, Ge
Comment: Having 100 points in the “wall-normal” direction should resuit in more than 1 point within sublayer

@ < 5-10)?

Question: Could you comment further on the method used? (I understand that the NS equations are used in steady-
state form in a space-marching manner. Do you experience any problems with the choice of the size in the
marching step? How do you treat the gradient term in the marching direction in super- and hypersonic
flow?

Author's Reply
B For detailed inlet calculations, one must resolve boundary layers on both top and bottom surfaces and resolve the shock
F waves which move from one surface to another. It has been our experience, when comparing computational results with
experiment, that at Jeast 25 points are required in each boundary layer to properly resolve the turbulent boundary layer
L& profile, with at least one point at y + 10. The remaining 50 mesh points are used to resolve the shock wave.

The PNS method used for the hypersonic flow calculation solves the complete Navier-Stokes equation in steady state,
neglecting only the streamwise viscous terms. The flow variables are linearised in the marching (streamwise) direction
and a Douglas-Gunn ADI scheme is used to march the solution in a single pass from free stream through the inlet. The
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pressure is evaluated in terms of the density, which is a solution variable: therefore the pressure gradient term is treated
exactly like a linearised density gradient and becomes part of the solution. We have not encountered any limitation on
the minimum step size, except that the smaller the step size, the larger and more expensive the calculation. There are
practical limits on the maximum step size so that one does not violate regions of influence in supersonic flows.
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SUMMARY
P S

Calculations are presented predicting the onset of flow instability for a multistage low speed axial compressor
operating in circumferentially distorted inlet flow. The most important feature of the model used is that it attempts to
properly account for the fluid dynamic interaction between the spoiled and unspoiled sectors of the compressor. ‘The-
salculations show that there is an approximate stability criterion, the annulus averaged slope of the compressor
pressure rise characteristic equal to zero, that is valid wh er the dy ics of the p distorted flowfield can
be idered independent of the compressor environment. This approximate criterion is used to investigate the
relationship between the present model and the “"parallel compressor” model. Further calculations are performed to
investigate cases of interest when the dynamics of the compressor flowfield gre coﬁpled to the environment. Resonant
cases and cases when the distortion is unsteady are studied. -In particular, it is shown that rotating distortions which
propagate in the rotor direction can have a greater effect on stability mnrgir? than stationary or counter-rotational ones.

~PFirxtly; it is.shown that the general predictions of the model are insensitive to the details of the unsteady bladerow

dynamics. e

1. INTRODUCTION

!

The adverse effects on gas turbine engine operation due to inlet distortion are well known and need no detailed
introduction. B of its q the distortion problem has received considerable attention, and substantial
experimentsl and theoretical work has been done on the topic.

The most important aspect of the problem is the assessment of the effect on stability that a given inlet distortion
produces. In a previous paper {1] a hod was p d for puting this loss in stability, by examining the
conditions under which small disturbances, which propagate round the annulus, will grow. The analysis, which appears
to be the first to treat this problem from the point of view of a rigorous fluid dynamic instability calculation, showed
trends in compressor behaviour that were in good agreement with existing experimental observations.

The crucial feature of the method is the ability to properly account for the fluid dynamic interaction between the
spoiled and unspoiled sectors of the compressor. As will be discussed below, it is this, rather than any “critical
residence time" (in the distorted region) that is the key issue in determining the stability of the distorted flow. To
model this interaction small perturbations are taken about a (time) mean flow that is circumferentially strongly
non-uniform. The "background” flow is thus a nonlinear disturbance (distortion), and the calculation of this flow is
therefore an important part of the overall computational procedure (1].

In [1] the emphasis was in describing the method and presenting some ini..al computations to show the type of
results that could be obtained. The scope of that paper was such that there was only brief discussion of the structure of

the disturbances, the question of the exi of a simple oversll criterion for instability, the relation between the
computational results and previous stiempts to deal with this problem (such as the "parallel pr . hod), and
the basic physical mechanisms that are associated with the observed behaviour. This paper covers these aspects as well
as discussing two other facets of the problem. The first is the behaviour of & comp: bjected to a ing inlet
distortion, such as might be imposed by a low pressure compressor feeding a rotating stall into a high pressure

pr The d is the examination of the impact of some of the different loss models that have been proposed
for this problem on the lusions of the method
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2. BRIEF DESCRIPTION OF THE MODEL

This topic was described in detail in [1] so that only a brief description will be presented here. The most
important element is how the compressor performance is calculated. We assume that the compressor is low speed, with
IGV's, and of sufficiently high hub-to-tip ratio that a two-dimensional treatment is valid. The pressure rise across any
bladerow is taken to be made up of that achieved in steady uniform flow at the current entry conditions plus thas
necessary to balance the acceleration of the fluid within the bladerow [2]. When the contributions from each bladerow
are added, this implies a performance for the compressor as a whole of, for each value of 0,

PPy .3 ur ?2

ST YO % Th @
where A and p are determined by the inertia of the fluid in the rotors and in all bladerows respectively. ¢ is the local
value of axial flow coefficient (= C, /U) and y is the clean flow inlet total to exit static pressurc rise characteristic. y
is dtobea h continuous function of flow coefficient and is the performance that would be obtained if the
flow through the compressor were steady and axisymmetric. Parts of this performance curve cannot be realised unless
some means of stabilising the compressor flow, such as a second compressor close up behind the first, is employed.
Unless otherwise ified, the particular form used for ¥ in the calculations presented is that shown in Figure 1. This
is 1aken from [3] ~.s is taken from a low speed three stage compressor. The problem of assessing the effect of inlet
distortion on the stability of the flow through the compressor is inherently a nonlinear one. We maintain that it is the
nonlinearity of the compressor performance, v, as a function of flow coefficient that is by far the most important one
in the problem. It is treated fully nonlinearly in our calculations.

Before a solution of Eq. (1) can be attempted some way of relating the pressure terms to ¢ must be specified. This
involves a calculation of the flowfields upstream and downstream of the compressor and is in itself & nonlinear
problem. We regard this nonlinearity as being of lesser importance. The equations used to specify the upstream and
downstream flowfield are taken to be those describing linear perturbations about a uniform flow. This way of treating
the flowficld has been adopted by many authors, eg [4], [S], to study inlet distortion. Furth-r d. ussion of this
approach and some justification for it can be found in [1].

The compression system studied is shown in Figure 2 as a compressor pumping to a downstream plenum (situated
at least a couple of radii downstream) which exhausts through an ideal throttle. Density changes in the plenum are
related to pressure changes through an isentropic relstionship and the inertia of the fluid in the throtile is neglected.
This again is & conventional approach 1o modelling plerum flows. It was used extensively in, for example, [6) and {7]
where it is shown that the non-dimensional parameters which characterize the compressor and sysiem dynamic
behaviour are

Lior  effective compressor length
n= =y = ‘mean radius

and

B U vplenum

" Ay

To complete the formulation of the problem some way of specifying the inlet distortion must be added. Because
the flow through the compressor is nonlinear and often unsteady it will influence that through any practical distortion
generator. This is a complication of detail rather than of principle that we do not wish to address here. We will
assume that the total pressure P, is specified as a function of @ (and sometimes also t) at a plane upstream of the
asymmetric static pressure field ahead of the compressor.

3. STABILITY ASSESSMENT

Once the inlet distortion is specified a solution to Eq (1) can be found. Under the assumptions discussed in the
previous section, Eq (1) and those for the various flowfields, become a coupled set of ordinary, nonlinear differential
equations. If the distortion is steady, then a steady solution is d ded. Another case di d later is that of a
totating distortion and in this case a solution which rotates at the prescribed frequency is sought. There are various
ways of accomplishing this solution, we found that a Fourier Collocation method (8], which exploits the
circumferential periodicity of the flow, to be a particularly ruitable method. The important points are that a solution
can be obtained and that it can be obtained whether or not such a flow would be stable in practice. For the case of
steady distortion Eq (1) reduces to, for this "background” flow,

p,-P, = Yo) - 4
pUz (()] Z.de (0]
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The linear of the up and downstream flowfields means () that P, is purely a function of & and
equal to the specified distorted value and (b) that py is circumferentially uniform taking a value determined by the
throtile setting.

The stability issue is decided by a separate calculation. To the "background" flow is added a small, unsseady
general perturbation. If any such perturbation grows with time then the flow through the compressor is adjudged
unstable. It is only if all possible solutions decay away with time that stability is assured. If perturbation quantities
are denoted by 8 ( ), then Eq (1) implies

EL”“—:;‘!S¢— xﬁ——"iaﬁ
pUz d a0 U a

In general dy/d¢ is a strong function of 8 and the separate solutions of this equation differ
radically from the comparable ones (proportional to exp (in®)) obtained in stability analyses of clean (undistorted)
flow. This small perturbation approach is & dard technique in stability theory and represents in effect an eigenmode
and eigenvalue problem. In physical terms, the unsteady perturbations to the flow may be viewed as small stall cells
(NOT fully developed) when they propagate around the annulus and as small system transients when they are
predominantly one dimensional in character.

€]

4. COMMENTS ON A GENERAL STABILITY CRITERION FOR DISTORTED FLOW

In [1] it was suggested that the point of instability, for a p r in a steady, circumferentially distorted flow,
would occur when the area aversged value of the compressor characteristic slope was 2ero0,

| 2%

~[®w - o0 @

=y do
where the integrand is evaluated using the solution for the background steady distorted flow, as given by Eq (2). This
statement was based upon the resulis of applying the perturbation stability analysis to a wide variety of different
distortion/compression system combinations. Quantities that were varied included; the compressor characteristic; the
shape, extent and amplitude of the distortion; the system dynamics parameters B and 1; and the bladerow inertia
parameters A and . In all, over 250 cases were studied and in about 90% Eq (4) was found to hold st the instability
onset operating point with surprising accuracy.

An heuristic argument for the validity of Eq (4) can be based upon a simplified treatment of Eq (3). If for the
moment the pressure terms on the left hand side of the equation are omitted, Eq (3) becomes
a

Eq (5) has ss general solution the sum of terms of the form

50 = f8) &

where
d
g e ¥l o oo
d8 x| U do

The solution for f (0) is given by

r_l ¢ dy ip cr
f@) = exp X_I —_— gl — e——
2o ¢ AU

Since f must be periodic as & {unction of 8, the argument of the exponential must tak. the value 2xiN for some integer
N. This condition determines the eigenvalue ©, and means that

2%
weo . NA O ifdy g ©)
TN u-!dqa

When the imaginary part of ® is less than zero the solutions to equation (5) will grow in time and the system is
unstable. At the neutral stability operating point « must be purely real, implying Eq (4). At this point solutions to Eq
(5) can then be written
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This form is that of a wave travelling around the annulus with amplitude growing exponentially in

regions where dy/d§ is positive and decaying in regions where dy/d¢ is negative. In this way abalance is achieved
between the stable and unstable sectors of the 1 It should be d that dy/d¢ is a strong function of 6, as
shown in Figure (3). This represents a background flow calculated for a 120° sector "square wave" distortion st the
neutral stability point (as calculated using the full perturbation analysis). It is slso worth noting that the axial
velocity variation is in quadrature with the imposed total pressure distortion.

Retumning to Eq (3) one can examine what affect the inclusion of the pressure terms would have on the sbove
heuristic sargument. If solutions to Eq (3) do not have a styong n = 0 p then the dy p iated
with them will decay away exponentially up and dow of the p They simply balance local fluid
accelerations and 50 tend to be in quadrature with the axial velocity perturbations, 8¢. It is not hard 1o see nor difficult
to prove that their inclusion does little to alter the heuristic solution (7) other than to modify the speed at which the
wave wavels around the annulus. Their inclusion certainly does not contribute to growth or decay of a perturbation over
a cycle, leaving our argument for Eq (4) as a stability criterion intact.

The above provides a plausibility argument for the use of the integrated mean slope (IMS) equal to zero as a
stability criterion, but it is to be noted that it is the large body of more rigorous computations which underpins our
belief in its generality. In addition a number of similarities tstween the calculated perturbations and the heuristic
solutions are evident. The regions of the annulus where the calculated perturbation amplitude grows and where it decays
correlates well with the sign of dy/d¢d. All travelling wave type of disturbances appeared to become unstable together
(as is the case in Eq (6) where no preference for N is apparent). Finally those 10% of cases where IMS = 0 was found
not to apply were precisely those cases where the validity of the heuristic argument might be questioned. These cases
form the substance of the next section.

5. "RESONANCE" (FREQUENCY COINCIDENCE)

The results of one of the sets of calculations for which the IMS criterion appeared not to be valid is shown in
Figure 4. This shows the throtile setting at instability as a function of B for a "square wave" 120° sector distortion.
There is a ten percent drop in the value of throttle setting at instability, corresponding to roughly a five per cent
increase in mass flow, when compared with the IMS prediction. In order to understand this effect it is necessary to
examine in more detail the structure of the unsteady perturbations at the onset of instability, The general form for a
perturbation, or mode, is

5 = Zkt’keike“m ®

with the value of @ being determined from the stability a...lysis. Figure 5 gives the Fourier components of the axial
velocity perturbation for the modes which have as their strongest component a single lobed and a two lobed
propagating axial velocity disturbance. The nomenclature to be followed is 1o call the former, the first mode, and the
other the second mode. The mode which has its zeroth Fourier cumponent largest is similarly referred to as the zeroth
order mode. One can (loosely) view the zeroth order mode as a surge type disturbance and the other modes as different
order propagating stall type disturbances.

Several points can be seen from the harmonic analysis. First the coupling between different components is
strongest for the near neighbours. This is due to the fact that the imposed distortion has as jts strongest component
the first harmonic. Distortions of practical i in the p ie those which have a significant effect on
the stall point, will also tend to have this same first harmonic dominance. There is an extra consideration, however,
for the zero harmonic in that it represents variations in the annulus averaged mass flow through the compressor., These
variations persist throughout the rest of the system snd as a result their amplitude is strongly affected by the system
properties. One might expect that if, in addition, e mass flow variations were at s frequency close 1o the natural
frequency of the system that amplification of the zero harmonic component would take place.

The frequency of the first mode (a rotating stall-like disturbance) and that of the zero'th mode (a surge-like
disturbance) are shown in Figure € as a function of the system B parameter. A change
in B is a change in the system (ie plenum volume, overall compressor length) parameters. The computations show
that the velocity of the propagating type of modal disturbances essentially scales with rotor speed and that it is not
much affected. The frequency of the surge-like type of disturbance on the other hand is a strong function of B. At B =
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0.34, for this particular system, the two freq i incide. In the neighbourhood of freq y coincid the

coupling between the zeroth and first Fourier components becomes stronger. This can be seen in Figure 7 which shows
& plot of the 2eroth and first harmonic components of the most unstable mode (the first mode, propagating type).

The most important point, from an applications point of view, is that this strengthening of the coupling beiween
the zero and first harmonics is accompanied by a shift of the instability onset point to a higher flow than predicted by
using the IMS criterion. In Figure 8 the throttle setting at instability onset point is shown as a function of the ratio
of surge 1o rotating stall frequencies. Also shown in this figure is a similar effect to that produced by varying B
obtained by keeping B constant and varying the other parameter which determines the system natural frequency, n.

6. APPLICATIONS OF THE INTEGRATED MEAN SLOPE CRITERION AND CONNECTION WITH PARALLEL
COMPRESSOR THEORY

The IMS = O criterion is, when valid, a very useful result, since one can then compute the instability point in a
simple manner. To explore the importance of parameters such as A we will, in this section, deal with a simple case. It
will be assumed that the compressor characteristic takes a particularly convenient form - that of a parabola

¥ o= v, - 2607
The stability criterion IMS = 0 reduces w0
0= [¥ae = J.—2a2(¢—¢m)d0
dé

* = ¢ I

Further, the inlet distortion will be of “square wave" type, as shown in Figure 9. The equation that determines the
distribution of ¢ around the annulus Eq (1) becomes

d
Loy, -R - a(0-0, 7 10
de m L m
where RL is the pressure rise in the 8 ~ (distorted) sector of the annulus, while in the rest of the annulus
d¢ AP 4
xd—=wm-RL+—;-a(o—¢m)2 (1)
] pU

At neutral stability, when equation (9) holds, ¢ must have the form shown in Figure 9. Examination of the sign
of d¢/d@ in the distorted sector implies from equation (10) that RL >V
It is a simple matter 10 solve equations (10) and (11) to obtain ¢ as a function of ® and 10 integrate the forms found to
obtain ¢. One oblains

i L
o=¢m-&.l"£ un'—“’i—;vﬁ(e-‘f) 0<e
and (12)
1
(Vn+-:TP;1.- RL)7 -l(‘Vm*A_:zL‘RL)%
¢ =6, - - tanh p;. (x-0+07)| e>0-

<, | A




7-6
The pressure rise, RL.uneuudlubﬂityisdewmhwdbyWIMS-Omiﬁomdmosom.

It can be seen from equation (12) that if ¢ is to remain finite in the distorted sector then
Ry -y )2 -
— %m\m not exceed ®/2.  When this condition is added to that obtained already,
A
that RL >V We obtain,
nA2
a2e-2

v, <R <w +

It is immediately obvious that as A — 0, RL =V, or “Instability onset is when the pressure rise in the 8 sector
reaches the clean flow instability onset point™:- the criterion applied in early versions of the paraliel compressor
model.

Examination of equation (12) indicates that A only occurs in the combination A/a. Thus, when characteristics have
high curvature near their peak pressure rise, A becomes less important and the predictions of this model approach those
of the parallel compressor model. The loss of stability margin, defined in terms of pressure rise at constant speed, is
shown in Figure 10 for an example case. It appears that the two compressors in parallel estimate is always
pessimistic.

The corresponding axial velocity profiles at the neutral stability case are shown for a 180° square wave in Figure
11. The IMS = 0 criterion implies that parable of the annulus must be at negative dy/d¢ (¢ > ) and s
stable condition as are at positive dy/d¢ (¢ < om) and an unstable conditon. The most interesting aspect of Figure 11
is the manner in which the value A/a dominates the way this balance is achieved. The (locally) least stable part of the
annulus is not in phase with the spoiled sec.or, m.d indeed, as A/a — 0 is wholly in the unspoiled sector. The
A/a — 0 limit results, of course, in the whole of the compressor annulus operating on the undistorted characteristic.
Figure 12 emphasises the difierences ia high (stable) flow cases and the neutral stability case.

7. ROTATING INLET DISTORTIONS

There has recently been interest in distortions that are not stationary but propagate (rotate) at some fraction of
rotor speed. A practical situation in which this occurs is a high pressure compressor in a iwo (or three) spool engine
subjected to the distortion created by a rolating stall in the low pressure compressor. Rotating distortions can be
regarded as one out of the general class of dynamic distortions, with which the present analysis is capable of dealing.

The detailed experimental evidence is somewhat sperse, but one of the striking results that has been seen with
rotating distortions is the strong decrease in stability if the rotation speed becomes close to the stall cell propagation
speed. This was observed in [9] where an analogy with resonant behaviour of a simple system was drawn. The
experimental resuts of [9] are shown in Figure 13 where the increase in the value of stall flow coefficient when the
propagation speed of the distortion is close to the natural stall propagation speed can be clearly scen.

To examine this, calculations have been carried out with inlet distortions rotating at various fractions of rotor
speed, f, from f = - .6 (against rotor rotation) to f = .6 (with rotor rotation). The background flow upstream and
downstream of the compressor is taken to be steady in 2 frame that rotates at the distortion frequency. The equation
expressing the compressor pressure rise, Eq (1), is then

P 6
"‘Uz" = V(e = (h-pD) = a3)
P

At first sight this equation appears identical to Eq (2), the corresponding equation for steady distortion. There are,
however, two crucial differences. Because the flow ahead of the compressor is unsteady P, is no longer simply the
upstream distorted value. It is strongly affected by, and must emerge fron. a calculation of, the compressor entry
flowfield. Secondly, the flow downstream of the compressor is unsteady and Py must reflect this fact.

The solutions for the background flow as given by Eq (13) are shown in Figure (14) for a square wave distortion of
extent 120° for the range of distortion rotation rates studied. When
f = - .6 the coefficient of d¢/d8 in Eq (13) is more than double the steady (f = 0) value. This effective increase of the
rotor inertia parameter, A, is mirrored in the form obtained for ¢, which shows relatively small variations about its
mean value. When f = .6, this coefficient has opposite sign to the steady value. At least as far as the right hand side
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of Eq (13) is concerned, this is equivalent 10 changing the sign of d4/d8. The form of the ¢ curve is thus almost s
mirror image of the steady (f = 0) value,

Too much attention should not be focused on the sign of A - uf, since the pressure terms in Eq (13) are also
important, but it does imply that somewhere between f = 0 and { = .6 (for this compressor) the axial velocity profile
must undergo a radical transition. The nature of this transition is seen in Figure 15 which shows the velocity profiles
for f = 0.1, 0.2, and 0.3. The last one is very close to the stall cell spoed. At this condition the velocity profile has
2 large amplitude and does not look unlike a stall cell. What appears to be occurring is that one is “forcing”™ the
system at frequencies that are getting nearer and nearer 1o its resonant frequency, ie the frequency of stall cell
propagation. Thus the response is expected to be larger although, again, it should be emphasised that the system we
are dealing with is strongly nonlinear and one cannot push simple analogies too far.

The speed of the distortion has a marked effect on the overall distorted flow compressor characteristic as well as
on the stall point, and this is shown in Figure 15. As the propsgation speed is increased from zeso there is a drop in
the compressor performance (due to the increase in axial velocity non-uniformity) and a shift in the stall point. In
particular for f = 0.3 there is only a small regime in which the flow is stable.

In common with the case of steady distortion, it appears from Figure 14 that the least stable parts of the annulus
are to be found outside the spoiled sector. It seems that any attempt to investigate what determines the stall point must
model the fluid dynamic coupling of the spoiled and unspoiled It is difficult to see, for example, how one
might do this with an approach based simply on total pressure patterns and any type of “critical residence time".

8. EFFECT OF LOSS MODELLING ON STABILITY PREDICTION

In analysing the distortion problem there have been a number of sttempis to model the unsteady blade response.
All of these, at least for multistage compressor models sre quite rudimentary when compared to the actusl situation, and
it is therefore worthwhile to investigate the overall impact of the choice of model on the predictions of the analysis.

In the preceding sections we assumed that the effect of the unsteadiness could be modelied by an inertia-like term
and that the losses were traced out in & quasi-steady manner. In this section we will assume that bladerow exit flow

angles follow changes in bladerow inlet flow angles in 8 quasi-steady but the inst loss across a
bladerow lags incid hang: It can be shown that, under these assumptions, all internal flow angles will be a
function only of ¢, the local flow coefficient. The particular lag law to be used is

W4

where L is a loss coefficient and L, is the steady state value of the loss coefficient at the instantaneous flow
conditon. The time constant, 7y , has been shown to have a value approximately equivalent to the time necessary for a
particle to convect through a bladerow [10]

U
2 = = 0.1-03
W, Cr

If the distortion is steady, the equation replacing Eq (2) which describes the steady background flow becomes

-P d
%'%—k-h-%;ﬁ as)

where ¥ip is an “ideal” pressure rise characteristic, being that obtsined for the current internal flow angles but
assuming zero loss. yp together with the stator loss, L, are purely functions of ¢. The term Ly is the sum of the
losses through the rotors and is given by

dL,
1L—d-e— = Ll.' L.Il (16)

assuming similer rotors for each stage (as is the case for the compressor used throughout this peper). For small values
of the left hand side (recall 7; = 0.1 - 0.3) it can be shown that W first order in Ul

Ulng dp
L =L -t
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When this term is substituted into (15) that equation takes a form exactly equivaleat to Eq (2),

2
P @
"—p;,l = v -r, T an

where ¥, L, md Lg hl\;l;bemreywpedforfomvwhile

dLy

]
A = A-1T= 1))
Strictly speaking Xe" is & function of 8, but given the approximats nature of the analysis an ) ge value will

suffice.

As an example of this, Figure 16, shows the axial velocity profiles at neutral stability for a 180° degree square
wave distortion. The three curves shown are calculated using (a) the simple inertia unsteadiness model (a3 used in the
preceding sections of this paper), (b) the full unsteady loss model and (c) the inertia model with a suitably increased
value of A, at least as far as the steady axial velocity profile is concerned.

Given the similarity between axial velocity profiles it is hardly surprising that the calculated stability onset point
for the unsteady loss model and the effective A model are indistinguishable. There is, however, 8 marked difference in
which modes are predicted to be the least stable. This occurs b the inclusion of an dy loss model means
that, near stall, the instantaneous slope of the compressor characteristic will be less positive than with quasi-steady
losses. This can be seen qualitatively by reference 1o equation (14), which for small disturbances, becomes for rotors

Hr a8L U JdL
T{T+T?} = MSS_ 5L

For the n'th harmonic and for a time dependence of the form ai'm this reduces to

8L,
5L = (1]

or
1+ itL(TJ- +n)
which decreases rapidly with increasing n. This effect would not have been predicted just by i ing the effective A.

A quantitive illustration of this is Figure 17, where the separation of the different modes can be seen. As alluded
10, the first mode, becomes unstable first followed by the second mode etc.

The condition st which the first mode becomes unstable is not much different than that computed with the
quasi-steady loss model so that inclusion of unsteady losses does not have a major effect on predicted stall point. What

the compulation does emphasise, however, is that it is the first mode that one should focus on since this is the most
unstable.
SUMMARY AND CONCLUSIONS

1. A fluid dynamic stability analysis has been used to examine several phenomema associated with inlet distortion in
multistage axial compressors.

2. The structure of the disturbance cigenmodes has been shown to have & distribution that is rich in harmonics. The
simple inertia lag model does not distinguish a most unstable disturbance except near resonance conditions.

3. The regimes of validity of the approximate distorted flow instability criterion
2%
| Yoo
o e
have been examined. It is shown that this is valid except in the neighbourhood where surge (system) type frequencies

and compressor (stall cell) type propagating frequencies coincide. Further the use of this criterion allows one to show
clearly that the basic parallel compressor stability criterion is recovered as a limiting case of the present analysis.

T, 1 — A
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4. It is found that a rotating disturbance, whose propagation speed is close to that of the natural eigensolutions of
the system can cause roiating stall at & considerably higher flow rate than for a disturbance that rotates with speed far
from the natural value. This is shown to be in agr with experi ] results. In general counter rotating
disturbances have less of an adverse effect than do co-rotating disturbances.

5. In the neighbourhood where the system (surge type) froquencies and the compressor (propating type frequencies)
coincide there is also a decrease in siability compared to regimes in which these frequencies are quite different.

6. The inclusion of pitch average models of unsteady losses in a computation of steady-state distorted flow has an
effect very similar to that of an increase in the inertial unsteady terms, and thus sppears not to introduce sny new fluid
mechanic effects.

7. The dy ioss calculstion, however, does separate the stability points of the different modes, with the result
that the first (propagating) mode is the most unstable, and hence most important to consider.

ACKNOWLBGEMENT

T.P. Hynes and E.M. Greitzer wish to gratefully acknowlege the AGARD travel grant that made this work possible.
T.P. Hynes would like to thank Mr D.D. Williams for all his help and guidance. This work was also supported by a
research grant from the NASA Lewis R h Centre, Number NSG 3208 which the authors gratefully acknowledge.
This work has been carried out with the support of the Procurement Executive, Ministry of Defence.

REFERENCES

[1] Hyners T.P. and Greitzer EM. ‘A Method for Assessing Effects of Inlet Flow Distortion on Compressor
Stuability' from 'Swbility, Stall and Surge in Compressors and Pumps' ASME Winter Meeting, New Orleans, 1984
and Journal of Engineering for Power 1986 (to appear).

[2] Moore FK., 'A Theory of Rotating Stall of Multistage Compressors, Parts I-II' ASME J. Eng. Gas Turbines and
Power, Vol. 106, 1984 pp 313-336.

[3] Koff FK., 'Stalled Flow Characteristics for Axial Compressors’, Master's thesis, MIT 1983.

f4] Dunham J. "Non-Axisymmetric Flows in Axial Compressors”. Mechanical Engineering Science Monograph
No 5, 1963.

[5]1 Mokelke H. "The Prediction of Steady, Circumferential Pressure and Temperature Distortions
in Multistage Axial Flow Compressors”. ASME Journal of Engineering for Power, Vol 102, April 1980,

[6] Greitzer EM. ‘Surge and Rotating Stall in Axial Flow Compressors' ASME Jounal of Engineering for Power,
Vol 98, April 1976, pp 190-217.

[7]  Greitzer E.M. "Axial Compressor Stall Phenomena" ASME JI. of Fluids Engineering, Vol 102, 1980.

[8] Peyret R., Taylor-T.D. Computational Methods for Fluid Flow, Springer-Verlag 1983.

{91 Ludwig G.R., Nenni J.P,, and Arendt R.H. 'Investigation of Rotating Stall in Axial Flow Compressors and the
Development of a Prototype Stall Control System' Technical Report USAF-APL-TR-73-45, 1973.

[10] Massawy R.S. "Multiple Segment Parallel Compressor Model for Circumferential Flow Distortion’, ASME J. Eng.
Power, Vol 99, April 1977, pp 228-246.

Speed of sound
Fourier coefficients of axial velocity perturbation at compr face
Flow-through area
Axial chord

Jbiajkmnn.
non-dimensional system paremeter; B= 28l A. Lyoy
Axial velocity

distortion frequency (fraction of rotor rotation rate)
Overall effective length of compressor ducting
Harmonic number

Static pressure

Total pressure

Mesn radius

- oo =§-~*nw T rS %

—aa P _— y



7-10

T

<ce

ubscripts

VX EWNN - oW

GCompressor Performance, Pel
»

Pressure rise in distorted sector
Wheel speed
Perturbation quantity

Non-dimensional effective length = Lropt

Inertia parameter (rotors) = T

by

r cos® (stagger)

Inertia parameter (all bladerows) = b

by

Unsteady loss lag parameter

r cos2 (stagger)

Axial velocity coefficient; ¢ = Cx/U

Non-dimensional

1 % ) 4

rise in axisymmetric flow

B-Py

vy = —

pU
Radian frequency of perturbation

2

Inlet to compressor duct
Compressor inlet
Compressor exit
Plenum inlet
Throttle outlet
Rotor
Stator
Steady state
Figure 1 Axisymmetric Flow Compressor
Characteristic
W = —6.7603+4.32¢2+.3
ottle Line
J0?
2
E ]
Axial Flow Coeff.Phi
Gowrou:r Entry
Plenum . 4
Distorted inlet s r
° .
Compressor
Ext o
Figuwre 2 Simple Compression System




8
53.
5 L
&3 8
3 © o Figue 4 Example Case when IM8 is not Adequate
a:_ —————>
g Spolled Sector '{3
E; ¥ hondi Y
CIRCOMFERENSAL ANCLS orG) 5
1 a 8
g1 LN
; B=1 pu4 A=y =z %
. 120 deg 8q Wi Distortion
sq ‘ave Distort g )
& S o w4 Al gu2
E’ g v - 120 deg 8q Wave Distortion
s
) o
g 4 TIAL ANGLE (;g')' °
=2 =1
o - T T T 1
8 0.00 0.25 0.50 0.78 1.00
as B FACTOR
v
4 Flgwe 3 Typical Axial Velocity Profite at instabliity Oneet
i 2 tat Mode
ﬁ 2nd Mode
' o
6 |
° Figure § Harmonic Content of Eigenvectors
o | at Their Neutral Stability Point
x (B .5)
-
3 -
1 E S 4
n
s | =4 A= =2
120 deg Sq Wave Distortion
2
P
° 1 : 3 . s
k
[
£
) ———— . e




7-12
; Figure 8 ftall Point Frequencies of Different
"
o
s Rotating stall-
2z like mode
S
3 -
&
fay
by
o ] =4 A=t pm2 s-:qo-uk-
120 deg 8q Wave Distortion *
Q
° 1 LS
.00 0.23 0.50 075 .00
B FACTOR
1A
Figwe 7 { of Zero
Content of First Mode
| Near Resonance
2 -
@
s
<
o
. _
=4 An1 pw2 ——
120 deg Sq Wave Distortion
2
T T T —
o 1
B Factor
§ Figure 8 Effect of Frequency Coincidence on
7 Throttle Setting at Ngtablity
o
~
=4 Ax1 p=2
g ° . 120 deg 8q Wave Distortion
0
& -
8. Bat Ant y=2
A S,
g A
-
0.0 0.8 h b0

.0 1.8
SURGE FREQ/STALL FREQ




Pressurs Rise

..

Tlow Cosfficient ¢

Total Pressure”

——————
‘% Figwe 9 Square Wave Distortion and
¢ Parabolic Compressor Pressurs

} Rise Characteristic

Flow Cosfficient <

|
|
]
0
+
._._..'
1

Circuaferential angle §
]

Circumferential sngle &

Figure 11 Effect of A/a on Phi st inatability
Using M8

7-13

]

o T T T

Clrcumferential Anglo

Figure 10 Loss of Stsbility Margin v Distorted Sector Size

Simpie Paraflel Compressor

Using IMS

Distorted Sector Angle




[

Flow Coefficient , Phi

High Flow Case (Stable) Instablity Oneet Case
N
3 L 2 ap
g' . IA" F —H~—>
: ]
&
Flow Coetficient , Phi

Flgwe 12 Low M/a Umit of Present Model

Figure 13 Experimentally Determined Effect of Distortion Rotation
Rate on Staft Point. From Reference 6.

sacann §
T ] =1y
L N ol _duul | & AT T et
¥ A R
4 — . :
s 4
. raL ol N
"~ LARGE /3
e e a'“ - anpLITUOS 1
300 IS S SN S S
i : - . H
SV S % 03| .3 vioetry  f-- i
H WITH STATIONARY .
| i oaToATION
...... TYPL 02 - T .
ROTATING STALL .
L _..A = LARGE AMPLITUDE, H
with 2 H
oisTORTION g ;
=t 8 = LANGE AMPLITUDL, Yl S
OUY 0F AR WITH 3 i
| . ourosnos . -4
r FTT }
] 3 (] £ 7] u - '] s
-« AETOATION SCRREN AP
OETORTION VELOSITY AATIO et

Figure 14 Axial Velocity Protiles for Rotating
Distortions at Mean Ph .5

Bm1 n=4 Ami ym2
120 deg Sq Wave Distortion

[}
| L] i 4 L
0 Ciroumferential Angle 360
N.B. Frame Rotates with Distortion
e S Y SV WP - -



!
!

0.7

0.8
L

=1 g=4 A=) pu=2
120 deg 3q Wave Distortion

COMPRESSOR PERFORMANCE, PSI

0.4

02 03 o4 D05 o6
FLOW COEF., PHI

Fgure 10 Effect of Unsteady Losses on Mean Flow
at Neutral Stability Point

No Unsteady Losses ———

Unateady Losses - —
Effective Lambds ——

B=1 gm4 Am| p=2
180 deg 8q Wave Diatortion

Figure 17 Effect of Unsteady Loes Modet on
Stall Point for Different Modes

0.7

0.6

)

Stall Pointe X

Smi gnd Ami pag
180 dog 8q Wave Distersien

0.9 06 05 o8 o7
FLOW COEF., PHI

COMPRESSOR PERFORMANCE, PSI1

0.4

-

— - e 1



DISCUSSION

Ph.Ramette, Fr
For a low-pressure compressor in a full engine, what is the downstream plenum volume which is used for the non-
dimensional parameter B?

Author’s Reply
1 do not know the answer to that. We are developing this model for higher-order compression systems. We are putting

in a single compressor followed by a second compressor and modelling the flow in the second compressor. [ do not
think that the simple compression system can model a multi-compressor system. Our model cannot shed any light on
the volume that should be taken.

J.Fabri, Fr
A few years ago Ed Greitzer demonstrated in several ASME papers that there is no valid two-dimensional solution for
three-dimensional flows. It is a pleasure to see that he is working again in two-dimensional flows.

Author’s Reply
For the high hub-tip-ratio compressors modelled here 1 think that the two-dimensional theory is a good approximation
for long wavelength circumferential distortions. The model does not address radial or mixed distortions and is not
applicable to a fan.

R.Van Den Braembussche, Be
In your paper you compare surge frequency and rotating stall frequency. How do you define rotating stall frequency? Is
it the rotational speed of the stall cells or is it the frequency in a fixed reference point?

What are the types of compressor where both frequencies are the same?

Author’s Reply
The model provides an eigenvalue analysis so there is a solution for every value of n, a circumferential harmonic. The
solutions for non-zero n propagate around the annulus. The solution for n = 0 is primarily a one-dimensional
oscillation. By surge frequency we mean the natural frequency that emerges as a solution of the eigenvalue problem for
the n = 0 mode. The rotating stall frequency is the frequency that emerges for the n = 1 mode.

When it comes to assigning a stall frequency to a compressor we would claim that the surge frequency is a strong
function of the system in which the compressor operates and of the B parameter. The rotating stall frequency tends to
be a property of the compressor, described by unsteadiness within the compressor itself.
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ETUDE NUMERIQUE DE LA TRANSMISSION D'UNE DISTORSION DANS UN COMPRESSEUR AXTAL
par Germaim BILLET, Philippe CHEVALIER et Plerre LAVAL

Office National d'Etudes et de Recherches Aérospatiales
29, avenue de la Division Leclerc
92320 - CHATILLON SOUS BAGNEUX

RESUME

Une modélisation mathématique représentant le fonctfonnement des
grilles fixes ou mobiles d'un compresseur axial est couplée 3 une simulation
numérique de 1'&coulement tridimensionnel hors grilles. Le code de calcul déve-
loppé permet d'étudier les é&coulements tridimensionnels compressibles non uni-
formes dans les turbomachines. Le fluide est supposé parfalt dans les espaces
hors-grilles, les effets visqueux Etant pris en compte dans les grilles. Les
résultats oaunériques sont compars aux doundes expérimentales obtenues suT un
compresseur monoftage basse pression soumis 3 une distorsion statlonnaire de
pression d'arrét, de forte amplitude, dans la section d'entrée. Les comparaisons
montrent que cette approche numérique est capable de prédire la réponse globale
du compresseur. Ce travail s'inscrit dans un projet visant 3 prévoir la réponse
d'un compresseur 3 un &coulement d'entrée non uniforme périodi{que dans le tvemps
ou compldtement instationnaire.

NUMERICAL STUDY OF THE PROPAGATION OF AN INLET FLOW DISTORTION

THROUGH AN AXIAL COMPRESSOR

ABSTRACT

A model representing the response of fixed or rotating axial compressor
blade rows is coupled to a 3-D numerical simulation of the flow outside the blade
tows. The code can be used to study nonumiform compressible 3-D flows through
turbomachines. The fluid is assumed to be inviscid in the space outside the rows,
while the viscous effects are tsken into account inside. Numerical results are
compared with experimental data fin the case of a low speed single stage
compressor with an inlet steady total pressure distortion. These comparisons show
that the numerical approach 1s able to predict the global response of the
compressor. This work 1s part of a larger project aimed at predicting the
response of a compresgor to a nonuniform fnlet flow that is periodic in time, or
fully unsteady.

Travail effectué sous contrat DRET.
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1. INTRODUCTION

L'ONERA développe depuis plusleurs années des codes de calcul dans le but de déterminer la
téponse des compresseurs A4 des hétérogénéités azimutales d'alimentatfon. En particulier, les wméchodes
linéarisées, qui ont 1'avantage d'&tre rapides, apportent de précieux renseignements lorsque 1'hétéro-
gnéité n'est pas trop importante [1). Par contre en présence de fortes hétérogénéitésengendrant des phéno-
m2nes non linafres, 11 est nécessaire de faire appel 2 une approche numérique qui permet d'analyser ce
problime complexe du compresseur soumis 3 de fortes distorsions azimutales d'alimentation, ou
fonctionnant pras de la limite du décrochage, 3 forte contrepression et A faible débit, dans une zone ol
de faibles perturbations peuvent &tre considérablement amplifi{es. Les approches du probleme dans le
domaine non lin&aire ont surtout fait appel 3 des modélisation bidimensionnelles [2 3 5). Or Greltzer et
Strand [6) ont montré que la superposition d'une giration importante et d'hEtérogén€ités de pression
d'arrdt induit des effets tridimensionnels que ne peuvent appréhender les approchesbidimensionnelles.Dans
ces coaditions, il est apparu nécessaire de développer un moddle numérique plus complet qui soit capable
de capter les effets radiaux en plus des ph&nomdnes azimutaux. Dans ce but, cet article est particulld-
rement consacté 3 1'€tude numérique d'un &coulement hétérogdne tridimensionnel compressible et instation-
naire dang un compresseur monoftage 3 velae cylindrique dont l1'alimentation est soumise 3 une distorsion
stationnaire et dont la charge est comparable 2 celles rencontrées sur les compresseurs industriels.

L'approche numérique est basfe sur une méthode aux différences finles 3 pas fractionnaires
purement instationnaire qui a &té développée pour 1'&tude d'un &coulement h€térogéne non visqueux dans un
canal annulaire simulant la partie du moteur situe en amont du compresseur [7]. Dans le pr&sent travail
nous avons repris cette approche pour résoudre les E&quations d'Euler dans les zones hors-grilles. La
régolution s'effectue, dans les grilles fixes ou moblles, en couplant les &quations globales, modélisant
le fonctionnement d'une roue, aux &quations d'Euler utilisées dans les espaces hors grilles. Cette modé-
lisation instationnaire, 3 base esuentieilement phénoménologique, associe trois relatfons Intégrales
{conservation de la masse, de 1la quantité de mouvement et de l'€nergie) et deux &quations de retard
concernant vespectivement le coefficient de perte de charge et 1‘écart flux-profil (& une constante
angulaire prés) en sortie d'aubages. Une derni2re relation sur I'évolution radiale des lignes de courant
3 la traversde des grilles permet de fermer le syst2me d'équations qui relie les diverses grapdeurs aéro-
cthermodynamiques définies respectivement en amont et en aval de chaque grille.

Les comparalsons entre les valeurs expérimentales et les résultats obtenus par le programme de
calcul sont pr&sentées dans plusieurs sections transversales, en particulier en aval et en amont de la
roue mobile ol des relevés expérimentaux détaillés so:r. fournis.

2. NOTATIONS

r, 6, z : coordonnges cylindriques dans le domalne physique,

R‘ 9, Z :cootdonnées transformées dans le domalne de calcul,

t: temps,
V: vitesse absolue,
v: vitesse relative,

V,, V., V‘composantes de la vitesse absolue,

Ups Vg, U;:composantes de la vitesse relative,

o vitesse angulaire du rotor (peut dépendre du temps),
T rapport des chaleurs spécifiques,
c: célérité du son locale,
nombre de Mach local,
?: angle de déflexion radiale,
B: angle relatif de déflexion azimutale,

9P, angle de déflexion radiale d'entrée,

B : angle de déflex{on azimutale d'entrée,
P masse volumique,

p preasion statique,

P pression d'arrét,

P; N pression d'arrét d'entrée,

T: température absolue,

T,: température d'arrét d'entrée,

S entropie spécifique,

é: taux de chaleur volumique,




:?:,,(o) Cpuissance des forces extérieures dans le repdre relatif,

(J'U: tenseur des contraintes visqueuses,
1 coefficlient de pertes,
b angle de calage,

r: rayon,
r: hauteur du canal,
e

. fonction linéaire des pentes des carters interne et externe,
’: corde axiale des aubes,

l: pas des canaux interaubes,

h . hauteur du tube de couran: ;l .
n: normale unitafre extérieure,

N

. aombre d'aubes de la grille.

Indice inférieur

I: entrfe de la grille,
2 surtie de la grille,
i noy e,

€ carter externe,

AN €tat statiounaire.

3. PRINCIPE DE LA METHODE

Le domafne de calcul est composé d'un canal annulaire 3 section évolutive limité par les
carters interne et externe de la machine et par un plan d'entrée et un plan de sortie qui se sftuent
respectivement en amont de la premiére grille et en aval de la dernidre grille.

Afin d'avolr un domafne de calcul A mailles orthcgonales, une transformation des coordonnées
spatiales qui préserve le caractdre conservatif des équations d'Euler est appliquée :

r-R=— ‘'—
r(z)—ri(2) 32

Le champ physique est alors transformé en un domaine parallélépipédique.
(a) Equations r&solues dans le domaine hors-grilles

L'écoulement &tant supposé non-visqueux dans ce domalne, nous c¢onsidérons le systdme des
&quations d'Fuler exprimé dans le nouveau systdme de coordonnfes 2 = 2 ‘Q e R , C

oU  oF 2G ¢H
W+, 2,0, R+ —=(U, Z. Ry=0 2
ot az(U) a@‘ ) t’R( )

avec

p
PV,
U=rr | p(V,sin8+V4c0s6)
p(¥,cos8— V,sin 8)
E

ol E représente l'énerglie totale par unité de volume qui dans le cas consi{déré d'un gaz parfait régulier
( ¥ = Cte) a pour expression :
I
E= P + pVZ
y~-1 2
Les expresslons des composantes des vecteurs F, G et H sont données dans (7].

b) Modélisation des grilles

Le calcul du "véritable” &coulement tridimensionnel dans la totalité des canaux Interaubes d'un

_- - - - A
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&tage n'est actuellement pas envisageable avec les calculateurs disponibles, les durfes d'explotftation
&tant prohibitives. 1} faudrs attendre 1'arrivée d'une nouvelle gén&ration d'ordinateurs pour rfaliser
ces calculs.

De ce fait, notre cholx s'eat port€ sur une mod€lisation de 1l'écoulement dans les grilles qui
&vite 1'utilisation d'un majllage sxial & 1'intérieur des aubages. I1 est donc possible, dans ce cas,
d'étudier les phénomdnes physiques dans un compresgseur complet avec un nombre de mailles raisonnable.
Mais en contrepartie les mod2les utilisés n'approchent que de manilre globale les phénom2nes physiques et
doivent souvent faire appel 3 des valeurs expérimentales (en particulier sur le coefficient de perte X
et l'angle de sortie en axes relatifs P‘) pour combler le manque d'information 3 1'intérieur des
grilles.

Le wmod2le de roues, similaire 3 un “semi-actuactor disk” s'obtient par simplification des
&quatfons de Navier-Stokes compldtes &crites gous forme conservative dans le domaine transformé. Ces
€quations sont tout d'abord intégrées dans un tube de courant (f% ) qui a une &paisseur finie (cette
hypothdse généralise le mod2le présenté dans (8] od 1'Epailsseur de (€L ) €tait supposte infiniment
petite). Chaque domaine ( fL ) est limité par les profils de deux aubages adjacents dans la direction azi-
mutale, par les sgections d'entrée et de sortie du canal interaubes dans la direction axiale et par deux
surfaces de courant dans la direction radiale (Fig. 1). Si on représente la frontidre qui entoure
(£2), les troils &quations peuvent s'écrire dans le repdre relatif, apr2s quelques calculs [9]

N
(@) J. L_BdQ+J pv.ndQ=0,
ot 0

s/ w?r? j ( v? mzrz) .
b o=~ an + p+p——p wdQ— | pdivvdQ
® Lar(pz 3 > 0 2 72 a

+ j pr(uafmr)io—)d(!:?,
a dt

1 &
) — —”dn+jpdivvm +L PV NIQ= -2,
Yy=1Jaét Q PN

avec

?=—J ?:,((o'dQ+J qdQ +0)J. c,on——J pTédﬂ.
n a a o dt

Fig. 1. MODELISATION DES GRILLES DANS LE PLAN PHYSIQUE

11 est &vident que les relations (3) ne peuvent 8tre utilises sous cette forme et que quelques
hypothdses simplificatrices sont nécessaires. Nous supposons donc que les variables aérothermodyna~
miques :
~ varient linfairement le long de chaque tube de courant (Q) H

- aont constantes dans les gections d'entrée et de gortie du domaine ( {}) c'est-3~dire que la longueur
d'onde de la perturbacfon circonférentielle est grande par rapport au pas du canal.
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Nous admettons que dans chaque tube de courant (1) :
- 1'&coulement est tangent au squelette du profil de 1'aube : v.=v,t38;

- 1'évolution radiale des lignee de courant A la traversée des roues est connue et ne dépend pas du
temps. Elle est donnfe par un calcul d'Ecoulement méridien 3 1'instant initial {,

v,=v,r** 3 ft:=(, )
avec P":P“(I') .

Si nous supposons de plus que 1'évolution est adiabatique, que les effets visqueux dans les
sections d'entrée et de sortie sont nfgligeables et que 1'&paisseur de déplacement des couches limites
sur les profils reste toujours faible vis-2-vig du pas du canal le terme J se rédult 3 :

= - pTd—dﬂ.
o t
Ecrit sous cette forme, ce terme de perte instationnaire est difficile 3 calculer. L'analogie avec 1le

terme de perte stationnaire d'un &coulement incompressible traversant une roue fixe [3) suggdre
d'expriner P, sous forme discrite, par la relation :

1 v, S1+0,,8;
?-—-——Epnl’f _1_.2_’_—)1

»

ons‘-&h et Sz"&r;!z définissent respectivement 1'aire des sections d'entrée et de sortie du tube de
courant (N )-

X est déterming, comme dans [2 2 5], par le mod2le de transfert suivant :

o

2 ey =vy,. (5)
at XK

2 représente une constante de temps liée 3 la convection des perturbations dane la couche
limite et 5 ©8t une fonction de FI— obtenue expérimentalement.

Les &quations instationnaires (3) peuvent 8tre alors &crites eous une forme discrdte qui relie
les grandeurs d'entrée (masse volumique, énergie cinétique spfcifique axiale et pression statique) au
point du maillage 1 aux grandeurs de sortie au point du maillage 2 du mod2le de roue (fig. 1) :

2
(Pl"‘P:)"‘P:":;sz‘Pt”z,s|=o’ M

Vn
@ Ja

2
v (4 2% 4., 2 V. 8
®) —Z‘l(t825+l+ 1 7 2 7 )E(p,u,,+pzv,z) ~Tt)5;(plmz,f+pzwzr§)

2 2 2,2 2,2 v, 8,+9,,S; 1

V, do
(prvi—p,0*r} +pyv3-py0®r}) + T“[tsﬁ(p. Ty 0, +Pz"z%,)#m(pﬂ{-&-p;ri)]; =%,

V, 0
(c) 2(‘12!) E(p, +p,)+(’%&)(vus,-v,,s.) +_'—_l_—l(p,v,,sz—p, v, S,)= -9, )

N h
od ?-{;9 [ %[l,(kz+%)+l.(h.+ fﬂrepréunte le volume approché du tube de courant (ﬂ).

A partir de ces relations, 1l est intéressant de remarquer que la vari{ation de la vitesse (o
rotation (équation 6b) est prise en compte et permet d'Studier le comportement du compresseur lors de
phases d'accélération ou de décéléracion.

Les noeuds 1 et 2 sppartiennent aussi au domaine hors-grilles, et nous pouvons y appliquer les
&quations définies dans ce domaine.

La vitesse axiale de 1'€coulement est supposée subsonique dans les plans d'entrée et de sortie
des grilles. Dans ce cas, en nous basant sur la théorie des caractéristiques, nous pouvons iatégrer
quatte &quations 2 1'entrée et une seule en sortie. Pour le point d’entrée 1, compte tenu de ls relatfon
(4), une des Equations dégéndre et le syst2me a'exprime dans le repdre relat'f comme suit :

(a) v, =0, i) 3
9p, a"n
— +pc +A,=0
® a PO T4
(1o long de la caractéristique C+), \ "
ap,
~-—+B,=0,
© a !
(d) (J)
— 4+C,; =0,
od ot ! /
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' 0 Ip.
A,-(«“c)_r;,c (v,‘.c)ﬂ - 3‘; otde) b

‘(""1(—5-t"t—“i)295'4 (z'(«&..c)( T Dv,
P S PRt T

2 (py (1’ dw ) p, & W  mert ) Bt 5™ EY
Bv'sz(”'“)*i"ér 38 n3e T TR % () G &

C,- o JL(L& do )2, | 2 b, B (TER) OB, | gy ntt, et e
"z

e Y, ~ )0 pn 26 = oRrR 3

K3

Pour le point de sortie 2, la relation (4) et 1'Equation le long de la caractérilstique C- donnent 1le
systdme sulvant :

(a) v, =0, "

(8)

P, 2
b) - —MC
( 2 Pa1€a at

(le long de la caractéristique C-).

=0

s 2

s

- 6% (/v.‘- c,_)( e f;’) ;a%‘ . ;1: U, (,-:‘ ~ ’-") . c, r;']gg:

2 os
Lt 35T et
—_— 202 .
A aRrR ~n

Une dernidre é&quation est nécessaire pour fermer le systdme. Elle utilise un mod2le de
transfert sur 1'angle de sortie instationnaire B, .

Cette &quation peut s'exprimer ainsi :

v % +B2=Pa, )

’
od f&”, comme ;5), est une fonction de F; obtenue 3 partir des résultats expérimentaux. & est une
constante qui peut varier en fonction de §

Ce mod2le simple a déJ3 &té urilisé dans d’autres travaux (cf. [2] par exemple). Il apparaft
souhaitable de pouvoir disposer d'un mod2le plus physique. Dans ce but, une &tude expbrimentale a &té
menée A 1'ONERA [11] et 1l'introduction du nouvesu mod2le, dans le code de calcul est en cours.

La relatlon qui relle 3,' aux conposanteu de la vitesse relative s'€crit :

91=Arctg—
22
Le couplage des &quations (6a), (6b), (6¢c), (7b), (7c), (7d), (8b) et (9) aboutit au systdme de huit
&quations suivant :
b 4 ow on N
YiadZ a2 ¢ a0, 01
ot 0z 00 JoR

avec :
‘¥ =[p,, Uyys Days Prs Pre Vago Vogo P2).

Les Sléments des matrices of, B et ¥ et les p es de %d(, dent des posantes de ?L et
de la ghowbtrie de la velne [9). Aprds résolution de ce systdme, les composantes radfales de la vitesse
aux points 1 et 2 sont obtenues par les relations (7a) et (8a). Le coefficient de perte instationnaire
donné par (5) apparsit dans le terme non homogdned .

4. APPROCHE NUMERIQUE

Le problime est résolu numériquement par une méthode 3 pas fractionnaires, dite de désinté-
gration, explicite, du second ordre. C'est une extension 3 1'espace tridimensionnel de ls méthode 2 pas
fractionnaires développle dans [10] et appliquée aux calculs d'écoulements transsoniques bidimensionnels.
Cette mfthode consiste 2 décomposer 1'opérateur spatial tridimensionnel en opfrateurs unidimensionnels
suxquels est associé le schémse de MacCormack [12].

Le dowmaine de calcul concernant le compresseur &tudié ci-dessous east divisé en tl‘ou régions,

Ls région 1 comprend les zones hors-grilles situées en amont de la roue mobile et en aval du
redresseur.
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La véglon 2 fnclut les zones hors-grilles situes juste devant la roue mobtle, entre les deux
grilles et juste aprds le redresseur.

La région 3 se situe au niveau des plans d'entrée et de sortie de chaque grille.

Les pas d'espace de ces trois régions sont respectivement 8Z;48 ,AR (région 1),°_§.‘ AQ AR
(régions 2 et 3).

Soit U 9 1'approximation de U ( t 2,8, ,Rg) au temps tk- ~at (‘N_éN , At) 0) et
aux points 2 -\.AE 9 J,AQ et RL".AR

Le schéma 3 chaque double pas entier s'exprime dans la région 1 de la mani2re suivante :

e (Sl D)e (5 (D

At At

At
Ll — ) Lo et Ly
ol 3 3 3 définissent les opérateurs aux différences finies unidi-

mensionnels dans les directions respectives 2, @ et R . Le produit commutatif des opérateurs dans (11)
est indispengsable pour obtenir une précision du second ordre [10]. t

+(1/3) .

Bien que les différeots schémas 3 pas fractionnaires (tel que U".J‘ 2’2( A
discrétisent des systimes unidimensionnels pseudo-instationnaires, il a &té déwontré que le schéma 3 pas
entier (11) est consistant avec les &quations instatlonnaires, c'est-3a-dire qu'il discrétise le syst2me
&crit sous forme conservative (2) avec une précision du second ordre [10].

En tenant compte que dans la régton 2 le pas d'espace dans la direction axiale est A2 /2, le

schéma 2 pas entler dans cette région s'obient directement 2 partir du schéma (11) en remplagant chaque
opérateur (ﬂ 3) par un produfit de deux opérateurs unidimenaionunels :

At At At
gz(? Eg’( )y’(s)
Pour congtruire le schéma A pas entier qui discrétise le systdme (10) (régfon 3), nous dEcomposons 1la

matrice qui apparalt dans (10) en une matrice triangulaire supérieure et une matrice triangulaire

inférieure 3 . Cette décomposition supplémentalre permet d'obtenir analytiquement une conditfon de
stabilité approchée pour ce schéma.

Le schéma 2 pas entier utilisé dans la région 3 est défini comme suit :
¥pi=H (521)3’9([;‘)""(5:') T (12)
s ()i $)s()r () () (),
(2= () ) () (6) (%)

Ce gchfma discrétise le ayst}me (10) et par conséquent les schémas associfs 3 chaque opfrateur

(‘t/s ), s'ipe(dt/é) el Lq (st /6) discrétisent des systdmes unidimensionnels
forme non conservative:

Le schéma Uu»(llo)__g' (A‘) ii" s par exemple, s'dcrit [13] :
6

wt(1/6) _ At
ﬁnn = Hl.].h ~Ed;-"‘(q7*l-l.l'_q;:].l)9

8sous

Ar
@71:“/6)=’w?;¢ "Azdm(q{uk i, ;.n)g

pour les prédicteurs et :

+1, /&

1 At -
+(1/6) 446y 0
wizvo Lanrdigom - 2 oo, @ ~agz],

N T ETE

L i e et Saeeabird
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- 1
pour le correcteus, ol : d;‘,.=d(4'i';.) et d?:((:/f,’,_.=d[§(“,':{"f). +&71:“’°))]-

Les schémas 3 pas fractionnaires :

B8 an NP
qb:(uz)=!.(z)q‘;(lll) et q:;(zni:g.(?)quz(lll)

discrétisent respectivement les syst2mes pseudo-instationnaires :

1 o

o o
— = =o(Ar? AG? o 22 4+ @,— =0(A?, AG?).
o THize = ) s a T¥i59 0 )

[ Y]

At ”
Le schéma A pas fractionnaires : 77}:”/6)=g.(? Wf;“l )

discrétise la partie non homog2ne du systdme (10) (de la méwe manf2re qu'une méthode de désintégratiom
discrétise la partie non homogdne d'un systdme parabolique [lk]) et est donné€ par :

4'1'1:(7/6)=":'1:(m) ~-2At2 (q;ﬁ - At ( 63% ),,.) .

Le schéma 2 pas entfer (12) est consistant avec les véritables &quations c'est-3-dire qu'fl
diascrétise le systdme (10) avec une précision du second ordre.

La condition linfaire de stabilité des schémas 3 pas entiers utilisés dans chacune des zones
est obtenue analytiquement en considérant la norme Lz de ces schémas. Ils sont stables ei la norme de
chaque opfrateur fractionnaire est bornfe par 1'unité. Les schémas A pas entiers appliqués dans les zones
hors-grilles doivent satisfailre la condition suivante (1li&e au critdre de Courant Friedrichs Lewy) :

AznagMin[A—z,@,ﬁ : i
AZ AO AR

avec :

A2=M'8XIA“)|=|VZI+C, A°=Max|u(”l=l(|y.l+c)’
i r

Ag=Max|§®| =(|V, -V, r* / Iy =
L ) l l (l 3 :’l +c fl+r*d)r, =1 ...,5

(U]
”ny “(0 et & sont respectivement 1les valeurs propres des wmatrices
jacoblennes des vecteurs F, G, H (systdme 2) par rapport a U.

Cette condition est nettement moins restrictive que celle 3 laquelle doivent satisfaire les

schémas “tridimensionnels” explicites (schémas obtenus par diacrétisation directe de 1'opérateur spatisl
tridimensionnel).

L'étude de la condition de stabilit& associée aux schémas (12) est plus compliquée. Cependant
avec les hypoth2ses suivantes :
Lo ] «
vn=vu ) €1=¢; ) é‘—‘) z©° o JL{ - »’r{l’. o (-e:'f/&,)
dt

(cette dernidre conditton revient 3 supposer que les pentes radisles des lignes de courant et des lignes
du matllage, & 1l'entrée et 2 la sortie des roues. ont des valeurs peu différentes), 1l est possible de
déterminer les valeurs propres des matrices o, gl’ 92 et @ qui s'éerivent respectivement :




vy,
0 2r,
a;; (t87B2+1+r3) vy,
Uy 2r k

v, +¢, Vo,
0 2r,

16 (A +rt?) vy, +c, 8B,
0 bpm =b%n= 2r k .
0 0

(1+rt? sy

2ryk

2-rd) 1+, tg B,

Vry 2r,k

k (182 B2 +1+r1%) 0,

® 2 .2 -
ot Com=0 (m=l§7)‘c.‘=cl[_g+M(:_'+:_z)], 2rk
r, k o

mz

v,
—;'—(Btg2 By—tg2 B, +3rt2 4124+ 4)+

avec : @32=

avec k=1g2 P, +2+rt* +r32.
Ltapplication des schémas 3 pas entiers dans la zone des grilles est assujettie a une condition
similaire 2 (13) ; le pas de temps unique pour les trois zones doit vériffer la conditfom {9} :

AZ rA© AR]

[a32] " [Bial” |cas

Le traitement des conditions aux limites,qui a déjd &té exposé en détails dans la r€férence (7]
est ici bridvement résuné :

At<Ar=Min [Acm (13")

~ la condition aux limites la plus simple se situe dans la direction azimutale ol une condition de pério-
dicité est utilisbe dans les plans @ =0 et @ = 27T ;

une condition de glissement VJL/\/ - Igtf est appliqufe sur les carters interne (R= 0) et externe
(R = 1) 2 chaque pas entier. Les opératturs A é » Le et é y sont appliqués cowme dans tout
autre plan R = (¥ . Par contre, suivant la direction radiale, un schéma décentré [15] remplace le
achéma classique de Mac Cormack ;

- Dans le plan d'entrée ( Z = 0), les quatre grandeurs suivantes : }?, T;_, ‘f; et ﬁ_’_ sont imposées dans
les cas traités od Vz a une valeur subsonique. La cinqui2me Inconnue est calculée par intégration de
1'&quation de compatibilité le long de la ligne caractéristique  ~ :

0, 02, 00, pR s

+A%=0, (14)
ot YA R e oz

‘ﬂ et §; .
L*'&quation (14) est discrétisfe au moyen d'un schéma 2 pas entier du second ordre, semblable 2

(l11), dans lequel les achémas 3 pas fractionnaires s'appliquent 2 des &quations sous forme non conser-
vative.

od Q=Logp. Les coefficients Al @ A5 sont fonction des conditions d’entrée P‘-’, T

o

Dans le plan de sortie, la pression statique est donnfe et quatre &quations sont intégrées dans
les cas traités od Vp & une valeur subsonique : 1'€quation de compatibilité le long de 1la caracté-
ristique (* et trois &quations provenant du systdme de base (2). Ces &qu-tions sont discrétisfes au moyen
d'un schéma 2 pas entier similaire 2 (11).

Un terme de viscosité artificielle [16] est utilisé afin d'atténuer les oscillations numériques

parasites qui peuvent se développer et nuisent 2 la convergence du calcul. L'ajustement des parssdtres

B intervenant dans ce terme permet de conserver une précision du second ordre. L'introduction d'une visco-

) sité artificielle conduisant 3 une condition de stabilitd® un peu plus restrictive que la condition (13'),
les calculs ont &t€ réalisks avec un pas de temps £gal 0.7 AL, od AL est d6fini par 1'Squation (13').
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RESULTATS

Les calculs ont &cé réalisés sur un calculateur CRAY-1S en mode vectoriel. Le maillage comprend
approximativement 78000 noeuds (78 dans la direction axjiale, 91 dans la direction azimutale et 11 dans 1a
direction radiale) (fig. 2). La convergence vers la solution stationnairc nEcessite environ 1000 pas en
temps, ce qui correspond 3 1 heure de calcul et 3 un temps physique de 20 ms. Tous les résultats
présentés ont &té obtenus 3 convergence (&tat stationnaire).

Le code de calcul LABICHE permet d'étudier différentee distorsions d'entre : une distorsion de
teapdrature d'arr8t et (ou) une distorsion de pression d'arrlt peuvent &tre couplées 2 une distorsion
radiale et (ou) & une distorsion azimutale de la direction de 1'écoulement. Ici, seule une distorsion
d'entrée de la pression d'arcrlt est coneidér&e (les autres variables Etant supposes rester constantes

dans le plan d'entrée).

Le code a &té appliqué 2 un banc expérimental comportant un compresseur monoftage basse
pression 3 veine non &volutive de rapport de moyeu &gal A 0.668.

Les principales caractéristiques au point nominal sont les suivantes :

2AP
Accroisgement moyen de la pression -1 = 0.62

ov?
débit 6,96 kg/s
puissance absorbée 18,73 Kw
vitesse de rotation 3500 trfma.

Bien que la vitesse de rotation eoit falble, ce compresseur a 1'avantage d'avoir umne charge
semblable 3 celles des compresseurs industriels. L'€tude a &t€ r€alise en un point de la caractéristique
od le dévannage est maximum, c'est-3-dire pour la valeur du débit la plus Elevée possible.

s

Tt

N

\_Redresseur

Coupe longitudinale
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Fig. 2. MAILLAGE DU DOMAINE HORS-GRILLES
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Fig. 3. DESCRIPTION DU MONTAGE EXPERIMENTAL
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La figure 3 présente 1'organisation générale du banc exprimental ainsi que la forme des
aubages.

Un &cran 3 porosité variable, fixé 2 un diasdtre en amont de la roue mobile, crée une
distorsion de pression d'arr®t qui se propage ensuite le long de la veine. Cette perturbation induit ume
distribution quasi-sinusoldale de la pression d'arrét A chaque rayon /U= cste dans le plan d'entrée de la
veine et les incidences suivantes sur les aubages de la roue mobile :

r/re incidence ea présence
de 1'&cran

0.96 -3° a+ 2°

0.92 -3,8° 3+ 2,7°

0.84 ~4,4° &8 + 2,6°

0.76 ~5,2° 2 + 4,2°

0.70 -5,4° & + 2,6°

Une procgdure spéciale est utilisée pour introduire les conditions 3 la limite dans le plan
amont : les valeurs obtenues par un calcul d'E&coulement méridien sont progressivement modififes au cours
du temps jusqu'd ce qu'elles attelgnent les valeurs lmposées de 1’écoulement hétérogdne. Les résultats
présentés correspondent aux conditions aux limites suivantes :

- & 1'entrée de la veine :

Pi(r,8) = Pj, fr) +”}§'.,, {r)coent + bplr)sinnd

Les &volutions radiales de F;.‘_(IL, [ ('4—) et ‘G‘n (A.) (mn=1,...., 5) sont obtenues 2
partir des données expérimentales. Les figured (4b) et (4c) décrivent les &volutions radlales de P;,‘_et
de o, . La distribution de pression d'arrdt 3 l'entrée est présente sur la figure 4a.

t
P;u:101 35 Ao et QV/L = 2430 AHo- définissent respectivement la pressfon d'arrdt et
la pression dynsamique 3 l'entrée de la veine en &coulement homogdne (sans &cran).

L'amplitude de 1la distorsion est {importante puisqu'elle atteint 50 ¥ de la valeur de 1la
pression dynamique moyenne 3 1'entrée (voir figure 4c).

8=0°

Carter externe
.
-08 06 ~04  Pip—p
T 172 pvY
.
3
1b)
Moyeu

. valcure axpérimentales
— Evolutfon utilisfe dans les calculs

Carter externe
¢ o A2V
o3 i 0.7
d
{c)
Moyeu

FPig. 4. DISTRIBUTION DE LA PRESSION D'ARRET A L 'ENTREE

a) Coupe transversale Pi(r,8)= P lr) + f'-n(rlcmno + bplr)sinné
ne
b) Bvolution radisle de Pjy, i)

c) Evolution radisle de &, r)
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- En 8o ‘tie de veine :
la pression statique imposée dans le code est donnée par la fonction suivante :

4s = P [4,”14(4_41) t 40042 R 4 z;uo"'c,.oe‘]

ol R est donn€ par (1).

Elle permet de retrouver avec une bonne précision les valeurs expérimentales fournies dans ce
plan de sondage.

Fig. 5. PROJECTION DU VECTEUR VITESSE ABSOLUE DANS LE PLAN D'ENTREE
DE LA ROUE MOBILE
(en m/s)

La figure 5 montre la projection de la vitesse absolue, dans le plan d'entrée de la roue
mobile obtenue par le calcul. Deux régions distinctes sont obgservées. Dans chacune de ces régions 1'écou-
lement a tendance A plonger des zones de fortes pressions vers les zones de faibles pressions. De plus, 2
cause de 1l'existence de gradients radiaux 1'&coulement g'infl&chit vers le carter externe dans les zones
de fortes pressions tandis que dans les zones de faibles pressions 1'écoulement s’incurve vers le moyeu.
Ces phénomdnes montrent que l'&coulement est effectivement tridimenslonnel quand une distorsion semblable
2 celle imposée dans le calcul est engendrée A 1l'entrfe de la veine méme lorsque, dans le cas &tudié ici,
le compresseur a des parois cylindriques.
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Fig. 6. REPARTITION DES ANGLES RELATIFS AZIMUTAUXﬂl et ﬁZ
AU RAYON MOYEN

a) devant la roue mobile b) derridre la roue mobile

Les répartitions, au rayon moyen, des angles relatifs azimutaux 3 et B, de 1'&coulement
respectivement 3 l'entrée et 3 la sortie de la roue moblle sont trac&es sur les figures 6a et 6b. La
valeur du débit obtenue numériquement est l8g2rement plus faible que la valeur du débit déterminfe expé-
timentalement {3 1). Par consfquent, les valeurs numériques de p, (liées directement dans notre cas au
débit) sont un peu plus Slevées dans certsines véglons (2,5° maximum) mais les deux Evolutions sont
comparables et ont tendance 3 calquer leur allure quasi-sinuectdale sur celle de la pression d'arrdt 2
cet endroit. Pour 1'angle §,, les valeurs stationnaires expérimentales Basy sont introduites dans le
cnlcull et la distributfon de 1l'angle P, est obtenue par 1'intermédiaire de 1'&quation de transfert (9)
ot ¢ = 0.5.

Au rayon considéré, 1'évolution de l'angle @, n'a pas un aspect sinusoldal et montre blen que
les effets non-lindaires sont fmportants dans cette région 3 la traversée de la roue mobile.

L'accord entre les valeurs expérimentales et numbriques est convenable sur une grande partie de
1'szimut mals 11 est aussi &vident que le mod2le (9) est perfectible en particulier aux moments du décol-
lement progressif (100°__3 240°) et du recollement rapide de la couche limite le long du profil
(240°——, 300°).
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caleul experience oxperience

Fig. 7. COEFFICIENT DE DEBIT EN AVAL DE LA ROUE Fig. 8. REPARTITION DE LA PRESSION TOTALE EN AVAL
MOBILE Vj/wr, DE LA ROUE MOBILE

La figure 7 présente les lignes 1so-coefficient de débit obtenues expfrimentalement et numéri-
quement 3 1'aval de la roue mobile. Les niveaux sont bien représentés dans cette gection excepté dans la
partie ol la pression d'arr2t est la plue faible et ol un &cart entre le débit numbrique et le débit
expérimental apparaft. La forme des isolignes obtenues par le calcul et par 1'expfrience est similaire.
En particulier, dans la partie gauche de 1'anneau 1'&tirement des lignes 4 et 5 est aussi visible dans le
calcul ; dans la partie droite, la remontée de ces mlmes lignes vers le carter externe est bien repré-
sentée. Dans la zone de forte pression d'arrlt, les isolignes se referment autour d'un noyau (ligne 1)
décalé de 10° (par rapport 3 § = 0°) dans la direction opposée 2 celle de la vitesse de rotation. Ce
phénomdne est aussi perceptible sur la figure 8 od les isolignes de la pression d'arr#t sont tracées dans

le mdme plan. Ce déplacement de la valeur maximale de la pression d'arrét (P;) est dd 2 un fort gradient
négatif de 1'incidence dans la direction de la vitesse de rotation qui produit une réduction du travail
dans la roue mobile et par conséquent déplace le maximum de P, dans la direction oppcsée. Comme sur la
figure précédente, la répartition de P‘ obtenue par le code de calcul est proche des donnfes expérimen-—
tales dans la majeure partie du plan de sondage. Un &cart entre les valeurs numériques et expérimentales
apparaft dans la zone ol la Best la plus bssse, c'est-d-dire 12 od le décollement progressif de la couche
limite sur le profil n'est pas correctement représenté par le wod2le utilisé (figure 6b). Tous ces
résultats montrent que ce code est capable de prévoir la réponse globale d'un compresseur a4 une
distorsion, mals des aaéliorations dolvent &tre apportées en particulier sur les moddles de tramsfert
(€quations 5 et 9) afin de mieux appréhender certains détails de 1'&coulement.

CONCLUSION

Le code de calcul LABICHE est validé par les résultats présentés et leur comparaison avec
1'expérience. Son application s'est Elargie A des compresseurs industriels [1}] mais sans posaibilités de
cowparaigous jusqu’'d présent. L'utilisation de ce code devrait permettre de mieux appréhender les phéno-
mdnes comsplexesengendréslors de phases transitoires dans les compresseurs et en particulier d'améliorer
leur marge au pompage pour des configurations de vol peu &tudifes jusqu’'d maintenant.

Les mod2les utilisés, pour représenter les pertes et 1'Ecart flux-profil ,ont leur propre limi-
tation car {ls ne sont pas bilen adaptés lorsque de forts décollements de la couche limite apparaissent.
Un nouveau mod2le concernant 1'cart flux-profil a &té &laboré 2 1'ONERA et est en cours d'introduction
dans le code LABICHE.
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DISCUSSION

Ph.Ramette, Fr
Ceci n'est pas une question, mais plutot un commentaire:

(a) Votre conférence montre clairement 'importance des gradients radiaux qui conduisent a un écoulement fortement
tridimensionnel.

(b) Les moyens informatiques nécessaire pour traiter ce type de calcul deviennent trés importants, surtout en capacité
mémoire, et risquent de limiter I'extension de ce type de méthode. Vous avez en effet indiqué un maillage de
78,000 points, et pour le film que vous avez présenté, une heure de calcul sur CRAY-1S avec 1,500 iterations.

Author’s Reply
Je ne pense pas que les risques de limitation dans I'extension de ce type de méthode soient grands, car on doit compter
dans les années a venir, sans étre trop optimiste, sur des progrés encore tres spectaculaires (en capacité mémoire et en
rapidité) des ordinateurs.

H.B.Weyer, Ne
1 wonder whether it is possible that the stator has no effect on the distortion pattern, particularly if the stator load is not
equal to zero. Please comment.

Author’s Reply
For this compressor it is normal because this compressor has a constant channel. This is also observed in the
experiment.
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CALCUL DU COMPORTEMENT D'UNE GRILLE D'AUBES EN REGIME
DE DECROCHAGE ODYNAMIQUE®
P. GILLANT - P, SAGNES - JP. OLLIER
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Allée Gabriel Voisin - 78373 PLAISIR CEDEX - France

RESUME

La méthode de calcul décrite dans ce document permet la représentation pour un colt
relativement faible de 1'écoulement subsonique instationnaire & travers une grille
d'aubes bidimensionnelle de compresseur. Cette modélisaetion utilise la méthode des
singularités ; celles-ci sont disposées sur les profils et sur les filets tourbil-
lonnaires formant un sillane en avael des aubes. Dans les cas ol l'on tient compte
d'une variation de hauteur de veine, de la compressibilité du Ffluide ou encore
lorsque l'on consid2re une roue mobile (avec variation du rayon de la nappe) des

singularités discrdtes sont ajoutées dans le cenal interaube.

Des lois de tranfert de grille établies lorsqu'aucun décollement de la couche limite

n'intervient sont présentées.

Une extension au régime de décrochage dynamique est introduite. lLes résultats déja
obtenus montrent qu'au voisinage du point de décollement, un calcul capable de
décrire convenablement & la fois la ligne de déplacement et 1'écoulement local est

nécessaire.

STE DES NOTATIONS

: affixe complexe

: angle relstif & la direction axiale

: vitesse complexe de l'écoulement

: potentiel de l'écoulement

: pousséde induite sur le profil

débit de sources l1ié au profil

: densité de circulation d'un tourbillaon 1ié au profil ou libre

: densité de circulation d'un tourbillon situé sur les lani2res du sillage
: nombre de segments sur le profil

: pas de la grille

corde de l'aube génératrice

hsuteur de veine
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rayon

coordonndes cylindriques

2
- @®
-

coordonndes cartésiennes

x
~

P
@«

longueur d'un segment

vitesse de rotation

circulation totale
circulation autour du profil

ol I 7 I >

coefficient de pertes

Q¢ _.fréquence réduite
<[ Von

.

-
3
W

* treavaux financés par la Direction dea Recherches et Etudes Techniques (Direction
Générsle de 1'Armement).
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numéro du segment du profil

L) : numéro du tourbillon libre

TL ¢t indice d'affixe d'un tourbillon libre

NT : indice du temps t

n : indice de maille dans le canal interaube
f : caractérise la source résiduelle

ej : numéro d'un segment sur le sillage extrados

numéro d'un segment sur le sillage intrados

—-
[

valeur en amont de la grille

]

valeur en aval de la grille
Kdac ¢ cersctérise le point de décollement

valeur infinie moyenne
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1. - INTRODUCTION

Les défauts d'alimentation A& l'entrée des turborédacteurs aéronautiques provoqués per
des causes extérieures ou par des configurations de vols particulidres, induisent des

inégalités circonférentielles et radiales de l'écoulement en amont du compresseur.

Les travaux de modélisation des phénomdnes mis en jeu comportent deux types
d'epproches : d'une part, l'élaboration de codes de calculs étudiant la propaqation
de ces hétérogénéités dans le champ du compresseur, d'autre part, la recherche de
méthodes de détermination théorique des lois de transfert (au sens généralisé du
tarme) de grilles d'aubes de turbomachines, ces lois intervenant comme conditions

limites dans les calculs de propsgation.

Ces phénomenes instationnaires se traduisent au niveau des roues du compresseur par
des variations locales de 1l'incidence de 1l'écoulement relestif et des sollicitations
dynamiques. Le point de Ffonctionnement de cheque étage peut également varier et
pénétrer dans le zone de pompage provoquant ainsi la dégradation des performances et

des risques mécsniques importants.

Le démarche qui & conduit & mettre en oeuvre les deux spproches décrites précédemment
vise une formulation peu complexe des phénoménes physiques mais doit permettre
d'éteblir des outils numériques suffisamment souples d'emploi pour &tre utilisés dés

le stade de l'avant-projet.

Le suite de cet article détaille les caslculs permettant la représentation de
1'écoulement dans une grille d'aubes ) tout d'abord dens le cas du fluide parfait,
incompressible. La prise en compte des effets dis 3 la compressibilité et des effets
visqueux est ensuite présentde, Enfin aprads 1'établissement de lois de transfert
bidimensionnelles correspondant & de tels écoulements, les problimes que posent
1'étude et la représentetion du décollement de la couche limite sur 1l'extrados des

profils d'aubes sont exposés.

PN, A
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2. - DETERMINATION DES LOIS OE_TRANSFERT DE GRILLE D'AUBES BIDIMENSIONNELLE EN
ECOULEMENT VISQUEUX NIN DECOLLE

La méthode de calcul utilisée est la méthode des singularités ; elle a 1'avantage de
réduire d'un degré la dimension des équations puisqu'il s'agit d'une méthode
intégrale et est par censéquent moing coQteuse en temps calcul. Oe plus, bien qu'elle
ne soit rigoyreusement applicable qu'en écoulement incompressible,une extension au
domaine compressible sans choc par adjonction de puits ou de sourcea judicieusement
placés dans le champ de l'écoulement est possible. De telles méthodes permettent

également de représenter l'écoulement en repkre relatif.

2.1. - Ecoulement en fluide parfait

Hypothtses de calcul

L'ensemble des équatinons & résoudre est constitué des équations d'Etuler, de

conservation de la masse et des conditions aux limites.

L'écoulement est supposé hidimensionnel, lirrotationnel, et dans un premier temps
incompressible ; le fluide est considéré de plus comme parfait ; il s'écoule 2
travers une grille d'aubes infinie. fet écoulement admet une périodicité spatiale,
c'est-A-dire gue 1l'écoulement se reproduit identiquement pour une distance égale au

pas de la grille d'aubes.

Le schéma de la grille d'aubes é&tudiéde et les notations uytilisdes sont rassemhlés

figure 1.

Le principe du calcul est le guivant : le profil d'une aube est discrétisé en
segments auxquels sont assorids des réparvitions lindigues uniformes de sources Gk et
de tourbillons d’'intensités Ay . la donnée d'une vitesse infinie moyenne et la

ronngissance des intensités des singularités déterminent enti2rement ]'écoulement.

Remarque : pour des questions de commndité et d'efficacité d'écriture, l'ensemble des
caleuls est effectud en notations cumplexes.
Vitesse

Le profil de 1'aube génératrice de la qrille est découpéd en N segments comme le

montre la fiqure 2.

A chacun des N seqments sont associds une source et un tourbillon lié, La résolution
nymérique de 1'dcoulement implique des résolutions de syatdmes lindaires de rang
élevd. Cea calculs sont rapides si la diaqonale du systdéme est dominante. Cette
condition est réasliséde en choisissant une répartition de sources variables et uyne
répartitiaon de touchbillans ronstants, qoit Ay = A = cte

fn ajoutant les vitesaes induites en 7 par tous les seqments de tous les profils, il

vient

Mz

G- Q'ka tn SH:E“: (Z-Zwen)

Vi) - - 27 ST (z-Zk)

x

i Gk eat 1'intenaité de la source répartie unifarmément sur la segment (_Zk,zk,1]
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En écoulement instationnaire, le principe de conservation de la circulation globale
et la condition de Kutta-Joukowsky conduisent A 1‘émission d'un tourbillon libre
d'intenaité‘)met d'affixe Zyim b un instant t considéré. La vitesse indulteen Z par
1*'ensemble des tourbillons d'intensité Apy s'écrit

+00 . s
V(Z): Z _Lt2m 1 - 2 -% Am coth T& (Z 'ZTLM)
Kz-00 2 Z-Zy M - LKp 2p P
En ce point,la vitesse globale sera obtenue en sommant les deux expreasions

précédentes soit

N . ' sh X (z-2Z
v(Z): _"211'3;9: c‘Lakln 7(~£2_&_kacoth£(z-zrw), Veo
=1 2w P

sh%{z—zk) 2p™

Les inconnues duy probléme sont :

- N sources ou puita Jg répartis lindsirement aur les seqments 4y profil
- A intensité du tourbillon 1id
-A t+ At Intensité du tourbillon émis au bord de fuite.

Celles-ci sont détermindes & partir du systhme formé par
- N conditions de glissement sur le prafil

(1) -~ la condition de Kutta-Joukowsky

- la conservation de la circulation totale,

En fait, la condition de Kutta-Joukawsky se traduit par une Agslité ey pregag ina
bord de fuite extrados et intrasdos ; 3i de plus P reprdgente la potentiel e
1'écoulement, nous avons, en éAcrivant l'dquatinn de RAarnagilli aovy Jegs pnogyote de

contrble des segments 1 et N,

2 (- Bu)+ (W W) =0

at
soit
ar :L(VS _v,z)
at 2
si AV:’V,‘-\VN\ le systéme (1) se tranaforme mn
- N conditions de tangence
- expression de AV en fonction des sinqularités
2 2
(1 - B0 (v .vy)
aa 2
(11)
(2) - MNesr = (B *Areat
la résolution du systéme (II) donne AV et X L+ At ot la résolatian 4, ssetbme

formé par les autres dquetions permet de déterminer la valeur qeas atngaliacitée.

—at .



Remarquons que ai Vll représente la vitesse de l'écoulement b ['tnfini aemont et aifly

représente la circuletion totele {nitiale, nous eurons

V1 = Vz. + i?- ';

Cela signifie que, conneissent le reletion biunivoque liant Vo et "o déterslnde en
écoulement quesi-

tationnaire, le donnée de ¥V, peremet de conneltre la vitesse infinie

i
moyenne Yoo (®n quesi-stetionnalre nous evans AY x 0) & chague inatant.

nvectjon des toyrbi ne libre

Les tourbillons libres émis aux instents précédents se déplecent snus } influenre 4,
chemp global des vitesseas induit per |'ensemble des sinqularitéds. Nous remarquons que
s'ils sont suffisemment Aloignés du profil, il est possihble de coalmscer les
tourbillaons de mlme siqne cer leur inflyence asur le profii devient! pratiguement
indépendante te leur position. Tela permet de réduire |e nombre 9¢ Tourhillons | ihies

2t donc le tempas du calcul de |'écnulement B rhaque pas de temps.

z.2. favery une qrille mobyie & neuleyt e veice
compressibles subsoniques _epplicetion de .»
BRALMBUSHENE

(e hypothdaws jue ['on Fai? dane de teileg - onf gurat . cnn 9 ot Ten & . @) ey

Lodoy Jjumect ey auppoed irfatationone] s rephte atac, LA RAERARES ] 4w r ~.
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fuhe e - o srant a0t faLrnges et e - e} ! T g v A, a“mr ) A . .

tyqure 1
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L'équetion du rotationnel

2.3y _2vx 20 SC ()
o Eiy ry dx

Les équations {3) et (&) impliquent que le rotstionnel ainei que la divergence de
. Une répartition surfacique de

1'4couiement sont imposés en tout point du chaa
sources ou pults d'intensités § et de tourbillons d'intensitds A permet de décrire

une teile distribution.

lw vitesse induite par ces singularités, placées dans le canal {nter-aube, s'écrit de
is feagon suivante :
voo vp s qg x
Vit d../ Ajcoth X (Z-2;)dye Z ]/ g cothE(2.2,) dxo dyo

e Jo P Mt Jan 2p Ld
|'m rhamp d'dcoulement est an effet discrétisé en NC meilles trepérnldeles dans
lesquellen sont définis des pointa de contrdle IC permettant de localiser =t
~ealculer dms mources ponctuellea. Une telle mwaille est représentéde figqure 4. I[a
répsrtitinn aurfacique de gsources aur la maille n est remplacéde per une nource
ponctyells g intensitéd dquivalente

G = Va1l gh ‘.'.? 3 Dre) ax
n ‘Usﬂ( hdex £ @ Dt <

e 2

arat Gﬂ » AVH [V‘n Lh h—g—-" + ("r\-1"‘n) z#r 1 ?ﬂ
P r? e Dt
NC
[ 2z T
-

Va-tQ (r2 1 erg), T In coth (& z-2¢,,)

ry 2 L LA P
oexem e e a1 A, Aament mpreantle et moctrd o agp jee figurea b et & A
A e N rAaente e anal ter-aabe ave 1a positian dea 88 sourrews retenges nogr
Ve ampte e la Arxmrgeni e de la vitesae. Ay ement amont correeqpnnd N Mach N A
I S I [ T A - nomaetiy vt trmiAmw agr i fgare 6
e 40 Ap e amna b1l 1té aur e finessr s 1 acrdt jmatine 3y esillage Cimat -A-dire
— s oimbre et 4 pnaition dee angr es 4y canael reste nédcmmmalre pour fétermtiner
m e ile aptimale ten meillea sndnyiyent & ne honne sodélieat1an ds | & gl meent

' frige wr . yaple dee ol ety v yuusur

mu et ity oy mgamoge Nt arcwnted e lgeg tes prafila des gohes en e e e
LR - Al . e atte o, te (1miptE n sltact o B mite 4y o ade e calcul M e
it sa TERT pat Wemwmiesrs AT ls et MNUDEYT ] ;1] permet de Jéveliopper e
warhe L imita oatgtyanngite smicaire ~t torbgleate & 18 fois aur 'sstredos et
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ouplegesécoulement potentiel, coyche mite ean réqgime permanent

En régime permanent, les inconnues du probldme sont les N singularités Wk réperties
sur le profil, les intensités du tourbillon A et des tourbillons * ¥ émis sux bords
de fufite extrados et intrados. Une dernidre inconnue G} eat rajoutée lors de la
résolution de ce calcul. Son intensité eat telle que la somme des sources est nulle
ce qui garantit rigoureusement le conservetion du débit ; elle eat répartie
uniformément sur 1'ensemble du sillege tourbillonnaire. Le choix de ce positionnement
résulte de 1'influence de cette source sur le profil de vitesse sur l'aubege, car

dans ce cas, aucune déformation locale des vitesses sur le profil n'a été observée.
L'écoulement est entidrement déterminéd dds que sont connues :

- les veleurs des singularités
- la forme du sillage
- l'épaisseur de déplacement de la couche limite.

Calcul des singulerités en dcoylement permanent

Ls condition de Kutta-Joukowsky est remplacéde par deux éqgelitds ; elles traduisent
que les intensitdés des tourbillons émis aux bords de fuyite intreados et extrados sont
4gales aux rotetionnels loceux de la couche limite en res points c'est-d-dire aux

vitesses locales de }|'écoulement potentiel.

Les N conditions de tangence sont exprimées sur le profil! engreinséd ; celles-ci ainsi
que l'équatinn carectérisent | 'émisaion du rotationnel au bord de fujite sont

rassembléAeg en une dguestion matririelle de rang N + 1

A.G - s5mM4+ AaF. T + BF G} + 57

'a matrice A e3t jndépendants des qrandegra adradynamiques de |'écoylement et ne
rontient que des termesn lidw gux coordonnéeq géomélriquen du profil. Ce systhme oat
donc rdsoly de manidre taplicite ce qui pré4sente |'avantage 92 n'‘inverser qu'une
seule fuls la @atrice A, 1w solution du vecteur G est obtenue par (onvergence du

syatdae suyjvant

¢. Gt
G-A'.sM A" aF . L, Al.BFG +ATsT

c;d]’ nont 1t supposdaes cannyeq, teyr ralcul ent effectud au prédalable par
résalution du systdee formé per les Anuationa de 1'émission du rotaetionnel de couche
limite ay bord de fuite extrados ot de conamrvetion du débit global d'ol le schédma

ayivent

fin
du calcul
¢I 0}, at ¥ q G WI par t
non
TG

Principe de régolytion dy groblime en écoylement pegmanent

Apréa un calcul effactuéd an fluide parfeit (on prend AV 20O ) un celcul de couche

limite donne les édpajsanura de déplacement en tout polnt du profil.
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La couche limite étant figée, la :orme du sillage tourbillonnaire est obtenue pear
btdratinns successives consécutivement au calcul des singularités, donc du champ de
vitesses.

La solution finale est obtenue quand :

- l'asllure de le couche limite est figéde,

- les sillages tourbillonnaires sont confondus avec des lignes de courant.

L'organigramme présenté sur la figure 7 montre le principe de résolution de
1'écoulement permanent.

Louplag: ulement potentiel, couche limite en fnstationnaire

Le celcul instationnaire diffare du précédent en ce sens que les tourbillons répartis
sur chaque filet tourbillonnaire ne sont plus d'intensités égales.

Les lanidres tourbillonnaires sont donc découpdes en NSE ou NSI segments d‘lntensilé‘i
ou Uquui sont convectés au cours du temps. Si ASe, eat la longueur duj"%egnent le

théordme de Kelvin permet d'écrire que le circulation ngAsojsu congetrve lars de ss
convection.

La figure B détaille la forme du sillage situé derridre le bord de fuite de 1'aube.

Par silleurs si les intensités des tourbillona émis au bord de fuite d l'extrados et

4 l'intrados sont égales A Ii1et 311 , le principe de conservation de la circulation
permet d'écrire

r‘NT = r‘NY+1 * ASL1 TI.1 + A$°1 1@1

On noters enfin que le sillage a &té prolongéd relativement loin au-deld du profil
il est tronqué A une distance choiate arbitrairement et un tourbillon libre résiduel

est émis d cet endroit 1 celui-ci est suffissmment ltoin pour que son influence sur le

calcul de vitesse au voisinage du profil ne dépende plus gudre de sa position.
intenaité résulte d'une coalescence des intensités tourbillonnaires
segmenta du sillage que l'on doit convecter.

Son
des derniers

Principe de résolytion

Le calcul de 1l'écoulement dans le cansl interaube, de la déformatiaon de la couche

limite et du sillage,s'effectue de la fagon suivante au temps t + At

convection du sillage, détermination de ,hj ,313 ( § ¢ 1) par application du
théordme de Kelvin et de l'intensité du tourbillon situéd au bout du sillage,

calcul des sinqul-ritélqh,‘} et ¥y, , 18 nouvelle forme du sillage étent donnée,

- celcul de ¥gq b pertir de Ty,

- calcul du champ de vitease induit per les nouvelles singularités ; ces vitesses
sont éveluées aur les points de contrble du profil engreisséd

ce nouvesu champ de vitesses évalué, on rdalise un calcul de couche limite.

2.4. - formylation des lois de tranafert (en cdaime non ddcollé)

Remargue ' les distorsions choisies sont des pulsations sinusoldales de débit.




L'écoulement étant plan, ces lois de transfert de grilles sont constituées :

- d'une loi de tranafert tangentisel correaspondant A la projection tangentielle de
1'équation du mouvement,
- d'une loi de trensfert axial correspondant & la projection de 1'équation du

mouvement sur une ligne de courant ou b 1l'évolution isentropique de l'écoulement.

Les formulations présentédes sont établies 2 partir d'une approche monodimensionnelle
fournissant des bilans entrée/sortie moyens (intégration du moment cinétique et du
débit sur le pas de la grille). Les coefficients intervenant dans chacune des deux
formulationa peuvent 3 leur tour 8tre explicités, pour des grilles données, en

fonction des paramdtres de l'édcoulement et de la distorsion.

La premidre loi de tranafert est couramment établie 3 partir de l'angle d'entrée (%e!
de l'angle de sortie(Sz; la modélisation clasaique au premier ordre utilisée est de

la forme :

(32'@—2-’\2((51'61)-32%%’- (=)

Compte tenu de l'sllure de ls caractéristique permanente dévietion/incidence (figure
9) et de la plage d'incidence balayse, une loi eu premier ordre s'eat avérée

suffisante.

La figure 10 présente l'influence de la fréquence rdduite de la distorsinn suyr les
cycles dévietion/incidence. On notera que l'évolution de l'ensemble des rrclen
instetionnaires est tout & faeit simileire A celle obtenue avec des hypothkages de
fluide parfait.

La figure 9 montre 1'évolution de (.3_1, angle de sortie moyen du cycle, en fonctinn de
1'incidence moyenne, de 1'amplitude, de ls fréquence réduite et duy nombre de Mach.
L'angle de sortie moyen, 61_ varie, pour la fréquence réduite considérde 0.37°
suivant l'incidence moyenne du cycle. e point moyen du cycle n'est pas en général
sur la caractéristique quasi-stationnsire et 1'écart semble a'accroftre de manidre
importante vers les grandes incidences.

Les veristions de Az, A, sont prérisées asur les figures 1

2
11 en fonction de la fréquence réduite
12 en fonction de 1'incidence moyenne da la distorsion
13 en fonction de 1'amplitude (pour 2 valeurs du taux de turbulence = N.N] et N.NS"

14 en fonction du nombre de Mach moyen.

Il est 3 noter que lorsque 1'on feit varter le teux de turhulence, les résultata
deviennent constents b partir d'un tsux de turbulence de S 8. Le point de transition
est an effet preatiquement remonté esu bhord d'attaque et len effeta dums & ason

déplecement disperaissent.

Les variables p‘, 91 sont des grendeurs classiques coursmment utilisdes pour
représenter les ceractéristiques permanantes d'une grill’e d'aubes de compresseur
exisl. Néanmoins, ces angles n'intarviennent pes directement, en taent que variasble
sérodynsmique de base, dens les équstions instationnaires de adcaninie dos floldes.

Cette notion de dévietion peut &tre ebordée per le biais dy moment cinétique dont le

cosportement est décrit dens la projection tangentielie de 1'équation du mouvement.
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Le bilan de moment cinétique appliqué sur une nappe de courant cylindrique a‘'écrit

L
/.‘_Mdz¢vez=v8, - F&
o Vg ot PP V2,
Compte tenu de le forme de la distorsion étudide {pulsation sinusoldale de débit),

cette équetion peut 8tre modéliséde au premier ordre sous la forme :

VO;*A&;BV;,+CV&,+D‘& - O
elt at
F®est ici supporde fonction linésire de Vz4 et VO

Ce type de formulaetion paralt plus physique dans la mesure o) les coefficients qui y
interviennent pourront #tre identifiés A des expresasions intédqgrales des paramdtres
sérodynamiques dens le champ d'écoulement, ce qui fecilite leur formulation en

fonction dea paramdtres de l'dcoulement et de la distorsion.

La deuxidme loi de tranafert fournit ls variation au cours du tempa du coefficient de
perte )‘ dont la formulation a #4té proposde par TAKATA et NAGAND ¢
X :.:i qulqu-Hz~lV:_La\_’Z.
v3 2 z 3t
Pour rester cohérent avec la formulatinn de la 1ot de dévistion, la lni e perte egt

prAaentde sous la forme :
A 2X ., (X-X)eB(Br-fr)= 0

(W] figure 15 mantre 1'influence e la fréquence rédulite asur les cycles
pertea’tncidence. Ay cnurae e cea cyclea la valeur duy coefficient de pertea X peut
Stre négative ; o, fait n'eqt apendant pas en contradictyion avec leas lota de |na
mécanique jew fluides, car 11 a'agit de comparaisons entre dmas valeurs entcde’snctye
éveluden ay mlme (natant et ne tenant donc ras compte duy teaps de convertion deg
particales fluidea. Ce coefficipnt ge pertes offre ]1'avantage A'8tre acresaidle
axpérimentaleasnt “n faisant dmg bilans sntrée sortie de pressinns totales

inatantandes.

Soo- RATENSL0N AU QECRUCHMAGE Y NAMLQUL
11 «'aglt, dans » chapitre, d4e conaidArer lea an 4’ ' dcoylement A qrandes incidencan
provoquant le 4écallsmeant présastars de s couche [1mite,en ghndral agr ['extrados des

profile 4 aubhes. 'Ine porhe de reciroglation prend ngiresance ay point de déeol lement

atant plus importants que le potat de déeollement s'Alaigne du bard de

te principe de rémsolution de 1'écoulement eat tout A faeit identique b cwlal déep it
précéddenment t seuln  guelgues  painta  délicats  demandent d Mire approfand;a,

1'ohjectif dtent de n'introd re aucun Adlément mapdrimental dans le caleoul.

ol - Lenditlene de _tangeuus

le peincipe fe wodéliantinn adnpté repose nesentinl jemsent sur 1'hypothhee que les
tones fortesent clastildes o la viweneite Joae un rfAle prépondédrant, restent

sxtrémenent sincen.

te cheap d4'dcouisment peat danc Stre Adirnipd en degs gones potentiellies & preesion

tntele constante.
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A l'intérieur de 18 poche de recirculation, la vitesse du fluide est faible ot
conduit prstiquement b 1l'obtention de la pochs b pression »ststique uniforme
{correspondsnce avec la pression d'eau morte).

Les deux zones étent aingji définies, les N conditions de tangence s'écrivent

- tangence de 1'écoulement su profil engreissé de 1'épaisssur de couche limite, en
dehors de le poche décollée,
- tangence de 1l'écoulement su profil réel de 1'aube, d 1'intérieur de la poche.

Quelle que soit la position du point de décollement, leo systdme wmetriciel constituéd
des N équations de tangence et de 1l'expression du rotationnel de l'écoulement su bord
de fuite intredos reste constsmment de reng N + l. Par conséquent le principe de
réeolution adopté en écoulement non décollé peut &tre conservéyset la matrice
d'influence A n‘est inverséde qu'une seule fois au cours de cycles instationneires.

3.2, - Icaltemont sy velsinege du point de décollament

Le point de décollement est 1l'endroit le plus sensible du point de vue numérique. En
effetytrois conditions sont imposédes dens le voisinage de ce point : deux conditions
de tengence (& 1'intérieur et & l'extérieur de la poche) st une condition d'émission
du rotetionnel de la couche limite. La modélisetion adoptée met en oeuvre un calcul
particulier de 1l'dpsisseur de déplacement A proximité du point de décollement, qu’
est un point singuliser dana un celcul direct de couche limite., Ce calcul n's pes pcur
smbition de résoudre les égquations de couche limite, en particulier aprés le
décollement turbulent 1 {1 consiate & extrapoler 1'dpaisseur de déplacesent sur le
segment suivant le segment du point de décollement selon le schéma cl-aprds.

~¥__ Silioge extrados

~¥
couche limite extropolde
Poche decollée

AN
.. — Pomts du prohl

.
" Powt de decotiernent

Une ceitique gque l'on paut feire set que ce achéma ne résoud édvidemament pas

|'6coulesent au vaoisinege du point de décollement. | 'objectif des treveur présentés
étant de qualifier l'epproche giobale, cette technigue dolt 8tre conaidérée comme une
pre]mifce spprovisetinn du probldss, quil sers treitéd oltérisyrement de eanidre plus

spprofandie.

Yor. - Atawitate en dgeulesent gefeanent

e raode numdrique « #té eppliquéd sur une qgrille d'eubes b profil SACA 4%8 dérfinie par

lew parembdiras suiveants

ralage 2%.%¢
rarde 94.1% em
pse 71.9% ee

noehre de segments % 1 4N,
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Dévistion

La forme de la courbe de déviation {(figure 16) s'incurve de manidre classique quand
1'incidence augmente ; on remarque que pour ce type de grille lea effets visqueux en
régime décollé ont une influence progressive.

Distribution de pression

Celle-ci eat montréde figure 17 pour une incidence de 30° ; le point de décollement
extrados se situe d environ 70 % de corde du bord d'attaque ; 2 proximité de
celui-ci, la pression varie de manidre significative pour se raccorder su niveau de

pression qui s'applique au bord de fuite intrados.

Des compareaisons théorie/expérience ont été effectuées sur un profil isclé LC 90 D
(pour des raisons de disponibilité des résultats) A& des incidences ol 1'on peut
observer un décollement. Les calculs ont &té comparéds aux résultats expérimenteux
obtenus par 1'ONERA ; la colncidence est excellente jusqu'su point de décollement. A
ce niveau, le calcul détermine dans la poche un palier de presasion se décalant vers
les valeurs obtenues au voisinage du bord de fuite intrades, pour respecter la
condition de Kutte-Joukowsky. Les relevés expérimentaux montrent que c'est plutdt la

pression intraedos qui s'adapte d celle de la poche décollée (figure 18).
Coefficient de perte

£n régime décollé, il apparalt que la valeur du coefficient de perte dépend énormément
de la position du paint de décollement ; celui-ci d'aprds les hypothdses énoncées au
paregraphe précddent ne peut se déplacer que sur les points du meillage définissant
le profil de 1'aube. Il s'ensuit que pour les incidences provoquant un décollement de
la couche limite, le& vesleur du coefficient suit une évolution par paliers et non
forcément continue.

L'écoulement amont correspond dans le cas étudié & une pulsation sinusofdale de débit

dont les ceractéristiques sont

Yy = 27.8 (m/n)
¥ = 29.% - 2 coswt (m/s)
svec (= 1289 (rd/s)}

ta fréquence rédu'te araociée 23 ce cas veu N.4B8. Ces valeurs ont été choisies de
telle manidre que 1@ point de décollement ne situe & 1'instent i1nitial A environ 2/}%
de e corde et qu'il puisse se déplacer d la fois vers le bord d'sttague et vers le
bord de fuite extredos.

la déformation du sillege est reaprésentde sur la figure 19. S5i T représente la
période du cycle #4tudié, leam s.llagen tracés correspondent eux temps t = 0 et t = 27T
Les ondulatjons observées sont dies M le différence des densités tourbillonnaires

sur chscun des segments situés le long du sillege.
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3.5. - Critique du modbdle en rdgime décolld et perspectivee de dédveloppement

Lea planches présentées précédemment montrent que la résolution de 1'édcoulement asu
voisinage du point de décollement est relativement grasaidre,

Le vitesae celculée sur les segments situés aprds ce point, diminue trds rapidement
et le gradient de pression défavorable carrespondant empdche,pratiquement la remontée
du point de décollement vers le bord de fuite,lors d'up cycle instetionnasire.

Au caurs de la convergence du calcul en écoulement permanent, ce phénomdne ne se
produit pas. E€n effet, le premier calcul de couche limite effectué sprés 1la
résolution en flujide parfait,permet d’'obtenir un point de décollement aitué plus prids
du bord de fuite qu'il n'eat en réalité ; eu fur et b mesure des itérations,ce
dernier se déplace vers le bord d sattsque jusqu'd sa position finsle.

11 est clair que la zone de recompression ay niveau du point de décollement est A
l'origine du probldme rencontré. Il en résulte que la presaion atatique (constante
dans la poche) est vraisesmblablement mal calculéde. On notera que l’hypothdse d'une
pression totale constante {(qui résulte de la manidre de poser le problame) dans ls
pache,est diacutable.

On notera enfin que ls mani2re d'extrapoler 1‘'épaisseur de déplacement de ls couche
limite reste peu préciase étant donné le nombre limité de points situds sur le profil
(environ 45). La méthode de calcul de la couche limite 4tant directe, i1 se peut que
I‘dpaisseur de déplecement d 1'un des polnts de contrble situds en amont du point de
décollemant soit celativement grande (présence de la singularité de Goldatein} ; les
grandeyrs extrapolées peuvent slors &tre trds variables suivent le discrétisstion
sdoptée.

Lea pojints de décollement a et b nont relativement peu é4loignés, les épeisseurs
chtsb sont cependant tres diflérentes.

Une fsgon de rédsoudre le probldme de manidre natisfeisan*e serait de ne pas calculer
1'dcoulement dana la poche (suppression des conditiona de tangence) et d'édvaluer 1la
pression de celle-ci A partir d'un calcul de couche limite inverse., 1] apparstt
clairement, ¥ la lumidre des connaissances scquises par eiileurs, qu'on obtiendrait
ainsi une bonne édvalustion de l'évolution de ['épaisseur de déplacement au début du
décollement, ce qui déterminerait correctement d ls fois, l& point de décollement,et
la pente fnitiale du sillege tourbillonnaire,

- ~ —— -
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L'inconvénient majeur concernera l'obligation de considérer, en fonction du mouvement
du point de décollement, le systdme permettant la résolution des singularités, de
rang variable et non plus conatamment égal A N + 1.

4. - CONCLUSION

tes traveux décrits dans cet expoaé ont abouti a la modélisation de divers
écoulements bidimensionnels & travers une grille d'aubes de compresseur. DOea
extensions de la méthode de base ont permis de prendre en compte divers effets tels
que :

- compressibilité dans le domaine subsonique,
- calcul sur nappe de courant & rayon et épaisseur variaebles,
~ varietion de la vitesse d'entrainement dans le cas d'une roue mobile,

- effets visqueux par couplage, avec des calculs de couche limite instationnaire.

Les résultets obtenus en écoulement permanent et instationnaire non décollé sont
satisfaisants, mais ils ne peuvent 8tre validés quantitativement,car peu de résultats

expérimentaux sont actuellement disponibles dens le domaine des grilles d'aubes,

Dans le cas du décrochage dynamique, les études menédes jusqu'd présent ont permis de
mettre en évidence l'importance de la résclution de 1'écoulement au voisinage du
point de décollement.

Les travaux futurs sont orientés vers l'intégration au modéle d'un calcul de couche
limite en mode inverse, permettant d'initieliser correctement 1'allure du sillage
tourbillonnaire extradasa.

A court terme, ce code sera utilisé par les motoristes dans le cadre des procédures
d'évaluation de la sensibilité de compresseurs axiaux multi-étages aux distursions
d'entrée d'aeir, et de définition de machines plus tolérentes. Des applicetions plus
générales sont envisagées pour 1'étude du comportement dynamique de turbomachines
(pompes, ventilateurs, compresseurs centrifuges, turbines ...) couplées & des

*ircuits particuliers, et soumises d des conditions limites fluctuantesa.

L\
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INPROVENENT OF THE PARALLEL COMPRESSOR MUDEL BY CONSIDERATION OF UNSTEADY
BLADE AERODYNAMICS

M. Lacht

DPVLR, Institut fUr Antriebstechnik
Linderhthe, D S000 X8ln 90, Germany
. T . T N I EPOS B
SUMMARY !

To predict compressor performance with circumferential total inlet distortion.the paral-
lel © ressor model has been applied, In comparison with the experiment however this
sode | 1] give too pessimistic results for the predicted stall line shift considering
sector angles of distortion up to 120 degree, Detailed experimental evaluation of a com-
pressor stage leads to unsteady performance effects obviously being responsible for this
discrepancy. In ordet to improve the original model, the performance characteristic of
the compressor was extended to account for a short time overload capability analogous to
an alrfoil in an unsteady f{low., The governing factor of this modification will be the
time-to-stall versus the time for a blade channel to pass the distorted sector. The mod-
el improv nt has been demonstrated for a DFVLR and a NASA single atace tranennis ~nm-
[l R ~lvu tu & screen i1nduced total pressure distortion.

LIST 0¥ SYMBOLS

A tlow channel sres a angle of attack
s velocity of sound 8 rotor relative flow angle
: absvlute flow velocity T screen pressure coefficient
' lift coefticient R relative mass flow density
Dt hub diameter ? circumferential coordinate
u“ tip diameter LI total pressure ratio
Fx 11ft force o density
[ 3 cascade 1nfluence parameter (tlat plate) 1 time constant
143 lLaval number
i Llade chord length Subscripts
L] mass flow eff, effective
" design speed 4 screen free sector
v pressure i instantaneocus
3 Jas onetant red reduced to standard 1inlet
1 temperature conditions
' t 1me 8 steady state
4 Liade tip velovaty S screen sector
w'  relative flow velucity t total condition
1 number vt bLlades 1 to 4 flow channel positions
.

critical condition (M = 1}
INTRODUCTION

Poiliming an evermore tange and challenge of flight missions tor the propulsion system
te, aconunt for, inlet Jistortion and 1te ettect on stable engine operation has become A
ms oy probles  Caxtogt, g sl a0 ompressor injet plane 1taself may be of a very coumplex
neture n feallty, such an total prossure, total temperature and swirl anygle nonunifor-
mity .teady state as wel, an unsteady.

with'n the range of thimw paper the steady state circumferential total pressure distor-
tion 1e focussed, lts experimental and theoretical treatment from a research point of
view might therefore bLe only 3 glimpse into one section of problems roncerning inlet
Jietoreion,

By selecting a spanwise clrcumferential mector of a steady state total pressure defect
in front of a crompressor a real distortion pattern has already been jdealized (Fig. 1}
In vrder ti: kesp maln parameters limited. Such a type of distortion can easily be aimu-
isted by wire mesh screens <! Jdifferent porosities and various sector anglea and even
tor this It s very 1mportant to understand and model the eaffects on compressor
behaviour.,

Yrom the experimental investigastion it is knpown that circumferential distortion will de-
- tease the range of stable operation of a compressor by shifting ite atall-line chara«-
teristic to a higher mass flow. A tool tou predict this chsnge in compressor performance
is the known parallel compresscr model. Since it is based on a steady state compressor
characteristic only it cannot account far unsteady effects seen by the rotor blades
passing a Aistorted region. Some new ijdeas on the unsteady response of compressor rotor
Lisding combined with experimental results and a new way of modifying the original mode!
are given 1n the following.

EXPERIMENT AND 8IMPLE PARALLEL COMPRESSOR MODEL

In order to understand what the modelling of a theory is for, the impact of a circumfer-
entia) distortion on compresscr performance may be outlined first, In Fig. 2 the main
design data of the DFVLR single stage transonic test compressor and the flow channel
with the screen aspoliler arrangement one blade height in front of the rotor is shown, Two
spoiled msoctor angles and different screen porosities had been investigated and the
evaluation of performance measurements without and with distortion is given in Fig. 3,
From this the main detrimental effect on engine stall margin loss i.e. the shift of the
limits of stable operation to a higher reduced mass flow is rev ed. To predict this
effect the ides of two compressors opersating in parallel i.e. the parallel compressor
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model had been established, shown in Fig. 4. Conaidering two separate compressors oper-
ating on the same speed line characteristic, the one at the inlet condition aft of the
spoiled section (8), the other at a screen free inlet condition (F), two different oper-
ating points will be obtained {(upper right diagram), if a common static outlet pressure
from a common plenum is prescribed., Putting those two separate compressors together
along the circumference a square wave pattern of total pressure and total temperature
like in the upper left diagram will be expected symbolizing that no cross flow and in-
teraction throughout the two sections is assumed. From these distributions an average
has to be taken to give an overall operating point. In this theory the compressor as a
whole is expected to reach its limit of operation, if the compressor correlated with the
distorted section {S) has reached the stall limit at the common speed line characteris-
tic.
From this a simple one-dimensional computer code had been built up, using the following
data as an input:

the screen loss coefficient ({ ) as a function of screen inlet Laval number (La),

the compressor pressure ratio 't' and isentropic efficiency (,'l as a function of

reduced mass flow,

and the considered undistorted (Ar) and distorted (As) flow channel areas (iower

part of Fig. 4)
Due Lu Lhe sporier installation near to the rotor inlet a direct coupling of the screen
and the compressor stage had been prefered.

From the minimum reduced mass flow of the compressor the relative mass flow density 615
at the distorted inlet plane 3} will then be

o (9f-‘ ) M35 red
* e"a" A . Pu n
3s LECWEY AJ‘,’"" 3

(. marked quantities are the critical values at La = 1)

Matching plane 1 to 3 by the continuity equation

Py
6

15 = by (K); with  To, o= Iy, (2

will be made iteratively by using the total pressure loss coefficient of the acreen

P Py
(G2, = 1 - 5l - (5] ,
Pryls te'S {3
The assessment of Lt as a function of Laval number and screen porosity is given in de-
tail in Ref. 1.

{n order to get the compressor exit data the continuity equation in its general form is
then used for either section (distorted and undistorted)

Ay Vi 77

= 0
0’ 3 AV P"/p,,

(4)

13 this the pressure ratio as well as the temperature ratio are given for an selected
operating point out of the performance characteristic.

With 8, the Laval number Ll‘ and the pressure ratio PC/Ptd (static/total) are deter-
mined,

The exit static pressure then becomes
2, P,
P, =ﬁ_'!_'" 5)

Pre Prs Py !

Having ac i@ this procedure for the minimum mass flow value of the distorted sactor
first, the undistorted sector will then be calculated this way by stepwise increasing
its mass flow to reach an equal exit static pressure. Thus the corresponding operating
point of the screen free compressor section can be found,.

The results of both the undistorted and distorted section have been averaged at the in-
let and outlet plane to give a common operating point as follows:

m = mg v m,

Pry = Priyg As/A + Py (1= As/A)
Piy ™ Prag As/A + Pryg (1 - As/A)
Tow = Toys As/A ¢ Toyu (1 - Ay/A)
""m’ M//ﬁ”/p,.)

n = Eu,/ﬁ,,

(6)

A% -~ ool
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In this way the paralle] compressor model was applied to the test compressu: stage. In
Fi1q. 5 the calculated values far the limits of stable operation nut of this mdel ioper
symbols) are shown in comparison with the experimental resultsa isulid symboia) et e
with reality the model prediction is too pessimistic In itw tendency eeape.-r1ali, for
smaller sector angles of distartion.

The main reascn for these pessimistic results may be suspected in the assumgtion ! the
model inherent criterion on the limite of stable operation | s, not Lo ex wed e stead,
state speed line stal]l limit within the distorted region,

Relative to a atecdy state circumferentiasl distorted flow reqion the 1otor tlade wii.
mee an 1ncoming unsteady flow. AR Lt (e kpown ftor an atrfuil 10 anetesdy tiow o short
time lift overshoot combined witn a time lag 1h stalling can Le expe-ted dLring s sudde:
increase of angle of attack. Therefore the steady state performance hatacteriati. might
not be the suitable criterion tur predicting the limtts of operation withip tris model

A BAS1IS FOR A MODIPIED PARALLEL COMPRESSOK MOOEL

Letatiea compressor flow fleld measurements had been evajuated tu reveal an unsteady
chavacteristic of the rotor blade passing the low totsl pressure 1egion (Ret 1t The
compressor inlet plane had been divided into 10 clrcumferential secturs sah . onsider g
as the 1nlet conditlon of a separate compressor. For each sector & » ircumterent 1ai ) -
relation between inlet and outlet plane along 20 radial spline poeitions had tweni -stat
lished following the abeojute flow path throughout the ompressor to find the vy
sponding utlet condition,

Kadially a'ersaged values then had Leen taken to Jive 1 sepLerate operat ing j--int repte
senting eaclh sector slong the circumference. The resuits of thie multiple sect v wvai.n
tion is showr in Fig. &, where these operating points are [ lotted 1nto & jerforman. «
map. Following these plots tupper left diagram) i1n the Airection of Liade 1 tatioe a
hysteresis loop 18 given representing one revolution of the ompresso: bisding. From
this it ran be seen, that indeed the stesady state stall limit wiil Do enceedeod onter.ing
the diatorted sectos (solid symbols) . After this o Lreak down may be observed foilowed
Ly & release having left this sector to begin & new loop. This seems to be o typt: al
behaviour to be found similar on an airtoil uynder cezillatory anqgle of artark

This may be an explanation, why the originai paraliel ~vmgpressr model with & steady
state atall limit criterion must give those pessimisti ,esuits. Thereture an unstead,
haracteristic of the rotor Llading should e taken i1nti s count Twe tyjloal mffects
are known from a stogle alrfnil subjected ti. an Jnstantaneous anyle t a atta k, one . »
the reaponse to a step wine  hange of angle «f attach in a4 stall free teyime fres fited
'y the 11fr trensfer function

£ o) e
R H e
ol e L]
where a time ccnstant * ta given from Yhe ratic of Loede - bord ength snd e e o gt

tFiqg, a),

The b LA s possibae alort tame LI Lverabioaoat o An 4 reaponee Yiooa ramp e
reane of the angle of attark ex eeding the stesdy un" wtai) anqle Rtiiwt se Nrame: =
ette v (Fig N

Ac TR { ua
L mey w Ut T

iy this hara: ter oty hebhavicar V0 dmtermine the unateag “tas . Lamite oA oAarct
whet excmeding 1bs atead, state wtaii angie ihntartansousl,, We;. & anl SamgR o et
Jove loped a hypathenis ot an “effectice angle ©t 2t h”
This hypothesis has twwn sy cessfully appiied by the prewent o 0 0ea o hed) ¢ the re
sponse of an axlal compressor stage tooinlet flow diatort o
In arder to understand the pro/edure it in necess8ry, - g o oA brse?l cutiine o MUk s
st SimpRinte ! jpothesie firet
They submiatuted the ai1rtoll Ly 1te tranmter fun tion le g st e lleted vhe “otte
tive angle of attack” by AR A SyNteme autput Tt o4 Tamp Lhput of Yhe (hetandaneus s
tle f avtack 4 . Then van e found am oA function f a et vt e feteimined
“time-to-stall® umn\nm"é ueing tr Laglae transtormet i te hnigue

da
1nput a, (’l “0 - (;7 f 19)

da ¢ ST
output a."/l) a, = ar T( . 1+ e ) Gy

This “effective angle nf attack" &
.. ettt
Melick and Simpkin now made the hypothe that unsteady stall miunt occur, 1f thie
“effective sngle of sttack” will have ched the stesdy state ata | angle,

Next they defined the time up to which unsteady stall wili be delased as the governing
time conatant t of & single airfoil tn this epecial situation,

ror this the overshoot of the anqle of attack will then be given trom aa. 9 and 10

lags the instantanecus angle f attach 2y ifig.

de
da, = & (T) - ap, (1) = a‘,'r(" - %) (e




to-e
fince tor ¢ single airtall the correeponding 1ift overshootl -an be tahken froe

A(lna. . In d."" (lds

s velue of the time constant will be fount by combining this with e & end L1l t/ give

L4 -« 55

{
Ser ot w h
where 1 1n the blade chord length end v flovw velocyty
Yollowing this theory of Malick and Bisphin their hypothesis of an “stfective angle f
sttach® weas tohen o8¢ o usefui baeis to modity the pasellel cumpressar modei In order ¢
sccemnt for ansteady sarodynamic effects To 40 80 the totor relative flow sngie, whi t
ia coupled with the sass flow ondition at the ratur tnlet hes beer unsidered se ar 2r
gle of sttacx analogue 1! withir the distorted seitor ot the mode!l the redu: od masse
flow 1. decreased, the (natantanacus telative fiow angle f :8 in- reased 1+ « step fun
tion ang sccording tu tne Joieyuing “ypetheaiu an ‘etlective relative tiow angle” n'”
18 'o fullow up te the steady stete lisit §
A tlined in the lower diegram vf Fig ¥ @ "mttecrive (olative {im &ngie ¢ i
consideted to follow in e trenster function aililiar to ey o8 that a -no”.n’.‘ln .
stepuise tolavive flow angie vvershoot - artesponding ' & wmase ! e underahot withi!
Phis ares mey e vetablieched

A, A, At v
L
s & - ' e - Apu 41 ,... .
A, A,
it Thie the tatic f Cime B For s b0t Llade ! pess the 1ipt rfed) am 3 oor ¢ 1t ime

netent ¥ wiil be the duminant perameter The time OReTONY s wapw ted ' te i the
renge it trat velue Jiver 1 ey [

Tnorder to amplewment thia cew  siterion ! Snsteady sta)s iMile the Lara..e - e
At mnde] requites Hperating g the Jistcrted o tvr w3ttt 4 iwer redu e manr ' e
that glven fr.am the stesiy atate et ' rman ¢ heats tetist: Trere! tw traaw Vet s ter o
T 2t e emtiapcistedt heyond 1te steady, etate etal. ami Row. abgr 11y Vv
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The MAaziSul L I1P&sure rat At ant o the Tespet ve speed Lhe e g g ' met e
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¥t the a.eveo) A N L I Y LAY I ey =t ay Aty e we . .
as el Y e Potne shive et a [ S ' Y. e gt T (et ltie [N T [
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4 we, . 9 severe ,aletes:s
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ctlan e Lt e gleive 1w ritey .. S e YEe b e et are i e wmete s
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Tirg the DFVEE - .amgrepet 1otss ‘he tdet f mednitale f the ' )me et gt g wt ot
@ight bo applied to the mode sre ehimr (o T1g L1 sal.ny the Telative Viade Seight f
might be Juestioneble, whi h value - Guld he represantgtive (1 a4 Tiane.snl - reas -t
rotoy Roreover na trgnech:. t)ww sape: ts have b ansidered teriving the 1 ime L

stant Therefore aniy o  Ompatieh f sapsrimentel reguits and mde ! prodi. ¢ (cr w8, 42+
an snewer

VOMPARIBON F EXPEBRIRENT AND FXTERDEG PARALLEL 'MPRESSR WMD) |

The unstesdy modificetion at "he parsiiel rampresant mode! juat Se: ri1bed had been ay
plied fur the DFVLY test ompressut ss vell e for &8 NABA ainqgle stage . mpresiur  Pog
the firet s cumpatison between expariment and aodal prediction for a &0 and 1J0 degyres
sector angle of distaortion ie given in Fig. L1 showing piots of the predicted stell
limit of the stesdy state topen eymbols) 8o well as of the unsteady (civeesd aymbols)
version of the parsilel compressor model. The resulte 1n Fiy ile have bsen obtained by
using the time constant derived for the single sisfoll, those in Fig. 1ib by vorgecting
tor & cescede influence. Fnr either . assee the mid span velue uf the time constant has
teer chosen to represent the averall behaviour. Metching the time cunstant for & csecede
tnlivence the resulte it best with respect to & statl-limit prediction. A descrepency
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howeve:r remaine 1n the level uf pressuse tativ between expetriment and model  Thaiv oyl
e Jue t:° s 1ea!l unsteady behavicour slrsady shown 1n ¥ig ¢ whese the hystermais of et
sting pinte ae a4 whole 1s shifted t.: ¢ somewhat lowe: level sgalnat the steady state
hare: tearist: especially withir the undistorted reylun This might even bLie stringer
within the righ speed tange Yet the mode! doms not a4 count for such an eftet

w apply for the NABA  uompress:: test e® the nes ary data sre tateo frow Ret

riy Ly shuwse the tlow —henne! and the spalle! arrahgement Ln trant of the omptessr
stage and the ‘eet reeylts heving a +' areen spolier f 488 porosity Ftom ea.t o
prosan: speedt L Ipe - heracter sty in the lean peration mode | spline paints heve | oer
taken to fun the mude’' 1n a slmple 4 weli au extended version BSince the mode! has beer
Butlt up tor & direct coupling between screen and  omptesscr ihlet that 1s ne mutus;
interterence 5! distorted and undistorted sectur 1n front ! the Wpressor resulta
trime thin prediction sre showr in Pig 11U in this Yiayrem the sl-ulated and measured
‘evels of distortion are ompated lue t. the flret 4 teon  cwpling each speed Line  ar
e teoieted In s Jletirtiun hars teristi . whete the 1t len denite *he simple stead,
state sude! and the triangles rtepresent the axtonded unsteady wintifi-atior  Within Py
‘4 the respactive vaives are | lotted I1Nta & pert - rmance ma)p showing the iSgr vement

s tieved by the satended sxie! Be. guse the measuted Histurt on jeve: teve Ao dree o
g itng if the s rewn ti the M rWesOt 1hn o3 nex' step e de oupling 7 the screer wan
1o lomented 1nt. the miuiel A sount fooroa mre lbely 1w mechaniem  Therefore the
fiwe the wugl the te®r was a2l uli e\ sepernte;.; sllwing the Yiat Ited o tur Yo rx
retd Lalng the Somentam equetion as av addit lonal tnput ae wel es An egqual star pres

sure L7 4 Far oy A1) Rt S r@aAm kbt Lon Moe ravind &l ulate?! Pre fler pted set-
tahimd "he & teec a MR et he g reen o7 Hae teern 1teretivel, pertormed aiiowing
oot the tistpted se *trir ¢ ORETac? sya:is at the mmprrweis i1nlet By this methad the
wetsured fietofrfion leve uld be weil jredicted an shown sn Py The jiver rusbers
c1ony the utve dencte the smotor ahgle ot f3stortion 4l the (mpteveact itlet The w1
t o ImARce PIedl. Yo Thes s Sieved Ly the Laralle] cmpresw o mindel Lw gJiven a0 Py Te
fer the stesd; starte sude 1oper ‘e lew! am wel' 38 o1 the insveddy made o Tyoiar
ji®sl  As st enemgir P the | ¢ apewd ine The model perating (cteats o the rwe sey
1Mete  ptEss it 0 jars. e e andtstoarted P and fiet g ted (N1 regior are pairrted
ot WAng terw tkr the juas: ctead; etate spee! ine wae * the eatiageistod with e
g b 4 sreteadt. ah 1t Y imy 3tall de @ittt pr the Yigt ttedt erea

L R N
The (ot ? 1@ @ predt £ ot [ - iesy 1 4 stage anul e ted s 11 umletwmetia. ¢ a2
preasure L' vt Yiar Lo e te subwtant, Ly img w1 by Lt ceget ety unBtead, s
LI hetas- 1@t iet, s wver btV EENY Y » e «u. P an the 1@ B TS L TSN R LRI I
LN TS o6 w e cwep iex netuce the st transfmr Lewfavi ut (tee.t has ! Y
c4OA . ae) o x N gethenss leveioped by e 8 gt SimpRto Jilve 3 Y ime 0 wta. Cile
P duitarie P dhe gt »ude
Tinc e the mule [N AR o stead, atate wmoude ‘e wmipiean 1 et rman. e Form te:
L LTee .t ras ¥ te entonded Ty ket ihe . w3, Piginall, oot jueer Frogm 1 st oAl e
atead, atate EXIN RN LA S T T [ A tOmMA L awmiteg PTis [ aTal e LIREE)
st lee
AP PR P

[ ] L *® B tra, rums . e ter v oAag Pt il Pl et e e st gt bty

“trrwmgngyg i te Tumt s wmuny
198+ (&1 A SN 4 B BN

Rl LN 1 A vi1f1e3 The o+, Yoloaser Frnggee % LY SRR
w o dimgh AIAA Papet W [
. 5 set,anarayena A st L8 etwean Faper imanta and The.reti & Fia Yuar iy
v aineiiw Tty an e ades st liw Fregquen. , Partameters
B Y Nendersun ASMY Fager ¢ 7
¢ » Baert Axia:  wnd Radisihomgpre [
r S heel| . Aufiage. Boclin, Spinges Veriayg 18l 4y ER L IENRY |
B Co B b Evaluetion of Range and Distortion Toletance fat High Mach Number
LI Traneoni. Fan Stages, Volume !
vl oyle NABA 0 T LR S AN




-6

Fig. 1V
Simulation of total pressure
inleat distortion

Fig. ¢
DFVLR trangonic CORpres e
stage test rranjemsent

Yig ¥
Effect of figtortion on COMpressor
perfurmane

- -

crcumferential  mixed

1Y
1w
L&
s 2
o
[
a &

s ]

X U

radial

<OMPRESSOR STAGF

DESIGN DATA
» 173 kg
M 15
Ug T R25 moey
O + d4m
0,/09° 28

Lggree * <8 IDLA ML
Loww® 1 INACA 89




10-7

1, outiet (®
r——=-9
p'—_...J e -

circumference J

> @
)

f———2nR,- - —
R S

spoiler compressor

Fig. 4
Schematic outline of the parallel compressor idea

1.6 -
a4 §0° sector

120«
T measured

calculated ,’

Fig. 5

Result of the parallel compressor model stall line
prediction (open symbols) compared with the experiment
for the DFVLR compressor stage

vy, | - a

L




10-8

16 —
’ 7 A
Ay
/ \
’ \
14 —
> ]
n 2 , 100
JEgs ’ !
1.2 < ~ :‘105_¥,_
“10% n,
|
0 | ]
[} 12 16 kg8 20 o free regon F
Mieg ——o= ® screen regmn S
1.9 -7
T 10 M
P !
A 08 -
o8 .
360*
Fig. 6

Result of a multiple sector evaluation of flow field measurements
(Each sector represents a separate compressor within tle performan e

map)
4

11» —— e
—

P
Rt 7 transter funchion
Fite) / '_..r/r

T2 l/uy

! 0 1 ? 3

toe /T —e

a) Lift transfer function b) Lift overshoot

Fig. 7
Typical characteristivs of an airfoil in unsteady flow

a,in F -
-
o -
T
R input tronster function output
b
\ Fig. 8

Response of an airfoil representing transfer system to a ramp input signal




- \:‘ 4
- .
-? N
S | -
. . -
. o
s
’{ Fiad r.‘o‘,"
™~ e angie
- " medipo
-
e None
o was
. -
s [ 1
! .
_;L_‘L Core [
RES TR I
-~
rqumtergrhic e L
)
- R ] M e
-~ ’ 1 3 AT t i« "
1] .-t t B SR Y kY -
N
a  "JI%e n
- L .« Ane,
IV o v
A ‘\ B
N
AR T RN
\
' AT
N AY
T, LR
~ AN w
XY
oy *L\\\ﬁ::i;:!:
| ey ‘
|
i
o |
o
A —— —
0 L - s N . J
0 02 o0& 06 08 10
R-R
R,-R
Fig. 10

Spanwise magnitude of time constants for the DFVLR
compressor rotor bladimg

N




' s . v —
Slidunated Calcutated
& 500 s o 600 |
) ® 0120°
1 ) T:=851/w !
] - , — —
o
100%, | 100%
!
" 1
U { > R
P Y measured
oy measured ‘ TM0%n, undistorted
L3 stortel . [
: j 60° o
60 QJ J - =120
NN Sal 74 A S — i
3 N ‘s wgls 20 8 12 16 kg/s 20
. - Mg —
. 14 bt Tascade S orredted time constant
Vo TEeas b e 0 Tl e VLR SOl essor stage
- Bl 13
Lowg - B Dot Muxie
1 ~— 1
e avgement o f !
t *.‘ he 1
] ‘l H
¢
- - - vempw—
“ . w
U +
sartoraance AN
andwtorted N
Sntorted
Wreen wtor 90
prrouty w8 % !
V - . -

Fig. 12
Test arrandement and performance of a NASA transonic
compresscr stage with distorted inlet flow .from Ref. S)




1011
0,20 T —I—————‘} H

I

measured [
v o s calculated " 100%% Ny
! f
0,16 - T
0,12 - - —
Ptmax Plmin
Ptmax
0.08 ~
0,04
3 J
50 " Q) kg's M0
mreo - -l
Fiq.
Compar Lsih i
NASHA Tt I n .
foar ol w
| X .
‘\




UNCLASSIFIED




e

-

i

=

FEEE

EEEE

!"IIIE! EEE

-
E

MCROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963-A

T e mad e G R L




'
f

10-12

0,16

-—— measured
o a colculated

? 0.12

- p'-ln

Praax 0,08

0,04

0
50 70 90 kg/s 110
fMreg —o—
Fig. 15
Effect of screen decoupling on the prediction of distortion
level

{Numbers denote subsequent sector angles of
distortion at the compressor inlet)

| ---measured f.m -
t L6 4 calclated £
™
14 -7 T
' ), r
N 100% n,
Rk<
/
12 AN
70%
1.0
40 60 20 100 kg/s 120
Mreg —
Fig. 16

Parallel compressor model performance prediction for the
NASA compressor stage in a screen-decoupling mode
(Circles = steady, triangles = unsteady, S and F on the
undistorted 100% speed line are operating points of the
parallel compressors)

R L. DR . -




—

oy

B L o T e Lt

10-13

DISCUSSION

Ph.Ramette, Fr

1.

2.

Author’s
1.

In Figure 11b, at nominal speed, the measurement show a large difference between a 60° and a 120" screen, which
is not the case for the calculated stall points which are close together. Can you comment on this?

In Figure 16, how do you extrapolate the screen unsteady stall point S outside the stable operating zone of the
compressor? Should the operating nomina; speed line not go down at reduced mass flow from the stall point?

Reply

The model cannot in all cases reproduce the level of pr ratio experienced in the experiment. This may be
due to the fact that, firstly, the blade operating point does not follow the steady-state speed line. Instead, the
hysteresis loop can be found on a somewhat lower pressure level as illustrated by Figure 6. Additionally, from
experiments with a 120" distortion it can be supposed that the hysteresis loop of the blade operating point could be
wider. Secondly, the model is one-dimensional and assumes only an idealised square-wave distribution of the
pressure-time history over the distorted sector.

The extrapolation of the steady-state operating line with respect to an unsteady overshoot of the stability limit has
been made as a suitable compromise, which I have found out of the multiple sector evaluation (Fig.6). Of course, it
can be discussed whether holding a constant quasi-steady-state maximum pressure ratio is an adequate
extrapolation to represent the average of an unsteady effect. I really do not have sufficient experimental validation
to use any other type of extrapolation. In this part of the model extension I mainly looked for a suitable prediction
of the limits of the stability line. Therefore I assumed that this approach might be a fitting compromise.
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TURBOFAN ENGINE POST-INSTABILITY BEHAVIOR
= COMPUTER SIMULATIONS, TEST VALIDATION, AND APPLICATION OF SIMULATIONS -

by

wWilliam G. Steenken
Manager, Engine Operability
Afircratt Engine Business Group
General Blectric Company
Evendale, Obio 45215
U.8.A.

. -

’l‘i{- paper presents a method that can be used to predict the post-stability
operation of a turbofan engine and is based upon extending the capabjlities of engine
transient cycle decks. Typical predictions are presented and compared with results
obtained from the testing of a modern augmented turbofan engine. The potential manners
in wvhich this new digital-computer-simulation tool may be_utiliised are also discussed.

4
A p
H

- Compressor hysteresis

- Mach number
P83 - Compressor discharge static pressure
L - Corrected flow
wr - Mainburner fuel flow
rpa - Revolutions per minute
" - Combustor efficlency
1.0 INTRODUCTION

It is becoming generally accepted that hot starts, hung starts and nonrecoverable
stalls (also known as stagnation stalls), which may occur in turbofan engines, are all
characterized by the presence of a compressor instability - rotating stall. However,
the aerothermodynamic path taken during instability by the high-pressure compression
systen, the system of prime importance, can be quite complex. This end state can be
reached in basically two ways. 1In one way, it can be caused by a destabilizing event
at bigh compressor speeds that induces surge. This surge can then degenerate into
rotating stall as compressor spead decreases. In the other way, if an instability is
induced at low speeds, such as in the start or idle regions, then rotating stall may be
induced directly.

IZ hot starts, hung starts, and/or nonrecoverable stalls, all which have the
potential for jeopardizing the integrity of an sngine, are to be prevented or
controlled, then a tool {s required that will provide the requisite understanding of
the post-stability processes involved.

Based upon our studies (References 1 and 2), this necessary tool is a
time-dependent digital compufer simulation of the engine such as an "expanded® engine
transient cycle deck. Although these simulations can differ in the details associated
wvith solving the governing equations (e.g. implicit or explicit technique), the
aercphysics that must be represented are common to all. To that end, volume dynamics,
in~stall and reverse-flow compressor characteristics, stall-development and
stall~recovery time constants, rich-side combustor-heat-addition characteristics, and
rich-side flammability limits have beaen added to the standard low-frequency
engine~-transient-cycle deck to pravide the needed capability.

While this paper presents results obtained using an implicit solution technique
(Reference 1), the methods used to represent the components and the sngine have proved
egqually valid when using explicit solution techniques as in the case of a
bhigh-bypass-ratio non-augmented, separated flov turbofan engine with a linglo-ntugo fan
(Reference 2). PFurther, both of these techniques have been used with equal validity to
represent a high-~speed, high-pressure-ratioc compressor in a rig-test configuration and
a high-speed compressor in a variable cycle configuration. This multiplicity of
successes has provided the confidence required for using this type of simulation tool
as an aid for interpreting test data, validating the geometrical design of new engine
configurations, prediocting the stall recovery characteristics of engine configurations,
and developing stall-recovery control strategies.

—at M — -



r‘h

12-2

2.0 MODEL FORNULATION

The manner in which the post-stability simulation was ructed is d ibed in
the following subsections. Substantial consideration was given to breaking the engine
into its component parts so that the important and necessary aerophysical features
could ba represented.

As background, it should be noted that the mixed-flow augmented-turbofan engine
that was used for this study consisted of a thres-stage fan vith variable inlet guide
vanes, a nine-stage compr with variable inlet guide vanes and variable stators in
stages 1 through 3, an annular combustor, a single-stage high-pressure turbine, a
tvo-stage lov-pressure turbine, a mixer for mixing the fan bypass and core streams,
augeentor spray bars whose ports were controlled to provide afterburner modulation over
the vhole augmentor fuel-flow range, and a variable convergent-divergent nozsle. A
schematic of the engine components and volumes is given in Figure 1. The fan and
compressor variable geometry was controlled as a function of corrected speed, and the
noszle area was controlled by a fan-duct Mach-number signal in order that the fan
operating line would be maintained at the desired pressure ratio. This engine had a
bypass ratic of approximately one.

The starting point for the development of the computer simulation begins with the
usual steady-state and transient cycle decks. In our deck development system, the
transient cycle deck uses the steady-state cycle deck as its beginning point to which
the rigid body rotor dynamics (moments of inertia) are added as well as are models of
the engine control, variable geometry actuators, and control sensors with their
attendant response (amplitude and time) functions. Also included are heat soak and
parasitic flow representations. Computer models constructed in this manner are
adaquate for normal accel and decel type studies because the characteristic times
associated with them are at least two orders of magnitude slower than the associated
acoustic propagation times. In order to give the models the necessary 25-30 Hz
frequency response and the post-stability capability that is desired, the additions
described in the following paragraphs were made to the transient cycle deck.

2.1 Ccompression Copponent Representations

The three-stage fan was represented in a single block by hub and tip maps that
included in-stall and reverse flow representations in addition to the normal unstalled
flow characteristics. The compressor vas represented as a single block by a pitch-line
characteristic that had in-stall, reverse flow, and unstalled representations included
in a manner similar to the fan representation. Figure 2 provides an illustration of
the unstalled and in-stall compressor characteristics used at two speeds. Time
constants characteristic of the time it takes for a satall cell to develop
(three-to-four rotor revolutions) and for a stall cell to disappear (1l1-to-12 rotor
revolutions) were also included (see Reference 3).

In retrospect and if funds and schedule had permitted, we believe that the fidelity
of the amplitudes of some of the fluctuations during the occurrence of surge
instabilities could have been improved by breaking the compressor into threse blocks -
variable geometry stages 1-3 in the first block, stages 4 and 5 with the fifth stage
bleed at the exit of the second block, and stages 6-9 in the third block. This would
have made the acoustic reflection plane less hard.

2.2 combustorx

There are three key combustor characteristics that must be represented: (1) the
ideal temperature riss, (2) the combustor efficiency, and (3) the flammability limits.
O0f special import are the rich-side fuel-air-ratio portions of the
ideal-temperature~rise and the flammakility-limit characteristics.

The schematic representation of these characteristics is shown in rigure 3. In the
case of the ideal-temperature-rise characteristic, the Wecrease of temperature rise
with inocreasing fuel-air ratio for fuel-air ratios greater than stoichiometric is
represented. This feature simulates the effect that excess fuel has on quenching the
flame. The flammability limits are handled in a similar manner for the rich-side
fuel-air ratios. As can be seen, the flammability limits are represented as a function
of the fuel-sir ratio and a combustor loading parameter that is proportional to the
"flame thickness” and reaction time.

The combustor efficlency consists of a base curve and a relation for modifying this
ocurve for use at conditions other than for which the base curve vas derived. The base
efficiency curve is represented as a function of fuel-air ratio and falls off
sonotonically on either side of the maximum. For conditions other than the base
oconditions, the combustor efficiency is modified according to the following relation:

e ()" ()"
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During surge or rotating stall, the combustor efficiency was further modified to
' account for the severity of surge and the extent of the rotating-stall cell.

In addition to these characteristics, the burner total-pressure loss was
represented in a manner that accounts for the pressure drop across the liner and the
loas associated with "Rayleigh Line" heat addition.

2.3 Turbines

Standard turbine characteristics were used for both the high-pressure and the
low-pressure turbines. Because of the pressure ratios involved, the turbines operate
choked, thus relieving the need for reverse flow characteristics. However, it was
found necessary to modify the turbine efficiencies with empirically formulated scalar
modifiers during surge and rotating stall as was done for the combustor efficiency so
that engine decel rates and turbine blade temperatures matched those measured during
the engine test.

2.4 Yolume Dvnamice

In addition to including key compression component and combustor off-design
performance characteristice, the representation of the volumes within the engine takes
on critical importance if the desired frequency response is to be achieved - in our
casa 25-30 Hz.

The motion of the air within these volumes is completely described the eguations
of change (conservation of mass, momentum, and energy) and a thermodynamic relationship
(see References 1 and 4). PFigure 4 gives a schematic representation of the manner in
wvhich the volumes in the engine are chosen. Unless otherwise indicated, all volumes
are represented by quasi one-dimensional volumes whose dimensions are chosen to
represent the physical engine flow areas and lengths. ILong volumes with no natural
breaks are broken into volumes consistent with the frequency response desired. The
area distribution is continuous. The only two-dimensional volumes are the one located
ahead of the fan and the other located downstream of the fan but ahead of the
splitter. These two-dimensional volumes are chosen to allow for radial redistribution
of the flow downstream of the fan in the cass of a compressor surge and to allow for
radial redistribution of the flow upstream of the fan in the cases of core-induced
fan-hub surge and throttling-induced fan-tip surge as well as bypass-ratio variation
sffects assoclated with normal instability-free opsration.

2.5 control

It was noticed during mainburner fuel stepping to instability on the engine that
the fuel flow was being cut back as a result of the T4B (turbine blade temperature)
limiter. This limiter used a signal from a pyrometer, and during fuel stepping vas
reacting to flashes (temperature spikes) caused by the burning of excess fuel in the
turbine rather than the temperature of the blades. The computer simulation did not
provide this fuel cut-back since the logic calculated only an average gas path
temperature with which T4B was correlated.

The problem was solved by empirically correlating the temperature spikes with the
rate of change of fuel-air ratio at the plane of the fuel nozszles. When the rate
increases beyond the empirically determined value, a temperature spike is expected.
This approach worked well since temperature spikes wers simulated at times comparable
to those measured in the test data.

3.0 PRETEST PREDICTIONS AND VALIDATION

Prior to accomplishing pretest predictions for post-stability events, this new
computer model was demonstrated to reproduce the normal accel and decel characteristics
of the engine. Pollowing these validation cases, the model was configured to allow for
stability-1imit-line degradation and a fuel-step instability-inducement technique in

s consistent with actual engine operation.

A method for degrading the stability limit line (also known in the past as the
stall line or surge line) was necessary since it had bwen demonstrated on an earlier
engine vith a nearly identical core engine that this core engine had excellent -urzo
recovery characteristics. In fact, in order to significantly lower the stability limit
line, the engine had to be significantly malconfigured from its normal operational
oonﬂzuntion (1.e., compressor variable geomstry cpened five degrees as measured at
the inlet guide vanes and combustor operation with continuous ignition), and/or
subjected to large magnitude inlet total-pressure distortions that wvere maintained for
a significant period after the initial surge by an airjet distortion generator.
Incorporation of capability to lower the stability limit line as an approximation to
the effect of distortion on the compressor and adding the ability to switch to a false
P83 signal allowed simulating the manner in which the engine was operated and

responded,
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In order to initiate oﬂnuor instability, a mainburner fuel-step technigue was
used vharedy upon the initiation of & speed demand, the fusl flov was required to go to
an accel schedule in terms of WF/PS3 (the ratio of mainburner fuel flow to combustor
burner static pressure) that wvas a function of compressor corrected speed. At the same
time the accel schedule was demanded, a false PS3 was introduced to the control to
Create an artificially high fuel flow which created a step-like rise in combustor
burner pressure.

Two typical cases have been chosen to illustrate the capabilities of the model and
for comparison with test data. The first case illustrates a simulation of recoverable
surge and the second case illustrates simulation of a nonrecoverable surge. These
casss are presented in the following paragraphs.

3.1 RECOVERARLE SURGE

This recoverable surge vas initiated by a mainburner fuel step and was conducted at
inlet conditions consistent with M = 1.05 and S2KFT altitude. During the test, the
stability limit line was lovered by installation of an inlet distortion screen. This
was simulated during the computer simulation by artifically lowering the ressor
stability 1limit 1line. After initiation of the instability, continuous ignition was
used with a rate of five sparks per second. Instability was induced by creating a
speed demand of 600 rpm and avitching to a false PS3 of 100 psi for three seconds.
8imilar values were used for the computer simulation.

The resylts of the simulation and the comparable test data are shown in Figures Sa
thru d. Both sets of results are plotted on the same scale for Frigures Sa, b, and c
vhere the fuel flow -~ P83 ratio, compressor discharge static pressure, and compressor
spesd are plotted, respectively. FPigure 5d provides the compressor trajectory in terms
of pressure ratio and corrected flow as obtained from the computer simulation.

The sequence of events is described by the letters "a thru e" on each part of
Figure 5. At "a," a surge is initiated by a mainburner fuel step. Coupled fan and
compressor surges accompanied by compressor blowout and relight sequences (region "b%)
occur vith a fraquency of approxisately 4-% Hs. Finally, the combustor blows out due
to rich side quenching (region "c®). During these two periods, the compressor speed is
decreasing. At "4," the fuel step is tersminated and the engine returns to normal fuel
scheduling whersupon the combustor relights causing the compressor to surge at a
frequency of approximately 13-14 Hz (region "e"). Compressor speed begins to increase,
the surging stops, and the engine recovers and accels to normal operation at the
selacted powver setting.

3.2 NONRECOVERABLE STALL

This nonrecoverable stall was initiated at the same inlet conditions as was the
previously discussed recoverable surge. All other parameters were alsoc the same except
the fuel step was held for a four-second step duration. The comparison of the model
simulation and test results are shown in Figures 6a, b, and c for the fuel flow - PS3
ratio, compressor discharge pressure, and COmpr peed, respectively. The pressure
r:tlo - corrected flow trajectory as computed by the model simulation is shown in
Figure 6d.

This mainburner-fuel-step~induced surge behaves in a manner very similar to the
recoverable surge up to the point the false PS3 is removed (point *"d®) and the engine
returns to the normal fuel control schedule. However, the compressor speed is lower
than was the case for the recoverable surge due to the longer duration fuel step. In
this case, the compressor incurs an instability (point "e") and degenerates to the
rotating stall state (point "fw),

3.3 YALIDATION

Examination of the previous two sets of figures show that the engine transient
computer model with post-stability capability correctly predicts the Jotating stall
state as well as the measured parameters in trend, mean levels, trequencies, and to a
lesser degree, predicts the amplitude and waveform shape of the surge perturbations.
It is anticipated that the previously discussed more detailed CONDressor representation
wvould improve this latter gituation, In addition, it was noted as a result of
installing flame detectors in the combustor and at the exit of the lov pressure
turbine, that during surging, significant burning wvas not taking place in the
combustor, but rather that significant burning in the turbines was occurring. A model
for this type of burning was not developed. Hovavar, it is anticipated that
development of a "burning-in-the-turbine" model would lead also to lower compressor
discharge pressure perturbations.

The model was used to estimate the critical speed (References 3 and 5) of this
engine, the critical speed being the speed at which the instability behavior of the
oompressor transitions from surge to rotating stall. In reslity, the critical speed is
a critical speed range for a given engine depending on factors other than Just the
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combustor volume-compressor volume relationship such as stability 1limit line
degradation due to clearances, thermal transients, and/or variable stator position.
Analysis of the test data prasented in Paragraphs 3.1 and 3.2 show that the critical
speed for this type of transient occurs at a corrected speed of approximately 10,400
rpm. The model simulations showed that relights at corrected speeds of 10,530 rpm and
10,250 rpm resulted in surge and rotating stall, respectively. Hence, the critical
speed as predicted by the model is expected to lie betveen these two speeds which is
then commansurate with the test results.

The results of the simulations presented here as well as many others, including
some conducted at other inlet conditions, leads us to the conclusion that computer
simulations tructed as d ibed in the beginning of this paper provide adequate
fidelity to represent the major features of the aerophysics associated with the
post-stability characteristics of an augmented turbofan engine.

4.0 APPLICATION OF RESULTE

Validated models such as the one described in this paper are useful for conducting
the trade studies necessary to design an engine with good recoverability
characteristics and for developing recaovery control strategies. The first step in
conducting trade studies is to assure that the combustor-volume to compressor-volume
ratio is sufficiently large to cause the critical speed range to occur at low engine
speeds, preferably sub-idle. It is the author's contention that this is a
fundamentally necessary condition that must be mat i{f an engine is to have good
recoverability characterisitcs. In and of itself however, a low critical speed range
will not guarantes good recoverability characteristics. Other factors known to affect
the recoverability characteristics of an engine are the level of the stability limit
line, the level of compressor nhysteresis, and control of the decel achedule and of
combustor blow-out and relight as both affect the compressor operating line.

4.1 STABILITY LIMIT LINE

Experimental and analytical studies have shown that a high stability limit line
promotes recovery most probably because the potential energy stored in the combustor
provides the source of snergy necessary to back flow the compressor and drop the
operating line sufficiently so that normal flow can properly be re-established.

As a corollary, it is important that the compressor sensitivity to thermal
transients or to inlet distortion not be too great because a significantly reduced
stability limit line would give rise to an elevated critical speed range.

4.2 COMPRESSOR HXSTERESIS

This effect of compressor hysteresis is illustrated by a modelling study that was
conducted on the compression-combustor system of a nonaugmented turbofan engine that
had a relatively high critical speed. For our purposes here, compressor hysteresis is
related to the relationship between the in-stall corrected flow obtained by throttling
to stall and the in-stall corrected flow at which the compressor recovers back to its
unstalled flow characteristic and could be defined by the relationship

woe 1 o[ Mo tnesean (2)
wc Recovery
In this parametric study, the compr wvas tested at t speed until compressor

instability was induced. PFour milliseconds after instability initiation, the throttle
wvas opened to a lower throttle (higher flow). This was successively done until the
throttle line upon which the compressor recovered was determined. Figure 7 illustrates
that for a compressor with a stability limit point at "8;" and an in-stall recovery
point of "R," the compressor would recover if the throttle was dropped to throttle line
®1" or lower. If the stability limit point was maintained at *5," and the
hysteresis, H, is reduced by reducing the in-stall recovery point to "R;," then the
compressor would recover on a much higher throttle line ("2"). Thus, the reduction in
hysteresis significantly reduced the amount of unthrottling required to recover the

ressor. This study illustrated the strong effect of compressor hysteresis on the
recoverability characteristics of a compressor.

4.3 QPERATING LINE CONTROL

An understanding of the effect of operating line can be gained by examining the
pressure ratio-corrected flow map for a oompressor (Figure 8). This map shows the
unstalled constant-corrected-spesd lines, the compressor stability limit line, and the
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in-stall constant-corrected-speed lines together with the rotating stall recovery
line. The nominal operating line is superposed for refsrence. In order to gain an
appreciation for this representation, let us suppose the compressor is being throttled
on the 97.5 percent corrected speed line towards the stability limit line. After the
stability limit line is reached, assume speed remains constant and that the cospressor
ends up on the 97.5 percent corrected speed in-stall characteristic. The compressor
would have to be unthrottled to a flow approximately equivalent to the flow on the
unstalled 92.5 percent corrected speed line before the compressor would recover and
return to the 97.5 percent corrected speed unstalled characteristic.

Now let us add three operating lines to the compressor map as in Figure 9 - the
maximum accel schedule operating line, the decel schedule operating line, and the
combustor blow-out throttle line. Assume for the purposes of this Aiscussion that the
compressor-combustor volume relationship is such as to allow the occurrence of stable
rotating stalls at all speeds. If instability occurred at part power (< 97.5 percent
corrected speed) and the main fuel control went to the accel schedule, then engine
operation on the accel schedule would prevent recovery from rotating stall until the
compressor corrected speed was in excess of 97.5 percent. If an instability occurred
and the engine control went to the decel schedule, then recovery from rotating stall
could be attained for corrected speeds down to approximately 88 percent. If the
combustor should blow out, then the compressor would be unthrottled in a manner that
would allow recovery from rotating stall down to speeds less than 80 percent corrected
speed. Notice that if the blow-out throttle line should cross and remain above the
recovery line at some speed less than 80 percent, as is suggested by the slopes of the
stall recovery line and the blow-out throttle line, then rotating stall would not clear
until speed drops sufficiently such that the strength of the rotating stall cell is
reduced and begins to lose coherency. At this point, viscous forces will begin to
cause it to dissipate. Following its dissipation, the compressor could then be
re-accelled without instability.

Hence, 1if control recovery logice can be designed that take into account the
various operating lines and associated speed ranges, then the desired control of the
operating line can be obtained. Obviocusly, upon the occurrence of instability, it is
desirable to keep the control from going to the accel schedule. Depending on speed
range and spool-down rates, rotating stall can be prevented or cleared by going to the
decel schedule or the blow-out throttle line., Fuel and/or bleed-air dynamic effects
have been demonstrated to have utility for clearing a compressor of rotating stall and
to alleviate the need for unthrottling as much as steady-state unthrottling studies
would indicate (Reference 6). Dynamic effects on recovery are also illustrated by the
example discussed in Paragraph 4.2.

5.0 CONCLUSIONS

Studies have been accomplished which show that an engine transient cycle deck with
extended capabilities will naturally predict the post-stability behavior of turbofan
engines, be the instability surge or rotating stall or the transition from surge to
rotating stall as speed decreases. In order that an engine transient cycle deck have
this capability, it is necessary that the compressor component representations have
in-stall and reverse flow characteristics and the associated stall-development and
stall-recovery time constants, the combustor have rich~side heat addition and
flammability characteristics, and the flow volumes of the engine be represanted by one-
or two-dimensional volumes as appropriate and both with reverse flow capability. In
our studies, we have chosen to use the complete set of the equations of change together
:ith 1; thermodynamic relationship to provide proper representation of the flow
ynamics.

Models such as these have the capability for determining if the critical speed
range of an engine system lies within an acceptable portion of the corrected speed
spectrum, for determining the post-stability dynamics of an engine system (an aid for
interpreting the source of measured frequencies), and for developing appropriate
stall-recovery control strategies in relation to the speed range at which the inception
of instability takes place.
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DISCUSSION

D.W.Stephenson, US
1. Please explain the need for the volumes included in your engine performance modelling. Is this because there is a
time element required for the flow leaving one component to reach that same level in the next component during
transients?

2. Are your in-stall compressor characteristics obtained from engine or rig testing?

Author’s Reply
1. The volumes were included to assure that the convective and acoustic velocity propagation paths simulated the
actual propagation paths in the engine. This is necessary if system frequencies are to be replicated. Thus, the
volumes were chosen in a manner to represent the lengths of ducting within the engine so that the acoustic
reflection planes would be simulated. The entrance and exit flow areas to the volume with the above-chosen length
were selected in a manner so the calculated volume was representative of the engine internal volumes. In this way,
the resonance (eg Helmholtz type) associated with the volumes of the engine will also be simulated.

2. To date, we have obtained in-stall compressor characteristics during rig testing of compressors. Automatic control
systems, which use the output of vane-mounted thermocouples as input, allow conducting the required testing
without thermally distressing the compressor blades or vanes.

- ST E—————— i in s




T

AD-P005 469

PP

—

Y e

TRANSMISSION OF INLET DISTORTION THROUGH A FAN
by

J E Flitcroft
J Dunham
W A Abbott

Royal Aircraft Establishment, Pyestock
Farnborough, Hants, GUl14 0LS, UK

SUMMARY

Tﬁ; effect of inlet swirl on the propagation of total pressure distortion through a
3-stage fan without inlet guide vanes has been investigated on a compressor rig. The
tests gave the unexpected finding that the presence of a swirl counter to the rotation of
the fan generally reduced the level of steady state distortion transmitted to the core
compressor. Dynamic pressure measurements made at the exit from the fan, however,
revealed that the swirl also caused a sudden early breakdown of the flow in a sector of
the hub region, resulting in high time-variant distortion levels in the core flow. This
observation is compatible with the destabilising effect of a swirl counter to fan
rotation on engines. A theoretical analysis confirmed that a swirl, concentrated at the
fan tip at entry, could drive some of the hub blade rows strongly towards stall. __ .

NOMENCLATURE
PT = Total pressure (kPa)
TT = Total temperature (©K)

© = Anqular circumferential extent (degrees)

Annulus or face — Lowest mean total

DC(8) = mean_total pressure pressure in a 8° sector
Dynamic head

Annulus or face Lowest mean total

pC(O) = mean total pressure - pressure in a 6° sector
Annulus or face mean total pressurs

Highest mean total temperature Annulus mean total

TC(8) = in a_@ sector temperature

Annulus mean total temperature

Pressure distortion transfer ratio = BC(8) fan exit
PClO) fan inlet

TC(®) fan exit

Temperature creation ratio
PC(®) fan inlet

PT{arm average) .

PT(Annulus mean) fan inlet

| —— |

Normalised PTIN =

PT(minimum arm average

PT(annulus mean) fan inlet

PT({arm average) .

f ' — )

: PT(annulus mean) fan exit
Normalised PTDEL =
1 PT(minimum arm average
PT{annulus mean) fan inlet
TT{arm average) '
TT(annulus mean) fan exit
Normalised TTDEL =

PT(minimum arm average

PT(annulus mean) fan inlet

TU = Maximum RMS pressure fluctuation ohserved at an operating point (Radial average).
TUM;xMaximum RMS pressure fluctuation observed {(Radial average).
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INTRODUCTION

During the development of the Tornado powerplant it became apparent that a swirl in
the inlet flow, counter to the rotation of the engine ("contraswirl"), had a significant
destabilising influence, substantially reducing the level of total pressure distortion
that could be tolerated. The adverse effect of a circumferential variation in total
pressure on engine stability is, of course, well establishedlr2, Although the solution
adopted on the aircraft was to incorporate aerodynamic fences in the curved intake, in
locations which inhibited the secondary flow behaviour responsible for the swirl3, the
situation had highlighted a lack of knowledge of the manner in which swirl affected
engine stability. Since curved inlet ducts are frequently required for practical
installations, a better understanding of the effect of swirl was clearly needed to enable
its significance to be assessed fully for future powerplant designs.

A variety of explanations for the adverse effect of contraswirl were considered.
One was the creation of a significant mismatch between the spools. However an
examination of measurements on an engine showed that, although contraswirl caused a small
reduction in the speed of the fan relative to the core, the operating point remained on a
similar working line to that followed without swirl. Since the operating lines of the
core compressors are established by choking of the HP turbine nozzle guide vanes, and are
therefore insensitive to the fan exit conditions, there was no evidence for the
mismatched spool hypothesis. Given that the surges had been observed to initiate in the
core compressors rather than the fan it was clearly not just a consequence of the fact
that contraswirl increased the incidence of the first blade row to the point where stall
occurred; since the first blade row in this case was a rotor in practice only a small
increase in incidence occurred. The only feasible explanation for the effect of
contraswirl was therefore that it resulted in higher levels of flow distortion entering
the core engine,

To test the above hypothesis, and provide data for the evaluation of prediction
methods, measurements of the transmission of inlet total pressure distortion were made on
a representative military fan. The results are presented in this paper. Although the
stabilising influence of the core engine, due to the coupling between closely spaced
spools, would not be represented in this experiment, it was anticipated that the correct
trends would be obtained4, A theoretical analysis of the effect of swirl on the fan
aerodynamics was also undertaken, to provide a qualitative means of assessing the changes
likely to be taking place within the turbomachinery to produce the observed behaviour

RIG DESCRIPTION

The general arrangement of the test rig is shown in Figure 1, Air is drawn in by the
fan through an inlet silencer and calibrated air meter. A non-uniform inlet pressure
distribution, representing an off-design aircraft intake flow pattern, was produced by
inserting a gauze screen in the distortion generator. For tests without swirl the gauze
was supported by a honeycomb mesh, Figure 2a. For investigations with swirl the
honeycomb support was replaced by a series of radial vanes, which were twisted along
their length to create a rotation which varied from 0° at the hub to a maximum at the
tip, Figure 2b. The gauze blockage could be rotated through 3500,

The fan module comprised a 3 stage low-hub/tip ratio research machine without
inlet guide vanes, representative of current military engine technology. The fan
discharged into a split-flow collector box which incorporated two concentric dump
diffusers. Both core and by-pass streams passed through airmeters prior to discharge
through a common throttle valve. The fan by-pass ratio was pre-set using a bias gauze.

During the investigation it was discovered that the bend downstream of the dump
diffusers produced a circumferential variation of the flow properties at the fan exit
measurement plane. A subsequent comparison, using the measurements made with a single
rake arm and rotating the blockage, showed that results obtained with a fixed gauze
blockage could be corrected by considering the bias induced by the bend to be super-
imposed on the measured exit circumferential variation.

INSTRUMENTATION

Two types of inlet flow survey instrumentation were used; a symmetrical 8-arm array
of rakes with 5 probes per arm, each probe incorporating a miniature pressure transducer
and thus able to measure both time-averaged and time-variant total pressure, or a single
arm containing five S-hole conical yawmeter probes. The inlet rakes were removed when
taking the definitive exit flow measurements with swirl, Fan delivery pressures were
measured using 8 rakes, each containing 5 steady-state total pressure probes in both core
and by-pass flow annuli. The centre probe in the by-pas3 and the second and fourth probe
in the core on each arm contained a miniature pressure transducer for time-variant
pressure measurement (Figure 3). The time-variant pressure signals were recorded on
magnetic tape. The system was limited to 40 channels so when the delivery conditions
were being recorded only 16 inlet probes could be monitored. Fan exit temperature was
measured using a single rake with 4 thermocouples in each annulus.

TEST CONDITIONS
For the first phase of testing a range of throttle settings was examined at 80, 85

and 90% design speed with both clean and non-uniform inlet flow conditions. fThe swirl
vanes and gauze were tested both separately and in combination. In the second phase of
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the investigation the distortion generator was rotated in 30° increments to provide a
full.flow-survey at entry using the single yaw meter rake and at exit from the single
temperature rake.

A structural loading limit on the inlet silencer system precluded surging of the
fan during these tests.

DISCUSSION OF THE STEADY-STATE RESULTS
Fan inlet flow conditions

The gauze used to generate the circumferential pressure variation gave a once-
per-revolution pattern. A contour plot is shown in Figure 4. There was no net swirl
associated with the gauze alone. At the measurement plane the maximum deviations from
axial flow, measured at the sides of the low pressure region, were less than #2°,

The swirl vanes in isolation gave a rotation counter to the fan which varied from
30 at 32% radius to 12° at 92% radius. In combination with the gauze,swirls of almost
double the above levels were observed in the low pressure region, (Figure 5).

Fan overall operating characteristics

The overall performance of the fan with a clean inlet, and with the gauze and
swirl vanes both separately and in combination, is summarised in Figure 6. The gauze and
swirl combination produced a marked reduction in both flow and pressure ratio, a contrast
to the limited change from the clean inlet performance observed with the gauze alone.
The reduction in pressure ratio and flow with swirl alone as the fan was throttled was
unexpected. Simple theory would indicate that a rotation in the flow in the opposite
sense to the fan would normally result in the movement of the operating line to the
right®.

Distortion transmission without swirl

The steady-state distortion transmission pehaviour of the fan measured with the
gauze alone is illustrated in Figure 7. Normalised curves showing the circumferential
variation of inlet total pressure, exit total pressure and exit temperature for core and
by-pass regions are presented. For calculation purposes the inlet flow was divided into
concentric circular stream tubes with the measured core/by-pass flow split. The greater
attenuation of pressure distortion achieved in the by-pass region is clearly apparent, a
finding consistent with the much steeper operating characteristic of that region of the
fan (Figure 8). Both the core and by-pass flows exhibited peak temperatures in the
region where, at inlet, the rotor was sweeping into a rising total pressure field, a
feature seen by other workersPr/. A local increase in blade incidence occurs in the
region, due to the tendency of the fan to induce a static pressure distortion ahead of
the rotor, in sympathy with the total pressure variation®,

The effect on the distortion transfer characteristics of fan speed and operating
point are illustrated in Figure 9. Although the parameter used to characterise the
transfer is based on a 60° sector angle, similar levels were obtained for a range of
angles up to 1352, The results show little variation with fan speed. The initial
increase in attenuation in the core as the fan is throttled, followed by a subsequent
ris2, was also observed in Reference 5. The consistently high levels of attenuation
achieved in the by-pass region render it the more attractive location for engine control
instrumentation for monitoring the fan working point, since such instrumentation needs to
be relatively insensitive to the orientation of any inlet flow distortion.

The effect of swirl on distortion transfer

Figure 10 shows the equivalent inlet and exit flow measurements for the gauze and
swirl combination at an equivalent operating condition to that illustrated for the gauze
alone in Figure 7. Whilst the basic features are similar, it will be noted that the
levels of attenuation achieved are greater. As Figure 11 shows this was also the case at
the other operating conditions examined. On the above evidence it therefore appeared
that a swirl counter to the rotation of the fan did not result in higher levels of
circumferential distortion entering the core engine.

Since a strong radial variation in total pressure could also affect the surge margin
of the core compressor, a comparison was made of the mean total pressures on each ring of
probes. The magnitude of the local circumferential variation on each ring was also
examined. Typical comparisons are ghown in Figure 12. There was no indication that the
tests with swirl produced a more severe hub-low pattern, which would be the most likely
to cause a loss of core compressor stability. Furthermore, with swirl, the level of
circumferential distortion was lower in the hub region than without swirl. The radial
variation was also less. There was therefore no evidence that a swirl counter to the fan
rotation caused a more adverse radial distortion.

From the tests where the blockage had been rotated to provide exit temperature
surveys it was found that the levels of total temperature distortion in the fan core
delivery region were also lower with contraswirl in combination with the gauze (Figure
13). Although when compared on the basis of pressure ratio the level with swirl does
rise to equal the value measured with the gauze alone, it should be noted that the
condition does relate to a higher operating point because of the adverse effect swirl had
on overall fan performance,
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Comparison with predictions

In the absence of a fully 3-D model the predictions of the steady-state distortion
transfer were made using a linearised two-dimensional method, which models the upstream
and downstream ducting and the fan as a series of control-volumes4, The mean flow
properties in the fan control-volumes were calculated using a blade-row stacking model.
The core and by-pass regions of the fan were treated as two separate machines, the
location of the dividing streamline being determined using a streamline curvature
calculation program. Only the mean value of circumferential swirl could be specified at
the upstream boundary.

Examples of the measured and predicted exit profiles for the core region are
presented in Figure 14 for cases both with and without swirl. Although there was
generally good agreement in the basic shapes, the measured increase in attenuation
observed with the swirl present in combination with the gauze was not correctly
reproduced. A small decrease was usually indicated. In the by-pass region the
predictions differed substantially from experiment because the calculated levels of
attenuation were comparable with those for the core. The reason for this was apparently
due to the predicted by-pass compressor characteristic having a lower slope than the
measured one. A simple calculation using the slope of the measured characteristic gave
levels of attenuation comparable with those observed in the experiment.

DISCUSSION OF THE DYNAMIC MEASUREMENTS

A comparison of the maximum values of Root Mean Square {(RMS) pressure fluctuation
measured in the core annulus at exit from the fan gave the first indication of a
mechanism by which the presence of contraswirl could make conditions worse for the core
turbomachinery. At all three speeds examined during the initial phase of testing a
dramatic increase in turbulence was noted with the gauze and swirl combination as the fan
was throttled to the highest operating point (Figure 15). In an engine this would result
in a large rise in the level of time-variant distortion entering the core compressor, and
would more than offset the slight reduction in steady-state distortion obtained with
contraswirl. At lower operating points the much smaller increment in turbulence with
contraswirl would only result in comparable peak instantaneous levels.

From the second phase of testing, where the blockage was rotated, it was evident
that the peak turbulence occurred in the same region as the peak temperature and not the
lowest steady-state pressure. A circumferential shift between the instantaneous peak and
steady-state distortion patterns would therefore be indicated. As mentioned previously
the location of the peak temperature corresponds to the region where at entry the local
crossflow induced by the static pressure distortion, produced in sympathy with the total
pressure variation by the rotor, leads to increased blade incidence. On the other side
of the trough, where the induced swirl perturbation would be co-rotational, the levels of
turbulence were similar to those obtained at lower operating points.

A comparison of the circumferential variation of steady-state total pressure in the
core as the operating point was raised revealed that a marked local deterioration in fan
performance had occurred in the region of high turbulence. As Figure 16 shows, at the
highest operating point the left hand edge of the low pressure region was no longer
clearly defined. A comparison of the respective inlet pressure and turbulence
measurements showed no substantial difference, confirming that the observed behaviour was
due to a local breakdown of flow within the fan. An examination of the associated
transducer signals from the by-pass region confirmed that the effect was concentrated at
the hub. Spectral analysis of the turbulence revealed a dominant sub-rotor speed
frequency, in the manner of a rotating stall, which was not present at the other
operating conditions.

Supporting evidence for the explanation that a local breakdown of flow in the hub
region of the fan can occur without initiating surge directly, only to trigger it
subsequently in the core turbomachinery, is provided by the findings of Miatt and
Schaffler”. -In that case, with a uniform inlet flow, surges of the HP compressor were
induced by closing the nozzle to well below the normal operating area. The cause was
found to be a rotating stall in the fan hub. The presence of a circumferential variation
in inlet total pressure could be regarded as imposing a cyclic variation on such
behaviour.

The absence of any inter-blade-row instrumentation on the fan meant that no evidence
was available to indicate at what point within the fan the flow breakdown was occurring.
Some gquidance was however provided by a theoretical analysis of the effect of a
circumferential swirl on the flow within the fan, usinrg an axisymmetric streamline
curvature computer programlO,

THEORETICAL ANALYSIS OF FAN INTERNAL AERODYNAMICS

The streamline curvature program required a specification of air outlet angle f(or
deviation) and pressure loss coefficient at the outlet from each blade row as a function
of radius, Since this information was not available for the full range of conditions
likely to arise in the presence of swirl, a representative specification, which matched
the fan performance at a working line pressure ratio at 90% speed without swirl, was used
for all calculations. Although the findings must therefore be regarded as providing a
qualitative, rather than quantitative, guide to the effect of swirl on the internal flow
behaviour, the correct trends were expected to be present.
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Figure 17 shows the overall performance characteristics obtained. For comparison
the measured characceristics are also presented. It is immediately obvious that with
fixed loss coefficients the marked turnover of the measured characteristics is not
obtained; since the measured pressure rise is lower, either the loss or deviation (or
both) must be greater.

A possible justification for higher loss and/or deviation can be seen from the

following table, showing the effect of inlet contraswirl on the local incidence angles at
three radial stations, representative of hub, mean and tip conditions.

EFFECT OF SWIRL ON LOCAL INCIDENCE ANGLES

$ BLADE

Np ROW HUB MEAN TIP

8s rotor 1 -0.4 +0.2 +0.2
stator 1 +2.5 +0.7 -3.3
rotor 2 +4.1 0 -0.5
stator 2 +3.2 -0.9 -1.8
rotor 3 +2.1 =0.3 -0.3
stator 3 +0.8 -0.7 -0.6

90 rotor 1 -0.5 +0.2 +0.2
stator 1 +2.9 +1.3 -2.9
rotor 2 +4.9 +0.4 -0.5
stator 2 +4.4 -0.2 -1.3
rotor 3 +3.5 +0.2 0
stator 3 +2.3 +0.2 +0.3

At each speed the pressure ratio was taken on the relevant working line. It is
interesting to note that although the inlet swirl used in the calculation was zero at the
hub, and increased linearly to a maximum of 10° at the tip, it is the hub incidences
which increase. This is because the axial veiocity distribution has to adjust itself in
order to maintain radial equilibrium.

The effect of these higher incidences is to increase significantly the loading
parameter “P/D (static pressure rise/inlet dynamic head) at the stator hub of stages 1
and 2 to values at which stall might well occur. The local axial velocity profile is
also expected to deteriorate, as shown in Figure 18, It is relevant to note that if the
calculations were repeated with the increased loss and deviation apparently indicated by
the test results, the changes in incidence and axial velocity profile with swirl would
have been greater.

The theoretical analysis in combination with the experimental results, provide a
convincing explanation of how a contraswirl, concentrated at the fan tip at inlet, can
result in a substantial deterioration of the quality of the flow entering the core
compressors and in turn account for the increased sensitivity of the engine to inlet
distortion.

CONCLUSIONS

Time-averaged measurements of the transmission of distortion through a split-flow
military fan showed that, at fan exit in the by-pass region, the level of distortion was
only about 20% of the value at inlet, Substantially less attenuation was achieved in
core, with about 60% of the inlet value being measured. The effect of a swirl counter to
the fan rotation was, surprisingly, favourable, increasing attenuation in the core so
that the level of distortion at exit was now only about 45% of the inlet value.

Calculations of the steady-state distortion transmission behaviour, in the core
predicted the circumferential variation well, but gave an incorrect indication of the
effect of swirl.

- The picture changed markedly when the dynamic content of the exit pressure
K distortion was taken into account. On the normal working line of the fan the addition of
: contraswirl resulted in turbulence more than three t mes the level observed with
distortion alone. The large implied increase in the time-variant total pressure
distortion in the flow entering the core compressors could well account for the observed
reduction in stability margin of engines when subjected to distortion in combination with
contraswirl. Calculations using an axisymmetric flow program showed that for this fan
there was a strong tendency for inlet swirl to increase the incidences of blading in the
hub, supporting the experimental evidence that the high turbulence was due to a local
region of hub stall.

|
.

Dynamic instrumentation in the fan exit is clearly desirable in rig or engine tests
where potential fan-core interactions are being examined.
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GAUZE HONEYCOMB SUPPORT FAN MODULE
OR SWIRL VANES

a. Block diagram of the rig arrangement b, General arrangement of the main rig module

FIG 1 DETAILS OF THE RIG LAYOUT

a. Gauze and honeycomb support b. Swirl vanes

FIG 2 DISTORTION GENERATCOR CONFIGURATIONS
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FIG 5 INLET FLOW WITH GAUZE AND SWIRL
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EXPERIMENTAL INVESTIGATION ON SMALL TURBOPROP BEHAVIOUR
UNDER COMPRESSOR ROTATING STALL FOR DIFFERENT INLET FLOW CONDITIONS

SUMMARY

Th;: paper deals with an experimental investigation on compressor rotating stall and acoustic noise

in a small turboprop. The intent of the study, undertaken in Alfa Romeo Avio using the engine test bed,during
the initial, phase of the AR 318 turboprop development program
behaviour of seme engines at part-speeds. -

The overall performances of the centrifugal compressor, the time-depedent wall static pressure measure-
ments,” to visualize impeller rotating stall regions on the compressor map, and the acoustic noise si-

by

S.Colantuoni and G Liotti
ALFA ROMEO AVIO
Direzione R & D
80038 Pomigliano d’Arco
Napoli, Italy

gnals, detected at the engine air-intake inlet, are presented.

Finally, the engine performances in stalled compressor conditions are analyzed and main results di-

scussed.

NOMENCLATURE

e Neper's number

ECT Exhaust gas temperature

ETAB  Combustion efficiency

FAR Fuel-air-ratio

LHV Lower heating value of the fuel

N Rotor speed

ND Corrected design rotor speed

PR Compressor T-T pressure ratio

PO Compressor inlet pressure

P2 Compressor exit total pressure
TET Turbine entry temperature

TO Compressor inlet temperature

T2 Compressor exit total temperature
wF Fuel flow

§ Pressure factor = PO/101 kPa

L] Temperature factor = T0/288 deg X
v Air flow rate

1. INTRODUCTION

1.1

Problem statement

The AR 318 is a single-shaft turboprop of the 450 kw engine class. In fig. ! the engine cross-

section is shown.

The main elements are a S-shape air intake, a single stage centrifugal compressor,a reverse flov

annular combustor and a two stage uncooled axial turbine.

The reduction gearbox is driven by a forward extension of the compressor shaft and provides a ma-

ximum propeller speed of 2000 RPM.

The centrifugal compressor had an impeller of 200 mm exit diameter, 13 entire 13 splitter blades,
a 25 vanes radial diffuser, a 90° bend and an axial straightener diffuser.

The compressor was designed for design point pressure ratio PR of 6.9 : 1 and 2.%5 Kg's of mass

deg K

J, Kg
RPM
RPM

kPa
kPa
deg
deg
deg K
g's

Kg's

, was to clarify the noisy and unstable
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flow, at the speed ND = 38100 RPM with an isentropic efficiency of 7%% T-T. At design speeda tran-
sonic flowfield is present at the inlet of the impeller as well as of the diffuser.

The configuration was tested on the rig (see fig. 2) and the results satisfied the target, as shown
by the comp' :ssor map in fig. 3, in terms of pressure ratio, mass flow and efficiency.

Furthermore, the surge margin was adeguate for the engine requirements in the complete range, from
the Ground-Idle (72.5% ND) to the Cruise condition (105% ND). A more accurate analysis of the over-
all performance shows that the impeller/diffuser matching is realized as follows:

b~ ——



A) the maximum efficiency of 707 Qs at wi” Ny

BY the peak efficiency line in the working range of the engine (707 N 1o 105 M) 1 near the ~ur-
g¢ tine, and therefore is not possible to operate heres

-

at part-speeds {around 707 ND) the impeller is clearly in Jdeep stall and <o the overall efficien
oy fevel is degraded.

Such good compressor performances were not available always on the endine hardware, 1.e. sensative
varidarions of mass flow and efficiency were measared on some builds. Furthermore, hysreresis' phe-
nomenen at transient conditions were experienced.

Another relevant observation done Juring the dynamometer c¢nvine test 1< about the noise, whose va-
riation was clearly audible in tone and intensity level along the operating bine. from dround-1dle
(G to Take-off (TO) and viceversa.

It 1s imporrant ta point out that, the main differences between rig and eneine were:

A) the compressor casing configuration (see fig, 2 vs, fig. 1)

B} the geometry of the plenum chamber at the compressor exit of the rie, compared to trhe annular
combustion chamber of the engine:

C)othe impeller axaal tip clearance. whose variation with speed i< greater on the engine.

The last is a penalty for the compressor and the enzine performances. Nevertheless, on first proto-
type engines. in order to aveid a rub between casing and impeller at 1057 ND. it was necessary to
increase the compressor tuild clearance from the rig value of O %G mm to the engine value of 1,37
mm .

1.2 Objective of the investigarion
Looking at the experimental data available and brietly  presented. an experimental prosram was car-
ried out on the engine, having the following targers:
1) to get for e engine vompressor confilguration more  acvurate information on the acradynanic
phenomenon of the impeller rotating srall.

1 to verity the existence of a connection between engine noise and rotating stall,
So. it was decided to carry out an engine test, in order to get:

1) the engine compressor performance map.

2) the time-dependent wall static pressure measurcients, Jdetected on the compressor casing at the
impeller throat:

3 the noise signals, Jdetected near the inlet of the eneine aiv-intake.

2. VOMPRESSOR EXPERIMENTAL INVESTIGATION ON THE ENGINE TEST BRD

2.1 Test tacality, Engine instrumentation and Data acquisition svstem

The engine has been tested on the ALFA ROMEQ AVIQ dypamometer test bed shown an tie. §. It 1 an

hydraulic dynamometer FROUPE FO 271, fit for raking up o power of 1000 kh. with a4 maximum speed of
000 RPM.

In order to evatuate the enzine performances. during the test recording of torgue. speed. tuel
flow, ambient temperature and pressure have been done. Turbine Exit das Temperature (EGT) has been
measured by 0 thermocouples assembled in IO rakes circumterentially equispaced.

The srandard engine compressor instrumentation is given by the air intake static pressure taps, to
compute massflow rate at the compressor inlet, using a valibration curmve, plus 4 thermocouples for
total temperature, ana 4 probes for total pressure at the compressor exit plane, to evaluate pressu-
re ratio and efficiency.

In order to Jetect impeller rotating stall, two Kistler piczoelectric fransducer have been placed
on the compressor casing (in the Top position 'T' and Bottom 'B', 170¢ a parti, n the inducer zone
of the impeller, just after the throat of the entire blade channel tsece fie. 5). The pressure si-
gnals from the transducer have been amplified and stored on a magnetic tape recorder.

A microphone B & K has been placed in the proximity of the engine air-intake 4nd the noise signal
has been stored on the magnetic tape for the sucvessive elaboration.
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2.2 Test procedure

Each engine operating condition was stabilized for the necessary time and than monitored. Any po-
wer level was setted by acting on the dynamometer load, so that the engine speed remains firm when
the fuel flow was increasing. In this way the operating point on the compressor map moves from cho-
ke towards the surge line.

The data acquisition has been done firstly at the engine condition of minimum loading, from GI at
72.5% design speed (ND=38100 RPM), to TO speed (100% ND), every 2.5% interval. Than, the compres-
sor speed-line 70%, 80%, 87.5%, 90%, 92%, 95%, 98% and 100% ND have been explored, from the condi-
tion of minimum loading (condition at choking) to the one at maximum fuel allowable(maximum ECT
of 950 deg K).

3. TEST RESULTS

3.1 Overall engine performances

The engine components chosen for this build are to a great extent derived from other prototypes,
which have already carried out heavy tests. The overall engine performances are not very repre-
sentative of this engine class.

Engine performances were established by means of a test analysis computer code, which calculates
those parameters not directly measured, like Turbine Fatry Temperature amd reduces to the referen-
rence standard conditions all the performances parameters.

During the test the maximum power reached was 400 kW, at 51.3 g/s of fuel flow, with a TET of 1240
deg K.
Overzll compressor performances

The engine compressor map is presented in fig. 6.
It is possible to see in fig. 7 the difference between rig and engine results. From the analysis
of these results we observe the following:

at 100% ND the engine compressor reaches the mass flow and the pressure ratio required at design
condition,

at off-design conditions, the reduction of mass flow at choke for every speed-line is substan-
tial. This is mainly due to the difference of the impeller tip clearance between rig and engi-
ne (1.37 mm of the engine respect to 0.80 mm of the rig),

the speed-line at 87.5% ND of the engine compressor map has a double characteristic as shown
by fig. 7. In fact during the data acquisition of the test point T/P 411(Wf@/8 = 1.90 Kg/s,

PR = 4.71), the compressor jumps abruptly into rotating stall condition, and the engine reaches
the new equilibrium point T/P 412 (W{8/8 = 1,70 Kg/s, PR = 4,29),

the jump of the compressor into rotating stall region corresponds to a strong engine noise.

The increase of the impeller tip clearance, reduces the massflow at the diffuser choked condition
at each speed and shifts the engine compressor map on the left. Together with a decrease of the
efficiency due to greater clearance, an extension of the impeller stall region on the compressor
map at part-speeds is also present. The region influenced by rotating stall: moves from ?§% ND

on the rig to 89% ND in the engine configuration.

This is due to the higher level of incidence at the impeller inlet, because of the lower massflow
through the compressor that is imposed by the diffuser.

The hysteresis was observed only on the engine configuration, where a compressor double characte-
ristic was detected. Such phenomenon is typical of a compressor jumping in a rotating stall ra-
ther than in surge condition.

For the cldrity of the following discussion, we define the double compressor characteristic at
87.5% ND with an "unstalled" and a "stalled part\fig. 7 bis).

3.3 Analysis of dynamic pressure transducer signals
Along the line of engine minimum loading from 80% ND to 90% ND(see fig. 7 bis) the signals of
pressure transducers have been recorded and later analyzed. In fig. 8 we present the time-depen-
dent wall pressure measurements for each Test-Point.
The upper trace is from the transducer (T) and the lower trace from (B), placed respectively, at
the top and the bottom of the compressor casing.
They show the blade passage loading or the static pressure between the blade. In fact between

R —— . - e Sy - ———————— - =



the blade there is a constant pressure rise indicatirg no stalled region and there is a sudden
change in pressure as the blade passes under the transducer. Stalled regions between the blades
appear as regiovt of constant static pressure.

We observe in fig. 8 the progressive passage from a blade-to-blade inducer flowfield completely
deteriored (fully stalled conditions below 80% ND), to a periodic structure of the flowfield,
characterized by a stalled and unstalled group of blade passages, much more clearly detected at
87.5% ND(T/P 704) in fig. 8-D.

Let's note, here, that in the upper trace there are several blade passages which are fully locaded
and, at the same time, the lower trace shows a group of blade passages completely stalled. The
region of stall propagates around the impeller and so is rotating. We can see a 150° phase be-
tween the transducer signals. This is an indication of a single cell pattern.

The flowfield is completely axisymmetric and out of rotating stall region at YO% ND (see fig.%-E).
The results of the frequency spe~tral analysis of these transient pressure signals are shown in

fig. Y. Looking at the figures, in the range of frequencies from 0 to 10 kHz we can observe:

at I/P705 (fig. 9-E): only the impeller full blade passage frequency., equal to 13 times the
rotor frequency E is present;

at TP 704 (fig. 9-D): we distinguish the fundamental frequency of rotating stall | 425 Hz,
equal to 0.76 E, and its harmonics: second order [l - R50 Hz. awd third order IIl 1275 He,

- besides, we note the components 12E and 14E, that may be due to obscillation of the engine
speed during the time of detection of the signals:

- it is interesting to observe finally thar the ratio I 'k between the fundamental frejuency of
the rotating stall I and the engine rotor frequency k., 1s almost constant with the rotor speed.
and it is around the value of 0.735 (see from fig, Y-\ to w-M,

3.4 Engine noise signals
The noise signals have been processed using a FFT frequency analyzer. The results of the spectral
analysis are shown in fig. 10, We observe the following:
4 N . N
- for the test points from 307 to 7,57 ND a pure tone is always present, having an average value
of 0.75 k. There are also the multiplies of 2nd and 3rd order (see ftrom fig. 10-A to fig. 10-D).
- these pure tones are absent from 0% up to 1007 NDy
- -~ let's note also the presence of the pure tone of frequency 4E, that 1s of less intensity compa-
red to the previous one in the region of “7 = %7.5¢ D, but 1t 15 predominant at w07 NDthere, 1t
corresponds to 2300 Hz) (se¢ fig. 10O-E).
1 The intensity of this pure tone of 4t reduces as the rotor speed 1s greater than WY ND.
P 4. COMPARATIVE ANALYS{S OF THE LXPERIMENTAL RESULTS

4.1 Compressor impeller rotating stall and engine noise

The experimental data of this investigation may be presented using a Campbell diae.am. As shown
in fig. 11, the results of the engine test are plotted in the following way:

thin lines correspond to engzine order frequency 1k, 2E, 3k, etc., where E is the Engine rotor
frequency (N/60),

thick lines correspond to compressor impeller rotating stall frequencies, the fundamental one,
I -0.75 E, and its multiplies Il and ITI,

symbols correspond to the pure tone {requencies of the enzine noise. as obtained by the spectra
shown in fig. 10. Their size is proportional to the component amplitude.

So, we can observe the correspondence between the fundamental rotating stall line I, and the noise
frequencies components that are in the range below 500 Hz. More interesting is the fact that pure
tones are just in correspondence to I and Il rotating stall frequencies at %7.5% ND,

Moreover there is a pure tone noise, having a frequency of 2300 Hz in correspondence to 4E engine
order line, at 90% ND.

S0, we conclude that the low frequency noise, below 500 Hz, is connected to the aerodynamic pheno-
menon of rotating stall(first fundamental frequency involved). At 87.5% ND, well into rotating
stall region, the change in tone and noise level, is due to the pure tones corresponding to I

and I frequency.
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The drastic change in tone, observed between 87.5% and 90% ND, is due to the fact that the compres-
sor gets out from the rotating stall, so that the correlated tones disappear, but some acoustic
phenomenon, not anymore connected to rotating stall, is responsible for the pure tone at the fre-
quency of 4E, at 90% ND.

4.2 Compressor casing resonant frequency and engine noise

In order to verify if the wmechanical vibration of the compressor casing is responsible for the pro-
duction ¢f noise at Q0% ND, the experimental investigation of the resonant frequencies of the stru-
cture has been done, using a technique that investigates the vibration response to an impulse.

The transducer output has been processed by NICOLET FFT analyzer and the results are shown in fig.
12-A. There are the resonant frequency values of 830, 930, 1450, 2280, 2430, 3130. 3250 and 4380
Hz in the range from 0 to 5000 Hz.

This information has been used in the Campbell diagram of fig. 12-B, where in addiction, symbols

are representative of pure tone noise components, determinated from the spectral analysis results
of fig. 10. We note that the pure tone noise locations in the frequency range 220042300 Hz are in
correspondence to the intersection between 4E line and resonant frequencies at 90% ND.

Moreover, the pure tone noise observed at 87.5% ND is close to the frequency of 830 hz. So, we make
the hypotesis that the mechanical vibration of the casing is the responsible for the pure tone noi-
se at 90% ND, and at the same time, we cannot exclude an interaction between the aerodynamic pheno-
menon of rotating stall and the mechanical vibration of the compressor casing in resonant condition
at 87.5% ND, since the resonant frequency 830 Hz is near to the double fondamental frequency of ro-
tating stall II, 850 Hz.

4.3 Engine performances under compressor rotating stall

The loss in engine performances due to rotating stall, was evaluated doing the comparison of the
overall engine performances at the test/points of the compressor double characteristic detected
at 87.5% ND.

In fig. 13-A the compressor pressure ratio vs. corrected fuel flow is shown, along both the "un-
stalled” and “"stalled" part of that speed-line. Let's remember that at the same fuel flow, the
maximum compressor pressure ratio measured goes from the "unstalled"” T/P 411, PR=4.71, to the
"stalled” T/P 412, PR = 4.29.

It is noted that at 36 g/s of fuel flow there are two stabilized conditions. In effect the condi-
tion at the greater pressure ratio may be considered as an unstable equilibrium point. In fact,
due to any cause, like a small speed variation,suddenly the engine stabilizes to a new equilibrium
condition with the compressor in rotating stall. The two stable operating regimes, that exist
along the speed-line, are separated by an unstable region.

Reducing the fuel flow, we observe that the stalled condition remains, with a consequent loss of
engine performance. To be r bered, is the sfull attempt to return to the "unstalled"
speed-line without increasing engine speed, even with the minimum dynamometer load(Wf=20 g/s).

The comparison in the following figures shows clearly the engine sensitivity in changing compressor
characteristic. In fig. 13-B, 13-C and 13-D are plotted respectively the turbine exhaust and entry
temperature and the shaft power against the pressure ratio, so that it is possible to visualize

the performance parameters variation along the double characteristic.

From the analysis of these test results, the following items can be stated:

the compressor map shows a net difference of flow capacity between the tests in and out compres-
sor rotating stall condition{about 10% lower at 87.5% ND with Wf = 36 g/s), as previously shown;

there is a significant drop in the compressor efficiency (at Wf = 36 g/s, from 74.1% to 69.3%),

the maxisum power drop, at the same EGT, is 60 kW due to stalled condition (fig. 13-E);

in the diagram of fig. 13-F we note that at TET constant the exhaust gas temperature EGT is
higher,meaning a different behaviour of the engine hot section in the stall condition;

as indicated in fig. 13-H, the maximum TET is about 80 deg K higher at the stalled condition,

finally, at constant fudk flow, the engine power drop due to stalled condition is about 25 kw
(fig. 13-1).

The overall engine performance loss is not only due to the lower compressor massflow, pressure
ratio and efficiency, but also to the other components rematching.

With the same fuel flow, the turbine flow capacity seems to be 1.5% lower and the turbine effi-
ciency is one percent lower.

- —_— . -~ - SR . - et s et e o
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The combustion chamber exit temperature profiles in the stalled condition does not suffer sub-
stantial change, as approximately can be deduced from the circumferential and radial exhaust
temperature profiles, measured by means of 30 thermocouples.

The influence of the rotating stall on the combustion chamber efficiency has been evaluated in
two ways. The first method calculates the combustion efficiency ETAB iteratively, using the
following relation:

combustion temperature increase = f(T2, LHV, FAR)

where: T2 is compressor exit temperature,
LHY  is lower heating value of the fuel;
FAR is the fuel-air-ratio, obtained as FAR = Wf * ETAB/W

This temperature increment is compared te the note value coming from the power.

In the second method, the loss of the combustion efficiency is evaluated by means of the combu-
stor loading function THETA:

THETA = (P2551.,75 * e(T2/300) * 10%3%5)/W

where: P2 is the compressor exit pressure (1bf/in#2),
T2 is the compressor exit temperature (deg K);
W is the air massflow (lbm/s).

THETA is a single function of the combustion chamber efficiency ETAB for constant fuel-air-ratio.

In both cases, a loss of combustion efficiency has been estimated in about 27, doing the compari-
son at the same fuel flow.

Using our engine simulation computer code, the 13% power loss, from "unstalled” to "stalled" en-
gine condition, at 87.5% ND, has been shared to %%, due to overall compressor deterioration,

and 5% due to components rematching. In fact 3.5% drop is due to combustion etficiency, 3.57
drop to the turbine efficiency and 1.7% is the positive contribution of the turbine rematching,
due to the reduced flow capacity.

CONCLUDING REMARKS

The experimental investigation described in this paper revealed that the tested prototype engine had

the compressor map different from the one obtained by the rig, specially at part-speeds. where lower

massflow, pressure ratio and efficiency had been measured. Moreover, a double characteristic at %7.37
ND was found.

This difference was cased mainly by the stronger variation with rotor speed of the compressor im-
peller axial tip clearance, in the tested engine build considerable higher than the rig value.

Based on the results obtained, a clear relation between the compressor impeller rotatineg stall and
a noisy behaviour of the engine at part speeds was found.

An  attempt has been made to relate the noise frequency components having no aerodynamic origin, obser
ved at 87.5% as well as 90% ND, with the mechanical vibrations of the compressor casing. Some corre-
lations have been found with resonant frequencies of this structure.

The compressor impeller rotating stall influences the engine performance at part-speed (%7.57 ND),
in fact this phenomenon causes a penalty of 13% in power, from the "unstalled” condition to the
stalled one at the same fuel flow.

Finally, the engine simulation code is applied to this test case, using the experimental compressor
speed-line data at 87.5% ND. The results show that the effect of drop in engine power is not only due
to the compressor performance deterioration, caused by the impeller rotating stall, but also to its
negative influence on the engine components "downstream”, i.e. affecting the combustion efficiency
and the turbine efficiency.
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Fig. 1 - AR 318 turbopropengine cross - section

Fig. 2 - Compressor rig cross-section
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Fig. 9 - Frequency spectra of the
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Fig. 13 - Overall engine performance comparison between "unstalled” and “stalled" conditions
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DISCUSSION

P.Griffiths, US
How was the engine put into stall to take the “in-stall” steady-state data?

Author’s Reply
After the data acquisition of Test Point 41| (see Fig.7 bis) — that was observed to be an unstable equilibrium condition
for the engine — a little variation of the engine speed caused the compressor to jump into a rotating stall condition. So
the engine was simply stabilised at the new equilibrium point (T/P 412), reducing the dynamometer load. in order to
provide the same corrected speed. The fuel flow remained constant.

P.Griffiths, US
Could the stall be cleared to get back to the unstalled characteristic without shutting the engine down?

Author’s Reply
It was not riecessary to shut down the engine.

Since it was impossible to get out of rotating stall by reducing the dynamometer load. the only way to reach the
compressor unstalled condition was to increase the engine speed.

Unidentified speaker
Je voulais savoir si sur ce moteur le probleme de bruit est un probleme important. Par exemple: la Figure 10, gui montre
des spectres de bruit. Ce sont des spectres obtenus sur un moteur réel?

Author’s Reply
No. This problem we found only on this engine which was an earlier version of the AR 318 engine. In particular, we
found the problem because the compressor map was much different from the one found from rig results. We do not
now have this problem on the engine.

Unidentified speaker
Oui, d'accord, parce-que les “peaks™ sur ce moteur sont trés importants. Habituellement en basse fréquence on voit
surtout du bruit largement en général sur ce type de moteur, a cause de la combustion, a cause de 'écoulement interne.
et pas des raies — les raies on les voit surtout au “fundamental blade passage frequency™

Author’s Reply
The microphone to detect the engine noise signal was very near the air intake — 20 to 30 cm from the aii intake. so |
think that explains the level of noise that was measured.
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SUMMARY OF INVESTIGATIONS OF ENGINE RESPONSE TO DISTORTED INLET CONDITIONS

Thomas J. Biesiadny, Willis M. Braithwaite, Ronald H. Soeder,
and Mahmood Abdelwahab
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135 U.S.A.

y SUMMARY

A survey is presented of experimental and analytical experience of the NASA Lewis
Research Center in engine response to inlet temperature and pressure distortions. There
has been a continuing NASA effort over the past decade and a half to improve the under-
standing of the effects of inlet distortion on engine performance, particularly on the
compression system performance. Results of experimental investigations and analytical
modeling work at NASA are reviewed together with a description of the hardware and the
techniques employed. Distortion devices successfully simulated inlet distortion, and
knowledge was gained on compression system response to different types of distortion. =&
A list of NASA research references is included.

INTRODUCTION

A persistent problem in the development of airbreathing propulsion systems for new
aircraft, be they turbojet, turbofan or turboshaft engines, is the detrimental effect of
nonuniform inlet flow on engine stability. When rotary-wing aircraft are operating near
the ground (i.e., in ground effect), engine exhaust can be contained by the rotor down-
wash and recirculated to the engine inlet (Fig. 1, Ref. 1). With vertical/short takeoff
and land (V/STOL) aircraft the jet stream impinges on the ground, flows outward from the
impingement points, and eventually reaches the engine inlet. This leads to hot gas
ingestion. Other potential sources of inlet flow distortion are gun- or rocket-exhaust
gas ingestion, wakes from other aircraft, aircraft maneuvers, interaction of airframe
and inlet, and off-design operation of the inlet.

The effect of this inlet distortion, be it a pressure or temperature distortion or
a combination of the two, is that the power available is reduced along with the engine-
compression-system surge margin (i.e., the difference between the operating line and
surge line). The confident prediction of ingestion levels, or inlet distortion pat-
terns, for any arbitrary aircraft/engine design and their effect on compression system
performance requires a comprehensive set of design data not easily obtained. Ground-
level engine tests and flight tests are required to measure the magnitude and the
effects of inlet distortion on the engine in question.

A continuing experimental and analytical program has been in progress at the Lewis
Research Center for more than a decade to further the understanding of inlet distortion
and its effects on engine stability, particularly that of the compression system. This
work includes investigations using turbojet, turbofan, and turboshaft engines subjected
to distortions of inlet pressure, temperature, and a combination of pressure and temper-
ature. As byproducts of these investigations, devices to generate steady-state and time-
variant pressure and temperature distortions were developed.

The effects of inlet flow distortions as defined by total pressure variations were
extensively investigated by NASA's predecessor, the National Advisory Committee for
Aeronautics (NACA), in the 1Y50's. Relatively simple analytical models and indices were
developed to predict the effects of pressure distortion on engine stability. However,
in the 1960's, higher speed aircraft encountered stability problems not predicted by
these models, It was determined that these problems were the result of time-varying
inlet total pressure distributions. At that time it was deemed desirable to alsoc inves-
tigate the effect of nonuniform inlet temperature on engine stability. Although temper-
ature distortion caused several known aircraft incidents, it had not been examined
except for a few investigations in the 1950's (Refs. 2 to 4).

In the mid-1960°'s NASA returned to the investigation of engine stability and inlet
flow distortion. Prime interest was in time-variant pressure distortion and both steady-
state and time-variant temperature distortions. The results of these investigations were
incorporated into analytical models and thus provided a base for a better understanding
of the phenomenon.

Steady~-state and time-variant devices to create inlet temperature and pressure dis-
tortions, and combined temperature and pressure distortion were required to simulate the
inlet flow distortion occurring in the field. NASA Lewis developed the devices which
are described in this report. Highlights of results of the NASA work with these distor-
tion devices over the past decade and a half are also presented.

Because of the large number of programs involving inlet distortion and its effects
on engine performance, and the large amount of data generated in these programs, some
limit to the information presented is required. This report reviews NASA investigations
into the engine response to distorted inlet conditions and covers, briefly, the results
of experimental investigations, some analytical modeling work, and hardware and tech-
niques used to simulate inlet pressure and temperature distortions.
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The presentation of experimental results is divided into three sections:

(1) Steady-state and time-variant temperature distortion
(2) Steady-state and time-variant inlet pressure distortion
(3) Steady-state combined inlet pressure and temperature distortion

Analytical modeling work and comparisons with experimental work are also presented. The
devices used to create these distortions included screens, both stationary and rotata-
ble, and a pressure jet system capable of injecting air counter to the inlet flow, thus
canceling inlet air momentum, to create both dynamic and steady-state pressure distor-
tions. Temperature distortions were created by using hydrogen-fueled temperature dis-
tortion generators of two different designs; the iarger for experimental work involving
turbojet and turbofan engines, and the smaller for turboshaft engine investigations.

TEMPERATURE DISTORTION
Temperature Distortion Generators

Gaseous hydrogen burners were used to develop inlet temperature distortion.
Because of the larger flows required, the inlet temperature distortion tests involving
turbojet and turbofan engines required a different temperature distortion generator
design than that used for the turboshaft engine tests. 1In addition the power output
shaft in the center of the turboshaft engine inlet ducting and bellmouth imposed dif-
ferent design requirements on the generator for that installation.

The gaseous hydrogen burner (Figs. 2 and 3) used for tests with the turbojet and
turbofan engines was installed upstream of the inlet bellmouth (Ref. 5). Hydrogen was
used because it is cleaner burning--generating water vapor ratner than pollutants--and
requires a lower fuel-to-air ratio for a given temperature rise than other fuels that
were considered. Therefore, its effects on engine performance parameters are of much
less concern. Also, the low flammability limits of hydrogen permitted low levels of
temperature rise. In addition, flame propagation is faster than other fuels considered.
This was borne out in early investigations, which showed that temperature rise rates of
10 000 K/sec could be generated (Pig. 4 and Ref. 6) and that the distortion pattern
remained nearly constant as flow approached the engine inlet (Fig. 5 and Ref. 7). 1In
Fig. 4 the indicated, or measured, temperatures were corrected for time lag, Mach num-
ber/pressure recovery, and radiation by using the procedures and equations found in
Ref. 8. For the larger burners used with the turbofan and turbojet installations, the
distance from the burner to the engine inlet was three to six duct diameters, while in
the case of the generator for the turboshaft engine this distance was two duct diameters.
A later version of the burner used for turbojet and turbofan testing (Pig. 6) has the
capability of being remotely rotated +30° from the center position (Ref. 9). Each of
the four quadrants, or circumferential extents, is individually controlled so that many
combinations are possible. In addition, each gutter, or radial extent, in a quadrant is
controllable. An added feature is that one quadrant is designed so that a 30° sector
can be inserted if an extent <maller than 90° is desired. Rotating the burner distor-
tion pattern past the engine instrumentation permits mapping of the distortion and its
effect through the compressor by using minimal instrumentation.

There are additional features of the burners shown in Figs. 2, 3, and 6 which are
worthy of note. Each quadrant of the burner has five swirl-can pilot burners. Also in
each quadrant is an ignition source for the hydrogen, five annular flameholder gutters,
one radial gutter, and tubes to supply the hydrogen to the proper location for ignition.
The control system is capable of fast response for temperature transients by way of a
high-speed valve. For the time-variant temperature distortions, the desired hydrogen
pressure is established in a trapped volume upstream of the flow control valve and a
high-speed valve for the specified quadrants (Fig. 7). The swirl-can pilot burners at
those quadrants are lit, and the engine-inlet temperature distortion pattern is set
prior to each transient. At each engine condition, circumferential extents of the fan
inlet can be exposed to a range of peak temperature magnitudes and/or temperature rise
rates. The rate and magnitude are functions of the pressure and quantity of trapped
hydrogen, respectively. The pressure of the trapped hydrogen can be changed and the
process repeated until a compressor stall limit is reached. Por steady-state distor-
tions the valves for the quadrants of interest are opened slowly until the desired tem-
perature level is reached at the engine inlet,

The temperature distortion generator for turboshaft engine application can create
both steady-state and time-variant temperature distortion at the engine inlet by using
gaseous hydrogen, It is an adaptation of a device described in Ref. 10. The burner
(Fig. 8) consists of eight individually controlled sectors, with three swirl-cup combus-
tors (Pig. 9) per sector. These swirl cups for the turboshaft engine distortion genera-
tor are the same size as the swirl-can pilot burners used for the turbojet and turbofan
engine temperature distortion generator. Many sector combinations, or temperature dis-
tortion patterns, were possible. The hydrogen distribution system from the fuel supfly
point to the swirl-cup combustors and its operation are described in detail in Ref, 11.

In a typical operation to find the response of the turboshaft engine to inlet tem-
perature distortion, the swirl cups in those sectors where the temperature distortion
was being imposed were lit (there were no pilots) while the engine was at idle. The
hydrogen flow was adjusted, and the engine power was increased to the desired operating
level. Once conditions were stabilized, the hydrogen flow was either increased to a
fixed level to produce the desired steady-state distortion or, if a transient distortion
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was desired, pulsed at increasingly greater pressures until stall occurred. Each pulse
produced a unique combination of temperature rise and temperature rise rate at the
engine inlet.

Temperature Distortion Results

The results of the temperature distortion investigations are categorized in terms
of the effects of sensor location, distortion extent, distortion magnitude, and Reynolds
number index {(i.e., altitude operation) changes.

Inlet temperature distortion can have a significant effect on engine stability,
especially when it causes the engine control to operate at an incorrect equivalent rotor
speed (i.e., the equivalent speed under standard sea-level-static inlet conditions).
wWhen the inlet temperature sensor detects either the cold or hot part of the distorted
flow, the control adjusts variable geometry accordingly and changes the compressor stall’
margin differently than if the sensor detects the warm average inlet temperature.
Therefore the location of the sensor is critical to engine stability and to the analysis
of temperature distortions.

As the extent of the distortion increased to a certain level, the engines tested
were less tolerant of circumferential distortion at a fixed operating condition. More-
over, the results from an investigation involving steady-state temperature distortion
and a turbojet engine revealed that between 90 and 180° extent there was no significant
change in compression system response (Ref, 12). This was also true for time-variant
distortion testing with a turboshaft engine, even though it had an integral inlet parti-
cle separator (Fig. 10 and Ref. 13), Figure 10 shows a leveling off of temperature rise
with increasing extent as 180° is reached.

In general, diametrically opposed circumferential distortion sectors such as those
shown in Pig. ll(a) have less effect on the compression system than single distorted
sectors such as that shown in Fig. 11(b) (Ref. 12). While this was noted for a turbojet
engine, it is also in agreement with resulte of temperature distortion experiments for
the turboshaft engine with inlet particle separator (Fig. 12 and Ref. 13). The engine
compression system was more tolerant not only of a balanced distortion such as 180°
opposed distortion cells but also of such patterns as a four-per-revolution distortion
uniformly spaced.

In addition to tests to determine the effect of circumferential distortion extent,
the magnitude of the distortion and its effect on compressor performance were investi-~
gated. It was determined in Refs. 5 and 14 that, for the turbofan engine tested, the
time-variant circumferential temperature distortion required to produce stall was inde-
pendent of the rise rate (Fig. 13) and was a function of the equivalent steady-state
distortion in the critical stage in the compressor. Thus the temperature distortion at
the compressor face was greater than steady-state for increasing rise rates because of
the time required for the flow (distortion) to reach the critical stage. In Fig. 13 it
should be noted that below approximately 1000 K/sec the burner design did not permit
high enough temperature rises for determining whether stall would occur at those condi-
tions. However, since the steady-state threshold for stall was shown to be the same as
that for the available time-variant data, it is assumed that the critical temperature
rise is the same for the temperature rise rates between steady state and 1000 K/sec.

Attengts were made to measure the magnitude of the steady-state distortion required
to surge the turboshaft engine. None of these attempts were successful because the dis-
tortion levels that could be imposed were limited by an engine-inlet hardware temperature
limit. Another consideration was the engine-inlet particle separator. A simplified
analysis of the compressor operating point of the turboshaft engine during these steady-
state distortion tests indicated that the particle separator desensitized the engine to
the extent of circumferential temperature distortion possibly by mixing the heated and
unheated inlet air to produce a more uniform temperature profile at the compressor face.

Figure l4 shows a plot of the uniform-inlet-flow compressor map generated experi-
mentally. It should be noted that the map was constructed by using inferred compressor
inlet conditions because space limitations made it impossible for truly representative
temperatures and pressures to be measured at that station. Plotted on the compressor
map is a steady-state data point where a 180° circumferential temperature distortion was
created at the particle separator inlet (solid triangle). The engine did not surge for
these conditions up to the steady-state temperature limit for the engine inlet hardware.
If it is assumed that the compressor inlet will see the 180° circumferential distortion
imposed at the separator inlet, exnerience shows that the average compressor operating
point will' be on the normal operating line, as shown by the solid triangular symbol.
This represents the compressor speed equated to standard sea-level-static conditions by
using the average engine inlet temperature. From parallel-co.pressor-theory assumptions
(Refs, 15 and 16), the two sectors of the compressor operate at the same pressure ratio
but at different equivalent speeds, as indicated by the sclid diamond symbol for the hot
sector and the solid cone symbol for the cold sector. As shown, the hot-sector opera-
ting point is considerably to the left of the surge line, and the compressor should have
surged. Since no surge occurred, it may be assumed that the compressor inlet did not
see the pure 180° distortion pattern but probably saw a more h g ous temperature
leaving the particle separator,

Pinally, with inlet temperature distortion present, it was also found that the
Reynolds number index (RNI) affected the stall margin. As an example, for the turbojet,
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even with a moderate distortion, the stall margin decreased as the RNI decreased from
0.65 to 0.30 (Fig. 15 and Ref. 12). However, this was not as pronounced as for the tur-

bofan engine (Ref. 17).
PRESSURE DISTORTION

Pressure Distortion Generators

Steady-state pressure distortions were generated by two methods. The first, and
older, method involved screens of different densities. The second method of generating
steady-state and, in addition, time-variant distortions of the inlet total pressure used
a NASA-developed air jet device (Refs. 18 and 19}, The device and its position relative
to the engine inlet, approximately one duct diameter upstream, are shown in Fig. 16.
This device produces total pressure distortion patterns by the cancellation of inlet
airflow momentum. This is accomplished by injection of secondary air into the inlet
duct in the direction opposite to the primary flow. The device contains 54 individual
jets divided into six 60° sectors of nine jets each. A remotely controlled, hydrauli-
cally driven valve governs the flow to each sector independently. The degree of pres-
sure distortion is controlled by the amount of this flow.

Pressure Distortion Results

Discussion of the pressure distortjon results includes highlights of the effects of
both steady-state and time-variant distortions, These highlights include the effects of
the distortion generator on inlet conditions, the effects of a total pressure distortion
as it travels through the engine compression system, the effects of a distortion rotat-
ing with or opposed to engine rotation, the effects of the frequency of the distortion
pattern, and the relation between steady-state and time-variant distortions.

The total pressure distortion did not change significantly when traveling from the
source that produced it to the engine face (Fig. 17). The static pressure distortion,
however, increased exponentially from the source to the leading edge of the compressor
first-stage rotor blades (Fig. 18 and Refs. 20 and 21). The behavior of the static
pressure distortion is the key to satisfying the inlet flow condition for the analytical
model, as is explained in the section MODELING. For a single distortion zone in a
constant-area duct, this static-pressure-distortion axial distribution can be repre-
sented by the following equation (Refs., 22 and 23):

DPS = o {~%/R)

{DP3YIGV
where
DPS maximum - minimum static pressure at a location x

(DPS) IGV maximum - minimum static pressure at mean radius of IGV

IGV inlet gquide vane assembly
x distance upstream of IGV
R mean radius of IGV

The rate at which the total pressure distortion is attenuated within the compressor
increased with increasing rotor speed (Fig. 19 and Ref. 24). A total temperature distor-
tion was generated by the two unequal pressure ratios created by the pressure distortion
and was maximum at the exit. Since the compressor flow exits into a plenum (combustor),
the static pressure is uniform. Also the exit Mach number is low, and therefore the
total pressure distortion is small.

An inlet total pressure distortion rotating about the engine axis increased stall
margin when the distortion pattern rotated in the opposite direction to the compressor
rotation but decreased the stall margin when the distortion rotated in the same direc-
tion as the compressor rotation (see Fig. 20 and Ref. 25). The increase and decrease in
stall margin are relative to the steady-state condition, where there is no rotation of
the distortion. The decrease of stall margin is also a function of the rotational
velocity of the distortion as a fraction of the rotor speed.

Other time-variant inlet total pressure distortions investigated were full-face-
sinusoidal total pressure variations and 180° circumferential distortions, where (1)
only the distorted sector, or the sector with its pressure below the average pressure,
varied, and (2} both the distorted and undistorted sectors varied sinusoidally but 180°
out of phase., As would be expected, the effect on the compressor was greater when both
the distorted and undistorted sectors were active.

Discrete inlet pressure variations covering a variety of circumferential extents,
amplitudes, and durations (or frequencies) for a given rotor speed were also investi-
gated (Ref. 26). An example of this work is presented in Fig. 21, a plot of relative
inlet total pressure amplitude as a function of pressure pulse duration, which shows the
conditions that induced compressor stall for extents from 60 to 360°. Depending on the
extent of the pressure distortion, this threshold was from a pulse duration of to
14 msec, or a frequency of approximately 100 to 35 Hz, respectively. These data
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indicate that stall is most likely to occur over a particular low frequency range, and
the probability of it occurring above this range is low. A possible explanation for
this behavior is that there is a finite time interval required for a rotor blade to
stall in response to a total pressure distortion. During shorter durations, or higher
frequencies, the distortion is too brief for a rotor blade to respond. The results
showed that stall tolerance is a function of not only the instantaneous distortion
level, but also the rate of change of the inlet pressure and the dwell-time of the
fan-compressor rotor blading in an engine-inlet distortion.

It is possible to relate time-variant pressure distortions to steady-state distor-
tions (Pig. 22) by using instantaneous distortion theory as presented in Ref. 27.
Pressure distortions were observed with proper frequency filtering, or elimination of
extraneous frequencies above and below the range of interest, or the critical frequency
range. However, the effects of a given distortion pattern are a function of the partic-
ular geometry of an engine, such as combustor volume dynamics and compressor discharge
conditions, and the results presented should only be used to show trends.

Overall it was found that a convenient descriptor for total pressure distortions
was (max - min)/average. This can be related to individual and average compressor pres-
sure ratios and their position on compressor maps.

COMBINED PRESSURE AND TEMPERATURE DISTORTION
Combined Pressure and Temperature Generators

To avoid undue complexity in analyzing the results, the study of combined tempera-
ture and pressure distortion was limited to a steady-state investigation of various
combinations of 180° circumferential temperature and pressure patterns, The effect of
combined pressure and temperature distortion on compressor stability limits was deter-
mined by slowly increasing the temperature in a 180° sector with a 180° extent dis-
tortion screen in place until stall was reached. Since the screen could be indexed
independently of the temperature distortion generator, the effects of the relative posi-
tions of the pressure and temperature distortions could be investigated. A different
approach was followed for the experimental investigation reported in Ref. 12, Stall
data were obtained once an inlet distortion was established by reducing the exhaust noz-
zle area while maintaining constant equivalent engine speed.

Combined Pressure and Temperature Results

It was discovered that, when pressure and temperature patterns were fully over-
lapped, the distortion created in the compression systew tesulted in the greatest loss
of stall margin (Refs. 21 and 28). 1If the combined pressure and temperature distortion
were properly oriented, one distortion could counteract the other and actually increase
stall margin. This occurred when there was no overlap of the distortions. Varying the
amount of overlap resulted in a proportional loss in stall margin. Again, there was a
minimum extent of combined distortion that reduced the stall margin.

By using the techniques involved in creating combined pressure and temperature dis-
tortion patterns, it was found that an operating envelope for an engine could be devel-
oped that defined the distortion sensitivity limits. For example, Soeder (Ref. 21) found
that a distortion sensitivity map relating pressure and temperature distortion could be
developed relatively easily by using a rotatable screen of approximately 50 percent den-
sity and a temperature distortion generator to cover both the full overlap and no over-~
lap conditions for the pressure and temperature distortions (Pig., 23).

MODELING

An understanding of the effects of inlet flow distortions--pressure, temperature,
and combined pressure and temperature--on stall margin can be obtained from a simplified
model such as the one described in Refs. 15 and 16, These references also preSent a
ligting of some of the more common distortion indices and how they relate to the model.
This theory predicted tc a fair degree the pressure ratios and limiting distortions which
cause compressor stall, but it did not consistently predict the equivalent air flow
rates. However, the distorted and undistorted airflow rates were measured approximately
1 m in front of the engine inlet. Because static pressure distortion increases exponen-
tially with distance along the inlet duct wall (Refs. 20 and 21), this discrepancy was
reduced when the flows at the leading edge of the compressor first-stage blades were
considered. Under NASA sponsorship this simplified model was further refined to yield a
more reliable prediction for a low-bypass-ratio turbofan engine (Refs. 22 and 23).

NASA wag also involved in other modeling efforts. These included the following:
another low-bypass-ratio turbofan engine model (Ref, 29); a turbojet engine dynamic dis-
tortion model which provided a multipath analysis of circumferential temperature, pres-
sure, and combined distortions (Refs. 30 and 31); and a high-bypass-ratio multispool
engine compression system dynamic model (Ref. 32). However, to simplify this report
only a representative sample (Refs. 22 and 23) of the modeling effort is presented. The
steady-state model was more closely related to the experimental programs being conducted
at NASA in addition to being a more well developed code before NASA's participation.
Another consideration is that the models presented in Refs. 30 to 32 were dynamic models
and as such were directed less toward inlet distortion and more toward stagnation stall,
a subject beyond the scope of this report. Finally, the research emphasis at NASA has

-t _— i B - - - i -

AL et e NSNS TR R ICOT



15-6

shifted from inlet distortion, and therefore the dynamic models (Refs. 29 to 32) were
not exercised extensively with experimental data.

aAn adaptation of the simplified model of Refs. 15 and 16, based on multiple flow
paths (or parallel compressors) through the compression system, was developed by Mazzawy
(Refs. 22 and 23) and extended under contract to achieve greater fidelity, especially
with temperature distortion. Also, the model of the engine us d for the experiment uti-
lized compressor maps refined by using experimental data. Flows were permitted Circum-
ferentially across flow boundaries, Also, the temperature distortion was assumed to
follow a particle through the compressor, whereas the pressure distortion was regarded
as acoustic (Refs. 22 and 23) and exhibited less swirl in passing through the compres-
sor. Comparison of the predictions obtalned with this model and experimental data are
presented in Ref. 28. This refined parallel compressor model was useful in obtaining an
understanding of the stability phenomenon because it helped to relate pressure, tempera-
ture, and combined pressure and temperature distortions. A general list of the assump-
tions used in applying the refined parallel compressor theory are summarized as follows:

(1) The compressor is divided into subcompressor elements, with each element, or
parallel compressor, operating as an identity defined by the undistorted compressor map.

(2) Swirl of the flow passing through the compressor is accounted for by the
theory. The swirl associated with a pressure distortion is not identical to the swirl
associated with a temperature distortion. Pressure passes through the compressor as an
acoustic wave (i.e., little swirl), while temperature has the properties of a gas parti-
cle and follows the gas flow path (i.e., the temperature distortion has more swirl than
the pressure distortion). This modifies the edges of the distortions, or blurs the dis-
tinction between distorted and undistorted regions.

(3) The exit static pressure is the same for all elements.

(4) For pressure distortion the elements operate at uniform equivalent rotor speed
but at different pressure ratios dependent on the distortion, which results in unequal
temperature ratios (i.e., pressure distortion is attenuated, and a temperature distor-
tion is created).

{5) For temperature distortion, the elements operate at a constant pressure ratio,
and therefore the temperature distortion is not modified except by inefficiency in the
compressor.

(6) Individual element performance is adjusted to account for two-dimensional and
unsteady flow effects, including engine-induced inlet flow redistribution, circumferen-
tial crossflows, and unsteady flow due to rotar movement through a distorted flow field.

In the work done by Braithwaite and Soeder (Ref. 28), it was reported that there
was good agreement in duplicating analytically (Refs, 22 and 23) the experimental
results by using the temperature and pressure profiles measured at the engine inlet.

The flow angles measured at the engine inlet were satisfactorily duplicated analytically
(Fig. 24). The internal response of the compression system, with regard to pressure and
temperature profiles through the compressor (Fig. 25), swirl angles (Fig. 26), attenu-
ation of the distortion (Fig., Z7), and the values of limiting pressure and temperature
distortions required to stall as determined analytically, was also found to be in good
agreement with experimental results (Fig. 28).

The amount of pressure distortion required to stall the compression system is shown
in Fig. 28 as a function of various levels of temperature distortion. Two regions are
shown in the figure; one in which the high temperature is aligned with the low pressure
region (~AT), and one in which the high temperature and low pressure are opposed to
each other (AT). For =-AT, or pure temperature distortion, it is shown that, as the
temperature distortion decreases, larger total pressure distortions are required to
stall the compression system until a pure pressure distortion is obtained. If the tem-
perature distortion is then located in the opposite side of the inlet, increasing levels
of pressure distortion are required for increasing temperature distortions. A second
limit line is observed for the opposed distortions. For a pure temperature distortion,
the distortion required to stall the engine is the same on either side of the engine.
There is a stall region to the right of this point.

The refined parallel compressor model worked well when airflow was determined at
the leading edge of the compressor first-stage blades, where high static pressure gradi-
ents exist. The experimental validation that static pressure distortion increases expo-
nentially as the inlet flow approaches the compressor face (Refs. 20 and 21), previously
mentioned in this section, was instrumental in explaining lack of agreement in equivalent
inlet airflow rate between experimental data and the analytical model.

CONCLUDING REMARKS
A review of NASA Lewis experimental and analytical experience in engine response to

inlet temperature and pressure distortions has been presented. Highlights of this work
are the following:
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1. Qevices to generate inlet temperature and pressure distortion pattecrns have been
developed and used successfully in conjunction with turbojet, turbofan, and turboshaft
engines.

2. Inlet temperature distortion has a significant effect on engine stability.

3. The engines tested were less tolerant of citcumferential temperature distortion
at a fixed operating condition as the extent of the distortion increased.

4. Diametrically opposed temperature distortion sectors had less effect on the com-
pression system than single distorted sectors.

5. A critical temperature distortion level, independent of temperature rise rate,
had to be reached before stall occurred.

6. with inlet temperature distortion present, stall margin decreased as the Reynolds
number index decreased.

7. The location of the engine-inlet temperature sensor can have a significant effect
on response to inlet temperature distortion,

8. The total pressure and temperature distortions did not change significantly waen
traveling from the source that produced them to the engine inlet, uvut the static pressure
distortion increased exponentially from the source to the engine inlet.

9. The compressor dissipated the total and static pressure distortions by the time
the flow reached the compressor exit. However, a total temperature distortion was gen-
erated at the compressor exit.

10. A time-variant distortion pattern rotating in the opposite direction as the
compressor rotation increased the stall margin, while a distortion rotating in the same
direction decreased the stall margin relative to the steady-state condition. The
decrease of stall margin is also a function of the rotational velocity of the distortion
as a fraction of the rotor speed.

11. In general, stall could be achieved more easily at longer pulse durations which
correspond to lower frequencies, but became more difficult as the duration decreased
(i.e., higher frequencies) until a duration was reached where stall could not be
achieved.

12. Combined pressure and temperature distortion patterns were used to generate a
distortion sensitivity map which could be used as a gquide to surge-free engine operation.

13. There was good agreement between experimental data and analytical models which
were developed for the engines investigated. More work is required in this area before
generalized models are available.
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{a) External view.

STATION 1
BOUNDARY RAKE

QUADRANT 111

{0} Internal view looking forward.
Figure 3. - Gaseous hydrogen burner instalied in altitud. . hamber

TEMPLIRA I

—— CORRtCItY
‘‘‘‘‘ INDICATED

ENGINE INLET TEMPERATURE, K

T O S Y
zm()..

Figure 4. - Typical engine inlet temperature transients.

-t - ;i e = e



R A oot

TOTAL TEMPERATURE

RATIO

r—
—

(=]

15-11

TEMPERATURE —- TEMPERATURE DISTORTION - -~ =
STATION I

©  BELLMOUTH eR P p PR,

D ENGINE INLET Q >
& >

>TSS ap B sE S FAN ROTATION

- | I | | | ]
60 120 180 240 %0 %0

RELATIVE CIRCUMFERENTIAL POSITION MEASURED IN DIRECTION OF ROTATION, deg

figure 5, - Circumferential variation of total temperature profites.

STEADY-STATE
TUR

FLEXIBLE HOSE TO FOURTH
QUADRANT (USED DURING
STEADY-STATE DI STORTION)

C-17-1016
(b) For producing stesdy-state distortion.
Figure 6. - Gaseous-hydrogen-fueled burner (quadrant I V) instaliation,

ST el 2 SN S W7 (YOI M S Y



15-12

i

\

-

“Jewayds Jauing pajany-uaboiphy-snoasen - g ainbiy

_~—10na yanung

- 30 30IS1N0
NO 0T0JINVW

=14

. 5

“-IATYA Q3LYNLIV-QIONIT0S

———— 3dld wE:,_o>.u._m<.~_<>l|\l.'_

o |

iy

ﬁmﬂ,wwm

Al

TOH¥INOD
MOM ~
4

vl

|

WILSAS 1011d —~ _
Ay

g

|

|

Y s
HOLYINDIY FUNSSIAd — \H
P

SINIISNVYL 0L HOI¥d SINVY -
-aynd T LHOI oL G3SN “\
_ NIINIIONAAR SNOISYI N, .

323108
N390¥0AH

UYL | L

INVYaYND

—’ H

® & © § & O

g

O o L g

-



15-13

TEMPERATURE RISE, K

-9 5167

B
80 120 160 200
CIRCUNFERENTIAL EXTENT, deg

Figure 10, - Inlet temperature rise before onset of
surge as a function of circumferential extent.

UNDISTORTED
STALL LINE ~ -
y/

11 Looking upstrear,
Figure B, - Temperature distortion generatar tor 1,rboshatt angitie testing

- SOLID SYMBOLS DENOTE STALL

] )

Sr P

COMPRESSOR PRESSURE RATIO

6 UNDISTORTED -~
STALL UINES,_ -~

o
—

AIRFLOW

EQUIVALENT AIRELOW RATE
{b} Compressor performance with 18° extent circumferential distortion.

FUEL tGASEOUS HYDROGEN . N .
Figure 11. - Comparison of single distorted zone and diametrically opposed
Figure 9. - Operation of typical swirl-cup combustor. distorted zones.

{a) Compressor perfor mance with 9P extent, two-per-revolution distortion.

@ -~ \\>///

L\




15-14

TEMPERATURE RISE a®

TEMPERATURE o
RISE RATE

ik
¢ 2
[m]

v SOLID SYMBOLS DENOTE SURGE
OPEN SYMBOLS DENCTE NONSURGE

100 | | i ! L

00

it
300 — % ae® } ,__ 90°

4/ — INET
TEMPERATURE
SENSOR

1800

7,2
e v 13 ZONE IDENTIFICATION
=3 7,4 (AFT - LOOKING FORWARD)
b o 1.5
8]

100 200 300 406 500 600 700
TEMPERATURE RISE RATE, Kisec

ia) Two nonadjacent 45° extents.

TEMPERATURE RISE, K
g
I

a
A
A
°
200 — vav¥ m
% _ ¥
& zom
o o 1,2
& 34
10— v 56
Y a8
0 1.6
| ] | . L
0 100 20 300 40 50

TEMPERATURE RISE RATE, K/sec

{b) Two adjacent 45° extents.

fFigure [2. - Comparison of adjacent and nonadjacent distorted zones for a turboshaft engine.

- — -

AN

N




COMPRESSOR PRESSURE RATIO

140
r STEADY-STATE
| TEMPERATURE
120 - | RISE LMIT

b4

=]

=

>

£

£ /

z oy

= /|

< /| SOLID SYMBOLS

x 8 DENOTE STALL

= TRANSIENTS

g o L J \: —————

@ \- THRESHOLD

= LEVEL OF

) TEMPERATURE

= @ ,l\ RISE

£ |B" \ tureswoup teveL

z W= OF TEMPERATURE

o o RISE RATE

E ] | { |

T 2 4 6 &0
FAN INLET TEMPERATURE RISE

RATE, Kisec

figure 13. - Fan inlet temperature
rise as a function of temperature
rise rate.

LOCATION OF HO, SECTOR

IF IT REMAINED DISTINCT EOUNALENT
®  LOCATION OF COLD SECT® R

IF IT REMAINED DISTINCT

180° CIRCUMFERENTIAL
EXTENT TEMPERATURE
DISTORTION

SURGE LINE

START BLEED
CLOSED

START BLEED OPEN

85

&)
B
15
)

EQUIVALENT AIRFLOW RATE

figure 14. - Typical compressor performance map, showing
effects of mixed and unmixed distorted areas.

COMPRESSOR PRESSURE RATIO

SOLID SYMBOLS DENOTE STALL ///

UNDISTORTED
STALL LINE B

UNDISTORTED P
STALL LIM‘\V e

EQUIVALENT AIRFLOW RATE
(b) Engine-infet Reynolds number index, 0.30.

Figure 15, - Compressor performance with 180° extent circum-
ferential distortion.

BRar




- -

15-16

O PRESSURE TAP
X THERMOCOUPLE

GATE BUTTERFLY
VALVEﬂ‘ VALVE
1
; ‘
!
“AIR JET INLET
SUPPLY LINE

{a} Overall schematic.

S t——ra e .

—alhD) .

7~ TORUS MANIFOLD
/

J ~AIR JET VALVE
// //
/
~ ENGINE-
/INGET
/ouct -
Ja R
:luozzus<\: {
SECONDARY
Flow == —

L ~36in,
(~91.4 cm)

—

—r
PRIMARY FLO

/
CENGINE 'l\
CENTERBODY
— ENTERBODY 11,

A

Ay
E INEFACEN

{b) Frontal schematic of jets in
engine-inlet duct.

b -

AIR JET VALVE
S HYDRAULICS

(ch Air jet system and engine-inlet duct.
Figure 16, - Air jet system.




by e -

15-17

{d) Air jets installed in engine -inlet duct (view looking downstream).

Figure 16 - Concluded.
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| DISCUSSION

! H.LH.Saravanamuttoo, Ca

} Have you found any influence of engine size on susceptibility to inlet temperature distortion? In particular, are small
' turboshafts more sensitive to this problem?

Author’s Reply
; NASA had only subjected one turboshaft engine to inlet temperature distortion. However, a number of different
| turbofan engines, both low- and high-bypass-ratio, have been subjected to inlet temperature distortion and the trends,
| particularly with regard to temperature rise to cause stall, are similar.
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UNSTEADY INLET DISTORTION CHARACTERISTICS WITH THE B-1B

by

€. J. MacMiller
W. R. Haagenson
ROCKWELL INTERNATIONAL
NORTH AMERICAN AIRCRAFT OPERATIONS
P.0. Box 92098
Los Angeles, CA 90009
USA

AD-P005 472

SUMMARY

An extensive wind tunnel and flight test program has been conducted to verify inlet performance and
distortion characteristics on the B-1B aircraft, During the course of these investigations, several
unsteady, total-pressure disturbances at various discrete frequencies were encountered:

1} Inlet duct resonance at low power settings, =. .“.. = . -~ +i. 24 et
2) ECS precooler duct resonance .. o
3) Nose gear wake ingestion

This resulted in the need to quantify these effects and assess the impact on engine stability char-
acteristics. As a result, engine control features were modified, and aircraft configuration changes were
implemented. Results and findings of these investigations are summarfized. <L

i

SYMBOLS
a angle of attack 1DTH total distortion index, high-pressure
(compressor) component, combined spatial
AlP aerodynamic interface plane and planar distortion index
B superposition factor INT intermediate power setting
B sideslip angle K 1,000
[ speed of sound KIAS knots indicated airspeed
d diameter L length
¥ yaw angle LG landing gear
ECS environmental control M mach number
system
AP pressure differential
f frequency
P3G planar pressure pulse generator
FAVG engine face average total
pressure (PT1) PK-PK peak to peak
FOD foreign object damage PLF power for level flight
1c {nlet distortion, circumferential PSD power spectral density
1DH inlet distortion {ndex, MM engine face average total pressure (FAVG)
high-pressure (compressor)
component PTO freestream total pressure
0L inlet distortion index, RAYG ring average total pressure
low-pressure {fan)
component RCS radar cross section
o0 index of planar distortion RMIN ring mintmum total pressure
10PH index of planar distortion, RMS root mean sSquare
high-pressure (compressor)
component S Strouhal number
10PL index of planar distortion, T temperature
low-pressure (fan) component
Wik engine corrected airflow
10R inlet distortion, radial
X organ pipe end correction
16V engine inlet guide vanes (sometimes set to 1.4d)
10TL total distortion index, low-pressure /] sweep angie of ramp leading edge
{fan) component, combined spatial
and planar distortion index A nacelle station, fnches

- O y
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INTRODUCTION

Stability characteristics of current high-performance turbofan engines are adversely affected by
pressure fluctuations at the compressor face. One class of random pressure variations, frequently
referred to as inlet-induced turbulence, is normally present in the flow. Engine stalls may result {f
sufficient energy/flow angularities exist at frequencies to which the compression system may respond.
Oynamic distortion factors are used to correlate these types of pressure varfatfons with losses in engine
surge margin., Critical events can be difficult to define and usually require stochastic techniques.
Correlations between the resulting spatial distortion characteristics and loss in surge margin have been
the subject of considerable resources during recent decades (References 1 and 2).

Another class of pressure fluctuations can be destabitizing and 1s attributed to the occurrence of
one-dimensional, unsteady-pressure oscillations at the compressor face. Inlet buzz during supersonic
operation at low inlet mass flow ratios is one classic example of a large-amplitude, planar wave coupled
with spatial distortion. These transients are generally characterized by discrete frequency components
:nd t?:: classified deterministic. Although higher frequency components are present, events are readily

dentified.

Reported sources of planar pressure oscillations include both internally and externally generated
disturbances. Internally-generated disturbances include flow separation/reattachment, turbulence, buzz,
unstart/restart cycles, interaction with adjacent engines and inlets, response to control system inputs
and secondary air inlet designs. Examples of externally generated disturbances include armament firing,
atmospheric gusts, wakes of previous ajrcraft, external explosions and ingestion of wakes emanating from
forward protuberances - landing gear, external stores and pylons, aerodynamic surfaces, and weapon bay
doors and spoilers. Methods for dealing with the simultaneous effects of planar and spatial
total-pressure fluctuations are not well understood.

An extensive wind tunnel program was conducted to develop the B-1B propulsion system, and a flight
test program to verify operational suitability is well underway. During the course of the investigations,
numerous Tnstances were encountered where discrete frequency components were evident in total pressures at
the engine inlet. This resulted in the need to quantify the effects and assess impact on engine stability
characteristics. As a result, engine control features were modified, and aircraft configuration changes
were implemented. Resulits and findings of these investigations, including wind tunnel and flight test
comparisons, are summarized.

B-18 PROPULSION SYSTEM

The B-1, Figure 1, is a long-range strategic aircraft operated by a crew of four. Distinctive
features relative to the propulsion system are variable sweep wings, nose gear protuberances forward of
the inlets, external stores, structural mode control vanes and weapon bay doors and spoilers. The
variable wing changes the wing sweep angle from 15 to 67.5 degrees. The aft sweep position {67.5 degrees)
is used at high speeds and during low altitude peretration. The structural mode control vanes are located
on the lower sides of the forward fuselage and vary to control structural bending mode oscillations and to
provide a smoother ride quality.

WEAPON BAY STRUCTURAL MODE
DOOR AND SPOILERS CONTROL VANES

LANDING GEAR
STRUTS AND DOORS

Figure 1. B-1B Afr Vehicle

The B-1 propulsion system consists of two nacelies wounted under the fixed portion of the wing. Each
nacelle contains two General Electric afterburning turbofan engines, and separate, independent inlets and
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diffusers. Inlets are two-dimensional, with vertical compression ramps, and are located aft of the wing
glove leading edge, outboard of the aircraft centerline. Forebody/wing boundary layer air {s removed by a
gutter located between the nacelle and wing. The off-centerline location required a complete flow field
investigation because of wing flow outwash that varied with angle of attack, particularly at the aft wing
sweep position. Nacelles are toed-in 1/2 degree to align with local flow at nominal angles of attack.

The 8-18 inlet nacelle s a modification of the B-1A nacelle and not a complete redesign. A drawing
of the B-1B inlet, i1lustrating some of its unique features, 1s shown in Figure 2. External nacelle mold
lines were unchanged from the B-1A so as to not impact structural attachments and/or landing gear and
nacelle clearances. Internal mold lines were modified with gradual bends and vanes to improve RCS
characteristics. The region in the center of the nacelle, which housed the variable ramps and actuators
of the B-1A, provided the space for the bends and vanes. Leading edges of cowls and vanes were canted 15
degrees to further enhance RCS characteristics. The center ramp was cut back 41 degrees to reduce planar
pulse amplitudes and to reduce RCS. A three-position, movable cowl 1ip is employed to improve takeoff and
low-speed performance and distortion. ECS scoops, internal to the inlet, precool engine bleed air above
mach 0.5. This air exhausts between engine nozzles at the rear of the nacelle. At speeds below mach 0.5,
precooler air is provided through separate inlets located outside the nacelle, above the wing, operating
in conjunction'with a blower, Flapper valves are used to prevent blower air from entering the main inlets.

40° MOVABLE COWL LIP

Figure 2. B8-1B Intet Nacelle

AERODYNAMIC INTERFACE PLANE INSTRUMENTATION

The inlet/engine aerodynamic interface plane (AIP) {s the instrumentation station used to define
total-pressure recovery and distortion interfaces between the inlet and the engine., In the B-1 program,
the interface was defined at the leading edge of the engine inlet guide vanes (IGV). A1l airflow passing
through this plane enters the engine. This instrumentation station was used throughout the inlet
development and verification wind tunnel program, during engine qualification tests, and is being used in
the ongoing flight test program.

Eight rakes, each with five probes located at the centroid of equal annular areas, were used to
measure pressures. Small differences in angular Tocation were necessary among models due to the evolving
nature and availability of particular IGV locations. A1) probes in the resulting 40-probe matrix were
designed to measure both the steady-state and high-response components of total pressure. Leading edges
of probes were chamfered to minimize sensitivity to flow direction. Distortion components, both radial
a?d circumferential, were computed for each of five rings from efght total-pressure measurements on each
ring.

A photograph of the AIP instrumentation used during 0.2-scale wind tunnel testing is shown in Figure
3. To maintain required frequency response, miniature high-response transducers were physically located
at the AIP. Signals were high-pass filtered (A.C. coupled) to maintain accuracy over a wide range of
pressure levels. ‘These same dual-purpose probes provided a sensed Yocation for the low-response {steady
state) pressure measurements with larger, more accurate transducers. These transducers were located
remotely in an environmentally-controlled area. A flow-control valve was located as close as possible to
the AIP. During most tunne) operating conditions, airflow through this valve was choked, providing a
reflection plane to simulate inlet acoustic properties.

Flight test AIP instrumentatfon is alsc shown in Figure 3. High-resp transd s were installed
integrally with selected 16V's. With appropriate signal conditioning, measurements of steady-state and

e g Tan . s e " —

—ad® Py Y-




16-4

high-response outputs were recorded separately from the same transducer. An inflight calibratfon system
was used to automatically provide a zero and a one-point pressure calibration throughout the flight at
one-minute intervals, Generally, experience has shown good agreement between wind tunnel and flight test
results (Reference 3). The relatively small differences in AIP instrumentation matrices and signal
conditioning systems between wind tunnel and flight test produced only second-order effects on measured
inlet distortion characteristics.

WIND TUNNEL FLIGHT TEST
" e INSTRUMENTED IGV'S

FLOW CONTROL VALVES
\\{\’\\k\m\k\-&

8X5 INSTRUMENTATION MATRIX
INTEGRAL WITH IGV'S

Figure 3. Aerodynamic Interface Plane Instrumentation

DISTORTION ASSESSMENT PROCEDURES

Distortion methodology is defined as the set of procedures used to specify numerical values of
spatial and planar total-pressure components at the selected measurement plane. Distortion descriptors
are calculated from the spatial and time-dependent distribution of total pressures at the aerodynamic
interface plane and are based on measurements from the 40 total-pressure probes defined in the previous
section. They are used to define inlet spatial distortion characteristics with a time duratfon of
sufficfent length to affect engine stability. Additionally, they are used to describe amplitudes and
frequency variations in the spatially-averaged pressure time histories, sometimes referred to as planar
distortion, Variations occurring at discrete frequencies are "book-kept" as planar distortfon and may
also contribute to engine instabilities. Accurate measurement of these frequency components depends on
the simulated engine face acting as an acoustic reflection plane.

Spatfal distortion factors were generated in accordance with the procedures defined in Reference 1.
With the 8 x 5 instrumentation array, circumferential and radial distortion components for each of the
five rings are computed according to the following relationships:

CIRCUMFERENTIAL RADIAL
RAVG-RMIN FAVG-RAVG
I« — IR = —
FAVG FAVG

Ring components can be combined tn various ways to define overall engine face descriptors. Radial
distortion components located in the outer diameters are frequently referced to as “tip radfals", radial
components located in the inner diameter are referred to as "hub radials". Distortion components are
computed from high-response total-pressure signals filtered to the critical engine frequency and digitally
sampled at rates sufficiently high to retain wave form. Resulting envelopes, encompassing all
combinations of cfrcumferentfal and radial distortion components, are used to describe distortion
characteristics for a particular operating condition and/or inlet geometry and are {1lustrated in Figure
4. By imposing estimated engine limits on this same grid, a particular distortion pattern can be
identified that consumes more stall margin than any other point and can be used to characterize spatial
distortion for that particular data point. Estimated engine 1imits for a particular operating condition
can also be used to normalize measured distortion levels and thus provide convenient indices, IDL and IDH,
whose values are unity when measured distortion equals engine distortion allocations. These procedures
can be applied separately to both the fan and compressor to gain insight on the controlling engine module.
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Figure 4. Distortion Assessment Procedures

Planar distortion components on the B-1B were measured during wind tunnel tests by routing all 40
high-response AIP signals to a summing circuit and outputting the numerical average. Power spectral
densities (PSD) of the resulting analog signal were used to identify the presence of discrete frequency
components and the magnitude of the energy contained within each frequency band: Initial estimates on
sensitivity to planar distortion were based on extrapolations from F101 fan/P3G testing completed in 1973
(Reference 4). A PSD of a signal containing multifrequency planar distortion components is 11lustrated in
Figure 4. An index of planar distortion (IDP) is generated by normalizing measured energy to estimated
limits. When more than one discrete frequency component exists, individual contributions are summed
linearly to obtain the total index.

Above assessments of planar distortion are based on two assumptions. One, that planar distortion is
transferred without diminishment by the fan; and two, the fan and compressor planar distortion
sensitivities are similar. Data supporting these assumptions are sparse, but it fs Togical to expect that
at high levels of 1DP, at some frequencies, fan or compressor instabilities can result even in the absence
of spatial distortfon. When planar distortion is imposed on spatial distortion, it follows that allowable
spati:l distortion s therefore decreased. Again, data supporting this premise are essentially
nonexistent.

Screening procedures used on 8-18 wind tunnel and fl{ght test data assume that spatial and planar
distortion indexes add linearly (B = 1.0) to provide a combined measure of inlet distortion.

FAN COMPRESSOR
IDTL = IDL + B (IDPL) IDTH = IDH + B (IDPH)

In subsequent sections, these indexes are used as an initial step in assessing B-1B inlet/engine
compatibility. They provide useful tools to screen a large number of data points to fdentify potential
areas of concern and to quantify incremental dffferences among a host of configuration and operating
variables. Distortion characteristics that survive initial screening procedures are subject to more
detailed analysis. These may include transient runs with engine dynamic simulations, stability stack-ups
more tailored to the particular configuration and operating procedures, and statistical assessment
procedures to put potentfal problems in perspective and suggest design altev:natives.

INTERNALLY-GENERATED DISTURBANCES

Two sources of inlet-generated disturbances encountered during the development of the B-1B propulsion
system are discussed. In one case, local flow separation occurred along the external inlet ramp surface
and resulted in duct resonance during low-power engine operation at leeward sideslip. In another case, an
ECS scoop, located within the fnlet to precool engine bleed air, resonated under “"no flow" conditions, and
resulting disturbances were recorded with high-response, total-pressure instrumentation located at the
aerodynamic interface plane. Both instances were characterized by a coupling between discrete frequency
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components and spatial distortion components normally present in the flow. Although engine response to
this coupling is not well understood, a need to evaluate inlet-to-engine compatibility in the presence of
combined planar and spatial distortfon was clearly identified.

INLET DUCT RESONANCE

Low-airflow planar distortion is caused by local flow separation and reattachment along the ramp
surface forward of the cow) during leeward sideslip as shown in Figure 5. Separation and reattachment
cycles occur at the 11 Hertz closed-end organ pipe frequency of the inlet duct measured to the acoustic
interface of the engine. Circular flow patterns shown on the sketch were evident from nil-dot flow

patterns measured in wind tunnel tests.

Figure 5.

SEPARATED
REGION

Local Flow Separation on Inlet Ramp During Off-Design Operation at Low-Airflow

Local ramp separation at low airflows and leeward sidesiip is due to a highly adverse pressure

gradient forward of the cowl 1ip station interacting with boundary layer along the forward ramp surface.
As leeward sideslip increases, the flow expands around the ramp leading edge, then decelerates rapidly to
the fnlet station. Local ramp pressures decrease near the leading edge which allow boundary layer
thickness to fncrease prior to entering the high-pressure-gradient region. The process is similar,
although at much Tower amplitudes, to buzz at supersonic speeds caused by shock wave and boundary layer
interactions. Horizontal ramp inlets experience this phenomena at low or negative angles of attack;

vertical ramp inlets at leeward stdeslip.

Representative distortion characteristics recorded during wind tunnel tests at mach 0.85 with the
outboard inlet are shown in Figure 6.

degrees sideslip.

The model was positioned at nine-degrees angle of attack and five
Flow field measurements identified that local outwash, generated by the fuselage and
wing combination, increases proportionately with angle of attack.

Angle of attack and sideslip thus act

in concert to orient the outboard ramp leeward and produce the distortfon characteristics shown as a
function of engine corrected afrflow.

0.12
. Circumferential distortion is the predominant
| %&%m&’fl’ spatial component, although both components increase
M 0.5 almost proportionately with corrected ajrflow. Flight
aly =97.5° test results generally confirm wind tunnel results.
0.08 L Time histories of the average of the 40 individual AlIP
signals indicate that {n addition to these spatial
L distortion components, the flow, at this off-design
DR condition, 1s experiencing a one-dimensional oscil-
lation about a mean, and peak-to-peak amplitudes of
0.04 this combined signal can be used as a figure of
werit. One example at low corrected airflow is shown
L DR in Figure 7. Power spectral densftfes {dentify the
presence of discrete frequency components with a
. e fundamental frequency of 60 Hertz (0.2-scale). This
120 200 280 360 frequency corresponds well with organ pipe theory, f =

CORRECTED AIRFLOW, LB/SEC

Figure 6.

Spatia) Distortion Characteristics

c/[4(L + X)), where the characteristic dimension is
controlled by the distance between the average cowl
leading edge and the AIP. The presence of odd-
numbered harmonics is consistent with closed-end organ
pipe theory.
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Figure 7. Planar Distortion Characteristics

Magnitudes of these planar waves are strong functions of several independent parameters - geometry,
corrected airflow, attitude and mach number. The ramp serves as a Separation plane to maintain
inlet-to-inlet independence. However, tests were conducted to measure the effectiveness of increasing
the sweep angle of the ramp leading edge in an attempt to eliminate, or at least minimize, the source of
the flow separation. This proved to be an effective technique to reduce the magnitude of the planar
wave. Variations of peak-to-peak amplitudes for two leading edge sweep angles are shown as a function of
corrected flow in Figure 8. During off-design operation at mach 0.85, at airflows corresponding to
operation at IDLE power, increasing the sweep angle from zero to 41 degrees reduced the amplitude of the
planar wave by almost 50 percent. No evidence of disturbances at the AIP in the adjacent inlet was
detected. Subsequent testing at other mach numbers and maneuver conditions verified that inlet-to-inlet
independence could be maintained with the cut-back ramp.

0.24
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wooF 0.099 AP/PTO 0.2 - SCALE MODEL
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!
0
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120 200 280 360

CORRECTED AIRFLOW, LB/SEC

Figure B. Effect of Ramp Leading tdge Sweep on Planar Wave Amplitude

Tests showed that the magnitude of the planar wave was sensitive to mach number, airflow and
attitude as 11lustrated for the outboard inlet in Figure 9. At normal cruise attitudes, where the degree
of outwash is small, planar amplitudes remain below two percent throughout the mach range. As local
outwash is increased, by operation at combinations of angles of attack and sidesliip, sensitivities to
mach number increase markediy, and a{ sonic conditions, amplitudes can approach 12 to 15 percent of
freestream total pressure. At high subsonic mach numbers, amplitudes of these planar waves can be
reduced by almost 50 percent by increasing flight idle airflows to rates corresponding to 90 percent core
corrected speed. This feature is sometimes referred to as "idle-speed lockup”.
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| Figure 9. Planar Wave Amplitude Characteristics With Qutboard Inlet

Good agreement in both magnitude and frequency of planar distortion were obtained betwen wind
tunnel and flight test results. One example is shown in Figure 10, comparing time histories of
comparable signals during leeward operation ct mach 0.85 and ajrflows corresponding to IOLE power.
Peak-to-peak amplitudes of ten percent were measured directly with both the alrplane and the 0.2-scale
wind tunnel model. And frequencies scaled directly with Strouhal number, S = fL//T, resulting in a
full-scale frequency of 12 Hertz, well within the frequency range to which engines respond.
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Ramp separation and the associated planar distortion component are thus shown to be fundamentally a
low-airflow phenomenon. Fortunately, spatial distortion components are directly proportional to airflow
and are typically less than four percent at i1dle airflow. At first glance, one would expect this to be
compensatory; however, engine tolerance to spatial distortion can be strong functions of engine corrected

airflow and compression system rotatfonal speeds.

In fact, the need to accelerats the engine during

perfods of thermal mismatches between the onfine case and rotor, as, for example, during a throttle
bodie, can be one of the more difficult hurdles for inlet/engine stability assessments. Complexities of
assessing the impact of adding a planar distortfon component make 1t that much harder.

Using 2 simplifying assumption that superposition factors defining the relationship between plansr
and spatial distortion components are unity, assessments were conducted over a range of airflows, mach
numbers, and angles of attack and sideslip using data recorded during wind tunne! tests with the
0.2-scale inlet verification mode). Because engine sensitivity is also a function of altitude,
conditions were evaluated at altitude extremes for each mach number, and for both fan and compressor
engine modules.

Typical results are {1lustrated in Figure 1] during operation at mach 0.85. Maneuver conditions are
identified where engine stability margin allocations to the fnlet are fully utflfzed. In an adverse
combination of events, where throttle transients are performed on deterforated engines with worst case
engine control tolerances, occasional engine stalls would be anticipated during operation outside the
maneuver envelopes shown. In most cases, stability limits for the compressor are resched before margin
runs out on the fan. Limiting maneuver conditions at negative yaw (positive sidesiip) represent
limitations of the No. 1 {nlet (left-hand, outboard). Mirror fmages of these limitations, shown at
positive yaw (negative sides)ip) represent operation of the No. 4 inlet (right-hand, outboard).
Occasional instabilities would be predicted for both outboard inlets during operation at angles of attack
above the intersection of these tines.

HIGH ALTITUDE LOW ALTITUDE
35K FT 200 FT
a
12
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CORE
——— e e = FAN

Figure 11. Stabi)fty Assessment During Mach 0.85 Msneuvers

Historically, one objective of good inlet/engine design is to maintain stall-free engine operation
under fleet conditions throughout the anticipsted flight and maneuver envelopes. To achieve this
objective with the B-18/F101, the foregoing methodology and analyses indicate that within portions of the
flight envelope, engine corrected airflow should be mafntained above 210 Yb/sec. Consequently, an idle
speed lock-up feature was incorporated and is implemented by & manua) switch located in the crew
statfon. When activeted, one switch controls all four engines and limits core operatton to 90 percent
corrected speed. Thrust modulation with this setting fs adequate to me:t all afrcraft requirements in
a1 atmospheres. Temporary handbook instructions currently require activation of this mode of operation
above 425 KIAS or mach 0.9, whichever is less. Ungoing flight test evaluations of this system will help
to determine the need, anc if need be, suggest potential means of autamating implementation.

AUXILIARY AIR IMLET

Auxiliary atr inlets can be snother source of internally rmuud disturbances. A scoop i
installed on the ramp side of each 8-18 Inlet to precool ECS bieed air. Uuring ground and low speed

operation, when fnlet pressure 1s lower than ambient, a hydreulically-driven Dlower supplies outsfde afr
to the hedt exchanger. A flapper door, installed in the common duct connecting these sources of cooling

afr, 1s closed to prevent reverse flow during blower operation.

Afr 1y exhausted aft through exits

Tocated between engine nozzles to reduce base drag.

At mach 0.5, pressure in the falet duct s

suffictently above ambient pressure to service the heat exchanger.

T™he blower ts shut off and the

flapper door opens allowing atr to flow through the scoop inlet.

e . —
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The design and relative location of the ECS precooler {nlet assembly is shown {n Figure 12, The
scoop is located just above the duct centerline and extends four inches into the inlet. The scoop had to
be redesigned to accommodate the redesign of the basic B-1B inlet. Advantage was taken of this
opportunity to reshape the scoop cowl 1ip and external mold 1ine to minimize external flow separation
under “no flow"™ conditions. The scoop thus acts as a resonator (closed organ pipe) with the controlling
volume Jocated between the leading edge and the flapper valve. Since the flapper door {s self-positioned
by air loads, resonance can lead to structural damage, particularly during operation close to the
transition point when the pressure differential across the door is small. Because of the low duct
pressure, engine FOD can result, and during the initfal B-18 flight test program, several instances were
attributed to structural fatlure within this system.

ECS SCooP FLAPPER DOOR

Figure 12. ECS Precooler Assembly

Wigh-response pressure transducers lTocated just upstream of the flapper door in the aircraft
taentified duct re e at freg 1es corresponding to a closed-end organ pipe. Ouring static
operation on the ground at maximum engine airflow, power spectral densities, Figure 13, identified a
fundamental frequency at 77 Hertz as well as the presence of several harwonics. RMS amplitudes were
approxfsately 2.4 psi. Similar results were obtained with the 0.2-scale inlet mode). Although
amp) {tudes were smaller, discrete components were measured at scaled frequencies, and a program was
tnittated to eliminate and/or reduce the magnitude of these oscillations.

M=0 LIP 40°
WIR = MAXIMUM

. 0.2 SCALE MODEL AIRCRAFT
10° 1
10-2 ~1188 He A
1 101 231 M2
103 }\ |
ap? - 'T " 102
g | ST
108 103 —_—~~ 1
308 M T7 Mxf
108 10-4 Lidil Ll 1Ll L mlll
10 100 1000 10000 10 100 1000
FREQUENCY, Mz FREQUENCY, Hx

Figure 13. Resonance Characteristics 1n ECS Scoop Inlet
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Two areas of concern were addressed. One was to explore potential configuration changes to eliminate
the disturbance, and the other was to ensure that changes had no adverse impact on engine stabfifty. Wind
tunnel results showed that disturbances propagated both upstream and downstream in the duct as shown in
Figure 14, Spatia) measurements at the aerodynamic interface plane showed that a majority of the probes
registered discrete frequency components, and could thus induce planar distortion components. Probes
located on the same side as the ECS scoop contained more energy at discrete frequencies. While
frequencies were generally beyond the engine 62.5 Hertz cut-off frequency corresponding to “one per rev"
(300 Hertz at 0.2 scale), configuration changes could alter downstream frequency components, impact
spatial distortion characteristics, and affect engine stability.

10!
D2815 (ENGINE FACE)
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10°?
i
1

a4 405

107 )
1 10 100 1000
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1071 10-1
D2905 D2903

103 103
:
i q

9 108 105

385 Hz 385 Hz
w0’ 4 107
1 10 100 1000 1 10 100 1000
FREQUENCY Hz FREQUENCY Hz

Figure 14. Acoustic Resonance Propagation From ECS Scoop Inlet

Tests were conducted in a Rockwell static facility with the 0.2-scale inlet model. Several concepts
were investigated to reduce or eliminate duct resonance. One concept consisted of changing the valve
design to "leak" reverse flow back through the scoop. By restricting the leakage flow rate, penalities on
heat exchanger performance could be minimized. Another concept consisted of a bypass arrangement designed
to provide continuous airflow through the scoop to reduce acoustic amplitudes. Yet another concept
consisted of designing a resonator chamber upstream of the valve to attenuate specific frequencies.

Test results with the reverse-flow concept are shown in Figure 15. Power spectral densities
generated from a high-response, static-pressure transducer located close to the valve are shown for three
valve positions. Although discrete-frequency components are evident for all valve settings, tota) energy
under the curve - a measure of peak-to-peak amplitude - decreases rapidly with increased flow area. With
an area equivalent to 2.0 square inches full scale, total energy is reduced by approximately two orders of
magnitude. Similar results were obtained with the bypass and resonator configurations. As a resuylt of
this experience, subsequently confirmed with full-scale tests, the B-1B production redesign incorporates a
snubber and a leakage area of two square inches. No problems have been encountered upon incorporation of
these changes.

EXTERNALLY-GENERATED UISTURBANCES

Several sources of externally generated disturbances were also encountered during the development of
the B-18. Generally, these disturbances can be traced to wakes and vortices shed from external surfaces.
It is not unusual for these disturbances to contain discrete-frequency components. For example,
structural mode control (SMC) vanes are located on the lower forward fuselage. Sinusoidal defiections of
these vanes are designed to attenuate relative structural motion between the crew station and the aircraft
center of gravity and thus provide ?ood ride qualities. Under certain maneuver conditions, vortices
rmrlud by these surfaces can be ingested by the inlet. ODuring the B-1A program, a considerable effort,

ncluding full-scale inlet/engine tests, was conducted to verify airframe/engine compatibility during
operation of this system, and results are well documented in Reference 5.

Nose r wake ingestion fs another source of externally generated disturbances. Flight test
investigations with the B-1 configurations have shown that nose gear wakes do contain discrete frequency
components, identifying another need to assess engine stability characteristics with combined planar and
spatial distortion components. Based on assessments derived from extensive wind tunnel tests and )imited
engine response characteristics, a movable cowl 1ip was fncorporated in the B-1 inlet design. Cowl lip
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angle is held in one of three positions, 40, 10 or O degrees, and 1s scheduled as a function of gear
position and mach number as shown in Figure 16. Good performance and acceptable distortion
characteristics during takeoff and low-speed operation result, and drag is minimized during high-speed
flight.
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Figure 15. Effect of Reverse Flow an Acoustic Amplitude in ECS Scoop
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Figure 16. Cowl Lip Schedule

Limits that define regions of acceptable 11p operation are also shown. The distortion 1imit was
derived from wind tunnel data and defines regions where combined spatial and planar distortion levels

remain within engine allocations.

The Ylimit shown for drag fs somewhat arbitrary. Drag increases with

increasing 11p angle and/or mach number and eventually becomes excessive. Operation at mach numbers and

14p angle combinations greater than this limit are avoided to minimize Ympact on specific fue) consumption
during important mission conditions.
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Switching among the 40-, 10-, and O-degree cow) 1ip settings is based on flight mach number and
Janding gear position. The 40-degree lip setting is used for takeoff and all flight conditions where the
landing gear is down and the nose gear wake could enter the inlet. The 10-degree 1ip position is used
above mach 0.35 after the landing gear is raised. This position maintains inlet distortion levels within
engine allocations for flight maneuvers up to mach 0.65. The fully closed, O-degree position is used for
high-speed operation above mach 0.65 where drag is critical. The cowl 11p reopens as flight speed is
reduced and/or the landing gear is lowered. An increment of 0.03 in mach number 1s used to separate
opening and closing signals to provide a positive control input in both directions.

Circumferential distortion characteristics derived from high-response AIP signals during wind tunnel
tests are shown in Figure 17 as a function of mach number and cowl 1ip angle at maximum engine corrected
afrflow. Both parameters have a profound impact on spatial distortion levels, and this is attributed to
Tocal flow separation on the cutback cowl 1ip. Large expansion turning angles between the stagnation
streamline and local cow! mold line occur in this region at high inlet mass flow ratios. Levels are
aggravated by sideslip in the direction making the inlet windward; i.e., nose left sidesl{p for inlets 2
and 4, and nose right sideslip for inlets 1 and 3. Spatial distortion levels measured during flight tests
agree well with wind tunnel results as shown for selected configurations and mach numbers.
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0.2 0.4 0.6
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Figure 17. Effect of Cowl Lip Position on Spatial Distortion

With the gear extended, planar distortion components were also evident in the flow. Variatfons in
peak-to-peak amplitudes of the average engine face tota) pressure are shown in Figure 18 as a function of
freestream mach number. The amplitude is independent of qip pasition and {s essentially eliminated by
retracting the gear. Peak-to-peak amplitudes of approximately five percent were measured in the wind
tunnel at mach 0.35. Amplitudes recorded during f1ight tests at comparable conditions approached seven
percent. 0ifferences are attributed to atmospheric uncertainties during flight test and to problems
encountered in accurately simulating complex landing gear structure in sms)l scale models. Discrete
frequency components were evident 1n power spectra) densities generated with these signals at all
airflows. With flight test data, the fundamental frequency was 18 Hertz at mach 0.4, increasing to 28
Hertz at mach U.6.

Sidesl1p transients with the gear extended were conducted during flight at mach 0.4 at an altitude of
10,000 feet. Resylting spatial and planar distortion characteristics are shown in Figure 19 for both
inlets in the left-hand nacelle. As sideslip 1s increased to positive angles, evidence of nose gear wake
ingestion is fndicated inftially fn the inboard fnlets as expected. Planar components maximized at a
sidestip angle of approximately six degrees and then diminished at higher sidesi{p angles as the wake
moved outboard of the nacelle. The impact of higher pianar components in the outboard fnlet is partially
offset by lower spatial components.

Differences in flight test distortion characteristics between extended and retracted gear positions
during operation at 5,000 feet, mach 0.35, are shown in Figure 20. With the gear up, the cowl 11p ts at
10 degrees, and with the gear down, the cow) 11p s at 40 degrees. Angle of attack varies between 5.5 and
7 degrees, and engine airflow is maximum at 356 1b/sec. Extending the gear iatroduces a planar component
with a peak-to-peak amplitude of 0.069. Circumferential distortion never exceeds ¢ight percent, and the
low-pressure defect appears in the upper cowl-side portion of the engine face. On the other hand,
retracting the gear eliminates the planar component, and decreasing the cowl 11p angle to 10
increases circumferential distortion to aoroliuuly 11 percent. More radial distortion 1s evident, and
the low pressure defect is located in the lower cow)-side quadrant. Opcraun? the cowl 1ip at 40 degrees
when the gear 1s down thus results in additional margin to accommsodate potential ingestion of plamer
components.
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Figure 18. Effect of Gear Wake Ingestion on Planar Distortion
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Figure 19. Nose Gear Wake Ingestion During Stdes)tp Operation

Wind tunnel and flight test distortion characteristics are compared in Figure 21. Test conditions
were at mach 0.4, landing gesr extended, with the sircraft (model) at 9 to 10 degrees sidesi{p and nominal
angle of attack. Engine airfiow wes maximum at approxfmetely 360 1b/sec. Differences in several
distortion perameters are summsrized in the table and are belfeved to be representative of the differences
one should expect when comparing dynamic output of dynamic events.

Source 10C 100 ar/P10 f
Flignt test 0.095 0.031 0.068 18
Wind tunne! 0.006 0.087 0.080 20 (scaled)
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Figure 21. Wind Tunnel/Flight Test Comparison of Nose Gear Wake Effects

CONCLUDING REMARKS

Engine response to combinations of planar and spatial total-pressure distortion components 1s not
well understood. Yet their consequences can be substantial, both in terws of engine stability and
structural fati criterta. The most obvious solution 1s, of course, to eliminate the source of the

disturbences. [f this {3 not consistent with sound engineering practices, trades must be conducted to
fing cost-effective solutfons.

Several sources of unsteady, one-dimensiona) pressure oscillations have been characterized with the
8-18 program. Trends are summarized in Figure 22 and indicate that afrcraft generated peak-to-pesk
amplitudes generally decrease as frequency increases. This s contrasted to estimated engine trends where
one might expect more tolerance to amplitude at higher frequencies.
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Figure 22. B-1B Planar Distortion Summary

Frequencies of planar components are generally configuration dependent. In cases where the source is
duct resonance, good correlations exist between acoustic theory and test results. If wind tunnel models
contain an acoustic reflection plane close to the simulated engine face, frequencies can be scaled
accurately at constant Strouhal number, fL/YT. In the B-1B inlet development wind tunnel program, flow
control vanes, located just aft of the aerodynamic interface plane, were operated choked over most
conditions and provided this function.

In cases where the source 1s attributed to the ingestion of wakes or vortices shed by forward
protuberances, frequencies are difficult to predict. Accurate simulation of the protuberance in the wind
tunnel model is necessary to obtain reasonable correlations with flight test results. Peak-to-peak
ampl itudes measured with the flight test aircraft were generally higher than magnitudes measured with the
0.2-scale model. Amplitudes can be strong functions of freestream mach number.

Several design features were incorporated in the B-1B propulsion system as a result of planar
distortion considerations. The inlet ramp was cut back to reduce flow separation along the lower ramp
surface and significantly reduced planar amplitudes. An idle speed Yockup control was incorporated to
1mit flight idle operation to airflows corresponding to 90 percent corrected core speeds. This function
is currently controlled with a cockpit switch and {s implemented during operation at high speeds and
freestream dynamic pressures. Planar distortion components contributed to the decisfon to {ncorporate a
three-position cowl 1ip design. This control assures that the inlet 1ip is fn the most open position when
the landing gear is extended. The flapper door separating the ECS precooler scoop located in the 1nlet
from the ground blower circuit was redesigned to reduce discrete frequency components and relax structural
fatigue criteria.

Many of these features are being evaluated in the ongoing flight test program, and no compatibility
problems have been encountered. But the fact remains that flight test programs do not provide much
insight on losses in stall pressure ratio, and the real measure of success in a compatibility program
occurs only after thousands of hours of operation have been accumulated by the fleet. To really
understand engine response to these disturbsaces, a well-constructed program to explore sensitivitfes to
planar components operating in conjunction with various combinations of radial and circumferential spatial
distortion components {s needed. Frequency content of most of these disturbances falls well within the
range of computational fluid dynamics technology. Combining this anaiytica) approach with a systematic
test program to measure effects on current turbofan engines sounds Vike a logical next step. Benefits on
future afrcraft designs and operational procedures could be substantial.
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DETERMINATION EXPERIMENTALE DES LOIS DE TRANSFERT DE PERTURBATIONS

A LA TRAVERSEE D'UN COMPRESSEUR AXIAL™*

par Jacques HUARD

Office National d'Etudes et de Recherches AErospatisles
BP 72 - 92322 Chatillon Cedex (France)

RESUME

L'alimentation des wmoteurs peut présenter des héEtérogénEités trds
importantes dans certaines configurations de vol des avions de combat modernes ou
lors de vent latéral. Un des probl2mes pos€s au motoriste concerne donc 1'é&tude
de la sensibilité du compresseur 3 la distorsion de l'écoulement fncideant.

Néanmoins, la prise en compte de tous les aspects du probldme théorique
ne peut guldre s'envisager qu'3d tr3s longue &chBance. La solution classique
retenue 3 1'ONERA pour traiter ce probledme, consiste 3 modéliser les grilles par
des disques od les caractéristiques de 1'E&coulement subissent des disconti-
nuités ; les grandeurs situ€es de part et d'autre de ce disque sont alors reliées
par des "lois de transfert”. Ces lois non accessibles actuellement par le calcul
ne pcuvent &8tre déterminfes que par 1'interm&diaire d'une analyse expérimentale
détaillée. A cet effet un banc d'essal a &té& définl pour &tudier la propagation
de la distorsion de 1'&coulement 3 la traversfe d'un &tage de compresseur axial.
En amont de la roue mobile on géndre une perturbation sinusoidale de pression
d'arr@t d'amplitude 50 % de la pression dynamique. On &tudie la transmission de
celle-ci dans 1'étage, et 1l'on propose des formules de corr&lation expéri-
wentales.

EXPERIMENTAL DETERMINATION OF THE TRANSFER FUNCTION OF AN AXIAL COMPRESSOR

TO DISTORTED INLET FLOW

ABSTRACT

Many aircraft flight configurations can create difficult operating
conditions for the engines ; these problems are related to air inlet disturbances
which often result in a substantial decrease in the compressor surge margin. It
is now known that the performance and operational stability of axial coapressors
are sensitive to nonuniformities in the inlet section.

In these conditions, it appeared necessary to develop a more complete
aumerical model. The classizal solution retained at the Office, consists in
representing the rotating or fixed blade rows by a model similar to a semi-
actuator disk, The aerothermodynamic values of the flow located upstream and
downstrean of the disk, are linked by transfer functions. 1ne numerical analysis
being not able to determine these laws. A experimental detailled analysis has
been used. At this effect, an experimental test facility designed for basic
research on the transmission of an inlet distortion through a single stage axial
flow compressor has been realized. Upatream of the rotor a distorsion of total
pressure is obtained by means of a variable permeability screen. This pertur-
bation 1induces a quasi sinusotdal distribution of total pressure. The level of
his emplitude fs about 50 pour cent of dynsmic pressure. The transmissfon of
perturbation, {s studied in the stage and experimental correlations are
proposed.

4 Travail effectué sous contrat DRET
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1 - INTRODUCTION

La détermination expérimentale de la loi de transfert d'une distorsion stationnaire 3 travers
la roue mobile d'un compresseur axial nécessite les conditions essentlelles suivantes :

- 1'écoulement dans le compr r en 1'at de distorsion doir 8tre aussi uniforme que
possible afin que les effets de la distorsion puissent &tre clairement als en &vidence ;

- la perturbation jmposée A l'entrée du compresseur doit &tre tr2s simple afin que sa d&for-
matfon 3 travers la roue puilsse 8tre analysfe sans ambigulté.

Mals mfme si ces deux conditions sont rfalisées, et nous montrerons ci-dessous que c'est
possible, il reste 2 a'assurer que les points homologues amont et aval que 1l'on utilise pour 1'8tude de
la transaission d'une perturbation correspondent bien 3 la m3me ligne de courant ean &coulement relatif.

C'est la technique expérimentale permettant de satisfaire ces trols conditions que nous allons
décrire et nous allons montrer qu'il est alors possible de déterminer des lois empiriques de transfert
s'appliquant aux deux grandeurs :

- angle de sortie de 1'&coulement en axes relatifs,
~ pertes 3 la traversée de la roue mobile,

pour lesquelles il n'existe pas actuellement de théorie permettant de les &valuer.
Ce n'est qu'aprds avoir &tabli un certain nombre de lois de transfert du type de celui que nous
proposons ci-dessous qu'il sera possible de connattre les formules 3 introduire dans les calculs d'é&cou-

lements non uniformes dans les compresseurs.

2 ~ COMPRESSEUR A ECOULEMENT UNIFORME

L'étude aérodynamique de 1'Ecoulement dans un compresseur axial montre que seuls les
compregseurs dits 3 circulation constante induisent un &coulement 3 vitesse axiale uniforme en amont
comme A l'aval de la roue.

En effet, 3 ce type de compresseur, au fonctionnement au débit de calcul, l'accroissement
d'enthalpie est indépendant du rayon et, aux effets de la variation radiale du rendement prids, la
pression d'arrdt est Egalement constante ou sensiblement constante le long du rayon (fig. 1 : schéma du
montage).

Dans ces conditions les 1lignes de courant en &coulement relatif sont inscrites sur des
cylindres coaxiaux 3 la veine er un point aval homologue d*un polnt amont se trouve au mdme rayon que
celui-ci, avec simplement un léger déplacement azimutal.

Ceci reste vral en fluide réel, du wmoins dans toute la partie saine de 1'écoulement,
c'eat-3-dire sitube en dehors des zones d'écoulements secondaires limitées au voisinage des carters
externe et interne.

1 2
- 3 l
P ’ ‘ L Tl
§ : s Rotor 2 Redresseur
- ~N
i ! bomd %, e
§§ Sepportde - e =
AR - i 1 L
58
L] Axe de calage des aubes X

du rotor (origine des x)

Fig. 1. IMPLANTATION DES PLANS DE SON‘DAGES

Afin de déterminer le point de mesure aval homologue 4'un point amont on a utilisé un traceur
chimique, wélange d'agote et de gar carbonique Injecté en amont de la roue mobile. Avec un analyseur de
gez classique {1 est possible de retrouver en aval de la roue mobile le point od la coacentration en gasz
cacbonique est maximale : ce sera le point homologue du point d'injection.

La figure 2 représente le déplacement rsdial des lignes de courant : déplackes vers la péri-
phérie aux grands débits (# = 0,57 et & = 0,634) ou vers le bae pour un débit proche du décrochage
(# = 0,40) les lignes de courant rvestent sensiblement cylindriques dans un régime intersédiatre,
(P = 0,48) sauf Evidemment au voisinage des deux parois de ls veine.
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Evidemment en mbme temps que les lignes de courant se déplacent radialement, elles se déplacent
aussl latéralement ce qui rend encore plus difficile de repérer les points homologues.

Ce déghcenent latéral, nu) en amont de la roue woblle on &coulement homogdne se compose d'un

déplacement A
empirique :

ol ¢ est la corde
r le rayon

§ 1'angle woyen de calage

10 /At &+ﬁf/
¢

/54 1'angle d'entrée de 1'écoulement en axes relatifs

?4 le coefficlent local de débft { ?4; wd/ulh - Q?/soj

et d'un déplaceaent aval As-?— directement proportionnel i la distance

fuite de 1'aube :

- e £
S A

Jp correspondant 2 la traversée de la roue wobile pour lequel nous proposons la formule

{ du plan de mesure au plan de

Le flgure } montre que le déplacement global 49 mesuré expérlmentalement est bilen représenté

par la formule :
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mm rpon Coethicrent moyen de débit (angresi Alimentation hamogine R
5
Grands débrs 0.684
0.57
248
vae
o
-5
Mosure
[ ) SN » bxpmaton
™ Rgyon rédust «, R Poriphere o W
10 —t o +
o7 o8 08 ' 04 0s 06 07 o 09
Fig. 1. DEPLACEMENT RADIAL DES LICNES DE COURANT Fig. ). DEPLACEMENT LATERAL DES LICNES D COURANT

A LA TRAVERSEE D'UNE ROUE MOBILF

{Alimentstion homogdne)

Y - DISPOSITIF DE PERTURBATION DE L' ECOULDMENT AMONT

L'écoulement hosogdne non perturbé pouvant
pouvons btudier la perturbatlion qul donners

A LA TRAVERSEE DE LA ROUE MOBILE
(AXES RELATLIFS)

#tre coneldéré emintenant comme bien connu,
1leu & une distorsion de | 'bcoulement.

D aptds lea principes bnoncés dane 1'introduction cette perturbation doltr &tre

nous

aussl stmpie que possible, < 'ent-R-dire proche d' une perturbation sinusoidale A une périnde,

e




- telle que la perte de pression d'arrdt qu'elle Induit soit indépendante du rayon,

- d'une intensité suffisante pour que la non-linéarité des phénoménes adrodynamiques puisse
8tre mise en évidence (intensité chofsie :

_ A/&:';'!Pl;z

od W est la vitesse débitante moyenne).

Le perturbateur correspondant a &té r&alfsé au moyen d'un grillage com,o8é de barreaux et de
fils circulaires dont 1'&cartement a &té modifi€ jusqu'd ce qu'une perturbatfion quasi-sinusoidale soit
obtenue (fig. 4). Cet écran a &té placé dans le plan 2 (fig. 1).

Une analyse fine de 1'&coulement 3 1'entrée de la roue mobile a montré que l'on peut écrire

3 ¢
= & (4.6&:;194— ).Runs)
__lfvi dzy
2
od les coefflcients Tm et A“ sont donnés sur le tableau 1. Cette répartition azimutale a &té repré-
sentée sur la flgure 5 . on v a également porté la fondamentale.

TABLEAL 1

Décomposition de Fourier
de la perturbation limitée aux 5 premiers termes

a; = 10,3799 by = 0,0128
ay = - 0,0487 b2 = - 0,0155
a3y = - 13,0078 b3 = 0,0019
ag = 1,022 by = 0,0063
as = - 0,0009 bg = - 0,0039
L'origine des aziauts &tant pur... Ces paramdtres sont Indépendants du débit du

compresseur.

© =057
/R =084
®
L)
T
<
<
;3, Fondamentale
< e
e * Expérience
150+ R
e o) 5 harmoniques
200 L - P ——-
Q 180 360
Fig. 4. ECRAN DE DISTORSION Fig. 5. REPARTITION AZIMUTALE DE LA PRESSION

D'ARRET. MESURES EFFECTUEES ENTRE L'ECRAN DE
DISTORSION ET LA ROUE MOBILE (plan 3)

+ - DESCRIPTION DE L'ECOULEMENT A L'ENTREE DE LA ROUE MOBILE

Du fatt de la perturbation de 1'écoulement amont il y a une rEorganisation des vitesses et
{nduction de gradlents de presaton statique.

La figure 6 représente les relevfs effectués dans le plan 3 situfé immEdiatement en amont de la
roue moblle (X/f = - 0,14) (presion d'arrdt , pression statique, angle absolu de la vitesse o )

ainst fue l'ang]eﬂ de Ja vitesse relative avéc la direction axiale.

On remarque que l'angle de la vitesse relatjve avec la direction axiale, ou sf on veut 1'inci-
dence de l'8coulement sur i:e profils, varie de 7 3 8° pendant un cycle (fig. 7).

Nous avons pu 8galement représenter la varlation de 1'angle /g, en fonction de 9 par une

série de Fourier tronquée

s . .
ﬂl:ﬂ - Z(Q.Mn&*éhff.usj

limicée 3 ses cing premiers termes, et le tableau [I donne la valeur des paramdtres a'p et b'y,.

_=lA™ -
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s 040
{plan 3)
[ Angle d’attaque des profils TABLEAU [
60 en mouvement relatif § harmoniques Décomposition de Fourier
« Expérience de l'angle d'attaque en axes relatifs
- Fondsmentale
55 / /
ay = - 3,365 b= - 1,189
. S ,
50 a g = 0,55 b 2 = 0,4858
[ ’ ’
a’y = 0,1459 b‘3 = 0,0030
0 180 360 ,
a’y = - 0,0339 b’y = - 0,12135
Fig. 7. ANALYSE HARMONIQUE DE L'EVOLUTION AZIMUTALE , ,
DE L'ANGLE D'ATTAQUE DES PROFILS EN MOUVEMENT a’s = - 0,065 b's = 0,100

RELATIF A MI-HAUTEUR DE VEINE

On remarquera qu'ici encore la fondamentale 1l'emporte largement sur les harmoniques et on peut
phénomdnes restent

dire que méme pour une perturbation de forte amplitude 3 1'amont de la roue les

linéaires.

5 - DESCRIPTION DE L'ECOULEMENT A LA SORTIE DE LA ROUE MOBILE

Il n'en est plus de méme 3 la sortie de la roue mobile qui apparemment induit des non- linfa-

rités. Comme nous l'avons vu ci-dessus 11 est possible de faire

sont concentrfes sur un cylindre.

1'hypothdse que les lignes de courant

On voit cependant sur la figure 8 qu'aucun des paramdtres de 1'écoulement aval pression

d'arrét, pression statique,
dans le plan aval.

20, - Pighrol® /R =084

angle absolu ou angle relatif n'a une &volution sinusoidale A une pérfode

OQT 80 a
05}":: e e T T T 50 e
- M - ——— P - ~~
7 - -
e soumsste st e ety
06 . t. . v "1- | /’,_—\,4\\ e
05 . el e 30 P e
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1420 P MHigU? 51
I I i T S e e - ‘9 - .
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0 20 1au 240 %0 360 60 120 180 240 300 360
Fig. B. REPARTITION AZIMUTALE DES CARACTERISTIQUES DE L'ECOULEMENT 2 e=05
EN AVAL DE LA ROUE MOBILE :‘ v—g.:g
v e =0,

(plan 4)

m wolt sut !a flgure 9 que l'on peut encore représenter 1'évolution azimutale de la pression
oi wrver. 1'in dbveloppement de Fourier & 5 harmoniques mails comme le montre le tableau III la fondamen-
sis o ie presidre horwonique snnt prépondérantes. (La pression d'arrét aval est adimensionnée par

‘;fu‘
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11 est possible de dédulre len valsurs seeurbdes en aval de la roue wobile plan 4 K/‘ - ¢+ 0,19)
ellos que 'an euralt eu dans le plan de fulte des subes en déplagant sisplesent les agimute au woyen de
le relation

d" = _x 6? d*
R

MODELISATION DU FPOBCTIONMNEMENT INSTATIONNAIRE DU ROTOR

o spplliquant la mhthode présentée dans les chapitres préckdents 1| est possible d'ubtenir, en
railant «ntre »=un lew polnts homolngues ssont et aval, les cycles représentatile du fonctioanesent lnats-
T{unneite dr (s rooe soblle.

BN V8! lentun

Sous présent ns pour e Abbit le pius Jbvanné de la caractéristique (§ = 0,57) les .yclesn
Wrenue pust les  Ing  upes anairvebwe sar les flgurea [/ 3 16

RNous avone bgelemsnt porté wur  haque llgure la tlpones de ls coupe conafubrée en $coulement
Namghne  ee y- lee ont bté treibe en o appliquant eucun retard 4 B i'Stablicsewent du phénomdne. ‘m
pout Te@staser . ec ) btant v8r{'id (orsque ire #flets dynasiques «ont laportents (fig. L& et 'h), que les
117 18centes hran hews du 1 ve le sont Abralfes male parslidies B la répunse stationnalre de la roue subdlie
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Remarque : on asurait pu 6galement essayer de généraliser les relations de type “relaxation” od intervient
la dérivée de ﬁ‘,_f)

Angle relatif & la sortie en degrés .

s Débit = 0,67 . Déphasage : 0 deg.
'/R = 0,96 0 48 Débit = 0,57

’ Déphasage : O deg- YR = 0,92

- 47
: e
t : o Homogine

* Homogine
a7l — Hétérogine 48 / — Hévdrogine
- o
: i - - Modélisation -~ Modélisation
45} - 44 )
. Angle relatif & 'entréde en degrés Angle relatif & l'entrée en degrés
54 55 56 57 58 59 60 61 62 63 64 52 63 54 55 56 67 58 69 60 &1 62
Fig. 12. CYCLE DES DEVIATIONS EN ECOULEMENT Fig. 13. CYCLE DES DEVIATIONS EN ECOULEMENT
HETEROGENE HETEROGENE
____Déphasage : 0 deg.
Déphasage : O deg. Angle relatif B la sortie en degrés -
Angle retatif b |a sortie en degrés - L !
4“ . 37 e s
Débit = 0,657 T ;
e Détnt = 0,67 > 6 /R =0,76 o p
/R = 0,84 L
4. s . ‘/ .
a, ST — 7
: c:/’/’{‘ ’/ * Homogine ol it y * Homogine
~_/ S —  Hétirogine : — Héwr
40- » - - Mod#lisstion S -
e - - Modélisation
39, . " 32 . }
Angie relatsf & 'entrée en degrés | Angie relatif & entrée en degrés
S0 g1 52 53 54 55 56 57 58 50 60 4748 49 50 51 52 53 54 65 86 57
Fig. l4. CYCLE DES DEVIATIONS EN ECOULEMENT Fig. 15. CYCLE DES DEVIATIONS EN ECOULEMENT
HETEROGENE HETEROGENE
37} Angla relanit  (a yor e en degrds Déphassge 0 deg
s
e et 0,57 .
0. “R070 } .
b O N .
" . Homoghne -+
" R Hosrogine
274 Modk ngtion .
T . Angle reistt!  entrés en degrés
]
" 4s 4 47 4 4 50 567 B o4
Yig. 15, CYCLE DES DEVIATIONS EN ECOULEMENT HETEROGENE
- -— Vi - ’ o V - 2 ’
’ - -
9 dipyfs) +(fs-ps) = golfpebe)s g _‘!(/"7‘4/4-;,6!4 A)+ g5
& o
male cette forwuletion nbcesalte l'introduction d'une constante qui ne permet plus de repré-
senter currectamsnt 1°'6tat stationnalre (4/‘.-0).
’ 2 Pertes

L'bquation de Berncuilll ghnéralisle n'bcrit on mouvement relatil el 1'on considdre le flulde
perieit wt incompressible, lnstationnaire dans un canal Intersude Y~ :

0 2 P I I -
(e )"”//wa-f jemds =
v 5




Cette relation peut ge mettre sous ls forme suivante en explicitant les termes de flux :
2 ] d /1Lpc?t
(fot 6FINed = (pang 0 )id = —/:;(4 pey v
¢4

Les triangles de vitesse smont et aval fournissant l'expression des vitesses relatives

C'c":: Moo (Uy- "5/&
2
G (Ug-v2) "+ wy?

on peut faire apparattre l'accroissement thforique de pression d'arrét abeolu :

(Fia-tify = p(%¥2-t%%) -;—j,—///o,—f./ﬂ“/”

Les pertes &tant obtenues psr différence avec l'accroissement de pression expérimental.

Le bilan d'énergie exprimé par ls relation ci-dessus mwontre qu'au terme “d'Euler” vient
s'ajouter un terme dO 3 la contribution “inststionnaire” de l'écoulement. Pour estimser cette contribution
dans chaque canal {ntersube, la connatsesance du champ de vitesse tridimensionnel est {ndispensable. En
écoulement hfitérogdne un sondage stationnaire de part et d'sutre de la toue mobile ne permet pas d'avoir
accds aux pertes. Seule une instrumentation de type sonde 3 court tewps de réponse (capteur Kulite) donne
accds 3 la mesure de la perte de pression d'arrdt dans les sillages ou encore, la vélocimétrie laser gul
donne le profil des vitesses dans les sillages permer de dbterminer 1'Spaisseur de perte de quantitd de
mouvement qui est directement .roportionnelle asux pertes. Toutefois, plus faclle de mise en oeuvre, len
®egures stationnalres effectules 2 1'afde d’'une instrumentation classique peuvent donner déjd des (nd!-
cations intéressantes.

Nous avons tenté de wmodéliser cette contribution {netstionnaire due 3 ls variation d'énergle
cindtique relative dans le canal interaube de plusieurs fagone :

1) en se donnant comme vitemwse relative, celle d'entrée moyennbe sur un pas de canal

2) en prenant en amont et en aval la vitesse relative moy ‘nnbe comme précédemment, celle !
varisnt linkairement le long d'un canal ;

3) en se donnant une répartition de vitemse relative qui 8volue de la sbme manidre que 1o yéo-
abtrie des profile (modélteatlion type Adamceyk) |

4) enfin un woddle ol la vitesse relative varie d'une manidre bilinkaire dans le .anal

{nteraube.

Len moddles 1, 2 et & dunnent senaf{blement [s whme fmportance sux effets instatlonnaires. Yous
ne présc.terons pas de réeultats obtenus A l'side du moddle } celut-cl exaglrant les effets dus & |'hété
rogéndité de Ll'écoulement.

lLes effetes (nstatlonnsf{res décrits par les diftérents suddlea wont présentls pout la coupe
centrale {’t/‘ ~ 0,84) du dédtc eaxiwus (# = 0,57) (fig. 17). L'évolution asrzieutele des pertes wet
présentle de quatre men{dres. Les pertes calculles par différence entre l'accrulssement théorique de
pression donnd per le terwe d' “Fuler” et 1'accrofesesent exphrimentsal msesurd ;| le terwe (nstationnafre
Stant nlgligd. Ensuite on présents une wetimatlon globale des pertes en modélisant le terme 40 & 1'hété
rogéndité de trois facone différentes, on remarque que les trole soddles esploybe donnent wensiblesent le
slne allure ot lo wdme niveay de pertes. Pout ce polnt de foactionnement du compressent e rotor est
sttaqul de part et d'autre de l'optimum svec une Iacidence varlant de 6,4 3 + 2.6 degrés, les effere
dynssiques sont tmportents et ls contribution inststionnaire peul représenter jusqu'd 170 L des pertes
Svalubes per le théordas d'Euler.

L'6volution azimutale des pertes estinmd 3 1'aide du woddle | tracle avec 1'6voiution szimutalr
de |'angle 4'stteque des profils on mouvesent relsti! montre (fig. 18) qu'il taut appliquer un dbphas.
d'environ 80 degrés sur les pertse. Lo cycle obtenu en tregent l'angle d'atteque en fonction des pertes
en appliquant ce déphasage constant aseuble cohrent svec 1'@volution des pertes ststionneires (f1g. i9).
Les Ttes sembient plus importenies pour les incidences nbgatives (attaque des profils sur |'estrados
0 € 120°) tout ce passe comme si, en plus du décoliement d'intrados, |'6coulement n'svall pas encore
recolll 1'entrados. Le cycle commence au polnt le plus haut, l'stteque sur !'estrados est weximus, les
pertes sunt saximsles, l'angle d'atteque ve asugwenter jJusqu'd attelndre ss valeur uoptimale environ
3% .agrés, les pertes disinuent, elles sont minimales, le profil est alore recolld jusqu’'d un engle
d'en.rbe do 38 degrée 0O 1'enmt s commence 3 décoller. Dens la sone de S9'C By > W' les pertes
testent sensiblement constsntes, 1'entredus ne recolle pas, las pertes vont sugmenter quand
I'tagcredos va B won tour d8coller. Laee divers soddles enployés pour quantifier lse ~ffetn Inetetionneires
®soncreut |’'lmportance de ceux-ci. Toutwfois ies résultats présentés demandent co  irsstion. C'esl pour
(otte raleon que 1'dtape eulvante de cette btude conaiste en la wise en osuvrfe d'une lnstrumentaetion
peresttant 1'sccdes aux bcoulements Intersudes.
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1. INTRODUCTION

The desijn aim of advanced turbo jet engines and intakes is to achieve good in-
stalled performance for all power settings acrosa the aircraft flight envelope. This
requires high intake and engine performance and also sufficient intake/engine compatibi-
lity. Suffic.ent compatibility means that the intake flow quality is always better than
that which the engine can tolerate {engine sensitivityj}.

Intakes and engines have to be developed separately at first, before the compatibility
of intake and engine can be measured directly. Only the specified compatibtlity para-
meters like pressure and temperature distortion, turbulence and swirl can be checked at
the aerodynamic interface plane during the development wind tunnel model tests. The
engine 1tself has to be developed behind a bellmouth intake. Special simulators or
generators located between bellmouth intake and engine compressor face simulate typical
intake flow patterns which yield the levels of the specified compatibility parameters
up to the engine limits.

A comparison of the real and the simulated intake air flow pattern showed differ-
ences. These Jifferences between the real and the simulated intake air flow pattern
caused substantial time Jelays in many aircraft projects. For example, during the flight
test phase f the sircraft F-111 additional model and full scale tests had to be per-
formed. A redurtion of the dynamic intake Jistortion was particularly addressed in order
to sclve these problems. Anothe:r example - the mult: role combat aircraft TORNADO.
Also, additional model and full scale tedts were necessary. Flight operations at higher
angles of 1ncidence produced switl 1n the atc intake which caused the enqine to surge.
An intake fence was finally adopted ard completely eliminated the problem. The intake
foence reduced mainly the itntake swirl. A reduction of the pressure distortion and the
ptessure *utbulence was 1ls . measured.

Both examples and fhe experience from thet past sir-rafr Jdevelopments shows also
that Lwir SovaRe Pl ve wimeiat < ot Qeserat s aball te Leed forng engine development
43 s am possible. A big part of the time felays Jdescribed above had t. be used for the
tesign and manufacture of (ntake flow pattern qenetators. The gencrator development
Degan with Jistortion screens and later also with secondary air injection. These types
't gqenerat-t produced atr tntake flow patterns with different pressure and temperature
tiatsrt i n jeteady state and 1nstantanecus distortion) in frant of the englne compressor
the TORMADC experionce has shown again thet a swirtl generator is necessary in addition
© the press:te and temperature Jistortyon Jenecator for future alrcraflt and enqine
(rrtects A swit!l ge atnr 1w not onjy necessary for the development ot engines wit'hout
ihler guide vanes 115V et 1n front f the engine fan, like TORMADN engine RBIG9, 1t 1n
1ls . ne ewsary fyr futute wngine protects with 15V 1n front of the engine The devel.p-
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A region of low kinetic energy {(low total pressure) located asymmetrically at one
portion of the intake duct perimeter, e.g. either at the intake cowl or at the ramp
(fig.1), is pushed towards the inner radius of the bend while the high energy air is
moved outwards by centrifugal forces, as shown in fig.3.

Pig.3 also explains why the bulk swirl is contrarotational to the fan at subsonic
speed and high angles of incidence in the left hand engine and at supersonic speed and
low angles of incidence in the right hand engine respectively.

In contrast to the twin swirl, bulk swirl is rather sensitive, i.e. it changes
considerable in magnitude and also in sign for varying external flow conditions (£ig.3)
which define the position and size of the region of low kinetic energy flow.

2.3 Combination of Twin and Bulk Swirl

Typical supersonic intake flow patterns as shown in fig.5, 6 7 and 8 show a
combination of twin and bulk swirl. Fig.4 i{llustrates the superimposInq of these two

basic intake swirl components.

2.4 TORNADO Intake Swirl (ref.1)

At subsonic speeds both the twin and the bulk swirl increase (fig.5): The extremes
in deviation from the mean value, the local maximum and minimum values at the outermost
measuring station R = 0,87 - R(max), are a measure of the strength of the twin swirl,
which is more than doubled towards the high incidence end. The swirl being contra-
rotational to the fan rotation of the left hand engine and obviously co-rotational to
the right hand engine.

At subsonic speed, Mach = 0,7, fig.7 shows the influence of the engine mass flow.
Reducing the engine mass flow at intermediate incidences produced swirl angles of
similar magnitude, however, of opposite sign, fig.7 (shaded area).

At supersonic speeds an analogous dependence of swirl versus second ramp angle (42)
of the 1ntake shock system was found, fig.6. The swirl being now largely contra-rota-
tional to the fan rotation of the right hand sngine and obviously cc-rotational to the
left hand engtnc.

A comparison between model and full scale data was made under static conditions.
As shown in f1g.8, the flow angles at the duct wall of TORNADO prototype obtained by
the 0il flow technigue agree guite well with the flow angles measured in a TORNADO wind
tunnel model by a4 rotatable 8 arm rake having 24 tive-hole probes. This aareement was
also found in paragraph 4.1 and 4.2 (Moveable Swirl Generator). More details about the
TORNADO moddel and full scale tests are described tn ref.!.

i SIMULATION OF INTAKE SWIRL

In the past unly steady state and instantaneous (dynamic) pressure distortion were
particularly attended during air intake and endine ompatibility investigations. In 1977
tosts with & twin swirl generator in front of a compressor were published by the DFVLR
ltw?.3). After that Rolls Royce performed RB!99 enqine rlq tests with fixed bulk swirl
jenerators iref.4). Swirl angles of 1 (bulk, max) - +,- 5° and +,- 10° were simulated.
These swirl generators (DFVLR and Rolls Royce) simulated either twinh or bulk swirl.

The simulation of typical supersonic aircraft intake flow patterns, as shown 1in
fig.%., &, ' and 8 for example, 1s the objective of the preaent work. These flow patterns
with some simplifications will be simulated by fixed and moveable swirl generators.

Fined nwitl gonerators simulate selected specific intake flow patterns a' the static
reat 119. The advantages of a fixed swirl generator ate their greatet simplicity as
mpared with moveable ones and also the simulation of the swirl distribution with
neatly no tutal pressure disturbances. The effects oh the engine »f the pressure and
awitl distortion can be measurcd separately.

Moveable awirl yenerators simulate as well selected specific intake swirl patteins
as time variant intake switl patterns which coriespond to the flow patterns neasured
for al)l ground and flight cunditions. The main sdvantage of & moveable swirl generator,
an .described below, 18 the fact that the magnituue of the swirl can be continuously
varied by the remote controlled variaetion of the wing incidence. This is important in
an emergency situation, as for example, during a severe engine surge which requires
immediate removal of the wwirl Jdisturbance.

4. MODEL INVESTIGATIONS

4.1 model Simulation of Intake Swirl Distortion
Model Wind Tunnel! and Testing Technique

The model investigatlons were made in & low speed wind tunnel, installed in the
engine test facility of the Jet Propulsion Institute at the Universitst der Bundeawehr
Munchen. Fig.9 is a detailed sketch of its arrangement which consists of an orifice
plate, o nd, a )}* diffuser, a plenum chamber, a noxtle reducing the circular
cross section to an internal diameter of 200 mm, the model swirl generator and the
measuring section. In front of and in the plenum chamber screens and honeycombs are
mounted in order to obtain uniform flow conditions over the whole cross section.
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The air is supplied by a screw compressor with a pressure ratio of 2,8 and a constant
mass flow rate of 3,7 kg/s. Part of this mass flow rate can be blown off through a
regulating valve, so that the mass flow rate through the wind tunnel easily can be
changed.

The device for measuring the flow patterns behind the model swirl generator con-
sists of three 5-hole-probes with pyramidal probe heads (see fig.10). These probes are
equally positioned in the circumferential direction of the measuring plane and can be
traversed in radial direction. In addition wall static pressure holes are located
midwise between the 5-hole-probes.

The fastening of the model swirl generator between nozzle and measuring section
is constructed in such a way that it can easily be turned around the center-axis.
In this way the whole flow field behind the swirl generator can be measured with the
three 5-hole-probes. The distance between swirl generator and measuring plane can be
varied by different lengths of pipes.
In addition to these measurements tests were made by using the oil flow technique for
getting informations about the flow conditions near the wall. This technique is based
on the assumption that small droplets of high viscosity are moving slowly in the direc-
tion of the passing air flow. Thus a lot of small droplets of a suspension of oil and
dye were applied at the duct wall in the plane to be measured. Then the model wind
tunnel was set in operation and kept at the desired mass flow rate for about five
minutes. After shutting-down the air supply a copy of the trails of the droplets was
obtained by pressing a sheet of paper on the cylindrical duct wall. In this way it was
possible to obtain the wall flow pictures at different distances behind the swirl
generator.

Model Swirl Distortion Generators

The aim of this investigation was not primarily to simulate exactly the flow condi-
tions measured in the Tornado intake (refer, Chapt.2), but to carry out basic investi-
gations by generating two basic swirl types and also combinations thereof of different
magnitudes. Therefore the following model swirl generators were designed:

FIXED SWIRL GENERATOR:

With this type of swirl generator the flow deflection 1s generated by quide vanes
which are individually cambered with respect to the desired flow deflection.
For this purpose the flow fields of the two basic swirl types are Jescribed in simple
theoretical swirl models: Accordirg to its definition bulk swirl 1s simtlar to a solid
type rotation. Thus the corresponding guide vane have to generate a flow deflection
which 1s linearly increasing in radial direction to a maximum value 1 B, MAX (see f1g9.'').
The twin swirl is a counter rotating double swirl which 1s approximated by a swirl
mode! as shown in fig.12a. The model for determination of the local flow deflection
uses concentrical semicircles and straight lines which define the direction of the .ross
flow. The flow deflection along the x-axis corresponds to a cosine-distribution with the
maximum at 1t T ,MAX. The flow Jdeflection along the semivircles and the straight parts
follows also a cosine-distribution with the corresponding maximum at the point of
intersectiun with the x-axis. In thia way the flow deflection 1s defined 1n each poine
of the cross section. As examples for the resulting theoretical flow Jdeflections, the
distributions along the 45, 135, % and 1'4°-directions are shown in fig,'lb.

JCombinations of the "#0 basic swirl types result from the supertposit ion of ¢ hese
both swirl models specifying the values of T H,MAX and t T ,MAX.
Fixed model swirl generators were designed to simulate the followina swirl coafiquratiots
assuming terc Jeviation of the guide vanes as a 1 ugh approximation:

Twin swiri BPulk swirl
0 o
15° 57

1o 10"

Qe 1o

ac 2ot

Depending on the strength of the maximum d- flection caused by bulk switl and twit swir i,
the vombinations thereof have a different number of switl centets. There exista only
one swirl center 1f v B.MAX > 1 [ ,MAX, two venters tf 1 H,MAX <« t T ,MAX and finally
three centers {f t B.MAX - t T ,MAX (1.¢ the maximum flow deflections of bulh swiil and
twin swirl are equal).

A an example fixed mode! swirl generaturs for the switl configurations t R, MAX

T L.MAX - -° and t R MAX - 0%, v T.MAX - 20° 1i.e. pure twir switl) are shown n fig. '}
and fiq.'4.

MOVEABLE SWIR!L GENERATORN:

A slender sharp-edged delita wing generates two symmetrical vortex sheets above 1ts
upper surface at specific angles of attack é’ (see fig.15). The vortictities ate
gqenerated by flow separation at the sharp leading-edges of the wing.

Therefore a sharp-edged delta wing with trapezoidal cross section was used as a
moveable swirl gqenerator. Its qeometry is shown in f19.16. The main data are the leadina-
edqe sweep angle of 60° {(i.e. an aspect ratic of 2,37, ¢ maximum thickness ratic of
0,03 and the vertex anqle of the bevelled leading-edges of about 8°.

The adjustment of the angle of attack is carried out by two moveable sticks. For
asrodynamical purposes these sticks are covered by suitable shaped fairings isee fi19.17)

> | -




This mechanism allows to change the angle of attack from 0° to 24° in steps of i°.

4.2 Results of the Model Wind Tunnel Tests

As was explained before the main objective of the model investigations was @ lener
ate defined swirl patterns with the present subscale swirl denerators and to irvess jags.
the influence of the distance between swirl generator and measureing plane n the stat ..
of the generated flow field.

FIXED SWIRI, GENERATORS
For the fixed swirl generators the following proqram of measurements using - h. L. -
probes was conducted:
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6. CONCLUSIONS

On the basis of a detailed investigation of the engine inlet flow pattern behind a
typical supersonic intake of a military fighter aircraft it has been shown that also
swirl distortions have to be considered as dominant influence parameters on engine per-
formance and intake/engine compatibility. Two basic types, i.e. twin swirl and bulk swirl
and also combinations thereof had to be considered. Model tests with fixed and moveable
generators have proven their ability to reproduce those swirl distortions, and they
showed good agreement with the target patterns. The engine performance investigations
with full scale generators will be performed with a Larzac 04 low by-pass engine in the
engine test facility using comprehensive instrumentation for flow field measurements in
the inlet duct as well as engine performance measurements.
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1 = variable rasps
2 = auxillary air inteke doors (AAID)
3 = boundary layer diverter

Figure 1, Tornado Inlet Geometry
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Figure 2, Comparison of Computed (Solid Lines) and Measured
Twin Swirl (Dashed Lines) in a 21° Bent Pipe.
Lines of Constant Axlial Velocity Ratlos;
W = 41,6 m/s; Ref.2
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Flgure 3,  Generation of Intake Swirl, Ref.l
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Figure 4.  Superimposing of Bulk and Twin Swirls
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Orifice Plate Wall Pressure
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Wall Pressure ,
Total Pressure and
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Flgure 9. Arrangement and Instrumentation of the
Low Speed Model Wind Tunnel
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floure 10. Five Hole Swirl Probe
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Theoretical Model for Bulk Swirl

Theoretical Model for Twin Swirl,
Flow Deflection Along the x-Axls

Eigure 12b. Theoretical Model for Twin Swirl
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Filgure 13. Model Fixed Swirl Generator for Simulation
of Swirl Combination
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Flgure 14. Model Fixed Swirl Generator, Twin Swirl
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a) Distance Swirl Generator / Rake Plane
=1,5D = 300 mm

b) Distance Swirl Generator / Rake Plane
= 2,5'D =500 mm

¢) Distance Swirl Generator / Rake Plane
=4,5°D = 900 mm

Elgurce 18. Cross Flow Pattern behind the Fixed Swirl Generator
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Distance Swirl Generator / Rake Plane
=1,5-D = 300 mm

Figure 19. Cross Fiow Pattern behind the Fixed Twin
Swirl Generator
Tr,max 20°

RO -« | .Hafsured Flow Deflection. .
i ... Theoretical Flow!peflection
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Eigure 20. Comparison of the Flow Deflections along the
%-AXis (8 = 0°), - Tp max = 0% s Tp, max = 20°
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Ftgur . Wall Flow Picture behind the Moveable Swirl Generator, 60° Delta Wing,
for Different Angles of Incldence (Alpha)
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Figure 22. Maximum Flow Deflection behind the Moveable Swirl Generator as a

Function of the Angle of Incidence
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Figure 27. Device for Measuring the Flow Conditfons
in Front of the Engine
( equipped with 8 five hole swirl probes )

2. Z i
Intake
" Duct
Ty
T~
I~
~JNa tratling-edge
apex ~ S0
/ RN Delta
I /7" \r v 221 Wing
~ So N
oD~ -
+ t -
tB) I 7
v
"
4 Profiled
7 —
Strut
Z Z L
- - / o -
1IN
badadd N
L
E - Motor - -
Pin —_— [~ rod drive

Figyre 28. Moveable Swirl Generator for the Full Scale Investigatlons

> S ] s A RRRRRRRRRE S -




18-21
DISCUSSION

Ph.Ramette, Fr
How do the distortions caused by a fixed twin-swirl generator and a moveable-swirl generator compare and which one
do you think would give the best simulation of the actual distorted flow in the intake of an engine in the same fight case”
1 am thinking about distortion and turbulence.

Author’s Reply
We could not find turbulence during our test but we have started only with model tests. The engine tests will be carned
out in the immediate future.

Ph.Ramette, Fr
The first part of my question was: which kind of swirl generator would you prefer?

Author’s Reply
We started with the moveable one, the delta wing.

M.Dupslafl, Ge
Could you say something about the pressure loss of the different kinds of swirl generators, especially the circumferential
distribution of the loss?

Author’s Reply
Would you like to have the distortion values? The DC(60) for the moveable-swirl generator is less than 0.1. About 0.05
or 0.06. I do not know exactly at the moment.

R.G.Hercock, UK
Do you propose to test the engine with total-pressure distortion as well as swirl”? If so how are you to generate it?

Author’s Reply
At first we will start with swirl generators only, as it was our clear intent to investigate the two disturbances separately.

That is, we simulate either swirl or pressure distortions measured for a typical case in the real inlet flow. In order 1o get
the engine response (surge) either the simulated disturbances will be increased (proportionally) or the engine will be
made more surge prone, eg by reducing the throat of the thrust nozzle. The simultaneous simulation of swirl and
pressure distortion may then not be necessary, but could be acc..mplished as outlined in Reference 1.
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