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Preface

Thc quality of the design of gas turbine type propulsion systems strongly depends on the acre-thermodynamic systemn
performance and on the accuracy of modelling of the performance of the components. These prediction models are used during
the design phase, for flight performance calculations of the airframe-propulsion. system and also foe engine test aiialysis during
the development phase. In addition, modern engine monitoring systems also need reliable engine performance prediction
methods. This is valid for steady and transient operation of the engines.

The Lecture Series will therefore cover topics of aero-thermodynamic performance prediction methods for gas turbine engines
with rt-spcct to steady and transient operation. This includes advanced cycle calculation methods, also taking into account
variab~le cycle engine types. A very important objective will be the consideration of installation effects, i.e. Reynolds number and
inlet distortions, as well as advanced control concepts for increasing engine surge mnargins.

This Lecture Series, sponsored by the Propulsion and Energetics Panel of AGARD, has been implemented by the Consultant
arid Exchange Programme.
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La qualit6 de la conception des syst~mcs de propulsion du type turbine gaz depend fortemnent des performances
a~rothermoý namiques du syst~me et de la fid~litd de la mod~lisation des performances de ses composants.

Ces moddecs prodictifs sont cmploy~s lors de la phase dc conception, pour le calcul des pe~rformnances en vol du syst~rne cellule-
propulseur et pour l'analyse des tests de moteurs lors de. la phase de d&veloprement. En outre, les syst~mes moderncs de gestion
et de surveillance du moteur dempandent, eux aussi, des tn~thodes fiables de prevision des performances des moteurs, tant en
regime transitoire qu'en regime &tabli.

Ainsi, cc Cycle de conf~rences portera sur les mc~thodes employees pour la pr6vision des per-formanres a~rothermodynaniiques
des turbines a gaz en cc qui concerne le fonctionnement en r~gnime tran~itoire et en r~ginme t6tabli. Ceci comprend les mc~thodes
modernes de calcul de cycle, en teniant compte des moteurs ý cycle variable. L'un des principaux objecctfs de !a corif~rence sera
la prisc en compie des effets d'installation, c'cst Ai dire les distorsions produites au niveau des nombres de Reynolds et des
entr~cs d'air.

Cc Cycle de conferences est present6 par lc Panel AGARD de Propulsion et d'Energ~tique et organis6 dan% le cadre du

programme des Consultants ct des Echanges.
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OVERVIEW ON BASIS AND USE OF PERFORMANCE PREDICTION METHODS

T T H. Saravanamuttoo
Department of. chanical and Aerospace Engineering

Carleton University
Ottawa KIS 5B6, Ontario

Canada

SUMMARY
The lecture outlines the basic methods of component matching which are central to the prediction of gas turbine
performance. Steady state prediction of off-design performance must be done at the beginning of an engine
development program, to ensure that the engine can satisfy all the mission requirements. The matching techniques
can be extended to predict transient performance, which is essential for controls development and to ensure good
engine handling. The large amount of computation required demands the use of computer modelling and the role
of modelling in the development program and the basic requirements for performance modelling are described.

SYMBOLS
m air flow rate I polar moment of inertia
Cp specific heat at constant piessure (o angular acceleration
T temperature N rotational speed
P pressure t time
G torque Wf fuel flow
rTI mechanical efficiency r rotor time constant

1. INTRODUCTION
This lecture series will deal with advanced methods for performance prediction, covering both steady state and
transient operation of different types of aero-engines. It is instructive to consider the role of performance calculations
in the overall design process of a gas turbine. An overall view of the design process, showing the inter-relationship
between thermodynamic, aerodynamic, mechanical and control system design is given in Fig. 1 (1). It should be
clearly understood that the mechanical design cannot begin until preliminary thermo , namics and aerodynamic
designs have been carried out; the thermodynamic design determines the most suitable cycle conditions, fixing the
required air flow, cycle pressure ratio and turbine inlet teml-erature. Knowing these basic parameters, the
aerodynamic design can begin, defining the number of stages, annulus dimensions and rotational speed. Once these
are available the mt,•hanical design can start. Fig. I shows some of the feedback loops involved, and clearly
indicates that the various specialist groups can not work in isolation and each must realize how their contributions
affect other design groups.

The previous material has concentrated on the dgjxint of the proposed engine. It is equally important, however,
to consider the off-design performance at a very early stage. Off-design performance must consider the behaviour
of the engine over a wide range of conditions which may vary either as a result of variable power settings, ambient
conditions or flight conditions. The manufacturers must be able to make accurate predictions of performance at key
flight conditions or for critical airport locations, for example, at the design stage, to provide information required
by the aircraft customer. The off-design performance predictions are of major importance to the controls designer,
providing such information as maxmurm fuel flow requirements, acceleration and deceleration fuel schedules, control
limits and selection of parameters for display to the pilot. Information can also be provided to the stress group on
the variation in loading with operating conditions, e.g. the maximum torque produced by a turboshaft in extreme cold
conditions. Methods of keeping ,he engine within prescribed limits may then be determined and built in to the
design of the control system. Fig. 2 shows a suitable method for controlling a simple jet engine to limit the thrust
at low ambient temperatures, often required for aircraft directional control in the event of engine failure in a multi-
engined aircraft, or .o limit the turbine inlet temperature on hot days. These limiting functions may be achieved by
placing limits on other parameters such as compressor delivery pressure, fuel flow or engine pressure ratio
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2. THE ROLE OF ENGINE MODELLING
The evaluation of engine pcrlormance obviously requires a large computing effort and mathematical models are now
an integral anrt of the design phase. It is obvious that engine manufacturers must be deeply involved in mathematical
modelling, but it should also be realized that users may also have a significant interest in the use of mathematical
models for investigation of in-service problems; these might include handling problems in particular flight regimes
or the application of diagnostics ip Engine Health Monitoring (EHM).

Computer imodelling will be used throughout an engine development program, but there are many certification tests
which must. be demonstrated on actual engines, e.g. bird strike, blade-off testing and water ingestion, and the
development period of engines has not changed significantly following the widespread use of computing.

2.1 Performance Evaluation
One of the first requirements for an engine program is to predict the performance of the engine over the full range
of conditions from Lake-off to a variety of flight regimes such as low altitude penetration, high altitude cruise and
combat manouevring with maximum afterburning. This requires sophisticated modelling which can be done with
a high level of confidence before the engine has run; both design point and off-design performance must be
accurately predicted. This must be done before any component testing has been carried out and the component
characteristics must be estimated and then updated as the program unfolds. In a later lecture, the topic of component
peformance changes between test rigs v I actual engine operation will be discussed.

As the need for ever improving aircraft performance drives the engine designer to continually improve engine
performance, engines are steadily becoming more complex. Variable stator compressors, for many years found only
on GE engines, are now used on virtually all high performance engines to cope with steadily rising pressure ratios.
Blow-off valves are frequently used on starting or when operating at low power. Variable final nozzles are becoming
more sophisticated, with the first fully variab!e convergent-divergent nozzle introduced on the Olympus 593 in
Concorde; the use of variable nozzle area to optimize Concorde engine performance is well described in (2); variable
geometry turbines have not yet been introduced in aeroengines, but have been used for some years in industrial
enginecm fsr pzrfo'-ance i vv ip, v4-mn.i ai pan load. Future military, anti probably civil, engines will introduce
variable cycle technology. As an example, a future supersonic transport engine will need to operate at high by-pass
ratio and low jet velocity at take-off, to minimize noise, while operating with a very low by-pass ratio and high jet
velocity for efficient supersonic cruise.

The evaluation of all of these new technologies requires an ever increasing use of mathematical models at the design
stage: many initially promising schemes may turn out to be impractical, but considerable man effort and computations
may be req ed to provide the information to support or abandon a new concept.

2.2 ControLs Design
With increasingly complex engines the control system requirements become much more complicated. Early engines
had no variable geometry to control and simple hydro-mnechanical controls capable of adjusting fuel flow with altitude
and providing simple acceleration schedules were used. The use of variable geometry compressors, intakes and
nozzles allows the engine operating conditions to be optimized for widely differing flight conditions. The variable
geonctry can also be used to optimize transient response, both during accelerations and decelerations, to provide
rapid thrust changes without over-temperature or flame out.

Comprehensive mathematical models of the complete power plant (intake-gas generator-exhaust) plus the control
system can be used to devise control strategies and limiting parameters (3); these can be investigated in great detail,
without endangering an engine. The acceleration and deceleration fuel schedules can be optimized, along with the
required variable geometry settings. The predictions from the mathematical model must eventually be validated on
actual engines, first on the test bed and later in flight. The judicious use of models should reduce the amount of
testing required and minimize the high cost of engine failures.

2.3 Engine Test Direction and Analysis
Engine modelling may be used in advance of engine testing to investigate possible hazardous operating conditions
and also to familiarize test crew with the likely behaviour of the engine on test. This will become increasingly
important as complex variable cycle engines appear, because the test operators will have no previous experience to
rely on; indeed, following past practice for simple engines could be quite the wrong action. Both steady state and
dynamic models could be used for operator training.
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1-3

Engines under development are heavily instrumented, leading to prodigious amounts of expeiimental data. This must
be rapidly analyzed and then assessed by the test crew before moving to another operating condition. The use of
models to analyze experimental data is invaluable to both ground test beds and flight operations.

2.4 Engine Health Monitoring
Once the engine has entered service, many of the problems transfer to the operator. It is nearly two decades since
the introduction of Airborne Integrated Data Systems (AIDS) in the airline world; these systems primarily dealt with
trepd monitoring and were not notably successful. Engine IHealth Monitoring (EHM) systems are considerably more
ambitious, with the prime goal of diagnozing performance deterioration and identifying the fault. With the
widespread introduction of fully modular engines, it is critically important to diagnoze to the module level.

Mathematical modelling can be used to predict performance deterioration, by implanting faults at the component level
in a performance modei and developing fault matrices showing the effect of different faults. This eventually leads
to the concept of expert systems, the main problem being that the rules for performance degradation are not fully
understood and will probably be quite engine specific. Mathematical models of performance deterioration can give
a good insight into likely indications of trouble (4), but it is still necessary to obtain exerimental evidence of the
quantitativz effects of damage on engine components to replace the asumptions about changes in efficiency or flow
capacity that must currently be used.

Ideally, the manufacturer and the user would work together on this problem but the user may find a lack of suport
from the manufacturer or even that the manufacturer does not understand the problem. This leads to the situation
where the user, or a third party, becomes deeply involved in mathematical modelling.

3. OFF-DESIGN PERFORMANCE
Methods for calculating the design point performance of gas turbines are well understood, and can be done with great
accuracy by making the appropriate assumptions regarding component efficiencies, pressure losses, air bleeds and
the variation of fluid properties with temperature and composition. Off-design performance is often not well
understood, largely because of the manner in which the results are presented. Performance figures from a typical
engine manufacturer's brochure are shown in Figures 3 and 4; these results could be obtained on a test bed, from

i•1ght WASL O by IuaLilellaaicUd ,udeling and all firee methods wouid be used in practice. it is not cear, however,
how these results could be predicted by mathematical modelling without understanding the underlying principles.

3.1 Basic Method for Performance Analysis
In its simplest form, the gas turbine consists of a compressor, combustor, turbine. and exhaust; this configuration
could be used for either a turboprop or turbojet- When the gas turbine is operated at any condition other than the
design point its performance will depend on the matching of the compressor and turbine; both compressors and
turbines have well defined variations of flow with pressure ratio and speed, and when the compressor power is
supplied by the turbine there is a very restricted range of operating possibilities. The configuration of the gas turbine
has a major bearing on its off-design performance. A turboprop may be designed with a single shaft or free turbine
configuration, two engines may be desigred with almost identical cycle conditions, but totally different operational
characteristics. This is exemplified by the Garrett 331 and PW Canada Vl-6 turboprops.

The majority of high performance modern engines use multi-spool compressors, the most common configuration
being the twin-spool with the low pressure (LP) fan/compressor driven by the LP turbine and the high pressure (HIP)
compressor driven by the HP turbine; typical examples are shown in Fig. 5. A notable exception is the three-spool
RB-211 family of high by-pass commercial ttirbofans. The three-spool arrangement has aiso been used on the Turbo
Union RB-199 military turbofan.

Irrespective of the configurations used, the off-design behaviour is determined by the matching of the compressor(s)
and turbine(s). The matching process is categorized by two main conditions, these being

1. Compatibility of Flow
2. Compatibility of Work

In the case of transient operation the turbine work is not equal to the compressor work, resulting in acceleration or
deceleration of the rotor system.

The basis of the compressor-turbine matching process was first laid down by Mallinson and Lewis (5); it is perhaps
worth noting that the process was originally done by slide rule, before even the most rudimentary computers were
available.
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3.2 Basic ApprFation of Method
The prediction of off-design performance requires the availability of compressor and turbine characteristics, which
arc presentations of the flow/pressure ratio/speed variation of the componcnts. These are usually given in terms of
'non -dimensional' qualities such as mFT/P, pressure ratio and N/If as shown in Fig. 6. Thc 'non-dimensional'

flow, er'T/P, is related to the axial Mach number of flow, while N/IT, is related to the Mach n.umnber
corresponding to the tangential blade speed (see (1)).

It should be realized at thc outset that it is difficult to obtain these characteristics, and this will be discussed further
in a later lecture. Methods exist for predicting characteristics, either based on knowledge of similar components or
from estimates of the head-flow characteristics of individual stages. Component characteristic data are often highly
proprietary to the manufacturer, and this car, present problems to the user who wishes to create an engine model.

The basis of the method will be illustrated using the examples of a single shaft turboprop and a simple jet engine,
using an abbreviated treatment of material from (1). For simplicity and ease of understanding engine, stations arc
numbered consecutively starting with 1 at the compressor inlet. The SAE have recommended a unified method
applicable to all gas turbine types in SAE Aerospace Recommended Practice ARP 755A "Gas Turbine Engine
Performance Station Identification and Nomenclature." This system uses 2 for inlet to the. first compressor, 3 for
the exit from the final compressor, 4 for inlet to the first turbine and 5 for exit from the last turbine; this allows the
use of numbers such as 4.5 for entry to the LP turbine of a twin spool engine.

3.2.1 Single Shaft Turboprop
Consider a single-shaft turboprop with station numbering as in Fig. 7; to illustrate the basic simplicity of the method,
secondary effects such as inlet and exhaust pressure losses and bleed will be neglected. It will also be assumed that
the turbine characteristic is independent of speed, giving a single line characteristic as shown.

Select any arbitrary point on the compressor characteristic, A. defining m, TJrP 1 , P,/P1 and t,. From
Compatibility of Flow

m, = m3 (neglecting bleed and fuel addition)

Re-writing in terms of non-dimensional groups

m T .n, 3  3P. P2  IT m

1 3 P2 P1 i3 ""T I

where PF/P2 is the combustion pressure loss. Simplifying, with m, m3 = m

mn•h m,/"1"P, P 2• ".7 =, -- 7 , .
Pi _T1T TTY

This gives an expression for TJ/T,, i.e.

mIn P 3. P2

T3 P1 P~2 P1

Ff.
P1

With inlct and exhaust pressure losses ignored, P/P 4 = P/•,: thus mT can be obtained directly from the
turbine characteristics an J we have all the information required to determine T3 at our selected point A.
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Turning to Compatibility of Work,

(Turbine work) il. - Compressor work + prupcllcr output

m C-p ATO T1 - m Cp, ATr, 2 + power

Now, AT'17T can be found from Py, and %, and AT, 1TI from P01/, and T1, hence both AT4 anid AT,, can be
calculated as we know T, (from Eqn. (I)) and T,, the ambient temperature. Thus the powe developed can be
calculated from Eqn (11); all other data required for cycle calculations are available, and it would now be possible
to calculate fuel flow, sfc etc. as required.

The key question to be resolved, however, is whether point A is valid or not. This, in turn, depends on the power-
speed characteristic of the driven load. If a fixed pitch propeller were used, power varies with (N)' , and for any
specified speed the power is known; there is no reason why our arbitrary choice of point A should give the correct
power and it would be necessary to find the unique point on the constant speed line which gave the correct power
by trial and error.

For a variable pitch propeller (or electric generator) we can vary power at constant speed and by choosing a series
of points on the compressor characteristic we could readily establish the variatioa of power, turbine inlet temperature,
fuel flow, sfc as pressure ratio is varied. This could determine the point where zero power was obtained and also
the power at maximum allowable temperature or at the surge limit, whichever came first.

Calculations for the single shaft engine are intrinsically simple because the pressure ratio across the turbine is directly
related to the compressor pressure ratio. This simple relationship is lost when we consider either a free turbine or
a propelling nozzle.

3.2.2 Jet Engine
The simple jet engine considered is shown in Fig. 8; the flow characteristics of a propelling nozzle and a turbine are
virtually identical, so the following analysis can be applied to either a jet engine or a ttirboprop/turboshaft with, a
free turbine.

Let us start again by choosing any point A on the compressor characteristic. Considering Coompatibility of Flow,
we get

P1 2I

giving

T3 T_ P2.P1

P1

which is the same result as for the previous case.

Compatibility of Work gives

(m C_, AT.) 7l. = m CpU AT.2

i.e. the gas generator turbine provides just enough work to drive the compressor

Re-writing in terms of non-dimensional temperature ratios,

A74., AT,, T. ci,,

T3 T" T, c,." "1.
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or T 2 I

T3

The values of T3/T,, from Eqns. I and II must be equal. In this case, however, we do not know P3/P,. If we assume

a value of P3/P,, we can get mn fT 3/P 3 , il, and AT/1'T3 from the turbine characteristic; this will, in general, give
different values of T3 from Eqns. I and II and it is necessary to iterate until a suitable value of P13/P is found.

Having found the va.-ý- of P3/FP that gives the same value of T3 from both Compatibility of Flow and Compatibility
of !-,.,rk, we have satisfied the matching requirements of the gas generator.

We can also calculate conditions at exit from the turbine, i.e.

P. P3  P3 T4

where FT.- 1 -(a .TI.

This also gives us P,. because

1 2 3

P3 -- P I" .- -

and P4  m P3. "4
P3

Knowing PJ/P,, the nozzle characteristic gives us a value of m #'4 /P 4 ; this, unfortunately, will not in general be
the same as the value calculated at exit from the turbine. In other words, we still have to satisfy Compatibility of
Flow between the turbine and the exhaust.

This would require th- ielection of a series of points alorg the selected speed line unIati'le die poitt satisfying
both the gas generator mnd nozzle requirements was found. If this procedure were repeated for each speed line on
the compressor characteristic the result would be a single operating line, determined by the swallowing capacity of
the nozzle or power turbine. D is important to note that for a free turbine turboprop the operating line is fixed by
the power turbine characteristic rather than the power output as in the case of the single shaft turboprop. Thus,
power changes must be obtained by changes in gas generator speed for the free turbine engine; the single shaft can
change power at constant speed, by means of propeller pitch control. The transient behaviour of the two types of
turboprop is totally different, as is their mode of operation.

3.2.3 Effect of Choked Nozzle

It is useful to consider the behaviour of a turbine and nozzle, or two :.:bi-;, in series. If we start with a

conventional turbine characteristic, knowing m iTn /P, and il, as fu:: ... ,. P^P., we can calculate the turbine

exit flow function m P,/P4 , i.e.

M T1 = ? r i P 3  rL T ;P 4 -- I,

P 4 3 477I
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Thus, for each value of PJ/P, we can calculate m T1, and draw the two characteristics as shown in Fig. 9. It
is immediately obvious that the pressure ratio P3/P4 is limited by choking of the downstream components. With the
final nozzle choked, the gas generator turbine operates at a fixed non-dimensional point with the values of

m ýT1,./ ,, P3/P, and AT3AI"3 constant. It is foi this reason that over a very wide range of operating conditions the
I-IP turbine continues to operate efficiently. The choked nozzle gives a unique operating line on the compressor
characteristic which is independent of flight speed; for modem jet engines the nozzle will be choked for all normal
flight conditions, only becoming unchoked during descent or ground operations when the engine is throttled back.

3.2.4 Off-design Performance Presentation
Assuming a unique operating line on the compressor characteristic, it can readily be seen that at each point along
the line all performance parameters are known, having been determined from the matching calculations. It is more
useful to select one of these as the independent variable and display all other parameters as a function of the selected
parameter. The most obvious independent parameter is the gas generator speed, and this results in the presentation
previously shown in Fig. 3; this can also be used to present the performance at various altitudes as a function of
Mach number and compressor speed. From Fig. 3 it can readily be seen that the setting of take-off, climb and cruise
ratings on the basis of gas generator speed implies both reduction in centrifugal stress and turbine inlet temperature.
Calculations yield the values of all significant temperatures, e.g. Turbine Inlet Temperature, Inter Turbine
Temperature or Exhaust Gas Temperature; the value of EGT corresponding to the maximum allowable TIT can then
be determined and used as a control limit.

Any of the thermodynamic parameters could be selected as the independent variable, including Engine Pressure Ratio
(EPR); this was widely used for thrust setting purposes on jet engines. It can be shown that the thrust is directly
related to the EPR, and even for a deteriorated engine knowledge of the jet pipe pressure will give a good indication
of thrust. EPR is not an intuitive indicator of thrust; it can be seen, however, that the variation of paramneters with
EPR is directly obtained fLom the off-design matching calculations.

32.5 Muhti-Spon1 Engines

With multiple spools it becomes necessary to solve for work compatibility on all rotors and for flow compatibility
between components. For a twin-spool turbojet, for example,

LP compressor work = LP turbine work
I-t compressor work = HP turbine work

and

m21 at exit from LPC = at entry to HPC

at exit from HPT =-- at entry to LPT

ijt exit from LPT = [m I1at entry to nozzle

The level of complexity of the calculation increases rapidly as more components are added, but the basic simple
methods described earlier still apply.

In the cases of a twin-spool turbojet, the LP turbine stators are normally choked over most of the operating range.
The HP spool can be thought of as a simple jet engine with a choked final nozzle, giving rise to a unique operating
line on the HPC characteristic as long as the LP turbine is choked. Incorporation of a variable final nozzle affects
the operation of the LP system, while the HP system is shielded from disturbances downstream of the choked LP
turbine. Methods of analyzing twin-spool performance, both for turbojets and turbofans, are given in (1).
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4. TRANSIENT PERFORMANCE
The steady state performance of the engine can be calculated using the methods described in the previous section,
one of the key outputs being the steady state fuel flow. To accelerate the engine, excess fuel must be added, giving
a higher turbine inlet temperature; this, in turn, gives a higier turbine temperature drop resulting in more power
available than required by the compressor. The engine speed then increases until the torques are again in balance.
Decreasing the fuel has the opposite effect.

The simplest way to understand the transient behaviour of engines is to assume that compatibility of flow is still
satisfied, but compatibility of work is not.

4.1 Acceleration Torque
If the engine is operating in equilibrium and is then subjected to a sudden increase in fuel flow, the turbine
temperature will increase much more rapidly than any increase in rotor speed because of the inertia of the rotor
system. For a simple jet engine, the effect is an excursion along the constant speed line on the compressor
characteristic towards surge; a sufficiently large step change will cause the engine to surge.

Considering the case of accelerating the gas generator, the acceleration torque, AG, is given by

AG = G, - G,

where G, and G, are the turbine and compressor torques. Assuming AT3'l-3 to be determined by the turbine
operating point, increasing T3 will cause an increase in AT, and the torque is given by

AG = m Cp, AT. 1. - m CroAT12

The rotor acceleration is then obtained from Newton's Second Law of Motion as

A= f = s

vhere J is the polar moment of inertia and 6) is the angular acceleration. The accelerating torque can then be
integrated with respect to time to get the change in rotor speed.

It should be noted that the he. torque is the difference between two quantities of similar magnitude and a small
change in either may result in a much larger change in the torque available for acceleration. Accurate transient
calculations therefore require very good estimates of both compressor and twbine torques; this is especially difficult
at low speeds, e.g. during starting or windmiling.

4.2 Fuel Schedules
The fuel required for acceleration or deceleration is normaly scheduled, the requirements being to provide safe
operation, rapid response and long life. Rapid response requires a large amount of over-fuelling, causing high
temperatures and thermal shock which is undesirable from the viewpoint of long life. Safe operation implies
maintaining a large surge margin and avoiding flame-out on deceleration; again, the need for a large surge margin
is directly in conflict with the requirement for rapid response.

Selection of a suitable fuel schedule is very dependent on the engine application, and is greatly helped by the use
of mathematical modelling of the engine transient performance.

Typical fuel scbedules are shown in Fig. 10. The use of a computer model to optimize acceleration performance
of a simple turbojet is described in (6) and for a variable geometry turbofan in (7).

5. THE EVOLUTION OF MODELLING TECHNIQUES
It is the availability of extremely powerful computing facilities which have made possible the very advanced
thermodynamic models io widespread use to-day. It is instructive, however, to examine the evolution of modelling
techniques realizing that the basic investigations into the engine response problem began in the late 40's, when
computers were in their infancy; at that period in time, control c gineering was very much in the field of electrical
engineering znd there was a very considerable gulf between the disciplines of control and engine performance.
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5.1 Linear Modelse
Although this pioneering work may now be regarded as somewhat elementary, it is important to realize that the early
attempts to quantify engine dynamics were very successful in identifying and understanding the parameters which
affect the response rate. Probably the earliest published work was that of NACA, where Gold and Rosenzweig (8)
showed, in 1952, that the rotor of a turbojet responded to sudden changes in fuel flow as a first-order system which
could be conveniently expressed hi terms of a rotor time constant; their expression for time constant, however,
appeared in terms of partial ckrivatives which were not reudily available and also were difficult to interpret
quantitatively. A major advance was made by the Lucas Company (9), whose analysis assumed that a sudden
increase in fuel flow would cause an instantaneous increase ii urbine torque but zero increase in compressor torque.
As a result of this simplified analysis, the rotor time constant could be expressed in terms of thermodynamic
parameters which were readily obtained from normal performance calculations. The expression obtained was

The variation of -t as a function of N could thus be determined as soon as the off-design performance had been
evaluated. Referring to Fig. 3, it can be seen that fuel flow changes relatively slowly at low speeds and then changes
much more rapidly as speed increases. Fig. 11 shows typical variations of AT 3,tr 3 and dW/dN for a simple turbojet,
and it can be seen that both terms decrease with reducing speed causing a significant increase in time constant; it
can readily be seen that the dominant effect in determining r is dWIdN. 'Thus, the simple theory yields the important
practical re-sult that response is much more sluggish at low speeds. Despite its simplifying assumptions, the Lucas
methed gives quite respectable results whlen compared with engine tests, as shown in Fig. 12, and improvements on
this method are still in use for preliminary investigations.

Another important deduction following from the simple expression for the time constant is that, at high altitudes,
wheir, IIW,AFJX will 'Le, cuiun lower becaueo ui he ruduction in fuel flow, the time constant wili be increased. it is
possible (but hardly convincing!) to express the moment of inertia in non-dimensional form, but a much more
reasonable explaniation is to consider that the engine inertia remains fixed while the energy release decreases with
altitude.

It is important to realize that it is quite fundamental that response from low values of compressor speed will be
sluggish, and much sophisticated modelling for a wide variety of engines of differing complexity has shown that it
is essential to keep the HP rotor speed as high as possible for good response rates.

The major disadvantage of the time constant approach, however, was that it was limited to small changes in speed
(say ± 5%) and it lid not give much information beyond the rotor speed response; it was primarily of use to control
system designers, and was of little use to the engine or airframe designer.

5.2t Analog Computer Models
It was clear that for mathematical modelling to be useful to the engine designer, models capable of operation over
the complete runniing range were essential. The computations required for continuous calculation of engine dynamics
were greatly in excess of the capacity of early digital computers, and attention was initially focused on analog
computers because of their capability of operating in real timne. Notable work was carried out by Larrowe and
Spencer (10), sponsored by the US Air Force, in the hope that, with a model operating in real time, the control
hardware could beý developed using a simulator rather than an actual engine. The anticipated advantages were not
immediately realized, mainly because of the difficulty of integrating hydromechanicai cintrol systems and their
required sensors and actuators with analog computers. A further major problem was the use of conducting surface
bi-vaniant function generators for compressor characteristics, as these introduced both inaccuracies and dynamic
effects on their own. Larrowe and Spencer, however, are due credit for the first real time simulation based on
component characteristics using the approach of the engineering thermodynamicist. The problem of bi-variant
function generators was overcome by using three single function generators to generate a function of two variables,
and Saravanamnuttoo (11) used this to develop fuli range analog methods which were used to predict dynamic
behaviour of the Orenda OT-4 at the design stage. The analog proved fully capable of carrying out real time
dynamic performance investigations on the Olympus 593, (12). It is interesting to note that 25 years ago the analog
could simulate the Olympus 593 in real time, while a typical 5 second acceleration took approximately 20 minutes
on a University main frame digital computer of that era. While analog models proved extremely useful in predicting
engine behaviour, their greatest use has been in providing an understanding of different control str-ategies.
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Once full range models, based on kinown component characteristics, became established, major efforts were focused
on effects such as heat transfer to and from engine parts, changes in clearances during transients, Uiansient
combustion efficiencies and changes in component characteristics during transients. Bauerfeind (13) discussed many
of these effects in an earlier AGARD paper. It is clear that these can only be considered because of the enormous
developments in computing capability, and also that they can lead to a vast increase in modelling complexity.

Hybrid computers were used for a few years, augmenting the high speed integration capability of the analog with
the stored program capability of the digital computer. In recent years, however, developments in high speed digital
computers has made both the analog and hybrid machines obsolete, and all future activity in modelling will be based
on digital computing; the advent of parallel processing in particular permits much higher computing speed%.

5.3 Modelling Requirements
It is appropriate at this point to consider the requirements for a successful mathematical model, bearing in mind that
the model should be kept as simple as possible consistent with the needs of the particular user. The prime
requirement of any modcd, is that it should faithfully and accu-ately represent the behaviour of the engine over its
complete running range and flight envelope. Further important requirements include:

1. Flexibility: The simulation must be capable of handling all the obvious requirements, such as scheduled
accelerations and the operation of variable geometry devices; it must also be capable of dealing with
situations whic0 were not anticipated initialy. During the development of an engine compressors and
turbines may be modified to improve their performance, and the simulation must be able to keep abreast
of the latest developments.

2. Credibility: The simulation must be readily understandable to performance, development and management
engineers who are not simulation specialists; for this ieason, the simulation should produce results in a form
similar to a real engine and should make use of commonly available data.

3. ..... A- ,,, uhu' -', l, h. been*vrfe it must be capable of wing rapidly brought into use
whenever required without the necessity of lengthy setup times.

4. Reliability: A high degree of reliability and repeatability is clearly essential, and the simulation must be
capable of easy checking to ensure that it is functioning correctly; this is especially important for complex
engine simulations.
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PRACTICAL CONSIDERATIONS IN DESIGNING THE ENGINE CYCLE

1 G Philpot

Air Vehicle Performance Department
Royal Aerospace Establishment

Defence Research Agency,
Pyestock, Farnborough, UK

SUMMARY practical factors into account in order to
select the most appropriate cycle

When it is required to define the cycle parameters.
parameters and calculate the performance of
a real engine, there are numerous practical Most obviously, the available component
constraints that need to be taken into technologies impose aerodynamic, thermal
account. These fall into two main and mechanical limits which set upper I
categories: the limitations of available bounds on cycle pressure ratios and
component technologies, and the operational temperatures. Gas turbine R and D is being
considerations that are dependent on pursued vigorously in government
aircraft application. The lecture laboratories, manufacturing companies,
discusses the main technology limiters and universities and other research institutes
indicates how they are incorporated into and these barriers are being progressively
the cycle definition process. ,Operational pushed back, with little sign that a
factors include the extent of the intended plateau of technology is being reached.
flight envelope and range of critical Nevertheless, while the acceptable limits
flight conditions for which performance may move with time, they remain firm ones
must be assured, and the balance to be which the designer must observe, his only
struck between minimising fuel consumption, freedom being the judgement of precisely
maximising installed power and constraining where to set them for the envisaged
costs of ownership. Taking these application at the time of design freeze.
technology and operational influences into The application itself is equally
account, the basic cycle characteristics important. The type of aircraft - military
and approach to cycle choice are examined combat, civil or military transport,
for three main classes of aircraft: helicopter, etc - and the planned service
subsonic transports, military combat life and mission operating requirements,
aircraft and helicopters, will all have major influence on the choice

of cycle parameters.

LIST OF MAIN SYMBOLS In this lecture we will examine some of the
key technology limiters, how they affect

C, = Specific heat cycle choice and how they can be taken into
H = Enthalpy account in cycle analysis. This will
h = Enthalpyiunit mass flow provide a basis on which to consider the
LCV = Fuel lower calorific value cycle requirements and characteristics of
M. = Aircraft flight Mach no the three main types of application
P., = Total pressure at station n mentioned above.
Q. = Air mass flow at station n
Qr w Fuel mass flow 2 TECHNOLOGY CONSIDERATIONS
R = Compressor pressure ratio
R_ = Overall (cycle) pressure ratio 2.1 Compressor loading& and running lines
T_ = Total temperature at station n
U = Blade tangential speed For any engine, choice of compressor design
v. = Aircraft flight speed is one of the crucial issues facing the
VJ = Jet velocity relative to aircraft designer at the start of the engine
X. = Gross thrust definition process. It involves a complex
X, = Net thrust compromise between efficiency targets,
ql._ = Component isentropic efficiency numbers of stages, surge margin
11 = Overall cycle efficiency requirements across the intended flight
TI = Propulsive efficiency envelope and various mechanical
'T = Transfer efficiency considerations, such as stress limits,
,I = Thermal efficiency vibration, etc.
P = DensityA = Bypasi ratio Fig 1 shows the typical trend in pressure

ratio/stage for in-engine efficiencies at

the engine aerodynamic design point. In
general, increasing the work done per stage

1 INTRODUCTION reduces compressor efficiencies, although
thanks to the considerable improvements in

In the 1-irst lecture (Ref 1), Prof the understanding of detailed compressor
Saravanamuttoo has outlined the basic aerodynamics and in CFD design methods,
principles of aircraft gas turbine cycle this effect is less marked than it used to
analysis and performance. In applying be. On the other hand, reducing the number
these principles to specific cases, the gas of stages tends to bring advantages in
turbine designer must take a multitude of reduced engine length, weight and cost.
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For combat aircraft, the latter (the station numbers follow the convention
considerations generally dominate and high defined in Fig 5 of Ref 1)
stage loading designs are almost always
chosen, at least for the core. For civil The required surge margin is built up
applications, while cost and weight are empirically from a consideration of the
still important, the need to minimise fuel various sources of instability. The main
burn places more stress on high component factors, which contribute roughly equally
efficiencies and leads to more modest core
compressor stage loadings.

- Allowance for build t lerances, in-
The situation is reversed for the fan on service deterioration etc.
the low pressure spool. Stage pressure
ratios of up to 1.8 are commonplace in high - Allowance fer intake ilow distortions
bypass civil engines, but largely because due to cross-wind and/or severe pitch/yaw
of the problems of stage matching, the aircraft manoeuvres.
multistage fans needed for low bypass
combat engines are struggling to reach such - Allowance for runnira line shift during
high levels at acceptable efficiency and engine transients (sc, slam
stability. Even so, fan stage pressure accelerations).
ratios can be considerably higher than for
core compressors. This is because high Assessment of these effects for specific
blade speed transonic designs are cases may yield surge margins as low as 15%
habitually used for fans, reducing the or as high as 25% at the design point, but
aerodynamic loading in terms of &h/U2 . For a figure of around 20% is fairly normal and
HP compressors, the combination of rear this has been used in Fig 2.
stage stresses and temperatures and narrow Unfortunately, modern high duty
flow annuli demand much lower blade speed compressors, particularly LP system
designs and hence lower stage pressure transonic designs, tend to achieve peak
rises, efficiency close to the surge line (perhaps

at a surge margin of 10% or less). The
From a practical point of view, it is shift to a realistic surge margin may cost
essential that the fan and core compressor 3% or more in compressor efficiency. The
are each provided with sufficient working cycle designer must be aware of this in
surge margin to ensure stable operation evaluating claimed compressoi technology
over the entire flight envelope and under achievements.
all likely transient conditions. Achieving
this at high stage loadings is always a Account must also be taken of Reynolds
challenge. Fig 2 shows an operating map number (Re), which has a significant effect
for o military engine hich pressure on compressor efficiencies. This operates
compressor, with a typical engine running in a complex way and generally has to be
line superimposed. This runs roughly modelled empirically. Various
parallel to the surge line, the difference experimentally-based relationships may be
between the two being the surge margin, used, but typically:
which may be defined as:

Surge Margin = Rsurge -_1op at fixed (1 - ilisen) a Re-'-
Rop Q2 JTŽ/P 2 From sea level to altitude cruise, Re can

QjT,/P2 = compressor entry mass flow change by a factor of around 2.5, giving a
function compressor efficiency loss of some i.%. As
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well as affecting engine fuel burn or
thrust performance, this reduction causes FAN
the engine to rematch to a slightly higher BNO1
compressor running line and must be @ BP®
included in the surge margin assessment.

2.2 Turbine aerodynamicsFAr P

The turbines introduce few cycle modelling P cu STAGE P CORE

problems. For example, Reynolds number
effects are small and can safely be
ignored. The main concern is to achieve
proper representation of the bleed flows in
cooled turbines. In modern, high
temperature engines the cooling bleeds are
extracted from the compression system at
two or more points and returned to the TURBINE COOLING BLEEDS
cycle at several points through the turbine CORE FLOW)
system. Up to 25% of the core entry flow
may be utilised in this way, see Fig 3.
The flows provide cooling for two or more fIG.3 ENGINE CYCLE DIAGRAM (CIVIL TJRBOFAN)
nozzle guide vane (NGV) rows, at least one
and more probably two rows of rotor
airfoils, and the front and back faces of The extent and efficiency of the turbine
the associated rotor discs. blade cooling, together with the

temperature capabilities and mechanical
In cycle analysis it is usually assumed strengths of the blade and disc materials
that cooling bleed flows entering the are equally important because they
mainstream before a given turbine rotor (ie determine the upper limits on achievable
the NGV and front disc face cooling) cycle temperature. These crucial thermal
contribute to the work done in that turbine aspects will be considered in Section 2.4.
stage. The cooling flow for the rotor
blades is deemed to re-enter the cycle 2.3 Comebustor considerations
downstream of the turbine and thus does no
work in the stage. The effective mass flow Befcre that it is necessary to examine the
through the turbine for work calculation influence of the combustion system. Fig 4

inrlrý All t• h • rp-rn in- shows a typical modcrn combustor with the
bleed, with a simple energy balance main airflow patterns. The air exits from
calculation assuming perfect mixing to the HP compressor through a dump diffuser
determine the appropriate stream and enters the burning zone via a complex
temperature. The coolant is assumed to arrangement of large and small holes,
have the total temperature of the slots, etc. These are designed to promote
compressor out-bleed point (a readily the recirculation and turbulent mixing on
calculable quantity), so that all the heat which the whole burning process depends,
transfer takes place at the in-bleed point, while at the same time ensuring adequate
This is clearly an over-simplification, but cooling of the metal walls. With flame
the error involved is negligible. Taking temperatures in the primary zone reaching
the first NGV row in the HP turbine as an 2300K or more, well above the melting point
example, the cooling flow comes from HP of any usable alloy, this is no mean feat.
compressor exit (station 3): Nevertheless, it has so far been achieved

with sufficient success for combustor wall
Q4.jCP4.jT4.2 = Q 4C, 4 T 4 + Q0 0 0 xCp 3 T3  temperatures not to out-pace the turbines

as cycle temperature limiters.
Station 4 is at entry to the NGV row (see _

Ref 1) and station 4.1 is at entry to the The dump diffuser and wall resistance
turbine rotor. contribute to an aerodynamic pressure loss

of typically 4% to 5% at design conditions.The bleed in-flows have complex effects on In cycle terms this appears as a parasitic
the turbine aerodynamics due to flow loss, but it is nevertheless vital because
disturbance, boundary layer thickening, it ensures sufficient pressure differential
etc. These can be estimated by turbine to drive the turbine cooling flows.
specialists using a mix of CFD and Anything less than 4% would imperil the
empirical methods. Typically in-engine flow of the cooling air and risk turbine
aerodynamic turbine efficiencies are some over-heating. At off-design conditions the
2% lower than might be measured on a cold loss must be recalculated, which can be
turbine rig, with no simulation of the done by dynamic similarity using:
cooling flows.

PAP = constant
The temperature T4 .. is of fundamental
importance for cycle analysis because it
represents the beginning of the work- Despite the extreme conditions, combustion
producing expansion process. It is efficiency is almost always close to 100%
variously termed: Turbine Entry (falling off significantly only at flight
Temperature, Stator Outlet Temperature, or idle or below, and often not even then).
simply, Cycle Temperature (to avoid Nevertheless the temperature profiles at
confusion T4 is best termed Combustor Exit the combustor exit plane are far from
Temperature, CET). uniform. A circumferential traverse shows

large peaks in line with the burners and
considerable troughs mid-way between them.
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A radial traverse at any circumferential
point shows low temperatures Close to the FJG.6 GAS TURBINE MATERIALS (FROM REF 4)
inner and outer walls, rising to a peak at
around mid-annulus. These temperature
distributions must be taken into account in progressively attenuated. A reasonable
determining the turbine metal temperatures. working assumption is that the factors may
Their numerical description is a normal be halved for each successive turbine
part of th3 definition of combustor stage.
characteristics. Two factors are used:

2.4 Materials and cooling
Circumferential Temperature Pattern Factor
or Overall Temperature Distribution Factor; The upper limits on the main core cycle

parameters - overall pressure ratio Roa and
7-T •Turbine Entry Temperature T4.. - depend

O -E = most fundamentally on the materials andA T-i:.,:• their associated engineering. Temperatures
and stresses throughout the engine must be
constrained to what the available materials
can WitiLsLdnd at acceptable component

Radial Temperature Profile or Radial lives. The lifing of high stressTemperature Distribution Factor: components like discs and rotor blades is
a major topic in itself (see eg Refs 2,3).

TF •x-T Si.:fice to say that "acceptable" lifeRTDF -- X varies from component to component as well
as depending on the application. The
shortest lives are usually allowed forT_.. = maximum temperature anywhere in turbine blades, with 1000 to 2000 hours

the combustor exit plane being typical for military engines and
10000 to 20000 hours being required for

T_, = radial peak temperature, much higher utilisation civil engines.
circutferentially averaged

Fig 5, taken from Ref 4 shows the range ofT = mean temperature at combustor current and future gr.s turbine materials inexit plane terms of specific strength (ie
strength/density) versus temperature.

The levels of these factors depend on the Currently, the conventional metal alloys
details of the combustor design, but are used for virtually all structuraltypically: components. The next steps are expected to

feature increasing use ot the "cold" carbonOTDF 20% to 35% fibre reinforced polymers and the
RTDF 7% to 15% medium/high temperature metal matrix

composites. It can be seen from Fig 5 that
With combustor mean temperature rises the latter materials may confer a small
reaching OOK to 1000K, it is evident that temperature gain, but the main advance willthe local gas temperatures impinging on the be in specific strength, which promises
turbine airfoils can be very much greater considerable reductions in engine weight.than simple cycle analysis would indicate. For a step-change in temperature capability

it will be necessary to go to the ceramic
The value of OTDF is most relevant for the matrix composites, such as silicon carbide-
first row of NGVs, since it may be expected silicon carbide or carbon-carbon. But
that at least some airfoils will experience while these are beginning to be used forthe hottest streaks. RTDF is the relevant non-load-bearing applications like nozzle
factor for the rotor blades, because the petals, they remain future long term hopes
rotation creates automatic circumferential for major structural components rather than
averaging. It is assumed that the radial presently available technology. Here, we
profile passes through the NGV row without will confine ourselves to the conventional
change. There is little detailed knowledge alloys.
of what happens to the temperat ire profiles
thereafter, but experimental evidence Examining these in more detail, Fig 6 taken
indicates that they can persist through from Ref 2, shows how temperature
several turbine stages, although becoming capability has advanced over the years for
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70 IM-NIC80A typically around 850K to 900K. The problem
1940 1950 1960 1970 19, , 2 is to some extent eased by the fact that

the high stresses occur near the bore of
the disc, well away from the main gas path.

FIG.6 TURBINE BADE ALLOY CAPABILITIES (FROM REF 3) Nevertheless the final HP compressor disc
and the first turbine disc are bathed in
air, effectively at compressor delivery

the main classes of turbine airfoil temperature T 3 (in fact slightly above
materials. Progress in both alloy because of effects like windage heating).
chemistry and processing technology has As with the airfoils, materials development
gradually shifted the lines upward, for is gradually increasing temperature
example through the move from poly-crystal, capability, but disc temperature
"conventional" castings for turbine blades effectively sets an upper limit on
to first and second generation single allowable engine overall pressure ratio.
crystals. The highest temperature
materials may however be considerably more 2.5 Turbine blade cooling
costly, or have significantly higher
density so that centrifugal stresses are Modern turbine blades are extremely complex
higher. Use at these alloys therefore castings: as Fig 7 illustrates. cooling
tends to be confined to applications where technology is therefore another highly
their temperature capability is essential. developcd science, involving multiple
Specific material choice is always internal air passages, an array of bleed
carefully optimised for the particular holes to create external film cooling of
application, the blade surfaces, and the careful

prediction of internal and external heat
For any given material, creep life is transfer coefficients (see for example Refs
highly dependent on temperature, with every 5, 6). The amount of cooling achieved is
extra 15'C reducing life at a given stress expressed in terms of cooling effectiveness
by some 50%. This means that the e:
relatively low stress NGVs can operate up
to 100°C hotter than the rotor blades for 6 = Tgas - Tmetal
the same material and life. This is Tgas - Tcool
helpful in view of the higher gas
temperature peaks the NGVs must withstand. Tmetal may be either the mean temperature
The typical rotor stress snown in Fig 6 is across a qiven airfoil section, or the
appropriate for the mid-span region. local temperature at a particular point,
Because of centrifugal loading, the stress and the value of c will vary accordingly.
in the blade is high at the root and low at Local metal temperature can vary
the tip (zero if the blades do not have tip considerably across the section, with the
shrouds). However, as discussed in the leading and trailing edges, which are more
last section, the radial peak gas difficult to cool, being hotter than the
temperature occurs at around mid-span and mid-chord region (see Fig 8). For present
because of the very steep exchange rate purposes it is convenient to use the mean
with temperature, it is usually best to value (emean).
assess the blade capability at the gas
temperature peak. The value of emean is dependent on the

complexity of the cooling design and also
For the current "best" materials, allowable on the cooling flow rate through the blade.
rotor metal temperatures at mid-span will Turbine cooling engineers use a cooling
be around 1250K to 1300K (980 0 C to 10300 C) flow coefficient which incorporates a heat
for a 1000 hour turbine. A 10000 hour transfer term (Ref 5), but for cycle
turbine would need to operate 50 0 C to 701C analysis purposes it is necessary to
lower. In most cases when blade cooling convert this to simple cooling mass flow.
aspects are taken into consideration (see Fig 9 shows the variation of emean with
next section), it turns out that rotor percentage cooling flow (Qcool/Qgas at the
metal temperature has the controlling, blade row concerned) for typical modern
influence on attainable cycle temperature. technology designs.

Turning to the discs, these operate at very Being static, the NGVs can be provided with
much higher stresses and allowable rather more complex internal cooling
temperatures in the high stress zones are configurations, includinq the use of non-
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FIG.8 TEMPERATURE VARIATIONS IN TURBINE ROTOR AIRFOIL FIG.9 TYPICAL BLADE COOLING EFFECTIVENESS TREND

cast inserts, and they usually have larger approximation for the first stage rotor
airfoil sections so that higher cooling temperature:
flow rates can be accepted. Both effects
contribute towards the higher cooling Tý,, - 0.93T4 .1
effectiveness values for the NGVs shown in
Fig 9, with emean as high as 0.75 to 0.80 In combination with the cooling
being possible. For rotor blades, valucs ..... the above procedure enables
of 0.55 to 0.60 are more typical, with TET to be related to rotor metal
cooling flow rates seldom exceeding 4.5% to temperature. Despite the advantage of
5.0%. Since the NGVs suffer the more rotation, it is most often the first stage
severe temperature environment, the rotor temperature that sets the upper limit
additional cooling capability is needed. on TET in any given case.

For the rotor blades, one other important 2.6 Afterburners
and beneficial effect must be taken into
account. Due to the rotation, the rotor Afterburners are used in the majority of
effectively "runs away" from the NGV exit high performance combat aircraft as a means
flow, thereby reducing the stagnation of greatly increasing thrust for short
temperature relative to the blade. From a periods of time, albeit at the cost of a
consideration of the velocity triangles it huge increase in fuel consumption. Fig 10
can be shown that: shows a typical modern afterburner.

Outwardly simple, it is in practice a
sophisticated piece of engineering design

U---T -A + ÷ 1 - 2Rn] with a long and careful development
ST- 2%CPI U

2  pedigree. The burner is placed close to
the bypass/core stream mixer plane, so thxat
the outer radii are working with un-
vitiated bypass air, while the centre
section it* using the core exit gas, in

where T. = Gas stagnation temperature which the fuel/air ratio may already be
relative to rotor around 0.025.

T, = stagnation temperature in In principle, fuel/air ratio can be
stationary coordinates (T4 .1  increased until both streams are close to
for the HP turbine) the stoichiometric limit of 0.0687. In

U = tangential blade speed

Ali = turbine work

Rn = Reaction

Most turbines for jet engine applications
arce designed close to 50% Reaction (ie Rn -_--.
n0.5), so the calculation is easily done.
Moreover, if we take RTDF to be about 0.1
(see Section 2.3), and assune a typical
moderate to high turbine stage loading, the
following is a reasonable empirical FIG.10 AFTERBURNER AND VARIABLE NOZZLE
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practice, it becomes increasingly difficult NOZZLE THRUST COEFF.
for the fuel droplets in the core stream to 1
find oxygen molecules to react with and
combustion efficiency begins to fall. 0.98 CONVERGENT-DIVERGENT
Also, rising afterburner temperature
requires more bypass air to pass round the
burning zone in order to cool the jet pipe 0.96
liner and nozzle, thus reducing the
quantity available for combustion.
Thirdly, high heat release in the 0.94
afterburner leads to the burning stability
problems known as "buzz" and "screech", 0.92
when severe pressure oscillations in the
jet pipe can cause rapid structural 0.9
failure.

The precise limits on afterburner fuelling 0.88 CONVERGENT
due to the above considerations are very
dependent on the precise geometry and
aerothermodynamic parameters. It must 0.868
suffice to note that for the range of
bypass ratios and core cycles most commonly 0.84
used in combat engines, maximum overall
fuel/air ratio is likely to be around 0.06 - _

(85% to 90% stoichiometric). There is also 0 5 10 15 20
a minimun fuelling limit, determined by NOZZLE PRESSURE RATIO
burner blow-off characteristics. This is FIG. I CONVERGENT AND CONVERGENT-DIVERGENT NOZZLES
again highly dependent on the design
parameters, but generally it means that
moving from maximum "dry" (ie non- jet pipe and nozzle mean that bypass ratio
afterburning) throttle setting to minimum cannot generally be reduced below 0.1 to
afterburner causes a distinct step change 0.15. Such engines are often described as
in thrust. Although combustion efficiency "leaky turbojets".
falls off towards this minimum, over most
of the range a good afterburner design will 3 TRANSPORT ENGINE CYCLES
give close to 100% efficiency.

in this next part of the lecture, the
2.7 The final nozzle characteristics of practical engine cycles

will be examined, taking into account the
The simplest form of final nozzle is the technology issues outlined in Part 2. The
fixed area convergent nozzle, typically high bypass engines used for subsonic
used for subsonic transport engines. Here, airliners and military transports will be
nozzle pressure ratios vary from around 2.0 considered first, because these powerplants
at take-off to 4.0 at cruise altitude are relatively simple and enable the basic
maximum thrust. Although the exhaust flow trends tc be readily highlighted. For
is under-expanded at the latter condition, additional simplicity, attention will be
so that excess total pressure exists in the confined to un-mixed cycles, where the
jet downstream of the nozzle lip, the bypass and core streams discharge through
losses involved are small and thrust separate nozzles. This allows fan pressure
coefficient C_ is very close to 1.0. For ratio Rr.n to be a separate variable, not
a high specific thrust engine at supersonic directly dependent on the core cycle
flight conditions, this would no longer be (provided the latter provides enough power
the case and a convergent-divergent nozzle to drive the fan). In fact, a number of
is required. The ditference in thrust current engines have mixed cycles, with
coefficient is indicated in Fig 11. full length cowls, common nozzles and at
Strictly, the divergent part of the nozzle least partial flow mixing in the jet pipe.
can only be designed for one flight Internal mixing offers a small improvement
condition, but in practice a high value of in fuel consumption, although nacelle
C,. can be maintained over a fairly wide weight tends to be slightly greater. The
range. physical requirement for equal static

pressures in both streams at the mixer
Afterburning engines demand variable area plane links the fan to the core cycle, so
nozzles in order to watch the exhaust mass that R..a is no longer an independent
flow function QJT/P over a wide range of variable. This is an important constraint
nozzle temperatures. Modern, variable con- at low bypass ratio, but for the bypass
di nozzles are complex but usually allow ratios typical of civil engines, it has
the divergence angle to be varied to some only minor influence on cycle optimisation
extent independently of throat area. This and can conveni.ently be ignored here.
greatly increases the range over which the
nozzle is well-matched. The variability 3.1 Selection of the core cycle
may also be needed for good engine matching
at throttled-back conditions in dry engine Most current civil engines have bypass
mode. ratios of around 5 and we will start with

this case. For virtually all transport
Like the jet pipe, the nozzle in an engines, there are two pre-eminent.
afterburning engine requires cooling, requirements - minimum fuel consumption,
although this can now be reduced by using and long overhaul life. Engines are
materials like carbon-carbon for the nozzle designed for a careful balance between
petals. Nevertheless, the cooling needs of these two properties and as a result the
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FIG.12 AERODYNAMIC DESIGN POINTS - CIVIL ENGINES FIG.13 HUTO OFF-DESIGN POINTS - CIVIL ENGINES

core cycle parameters are largely optimised in the light of these constraints.round three operating conditions: The HDTO points have been obtained by off-
a. The maximum thrust condition at design calculations, using the following
nominal cruise flight speed and altitude. relationship:
This point, often termed "Top of Climb",
determines the maximum overall pressure vI SL) ..
ratio, (nRoa), diejtasitionless spool speeds "=4.0(for50.855,/353KfL, i0.6710f)
(N/I4T1 ) and engine inlet mass flow function XN(TOC')
(Q/T 1/P 1 ), required by the engine anywhere
in the flight envelope. For this reason it
is usually used to define the engine
Aerodynamic Design Point (ADP).

The precise thrusts required at the two
b. The average thrust rating for normal points depend on the aircraft lift/drag
cruise at steady speed and altitude, characteristics and the thrust-rating rules
obtained by throttling back from the ADP to used for take-off and climb, but the abcve
say 70% thrust. This is where the engine figure is broad'y typical of current
will operate most of the time and where the practice. It should be noted that the
specific fuel consumption (sfc) requirement ratio would be different for a different
will normally be defined, flight speed or altitude.

c. The maximum thrust at sea level static The two plots show broadly similar trends,
conditions for take-off on a hot day although the sfc levels are much higher and
(typically ISA + 150C). This point (HDTO) the specific thrusts much lower for the
defines the maximum cycle temperature and flight condition in Fig 12. This
metal temperatures required; it therefore apparently worse performance is caused by
relates strongly to component life. the forward speed effect,which creates the

ram effect known as inlet momentum drag.
Figs 12 and 13 show how the engine This must be subtracted from X. to give X,.
performance and core cycle parameters vary
at the ADP and at HDTO respectively, for a
range of design point cycles. Specific
fuel consumption (fuel flow/unit net
thrust, Qf/Xn) is plotted against specific X , EQV (Va = flight speed)
thrust (thrust/unit airflow, Xn/Q,). The g
engines are "uninstalled", so that no
allowance is made for nacelle drag,
customer air bleed and power off-take, etc. Other than this it is seen that increasing
Component efficiencies typical of current Roa always improves sfc and reduces
achievement have been assumed. All the specific thrust (so that engine diameter
engines have an ADP fan pressure ratio of increases for a given thrust). Increasing
1.8. Strictly, as will be seen later, FPH cycle temperature for the most part has the
should be re-optimised for each cycle, but opposite effect. It can be shown that
at 5 bypass ratio, the effect is small, these two trends occur over a wide range of
More importantly the nominal optimum tends cycles and many different bypass ratios and
to be at a hLgher FPR and higher tip speed represent basic properties of the jet
than would normally be acceptable on engine cycle.
mechanical, noise or fan efficiency
grounds; the above figure has been selected Specific fuel consumption is effectively
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the reciprocal of overall engine efficiency THERMAL EFF.
inoa: 65-

XNVa 1 Va 60 TYPICAL FLIGHT TEMP. RATIO
Q. .. ./ scOPERATION (CIVIL)a OsQf.---- ---- CV 55- 7

6. 5

50_ 6.0
The overall efficiency comprises three main
elements: 45

ToV =lii • q• 40-

where ,p = Propulsion efficiency 35
Tie = Gas generator thermal

efficiency
=r = Transfer efficiency 305.0

The first two of these are generally 25
explained in text books on the jet engine
(see, eg Refs 7, 8, 9). The Transfer 20
Efficiency is an additional term to account
for the losses in transferring energy via 15
the LP spool and fan outer section to the 0 20 40 60 80 100
bypass stream (in a turbojet, 1, = 1). It PRESSURE RATIO
becomeF more significant as bypass ratio FIG.14 ENGINE THERMAL EFFICIENCY VARIATIONS
increases and is typically 85% to 90% for
bypass ratio 5.

to drive the fan outer (bypass) serction as
well as the energy for the core jet.

l, = Energy used in driving a/c forward Strictly it should include the small
Energy available in engine jets proportion of the LP turbine required to

drive the fan inner section, but this is
neglected in the above approximation.

lp= The tieLmal efficiency is anaiogous to the
XNVa +KE ideal Brayton air cycle efficiency, but

takes into account the irreversible losses
E Qin the system. Unlike the ideal efficiency

ZKE = (Vi -Va) 2  it turns out to be a function of total
2_ pressure ratio P3 /P_ (ie including the ram

effect) and total temperature ratio
T4,./To. Fig 14 shows the behaviour of

Whd LhE is the residual jet energy "lost" ., assuming typical component efficiencies
beh~ind the aircraft (summed for the core and cooling bleeds.
and bypass streams).

At the cycle conditions appropriate to aWith b, -ass ratio fixed, any increase in modern high bypass engine at altitude,
TET wi- feed through the turbine system thermal efficiency is seen to increase with
and result in higher core jet pipe both cycle pressure ratio and temperature,
temp -tre and Vj. Or, the fan must be although a law of diminishing returns
redesigned to a higher pressure ratio to operates for both parameters. The
absorb the additional energy and bypass Vj beneficial effect of cycle temperature here
will go up. In either case propulsion is in contrast to its adverse effect on
efficiency will drop. It is always the propulsive efficiency. For most of the
case that maximising propulsive efficiency cases shown in Fig 12 the propulsive effect
requires cycle temperature to be reduced as is the stronger so that the net effect on
much as possible. fuel consumption of reducing cycle

temperature is advantageous. However,
The pressure ratio effect in Figs 12 and 13 beyond a certain point, the gain in I,, is
is governed by the thermal efficiency, outweighed by the increasingly deleterious
which can be defined as: effect on n.. The two trends are balanced

at the bottoms of the curves in Fig 12.lie = Energy delivered by core
Energy supplied by fuel it should be noted that at sea level static

conditions, Fig 13, propulsive efficiency
(C, TC-CT 0 ) has no meaning (in effect it becomes equal

5 to unity, so that qn_ = .. qw-. It should
Qf. LCV also be noted that q. and r can always be

increased by increasing component
efficiencies and reducing cooling bleeds
and other parasitic losses. At a typical

where Station 5 = LP turbine entry cruise condition, example trade-offs are:
Station 0 = Ambient air static

conditions Increase all turbomachinery Asfc = -2.8%
component efficiencies

The gas generator can be regarded as that by c percentage point
part of the engine that provides the energy
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FIG-15 CORE CYCLE PARAMETERS AT AERO DESIGN POINT FIG.16 HP TURBINE ROTOR METAL TEMPERATURES AT HDTO
AND OFF-DESIGNED TO HOT DAY TAKE-OFF

Reduce HP turbine stage 1 Asfe = -0.4% design point Roa in practical engines of
cooling bleed by bypass ratio 5 is at present generally less
1 percentage point than 40.

Reduce HP turbine stage 2 Asfc = -0.6% Fig 16 shows the calculated turbine rotor
cooling bleed by 1 metal temperatures at the HDTO point for
1 percentage point two different levels of cooling technology,

c.... = 0.5 and 0.6 respectively. The

Reduce bypass duct pressure Asfc - -1.2% difference between the two is worth around
loss by 1 percentage point 501C of metal temperature. The diagram is

in the form of a carpet -lot for added
These trade-offs are quite strong and there clarity. Again a hatched zone is shown to
is therefore considerable incentive to indicate working limits for typical blade
improve internal performance by these materials. Cycles above the limit line are
means. disqualified.

3.2 Materials temperature limits We thus find that practical solutions are
"boxed into" quite a small area of the

Fig 15 shows what happens to the matrix of original design point matrix in Fig 12,
design point Roa and TET values, when the with Roa less than about 40 and TET less
engines are off-designed to the HDTO sea than about 1500K (1700K at HDTO). In fact
level static point. Roa is always this temperature exceeds that required for
significantly reduced, while TET becomes minimum sfc. Fig 12 suggests that a 1400K
considerably higher, as would be expected cycle (1600K at HDTO) or less would
given the much greater inlet air normally be preferred. The marain will
temperature on the ground. The engine is allow a less costly and lighter blade alloy
throttled back relative to ¶he ADP, to be used and/or a smaller cooling bleed,
essentially because there is no inlet which will be advantageous for sfc, as
momentum drag to overcome at SLS already noted. often, an engine will enter
conditions. As the aircraft climbs and service at a lower TET still, thereby
flight speed increases, the inlet drag allowing room for thrust growth by
steadily increases while inlet temperature "throttle push", as demand for higher
drops. Top of Climb thus normally gives thrust versions develops.
the engine aerodynamic maximum.

3.3 The sfc loop
As discussed in Section 2.4, one of the
major materials limiters is the temperature Fig 17 shows sfc plotted against percentage
of the final compressor stage disc. This thrust at cruise speed and altitude, for
runs at close to compressor delivery one particular engine in the matrix of Fig
temperature T 3 and thus is dependent mainly 12 (Roa = 35; TET = 1400K). Two curves are
on Roa, although the efficiency of the shown, one assuming constant component
compression system is also a factor. A efficiencies, the other assuming typical
typical T. limit is shown on Fig 15, variations in fan and core compressor
although the precise position in any given efficiencies along the engine running line.
case will be dependent on the particular Both show a characteristic "catenary"
material, stress and life selected for the shape, with minimum sfc occurring at around
disc design. Any cycles to the right of 70% thrust. This is convenient because the
the limit line are disqualified because T, engine will normally be throttled back at
is too high. As the diagram suggests, least to around 80% thrust at the start of
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steady, level cruise and will be gradually improvements are becoming more difficult to
throttled further back as fuel is burned achieve. The ultra high bypass (UHB)off and the aircraft becomes lighter. The engine and the advanced open rotor (which
shape of the curve stems from the opposing is a logical extension of the UHB) providebehaviour of propulsive efficiency and an alternative strategy, approaching thethermal efficiency as described in Section problem from the propulsive efficiency end.
3.1. As the engine is throttled back and
TET drops, propulsive etticlency increases, Fig 18 shows the effects of increasing
while thermal efficiency falls. Initially bypass ratio from 5 to 10 and then to 15
the former wins, but below about 70% for the 'best' group of core cyclesthrust, the thermal efficiency effect emerging from the previous discussion. Thebecomes increasingly dominant, plot assumes constant polytropic

efficiencies for the components and is forWhen the compressor efficiency variations uninstalled performance, so that theare taken into account, the shape of the effects of nacelle drag, etc, are not yet
loop is accentuated. It is usually the taken into account. However the fancase for both fan and core compressors that pressure ratios are re-optimised for themaxiTunm component efficiency occurs over a higher bypass ratios, as shown in Fig 19.
fairly wide range, but somewhat below the At 4 = 5, performance is not very sensitive
maximum thrust point - say in the 60% to to R,_- as noted earlier. But as 4 is
90% thrust band. Above and below this
zone, the compressor efficiencies fall off
and may indeed do so quite sharply at the
top end. This can be acceptable because SFC (g/kN.n)
maximum thrust is only required for a small 20 , -
proportion of each flight. In fact the
compressor designer may deliberately 0.85Mn 3SOO0ft
incorporate such a characteristic in order 19 TOP OF CLIMB
to "buy" more efficiency in the key cruise Roa=35 TETWI400K
thrust band. 18

3.4 The effect of bypass ratio - ultra 17
high bypass engines

Bypass ratios of conventional civil 16 BPR=5
turbotans have stayed at around 5 for the -
last twenty years. During that time there BPR=7
has been a continuous improvement in sfc, 15 BPR=10
to the extent that 1990s generation engines BPR=15
are around 15% more fuel efficient than 14
their 1970s predecessors. This improvement
has been achieved largely through increases
in Roa and the internal component 13
efficiencies. In other words, the gains
have been mainly in thermal efficiency (and
to some extent in transfer efficiency). As 12 ... . .. ..-
has been shown, current materials put a top I . 1.4 1.6 1.8 2
limit on Roa, while component efficiencies FAN PRESSURE RATIO
are reaching such high levels that further FIG.1I AERO DESIGN POINTS - FPR OPTIMISATION
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0 . MaG Cruse The increased fan diameter has other major

M-08 35000ft ISA implications. Mechanical considerations
generally limit fan tip speeds to around

-2ý Stae Tubine460 rn/s. Thus as diameter goes up, LP
-2- \ 5StageTurbine spool speed must be reduced, with a growing

mismatch between the operating requirements
of the fan and the LP turbine. The latter

-' requires spool speed to be kept high in
"order to retain acceptable stage loadings

'I (Ah/u2). Initially this problem can be met
ILL by increasing turbine stage numbers in

-6 1 Stage Turbine order to reduce Ah in line with u'.
However there are practical limits to this
process and 6 or 7 stages are about the

_ - most that might be accepted (current ut 5
S-8 '...5-' • .engines have 3 or 4 LP turbine stages).

I--._....--- One way to side-step this is to use the
"contra-rotating turbine principle, which
was successfully demonstrated by General

-10 Geared LPSpool Electric in their UDF open rotor ei;ine.
This effectively doubles the blade
tangential speed for a given shaft

- rotational speed. A similar turbine
-12 concept, matched to a novel contra-rotating

fan, was proposed by Rolls-Royce for their
RB529 UHB cowled engine design. The

-..-.. 0. Pe°'Reuct'a°In Cowl Drag alternative is to couple the faT, to the
---.. --..-.-. - -- -0r 2" turbine via a step-up gearbox. It is

5 10 15 20 25 difficult to he precise about where either
Bypass Ratio this or the contra-rotation alternative

FIG.20 EFFECT OF BYPASS RATIO ON INSTAIl.ED SFC needs to be introduced, but it would appear
(FROM REF 10) to be somewhere around u = 9 or 10.

The net effect on engine performance is
shown in Fig 20, which is taken from Ref

increased, the sensitivity becomes 10. This shows that when the effects of
iilciedinyiy marked, while the optimum installation and turbine loading are taken
value itself is greatly reduced. It is into account, the 12% gain in sfc becomes
clearly essential to get Rr,- right, reduced to around 8% (even with a gearbox),

with the best result occurring between ji =
Fig 18 indicates the considerable potential 15 and IL = 20. A 50% reduction in cowl
for improvement in fuel consumption offered drag would be needed to approach the gain
by the increased bypass ratio route, with indicated by the uninstalled data.
some 12% gain in uninstalled performance in
going from 4 = 5 to L = 15, for the same There are two other effects which should be
core cycle. This is achieved because of mentioned. Low specific thrust and high
the reduction in specific thrust and the mass flow mean that inlet momentum drag in
resultant reduction in lost kinetic energy flight is very much higher at 1i = 15 than
in the jets. In essence the required at i = 5. As a result the engine is
thrust is achieved by transferring more considerably over-powered at SLS conditions
energy into a high mass flow, low jet and must be throttled back further to meet
velocity bypass stream, thereby improving the take-off requirement. The effect on
propulsive efficiency, albeit at a small Roa and TET is shown in Fig 21. In
cost in transfer efficiency. performance terms this is an advantage. It

means that design point Roa can be set at
In practice there are a number of a considerably higher level (say 45 to 50)
considerations that lead to qualification without infringing the compressor disc
of these trends (Ref 10). Firstly, materials limit. Thus the gain in
installation factors become increasingly propulsive efficiency can be augmented by
important. The :educed specific thrust a small increase in thermal efficiency.
means that engine diameter is increased by The TET levels at take-off are also much
nearly 50% at i = 15. All things being reduced compared to a L = 5 engine and are
equal, nacelle drag will be increased by now scarcely greater than those at top of
perhaps 60% at a cost in installed sfc of climb. This should benefit turbine life
around 3%. The increased diameter also and may also allow some reduction in the
adds to the difficulty of aircraft turbine cooling bleed flows.
installation and, to achieve sufficient
ground clearance, the nacelle must be The second effect concerns the operating
closely-coupled to the wing and be as characteristics of the fan. At high bypass
"slim-line" as possible. The former may ratio, there is a greater shift in f n
cause adverse nacelle/wing interference, working line from the altitude/cruise speed
although careful design and integration can condition to SLS conditions. This is
minimise this problem. The latter requires illustrated in Fig 22 for 4 = 5 and p = 10.
a sharp lip to the intake, which will make At the higher bypass ratio the SLS working
the engine more sensitive to cross-winds at line is much closer to the surge line. It
low aircraft speeds (eg during ground is likely that at bypass ratios above 10,
handling). The weight of the powerplant some additional variability will be
will also be significantly greater. required to ensure stable operation (Ref

10). This is most likely to take the form
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TET (K) noise was largely dominated by jet noise.
1800 - r- -- - .- With the magnitude of the latter varying

BYPASS RATIO = 15 roughly as QJvJ", increasing engine power
was causing the problem to get worse very

1700- rapidly. The need to circumvent this trend
HOT DAY TAKE-OFF POINTS was as much responsible for the adoption of

the high bypass turbofan as the performance
1600----- ------------- benefits. Despite the huge improvement in

noise that resulted, the problems are still
with us and are now much more complex (Refs

1500 .- ........... 11, 12); in high bypass engines, the far
field noise comes in fairly equal measure

1400from the fan and compression system, the LP
0. .turbine and the jets.

1300 ......................... For a subsonic aircraft, the noise issue
AERODYNAMIC DESIGN does not at present affect cycle choice

POINTS fundamentally. The supersonic transport is
1200 a different matter - cycle choice for a

future SST is likely to be very largely
T ULMIT dominated by the noise problem, but

1100 consideration of this must lie outside the
scope of the present lecture. In the
subsonic case, while noise criteria are

Z0 30 40 50 important, their influence tends to beCYCLE PRESSURE RATIO confined to "fine-tuning" the cycle, eg to

FIG.21 CORE CYCLE PARAMETERS AT AERO DESIGN OINT control jet velocities. It has been found
that the use of a mixed exhaust brings someAND OFF-DESIGNED TO HOT DAY TAKL-OFF noise benefits and provides additional
justification for selecting a mixed cycle.

PRESSURE RISE R-I(%) In general, increasing the bypass ratio
will tend to reduce jet velocities so that

120 a higher 1i engine should have some
advantage from the jet noise point of view,
even though a mixed exhaust will be less

BPR = 5 effective and be more difficult to install.
o00 --- BPR = 10

Turbomachinery noise is largely dependent
on the internal configurations of the

80 compressor and turbine systems (blade
numbers, spacings, etc), although tip
speeds are also important. The

60 SURGE LINE relationship between the noise and the
engine cycle is therefore indirect and
fairly weak. Increasing bypass ratio will
however raise the noise contribution from

40 the fan. A major means of noise control is
the use of acoustic linings in the duct

- ,both upstream and downstream of the fan.
These are likely to become less effective

20 with increasing bypass ratio, particularly
TAKE-OFF as the need to minimise cowl length and

CRUISE diameter for external drag reasons will
0 or. .. restrict the space available for the
20 40 60 80 100 linings. The low fan pressure ratios

MASS FLOW FUNCTION k%) required will alleviate the noise to some
FIG.22 EFFECT OF BYPASS RATIO ON FAN RUNNING LINE extent because fan tip speed can be

reduced. Nevertheless, although difficult
to quantify, it is possible that the noise

of a blow-off bleed in the bypass duct, to problem could introduce an additional upper
unload the fan, but could entail a vari3ble constraint on choice of bypass ratio.
bypass nozzle, or variable stagger rotor
blades. Whatever the solution, additional Turning to the emissions question, the
complexity is involved and it must be taken important factor fron, the cycle point of
into account in deciding where to fix the view is the production of oxides of
bypass ratio. nitrogen (NOX). These occur mainly at full

power and are sensitive to combustor entry
3.5 Environmental constraints temperature T, and therefore to overall

cycle pressure ratio. Fig 23, shows the
No discussion of civil engine cycles is general trend, with measured points from
complete without some mention of the two many different current engines. These are
key environmental issues - noise and compared with the present international
emissions. Engine noise has been a limit for NOX emissions and a lower
critical concern since the widespread regulatory limit to be imposed by the year
introduction of jet airliners at the 2000 (Ref 13); in fact this limit could be
beginning of the 1960s. For the turbojets set lower still. The data are very
and very low bypass ratio engines of that variable, but an upward trend of NOX with
period, with their high specific thrusts Roa is apparent, as is the fact that many
and high jet velocities, the far field of the current engines will have difficulty
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NOX 1g/kN) - ATITUnE(KM)
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FIG.23 VARIATION OF NOX 1ITTH CYCLE PRESSURE RATIO

in meeting the more stringent limit without 0 0.5 1 1.5 2 2.5modification. Various techniques are being FLIGHT MACH NO.developed by combustion technologists to FIG. 24 MILITARY AIRCRAFT FLIGHT ENVELOPEovercome the problem, with particular
attention being given to staged burning.However some sensitivity to cycle pressure first priority is usually to satisfy theratio is likely to remair and this could aircraft requirements for thrust and size,lead to an additional upper constraint leaving the engine designer to achieve thehere. Certainly, the cycle designer will best mission fuel burn he can, within thesenot be able to complete his task without an constraints.
appraisal of both NOX emissions and noise.

4.1 Specific thrust4 CHARACTERISTICS OF COMBAT ENGINES
Figs 25 to 27 show how specific thrustThe basic principles we have just discussed varies over a range of design point cyclefor transport engines -- thermal, propulsive temperatures and bypass ratios, for threeand transfer efficiency and the effects of different flight conditions. The enginesthe cycle parameters - apply with equal are assumed to be typical mixed exhaustforce to combat engines. However both afterburning turbofans, plus a datumoperational needs and cycle selection turbojet with Ii = 0. The latter iscriteria are quite different. In the first included as a frame of reference. As wasplace, except for one or two very noted earlier, the requirements for jetspecialised roles, combat aircraft are pipe and nozzle cooling mean that inrequired to operate effectively and practice bypass ratio cannot be reducedefficiently over a wide range of flight below about 0.15. All the engines arespeeds, altitudes and thrust demands (see assumed to have the same core efficiency,Fig 24). While the transport engine has ie the same component polytropiconly about three critical flight conditions efficiencies, same percentage turbineto satisfy (albeit several secondary ones), cooling bleeds and the same cycle pressurethe military engine mdy have to meet 20 or ratio Roa. These parameters have been setmore cardinal points, at levels typical of current designs; Roa

has been taken as 25 (the effect of varyingSecondly, the predominant aim is almost Roa will be considered later). Thesealways to achieve high aircraft assumptions effectively turn the TET scalethrust/weight ratio, in the interests of into a measure of engine hot partsspeed, agility and/or weapons carrying technology standard. The afterburner linescapability. This means engine are nominal limit lines based on a fully-thrust/weight ratio needs to be high, but mixed final fuel/air ratio of 0.06 (seemore importantly it places stress on engine discussion in Section 2.6).specific thrust. High specific thrustmeans small engine cross-section and hence Strictly, specific thrust is a function ofreduced aircraft fuselage cross-section. fan pressure ratio (or more preciselyAny growth in engine size has a nozzle pressure ratio), but the staticconsiderable knock-on effect on airframe pressure equilibrium condition at the mixersize and weight. creates a unique relationship between R,-,,
bypass ratio and TET, as shown in Fig 28.This does not mean that fuel consumption is As TET increases, R,.,, is increased at aunimportant; far from it - the military given u because additional power isoperator is always seeking more range and available from the core to drive a higherendurance. Cycle choice remains a careful duty fan.

balance between thrust capability andendurance; engines optimised for different Returning to Figs 25 to 27, these showroles can have quite different cycle three typical conditions of interest -theparameters (Refs 14, 15). Nevertheless the SLS hot day take--off point which is most
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rPCIFIC THRUST (kN.a/kg) .P IFIC THRUST (kN.u/kg)
]0,8Mn/dOmi'

SEA LEVEL STATIC I Roe t 25

1.6 Roa = 25 1.4R
BPR PPR

1.4 - 0. 1.2 -O.
. ....... 4.........---------- --------- --- 0 ..........2 - ----. -. 0

1 .2 .. . . . -. . ..... . . 0 . -. .. .. . -------------- - - - - --0. - o .- -
-.- 0

- 0.0 0. I
0.08

0.8 100.60 -.

MAX DRY
0.6 0.4 MAX DRY

0,4'... MAX A/H A I

0.4• . ... 0.21. .

1600 1800 2000 2200 2400 1600 1000 2000 2200 2400
CYCLE TEMPERATURE - TET(K) CYCLE TEMPERATURE - TET(K)

FIG. 25 MILITARY ENGINE SPECIFIC THRUST TRENDS FIG. 26 MILITARY ENGINE SPECIFIC THRUST TRENDS

SPECIFIC THRUST (kN.s/kg) the fact that the cycle changes operate on
1.4[ gross thrust. As flight speed and hence

1.6Mn/9.15km inlet momentum drag go up, the effect on
net thrust becomes magnified.

1.2 Roa = 25 BPR -

0. Irrespective of flight speed, afterburner
1 • --------- :0.5 - boost always becomes less marked at the

------ 1.0 higher TET levels, particularly for low

0. Uy)I1d.%s LGILLO. TIlJb l6,bUvC~d~bt an1
-00. increasing proportion of the oxygen in the

0.8- engine airflow is used up in the main
0.5 combustor, leaving less available for the

afterburning process. Extrapolation of the
0.6- 1.0 two u = 0 curves would cause them to meet

at around 2700K TET. This point would
represent the so-called "stoichiometric

0.4 engine", when all the oxygen would be
consumed in the main burner, leaving

MAX DRY nothing for the afterburner. No materials
0.2M yet exist with enough strength and

temperature capability to allow anything
SMAX A/B approaching such a cycle. In any case it

0•____ _ _____ ,is doubtful whether its fuel consumption
1600 1800 2000 2200 2400 characteristics would make it a desirable

CYCLE TEMPERATURE - TET(K) goal from the all-round performance point
FIG. 27 MILITARY ENGINE SPECIFIC THRUST TRENDS of view.

By using a similar estimation process to

commonly cited in published performance that described earlier for transport
statements for militery engines, a high engines (Section 3.2) it is possible to
subsonic flight speed/low level performance establish practical TET limits
point, and a high altitude supersonic corresponding to the selected materials and
point. All three plots show the same cooling technology standards. These will
general trends. Non-afterburning, or be independent of bypass ratio and could
'dry', specific thrust can be increased by therefore be drawn as vertical boundaries
selecting a ±ow bypass ratio and setting on Figures 25 to 27. The major influence
cycle temperature as high as the technology that TET has on thrust capability means
will allow. But applying maximum that the cycle temperature details of any
afterbuner always provides a substantial new combat engine design are always treated
thrust boost, although the extent of this as sensitive information, both militarily
depends on TET. Comparison of the three and commercially. But broadly it can be
figures shows that the magnitudes of all said that TETs have advanced from the 1600K
three effects are strongly dependent .;n to 1700K of designs introduced at the
flight speed, with sensitivity increasing beginning of the 1980s, to a potential
as flight speed increases. For TET and 1900K to 2000K for engines coming into
bypass ratio the sensitivity is servii-.e during the present decade. Further
approximately doubl'id in going from SLS to progress beyond this is undoubtedly
Mach 1.6; afterburner boost goes up from possible.
+50% to +150%. These increases arise from

Sm M , w-'! m• -• • • , m m •t
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FAN PRESSURE RATIO
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F!G. 28 FAN PRESSURE RATIO/BYPASS RATIO RELATIONSHIP FIG. 29 MILITARY ENGINE SFC TRENDS
MILITARY TURBOFAN

It is to be noted that these temperatures greatly increased thrust capability without
are considerably higher than those increasing diameter. Because of the very
indicated for civil engine applications, high fuel consumption, afterburning can
although the same basic technologies axe seldom be used for more than a few minutes
used for both. There are a number of during any mis-on. its main function.
reasons why this is possible. In the civil to provide short bursts of power for take-
case as discussed earlier, design off, high rate climbs, acceleration
optimisation is biased towards relatively (particularly through the transonic drag
modest cycle temperatures and any rise region) and high alpha combat
technology margins tend to be used to manoeuvring.
minimise cooling bleed requirements and/or
extend turbine lives. In the military Fig 29 naturally highlights the very big
engine, the design emphasis is generally on increases in sfc when the afterburner is
achieving maximum TET. Also, while cost of switched on. However closer study of the
ownership pressures are leadiDg to much curves shows that dry performance also
greater emphasis on military engine life, varies quite considerably with bypass
it remains a fact that annual utilisation ratio; eg, changing from u = 0 to i = 1.0
may seldom exceed 300 hours; in the civil reduces sfc by some 25%, a difference that
field, 3000 hours/year and more are can have a strong impact on mission
commonplace. The military designer can endurance. The issue is more readily
therefore trade a considerable amount of apparent when the different bypass ratios
component life for increased cycle are compareu in terms of the sfc loops.
temperature and still meet the customer's Fig 30 shows sfc plotted against percentage
enhanced life requirements. He will also thrust (ie throttle setting) for a group of
use different turbine alloy specifications, engines all having the same core cycle
optimised for high temperature at the pressure ratio and TET. The diagram also
expense of higher cost, density or other shows typical throttle bands corresponding
properties. to different types of mission segment.

4.2 Specific fuel consumption Long range penetration or combat air patrol
missions usutally involve extended subsonic

As already remarked, despite the importance cruise or loiter, with high endurance being
of specific thrust, fuel consumption cannot an important requirement. To optimise for
be neglected. It comes as no surprise that this, a relatively high bypass ratio is
the trends are in generally the opposite likely to be preferred, it being accepted
sense. Fig 29 shows the sfc variations for that the small bursts of high power will
SLS conditions and thus complements Fig 25. have to depend largely on afterburning.
Similar plots could be shown for flight The Panavia Tornado GR1 with its i = 1
conditions and would show the same engines is a good example of this approach.
increased disparity between dry and
afterburner operation. The figure On the other hand an air superiority or
demonstrates very clearly the inherent interceptor fighter will require sustained
drawback of afterburner operation, which operation at high speeds and make much more
gets worse as bypass ratio increases, use of the medium to high power throttle
Using fuel to heat the low pressure bypass settings. Crucially, muuh of this may span
air is a highly inefficient process, whose the point at which the afteiburuer has to
only attractions are that it is basically be switched on. As noted in Section 2.6,
simple and it provides the engine with a there is a minimum fuelling rate for stable
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FIG. 30 MILITARY ENGINE PERFORMANCE FIG. 31 MILITARY TURBOFAN - TYPICAL. RATING DIAGRAM
- EFFECT OF BYPASS RATIO

afterburner operation, with the result that to be operative only when the afterburner
there is a considerable step change in is in use. Or, it might be invoked when
fuelling rate, as shown in the Figure by operational circumstances demand
the dashed lines. There is clearly big exceptionally high thrust - ie the concept
adr antage in keeping as much of this mid- of the "peace/war switch".
po% : operation as possible in the non-
aft. rburning regime, even at the expense of Moving to the left side of the diagram, ie
... r.. fuci consumption at low powor. n towards low '., causes the coinpressol

part this is secured by selecting a dimensionless spool speeds and especially
relatively low bypass ratio, as typified the low pressure spool speed to increase
for example by the F15 and Fi8 fighters until the latter takes over from TET as the
(0.3 to 0.6 bypass ratio). But the further ruling limitation. This N1 /1T1  limit
contribution to be obtained by increasing appears as a line sloping steeply down to
TET is clear and the resultant reduced the left; for a given flight speed it is in
dependence on afterburning is one of the effect a constant Roa and constant maximum
more important prizes from the pursuit of thrust line. To the right of the kink
high cycle temperature. point, Roa must be progressively reduced to

avoid exceeding the limiting TET. At high
4.3 Rating structures and the influence of inlet temperatures, the problem becomes one
cycle pressure ratio of high temperature at compressor delivery

- the T3 limit. This appears as a sloping
Because of the wide range of altitudes and line on the right hand side of the diagram.
flight speeds required for typical combat Some designers may incorporate further
aircraft operaticn, the engine has to be elaborations, but most rating structures
rated to meet a number of different are based essentially on these three main
mechanical and aerodynamic limits. These criteria.
will affect the detailed engine performance
capability in different parts of the flight How a particular engine is rated within
envelope. Fig 31 shows a typical rating these general principles will depend on the
diagram with TEl plotted against engine required usage pattern. The most important
inlet face temperature T1 . Also shown on flight conditions for a general purpose
the diagram are some selected flight points combat aircraft usually include low
to illustrate the significance of the altitude operation at speeds around or just
rating specification. below M' .0 and medium altitude operation at

M1.4 co M1.8 (say). These span the T1
Allowable TET provides an overriding limit range from around 325K to 355K and it is
and the previous discussion has focused on desirable to ensure that the engine is
that aspect. It appears on the rating flat-rated over at least this range. To
diagram as a horizontal line, or sometimes avoid over-sizing the engine it will
as two such lines as shown in Fig 31. The probably be necessary to place the SLS
lower line represents the normal limit for point in the N, limited region, so that
continuous operation, while the higher one design TET cannot actually be reached in
provides for some additional thrust real take-offs. However this enforced de-
performance on a short-term basis - rating is unlikely to be a problem for a
allowable on the basis that its use is modern combat design, since both engine and
sufficiently brief not to have too drastic aircraft will be sized by certain critical
an impact on hot end life. The higher flight conditions. These leave more than
rating may for example be programmed into enough installed thrust to meet normal
the engine controller as a "combat" rating, take-otf requirements.
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FIG. 32 EFFECT ON THRUST PERFORMANCE WITH AIRCRAFT SPEED DEMANDS

OF HIGH PRESSURE RATIO CYCLE

wide operational envelope and the
The rating structure does however have an supercruise capability was achieved by
important influence on overall pressure providing big externally-mounted engines
ratio. As for civil engines. increasing rather than particularly high specific
Roa has a beneficial effect on dry engine thrust. To maximise the latter within the
sfc, with around 7% improvement being technology constraints of the time,
obtained by raising Roa from 20 to 30, for turbojet (4 = 0) cycles were chosen and
example (Ref 16). However, this shifts the overall pressure ratios were set very low
T3 limit line considerably to the left, by today' s normal standards in order to
reducing the attainable TET at several of avoid the T3 limit problem. These two
the important high T, conditions. The factors combined to give severe fuel
effect on performance is illustrated in Fig consumption penalties at lower flight
32, which compares a 30 pressure ratio speeds.
engine with the 25 Rca engine considered
hitherto. For this particular example it What is needed for a fighter, with engines
is seen that both maximum dry and maximum conventionally housed in the aft fuselage,
afterburner thrusts are considerably is illustrated in Fig 33. This repeats the
reduced at the higher pressure ratio (by specific thrust/TET plot of Fig 25 with the
20% and 10% respectively). This would approximate bands of SLS specific thrust
normally be unacceptable and the general typically required to sustain steady flight
rule is to select the highest possible Roa, at different speeds in a fighter. It shows
but only to the point where the T3 limit how the technology advances of the past 10
begins to restrict performance in important to 20 years have made supercruise a
parts of the flight envelope. It explains practical proposition. It must however be
why combat-engine pressure ratios are reiterated that this capability is still
generally limited to the 25 to 30 range, crly obtained at the expense of worse fuel
when their civil counterparts are reaching consumption at low throttle settings, even
35 to 40. with a relatively high Roa. If mission

doctrine calls for sustained combat patrol
4.4 Superoruise at say 0.6 flight Mach no, a lower specific

thrust design and a lesser or perhaps no
Given sufficient dry specific thrust, it is supercruise capability may remain a better
possible to provide the aircraft with the solution (see for example Ref 17).
capability for sustained steady state
operation at speeds well into the The supercruiser may give enough power for
supersonic regime - so-called steady flight at 1.3 to 1.5 Mach no (at
'supercruise'. Engine technology has now medium to high altitudes), but it still
reached the point where this type of needs afterburning to accelerate to this
operation can be achieved in a practical, speed in the first place, as well as to
versatile fighter and it has become a provide a margin for higher speed
favoured approach for future high supersonic dash and for high turning-rate
capability interceptors. The US Advanced combat manoeuvzing. These requirements
Tactical Fighter will embody the principle, will demand perhaps 30% to 40% thrust boost
It may be remarked in passing that the idea from the afterburner at the SLS rating, so
is far from new, The Anglo-French Concorde the provision of afterburning is far from
airliner, which has been in service for superfluous.
over 15 years, is a classic supercruiser;
so too is the Lockheed SR71 Blackbird, Could afterburning be avoided altogether
albeit in a very specialised role. without recourse to over-sized engines? In
However, neither of these aircraft has a principlc the answer is clearly yes. Such
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SFC(g/kN.S) There remains an important place for the
50 non-afterburning engine, but for

TET 1830K applications not requiring hiqh specific
4 SL/ISA+15 C appropriate for the long range subsonic

penetrator, where high agility or
significant self-defence are not prime
requirements. This is typified by aircraft

4o5 like the Grumman A6 or BAe Buccaneer and
more recently by the Lockheed F117 (which
relies primarily on its low signatures for

36 Uself-protection).
I 4.5 Engine thrust/weight ratios

30 X. Engine thrust/weight ratio is one of the
3°~ commonly quoted measures of technical

progress for combat engines. The engines
/ /in current operational fighters, which are

25 mostly based on designs dating from the
g-V -BOY mid-1970s, generally have T/W ratios of

around 7 (based on the nominal maximum SLS
thrust on full afterburner). The 1990

20 ....... ... class of engines being developed for the
0 0.5 1 1.5 2 new generation of fighters coming into

RELATIVE NET THRUST service in the next five years have T/W
FIG. 34 AFrERBURNING TURBOFAN COMPARED ratios of around 10. Foreseen technology

W.TH NON-AFTERBURNING TURBOJET developments will bring a T/W of 15 within
reach in a few years time and advanced
research and technology programmes are
setting 20 as a longer term goal.

an engine would have to be as near to a
turbojet as possible and have very high Achieving high T/W has a significant direct
TET, although not necessarily going as far benefit in terms of aircraft size, but it
as the stoichiometric engine mentioned also symbolises gains in other ways. One
earlier. Fig 34 shows a non-afterburning of these - the progressive increase in
turbojet compared with a more conventional attainable cycle temperatures and hence in
afterburning tunrbof an of 0.5 b,.ass ratio; specific thrust - has ulndeipiuned most of
both engines are sized to give the same the preceding discussion. It means for
maximum specific thrust. The turbojet example that more thrust can be generated
turns out to require approximately 300K from a given size of engine. At the same
higher TET, so that the difference in time, improvements in internal aerodynamics
technology is very substantial. On this have enabled the job to be done with less
ground alone, the dry engine is probably turbomachinery and this has hitherto also
not achievable for another 20 yeats. contributed in some measure to improved
Perhaps more importantly, it only shows to T/W. However, with stage numbers now
advantage at the highest thrust levels, becoming quite low, there is less to come
Below about 75% thrust, fuel consumption is by this means in the future. As implied in
some 30% worse than the conventional
engine. On this basis the high performance
dry turbojet is unlikely to offer any
advantage except in the occasional highly A/C WEIGHT (%)
specialised role. 10-
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Section 2.4 further direct weight his helicopter fleet. The civil customer
reductions will be very largely through is often a small operator who has limited
increasing use of ra ically new materials resources anyway. Cycle choice may
like the metal composites and the non- therefore be dominated by these cost
metallics. Smaller engines and fewer issues, rather than by what is
components meanwhile imply lower costs, at technologically possible for inaximum
least notionally, and improvements in T/W performance.
therefore provide some fiqure of merit in
this regard as well. Fig 35, taken from 3.1 The basic cycle trends
Ref 18, provides a graphic illustration of
these trends. The basic thermodynamics of the helicopter

engine are rather simpler than the civil
Returning to the direct benefits of high and mili'ary jets we have already
T/W, the estimation of engine weight itself considered. The helicopter is a slow speed
is much less straightforward than machine, operating mainly below 140kts, so
calculating cycle performance and will not that inlet momentum drag is low and can
be addressed here. However various studies largely be ignored. The usable power is
on the impact of engine T/W on aircraft extracted almost fully in the power
weight have been published (Refs 16, 19, turbine, so that the gas leaves the turbine
20). The trade-offs do not appear to be with only sufficient pressure to overcome
greatly sensitive to aircraft role, with the exhaust system losses. Moreover the
similar figures being obtained for an exhaust is ofton ejected through a sideways
interceptor and for a CAP-optimised pointing nozzle rather than being directed
aircraft (Ref 16). A generalised plot, rearwards, so that usable jet thrust energy
encapsulating the published trends and is equally negligible. As a result the
assuming constant airframe technology, is only significant component of cycle
shown in Fig 36. Raising the engine T/W efficiency is the thermal efficiency n..
from 10 to 20 will save around 15% of
aircraft weight for the same mission. This The above comments need some qualification
represents an appreciable saving and helps in the case of the turboprop. Aircraft
to explain why T/W attracts so much speeds are higher, typically reaching
attention. 350kts (0.6 Mach no) or more, so that ramr,

pressure ratio becomes sufficiently high to
5 SHAFT POWER ENGINES give a significant up-lift to thermal

efficiency at cruise conditions. There
In this section we will consider the cycles will also be significant inlet momentum
for aircraft shaft power engines, drag, although this will be counter-
concentrat-i• g -ainly on helicop•t•e balanced by the pressure ratio across the
powerplants. Some reference will be made exhaust nozzle in flight; the latter will
to turboprops, but in most respects there normally point rearwards. It is not
is little fundamental difference between unusual for the final nozzle to be sized to
the two applications, give a small but significant net thrust to

augment the shaft power to the propeller.
For the helicopter engine, unlike the At sea level static conditions, this may
transport and fighter applications, it is leave the nozzle with a pressure ratio of
more difficult to focus on any one 1.1 to 1.2. To account for it turboprop
performance attribute as a design driver, engine performance may be quoted both in
considerations of helicopter size, flight normal shaft power terms and in effective
performance and payload create some shaft power (ESP), where:
pressures towards high power/weight and
high power/volume ratios. However, the Static ESP = Shaft Power +
engines (excluding transmission system) 2g
normally represent only around 6% to 8% of
gross take-off weight and even big changes and Mj and Vj are exhaust mass flow and jet
in engine weight can have only a small velocity respectively. ESP may be up to
impact on total vehicle weight. The 10% higher than nominal shaft power.
pursuit of improved fuel consumption has However, in what follows, attention will be
rather more importance and low sfc may be confined to the latter.
a cardinal point requirement in roles where
long endurance is a major factor - eg The basic trends in sfc and specific power
maritire reconnaissance and anti-submarine over a range of cycle pressure ratios and
warfare. But in most applications, temperatures are shown in Fig 37, for SLS
endurance and low sfc are not critical conditions. Note that the performance
issues and while performance must be parameters are now defined in terms of
satisfactory and competitive in these shaft power (KW) rather than thrust force
respects, the design will not necessarily (KN). It is seen that for the range
be optimised around minimum sfc. covered here, increasing TET at constant

Roa always improves sfc, in contrast to the
In the majority of cases, particularly at case for the jet engine, where the opposite
the present time, the most sought-after trend was shown (Figs 12, 13). This
qualities tend to be low acquisition cost, demonstrates how elimination of the
low maintenance burden and high reliability propulsive efficiency element affects
(helicopters have a generally poor record overall cycle behaviour.
in the latter two respects). The military
customer is facing shrinking defence Fig 37 suggests that there is every
budgets and tends in any case to commit the advantage to be gained by pushing the cycle
lion's share of his resources to front-line as far to the bottom right of the diagram
combat aircraft and other "prima donna" as possible, ie to go for both high Roa and
projects. He expects to pay much less for high TET. Clearly this will be subject to
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turbine materials temperature limitations -
in exactly the same way as before. A f -21

typical materials limit line has been j I i.

super imposed on the plot and as would be t4

expected shows that attainable TET reduces .
as Roa is increased. In practice, other =
factors provide additional constraints, ft
most notably the effect of size. '

5.2 Thne size effect "

Helicopter engines are generally small,
with air flows typically being an order of
magnitude lower than the core flow in the 02 0 .$ ,

average fighter engine. Moreover, the

compression systems usually include a final FIG.39 TURBINE SIZE EFFECT (FROM REF 22)
centrifugal stage, or may consist entirely
of centrifugal stages. As a result, blade be further reduced, with a similarly
and vane sizes and annulus heights are very detrimental effect on component
small, so that boundary layer and other efficiencies. For a shaft power engine a
losses become magnified. The component 1% reduction in every turbomachinery
efficiencies of helicopter engines are component will increase sfc by 4% to 5% and
therefore much more strongly size-sensitive reduce specific power by a similar amount.
than for other engines and this must be These losses considerably undermine the
taken into account in selecting the engine potential benefits of the more advanced
cycle (Refs 21, 22, 23). The magnitudes of cycles.
the effect for compressors and turbines are
shown in Figs 38, 39 which are taken from Small size also adds to the difficulties of
Ref 22 The ranges of interest for turbine cooling. With such small blades,
engines in the typical 750 to 1500 1'W power both the cooling flow rates and the
bracket are indicated. Two curves are sophistication of the blade cooling design
given, one for "current technology", have to be less than those achievable in
broadly representing what is achievable larger engines. Cost considerations also
now, and one for "advanced technology" tend to discourage the use of cooled
representing what should become possible blading for more than two NGV rows and
within a few years by full application of perhaps only one rotor row. The problem
advanced cfd methods, etc, for component can to some extent be alleviated by using
aerodynamic design. The latter are a single stage, heavily loaded gas
expected to make component efficiency by generator turbine, rather than a two stage
increases of around 2% possible. design. The single stage design will have

larger blades which are easier to cool,
It is apparent from the specific power while the high loading requires a higher
trends that increasing TET can reduce tangential speed and a larger temperature
engine size quite considerably. This will drop through the turbine. The net result
generally be beneficial in terms of cost, is a turbine with up to 100K more TET
as well as weight, but the components will capability than the equivalent two stage
have to slide significantly down the design. However, this is at the expense of
size/efficiency curves. If Roa is also some 5% higher sfc because high stage
increased, annulus height at compressor loading penallses the turbine efficiency
exit and in the gas generator turbine will (Ref 22).
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(FROM REF Z2) within the bounds of evolving conventional
alloy technology. This allows an increase
of 80K in TET and a 10% increase in

The combination of the above considerations specific power, with no effect on sfc. In
leads to the result illustrated in Fig 40, practice, this sort of measure would most
which is taken from Ref 22 and is based on probably be used to extend the power
current component efficiency levels. The capability of an existing design, rather
gas generator turbine is assumed to have than produce a new and smaller design. The
cooling on all blade rows and the first second step is to move to the advanced
power turbine stage is either unconned or technology component cfficiencies of Figs
cooled, as indicated on the diagram. The 38 and 39. With an increase of around 2%
curves represent the boundaries of "best" in each component, this gives a further 10%
performance for realistic engine designs in increase in specific power and a 10%
the 1000 KW class, with all practical improvement in sfc. However it is
solutions lying above or to the left of the noteworthy that maximum Roa still scarcely
lines. If the aim is to minimise sfc, a exceeds 20.
two stage gas generator turbine would be
preferred, but the performance "bottoms 5.3 The sfc loop and engine ratings
out" at around Roa = 20. Higher Roa would
bring no nenefit and would normally be A consequence of the basic thermodynamics
worse on both sfc and specific power, of shaft power engines is that the sfc loop
because the adverse size effects outweigh does not have the catenary shape of the jet
the cycle benefits. engine. As the engine is throttled back,

sfc rises continuously, the minimum
In the example shown, allowable TET tends normally being at the maximum power point,
to be governed by metal temperature at the see Fig 42. Like the civil turbofan, the
first uncooled blade row, so that extending helicopter eng;ne spends little time at
the cooling to the first power turbine NGV maximum power and may be well throttled
and then to the first rotor, allows back for most of its duty cycle. Thus, as
specific power to increase, but generally we saw for the former, there is advantage
at the expense of sfc. If small size is to the designer in allowing compressor
th2 aim, Fig 40 shows that a single stage efficiency to fall off at top power, in
gas generator combined with a cooled power exchange for improved part power
turbine would be the best option. This performance. This will have the effect of
could operate at high TET (up to 1740K) but flattening out the curve slightly over the
at relatively modest pressure ratio (less top part of the range, but typically sfc at
than 15). Low pressure ratio has a cost 50% power is 15% to 20% greater than at
advantage in reducing the number of 100% power.
compressor stages, but if low cost is the
primary requirement power turbine cooling Fig 42 also shows the power bands required
would be avoided altogether, moving the for different phases of helicopter flight.
choice back to the left of curve A in Fig Normal maximum power is required for fully-
40. Thus practical cycle choice and engine laden take-off and maximum vertical climb
configuration may vary significantly rate, but as soon as the helicopter starts
depending on design priorities, moving forward the main rotor generates

much more lift and the power requirement
Improving component efficiencies or other falls off, reaching a minimum in the 70 to
component technologies can improve 100kt range. Beyond that, increasing drag
performance considerably. Fig 41 shows from both rotor and airframe begins to
the effect of two anticipated trends, dominate and maximum forward speed is
Firstly metal temperature capability is reached when power demand is back up to the
increased by 50'C - a step that is well maximum continuous rating.
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SFC (%) 5.4 Engine installation factors
40

The discussion has so far dealt with the
uninstalled engine. As would be expected,
installed performance will be slightly

30 worse than for the bare engine, because
allowance must be made for intake and
exhaust losses. There is a growing

20 requirement for military helicopters to be
fitted with inlet particle separators or
dust screens to prevent the ingestion of
sand or dust, which would otherwise have a

.4• very rapid and disastrous effect on the
engine blading. Similarly, becausehelicopters are highly vulnerable to

0ý ground-launched infra-red homing missiles,
0--.---, .it may be necessary to fit some form of

infra-red suppressor. This is an extra
unit fitted to the exhaust to prevent line

-10 NORMAL -AK$ $MER- of sight to hot metal and to cool the
FLIGHT ,FF GENCY exhaust plume by internal mixing with

_- • ambient air, probably drawn in on the

-201 pressure losses to the engine system and
0 20 40 60 80 100 120 these must be allowed for in the

POWER (%) performance calculation. Broadly, every 1%
FIG.42 TURBOSHAFT ENGINE - TYPICAL SFC LOOP of pressure loss at either intake or

exhaust increases fuel consumption by 0.5%
and decreases power by a similar amount.

Maximum continuous rating is the maximum
power setting that can be used without time 6 CONCLUDTIIG R K
limit or discrimination. in theory, the
pilot could choose to use it all the time, In this lecture we have discussed many of
although in practice the designer specifies the practical considerations that influence
it at a level consistent with the predicted cycle choice for the three main types of
mission usage for the helicopter. This may aircra4 - application. Even so it has only
tell him thzt' the rating will be required been possible to scratch the surface of the
fol say S% o.. to.tal flight houn. If the s ubject. There is a multiplicity of
engine overhaul life is 5000 hours, the additional factors, both technical and
rating is set at a level where the engine commercial, that the engine designer must
would last 250 hours if run continuously take into account and which will affect his
there. Thn difference between these two choice of cycle parameters. These include
lives is 800C to 1000C in metal temperature mechanical constraints such as shaft torque
or around 150K in terms of TET. It is loadings and overspeed limits, vibration
clearly essentiil to predict the power avoidance and damage containment. The
utilisation pattern correctly. Over- commercial issues include perceived market
prediction of the maximum power requirement size and the possibility of alternative
will lead to a low temperature, applications, availability and cost of raw
conservative design, which is over-sized materials, processing methods and
and costly. Under-prediction will lead to fabrication techniques, etc. When all such
a short life, unreliable design. It should aspects are taken into consideration, the
however be added that new designs are engine cycle may deviate significantly from
invariably intended to have a degree of the optimum as indicated by the simple,
conservatism at initial, entry into service, logical rules outlined here.
in order to leave room for power growth in
later years without complete redesign. It has also not been possible to address a

number of important specialist
Above the maximum rating, there is always applications, eg short take-off/vertical
one and sometimes two emergency ratings, landing fighters (STOVL), variable cycles,
mainly to cater for the one engine supersonic transports and high performance
inoperative case in a twin engine open rotors. However there are many good
helicopter (Ref 24). Safety considerations papers in the open literature on all these
require that above a prescribed minimum topics that are available for further
height, a helicopter in hover must be able study. While they introduce a number of
to suffer a single engine failure and still extra influences on cycle choice, these
accelerate forwards without striking the applications are still subject to the basic
ground. Rating philosophy for this case materials, aerodynamic and thermodynamic
varies from manufacturer to manufacturer, constraints that have provided the bed-rock
but typically a 120% rating may be provided of rhis lecture. These constraints are
with a maximum allowed time of say 5 fundamental to the whole process of gas
minutes for each application; there may turbine cycle design and arc universa).ly
also be a higher emergency rating still of relevant to every type of engine.
perhaps 130% or more, with a maximum
permissible time of perhaps 1 or 2 minutes.
The specification may even require a
borescope inspection after every
application of the latter rating and may
even call for engine removal and strip for
refurbishment.
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SUMMARY PRS25 HP compressor surge margin

PRS2P fan surge margin fixed by engine
The detailed design and development of turbofans performance considerations
Involves the prediction and identification, by means of PRS2R fan surge margin required for aerodynamic
test analysis, of the performance of the engine and Its stability
components. The thermodynamic simulation and PS static pressure
analysis codes Integrate existing knowledge and PW power
interpretations of the detailed operating procedure of the P3025 HPC pressure ratio
components of the engine being developed. The R gas constant per unit mass
relevance of the predicted performance depends on the RH relative humidity (%)
quaj:*v of the representation of the various physical P
phenomena affecting the characteristics of the 1.01325
component dind, consequently, on the incorporation of RNI REYNOLDS RNI ..
exped'intal correlation in the modelling,- number index

In this context, the representation of compressor and
turbine characteristics Is particularly important. F!rbtly, S entropy per unit mass
we will analyze the ability of corrected parameters to t time
represent MACH similitude at the component Inlet under T total temperature
various conditions. TK critical temperature

TS static temperature
Thr, various measurements achieved on the engine V gas velocity
during development are used to enhance the modelling. W mass flow rate
The methods of Identifying the thermodynamic calculation WAR water (vapor):air ratio
code with the various measurements, considered here WB30 aircraft bleed mass flow
with their uncertainties, are then presented and WF32 gas generator fuel flow
descnred. The analysis ot the tests pertormes on tne XMC) aircralt flight MACHt number
powerplant, designed to identify the real characteristics of XN rotational speed
the engine components, can be undertaken, considering Z turbine loading parameter
one or more engine test points and Incorporating at aircraft angle of attack
knowledge acquired through experimentation or on the oxA anticipated aircraft angle of attack
component test bench. P angle of sideslip
Ttere are many possible fields of use for these y ratio of specific heats
identification methods ranging from the rematching of A D change In parameter
components to the optimization of the control system. c hanknown vector (structural coefficients)

Er- Y model -V measurement
SvmboIs and notations T

ThI symbols, notaions and station idertitications 288.15
correspond to the SAE ARP 755A recommendations. a measured engine parameter uncertainty
A area (coverage factor k-3)
[C] influence matrix summation
CIg correction factor for conmpressor/turbine r thermal time constant

characteristics map 4 entropy function
CL radial clearance
E adiabatic efficiency Subscripts after the basic symbols
EP polytropic efficiency
FAR fuel: air ratio C correction operator for compressor/turbine
H stagnation enthalpy per unit mass characteristics taking Into account
HS static enthalpy per unit mass molecular weight and specific heats ratio
IC confidence Interval
IDC unstationary Inlet distortion index. XN2

circumferential i.e.: XN2C -
m measurement number ý/yT2/standard valu'es
n unknowns number (structural coefficents)
n HPC Inlet lemperature exponarit d discharge

(acceleration schedule) e estimated value
test point number i Inlet
total pressure

PLA power leve! angle K critical state (MACH number unity)
PR total pressure ratio L turbine power limit
PRS compressor surge margin (%) a quotient

Pouge - PR R conventional correction factor for
S Operating compressor/turbine characteristics taking
point into account tempera es and pressuresPRS-1 00 at constant -

corrected XN2
Sfrge mass flow i.e.: XN2R - --PRS2 fan surge margin x'2•-••_
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S steady state of this system, the thermodynamicist Is unable, at
S static state (No. subscript for total state) present, to fully use the detailed models (e.g. on the

scale of the blade) developed by the aorodynamiclst. In
1. INTRODUCTION general, the engine is considered to be composed of a

set of modules, the various flows are separated, the air
Elaboration of an engine, designed to meet a new level of streams are split Into a series of stations and average
military or civil specifications, provides the opportunity to parameters are assigned to the flows (monodimensional
introduce modem technologies developed within calculations). This simplification, Inherent to this system,advanced research and technology demonstration as a whole, means that the analyst will resort to
programmes. Carefully coordinated and targeted, this correlations and global characteristics for the engine
new product combines the capacitias of the advanced components, In particular, compressor or turbine
components and of all the systems making up the characteristics maps. This method of expressing the
powerplant, dealt with here from the point of view of the operation of the component censtitutus the Interface
functions contributing to propulsion performance. between the fields of aerodynamics and thermodynamics.

Analysis Involving the division of the air stream Into a
Mastering design and development implies global series of modules requires the use of a simplified
modelling and simulation studies for the various engine description, approximation and corrt lation to define the
functions. During the engine design and development characteristics of each module. The 3dvantage of global
phases, global thermodynamic modelling of the modelling of the powerplent is that it Is possible to rapidly
powerplant is used Intensively. The engine operation assess the contribution of the characteristics of each
simulation precedes and supports its development. In detailed module to the global performance and
the Initial phase, computer calculation code simulation is consequently to carry out numerous studies for
used to analyze several engine configurations and optimization, rematching and trade-off. However, this
architectures, combining the use of current and advanced type of modelling has a number of restrictions, model
technologies, in order to assess, for example, the impact identification using measurements enables the duct
of each technological characteristic on engine pressure loss to be expressed as a function of various
performance factors. At this stage of design, the parameters such as MACH number/inlet corrected mass
thermodynamic calculation code is used primarily for flow rate or dynamic pressure/kinetic energy, but will not
prediction, indicate the respective contributions of the various types

of pressure loss: friction, diffusion, shock, secondary flow.
Given that these studies lead to the selection of
performance options and guarantees, It is essential that 2.2 Spifications with respect to thermodynamic
the thermodynamic modelling used in the design phase moell•ng
should be based on a previously acquired accurate
understanding of the operation of the engine components On the basis of the detailed description of the component
and systems and also on experimental data relating to characteristics, the thermodynamic cycle calculation code
advanced compressors and turbines acquired on the will satisfy the mass flow rate, momentum and inarnv
component test bench. Extensive data from theoretical conservation equations throughout the powerplant.
calculations, measurements taken on components and Calculations will take Into account the component
test analyses performed on previously developed engines degrees of freedom and the control system laws. The
Is compiled for the thermodynamic calculation of the result of these ca!culations is a detailed representation of
performance. the engine cycle, in tt i characteristics maps specific to

each component (operating point).
In the second phase cf engine development the engine's
real performances become accessible through tests The characteristics of the modules will evolve during the
conducted in the various installations, such as the ground various phases of engine development: they start as
level test c, I, the simulated altitude test ceal and the flight predicted characteristics, are measured on the
test bed. Testing program and specification of measuring component test bench and are then confirmed by engine
instrumentation are then directed towards the tests in the ground test cell, the altitude test cell and on
determination of the real characteristics of the engine the flight test bed. This Implies that the thermodynamic
components. After this, an adjustment phase, during calculation code is of a semi-analytic nature providing a
which the calculation code is identified with the real cycle, flexible and dynamic tool the contents of which reflect the
starts. The interpretation of the measured best state of knowledge concerning component
characteristics, using a special identification version of characteristics at the current stage of engine
the thermodynamic calculation code, enables development.
performance to be predicted more accurately and, after
analysis of the repercussions of the current configuration. Engine thermodynamic modelling is primarily used to
engine component improvements and rematchings to be accurately predict the performance of the engine and its
defined. cycle throughout the contractual flight envelope of the

aircraft, and particularly for the phases of flight
The purpose of this lecture is to describe: corresponding to performance guarantees. Throughout

all the engine development phases, the real status of
techniques for modelling component characteristics engine performance, in relation to the guarantied levels,
maps, has to be known. For these specific flight cases, the

performance predicted by the calculation code will be
methods of identifying the thermodynamic calculation ased successively on:
code so that it represents, as far as possible, the real
cVyc-le of the engine under development. - a prediction based on the measured
Tese methods are applied to engine test analysis as compressor/turbine characteristics,
well as to the development of the control logic. - a prediction readjusted on the basis of the first engine

2. THERMODYNAMIC PROCESS DURING ENGINE ground tests.D EVELOPMENT

PREtIJTION/SWULATION At a later stage, the calculation code will allow certain
XiM'l970Ti-OK STUDIES tests in the altitude test cell or in flight to be extended or

transposed according to contractual requirements.
2.1 Thermodynamic modelling - General

For this purpose, it is necessary to perform tasks to
In his analysis, the thermodynamicist will consider the validate the engine thermodynamic modelling. The
whole powerplant as a single system. Due to the extent various tests carried out on the engine being developed
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may be used to readjust the calculation code. During the is required, this function being linked to the entropy
various phases, it is Important to know the accuracy of variations by the relation
the model to represent the behaviour of the various
components over wide-ranging flight envelope conditions.
This validation phase has to be performed as early as P2
possible In the development programme for the following (2) S 2 - S1 = ('2 - '01) - R.log, --
reasons: 1

- thermodynamic modelling is used to diagnose the
shortcomings in the engine cycle; it Is used to orient The 0 function applied to the Isentropic ev(Autions (3)
component improvement and rematching phases. (calculation of static stats or critical state), to a

compressor (4) or a turbine (5).

- it is very important to rapidly define the ability of the

engine to meet guarantied performance with an
adequate degree of confidence. It Is therefore p
necessary to assess the level of modelling (3) * 0. R.1lO -_
representation at all times. P.

The quality of modelling will be expressed by the R l d
consistency of engine testing in the different installations; (4) Od Of - log
the accuracy of the predicted engine performance will EP P,
depend on the confidence Interval of the experimental
correlations, included in the model that will be derived P
from Identification studies. (5) Od Of - R.EP.-°g

eP,
To facilitate the process of identifying and validating
modelling, it is appropriate to confer a specific structure
to the calculation code: is used for the simple calculation of the state parameters

without resorting to the thermal capacity y ratio (thus
- a large number of modules must be anticipated and for avoiding the mean y choice).

each the addition of formulations corresponding to the
presence of the various physical phenomena. The functions Hmix and omix relative to the unit of mass

of the mixture comprising:

- the degrees of freedom, as empirical correlations,

should be introduced to allow these formulations to be - 1 kg of pure air
readjusted on the basis of the available measurements.

- WAR of water vanor

3. MODELLING OF COMPRESSOR AND TURBINE
AEROTHERMODYNAM1C CHARACTERISTICS - FAR of burnt gases

The principles of thermodynamic modelling described in are deduced from the values H and + of the constituent
the following paragraphs refer to the JANUS calculation parts of the mixture by the relations (6) and (7).
code designed by SNECMA for the development of the
M88-2 military engine. The M88-2 is an advanced
technology dual rotor turbofan engine, Incorporating a
three-stage fan and a six-stage high pressure (6) H,ý, = H (1) * WAR.H• (7) + F (7)
compressor, each driven by a single-stage turb'ne. 1 * WAR + FAR

its degrees of freedom are: (7) (7) WAR..A,, (7)

- variable fan inlet guide vane positi•n, 1 - WAR + FAR

-variable compressor stator vane position, The mass enthalples and the 0 functlons, of the three

- core engine fuel flow, constituent parts of the mixture, vary with ,emperature
and Fre represented by high order polynomials.

- afterburner fuel flows,
The notation for the thermodynamic parameters and the

- nozzle position. main engine stations, are those recommended in the
document SAE ARP 755 A.

3.1 Basic thermodynamic modules
The incorporation of water vapor, which has a

A certain number of subroutines on the thermodynamic significantly different molecular weight to that of pure dry
characteristics of the fluid that will undergo a series of air, implies the creation of several specific subroutines.
evolutions as It passes through the engine must be
available beforehand. At the engine Inlet, the fluid As an indication, the principal modules relative to water
consists of a mixture of dry air and water vapor, vapor are:
characterized by a certain WAR specific humidity. The
combustion of hydrocarbon CHB, with a certain fuel/air - calculation of the saturating pressure of water vapor as
ratio FAR, In the air, in the presence of water vapor, a function of the static temperature.
generates a new mixture characterized by the WAR and Deduction of the correspondence between the relative
FAR ratios. The per unit mass enthal is describt' by a humidity RH and the specific humidity WAR,

function H (T, FAR, WAR). The fluid function - condensation test,

ITr dH - calculation of the latent heat of vaporization, the
1 = -- = 4 (TFARWAR) quantity of water condensation and the temperature rise

A'TRISE of the gaseous mixture following condensation.
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The presence of water vapor in ;ree (atmospheric) air will - for rated engine ventilation air bleed values,
affect the various thermodynamic functions H, € and y
and will also increase the mixture mass constant. - for an accurately defined inlet REYNOLDS number.
Thus, for a mixture of dry air and water vapor This method takes for granted that appropriate specific

corrections, such as those developed in conference
R 287.05287 WAR.461.522 No. 8, can be incorporated in these compressor

(8) reference characteristics to describe compressor
1 WAR behaviour under real conditions.

Searching for a method for representing the
The various paramete, s of m odimensional flow that charactenstics of a compressor, implies questioning the
correspond to tho critical stat (MACH a 1) and the static variance of the physical phenomenon and then choosing
state for the given total flow irameters, can be reduced variables apt to represent similar functions in
calculated directly or by iter ion when the different terms of velocity triangles. The standard method
thermodynamic modules ar: appropriately combined, considers several Independent variable categories:
Figure 1 summarizes the concatenation of calculations to
assess the main thermodynamic parameters - variables qualifying the fluid passing through the
correspondiny to the static state and the critical state. compressor,

- vanables characterizing a reference state for this fluid,

A- the geometry and kinematics of the compressor,

- variables characterizing the energy exchanges between
""R the compressor and the fluid.

T _P -. p V If the effects of viscosity are disregarded (independently
accounted for by the REYNOLDS analogy), the
conventional dimensional analysis leads to the selection

Xk.,K PK - SK , K V VK. VKI of similitude parameters such as the pressure ratio and
efficiency as a function of two parameters,

Sand X NA P r-T

""__i .... *S " representative of MACH numbers:

WAR - 0_.( * . the flow axial MACH at the compressor inlet
k1 / .. - -1;_

::!-s . the formed MACH with the rotational speed of the
blades.

By the following points SNECMA's choice differs slightly
from this conventional representation of the compressor
similitude parameters. In the expressions of the reduced

5 , S-ATS I s:.,,C :,parameters, we have retained the quantities y and R,
characterizing the fluid, to more accurately signify the

TS .. constancy of the velocity triangles wit;, regard to MACH
HS ýK similitude for fluids with different characteristics at the
*S
,S PK compressor inlet (temperature, humidity, etc.). However,

SPE 0we have chosen not to retain the two MACH numbers
5P OO 5011Z) vs. vS VSK

(the axial MACH at the inlet, and the formed MACH with
SE •the rotational speed). The use of these MACH numbers

implies an iteration on the fluid static state and we have
NUMSE 0s CM Rxft-, preferred to keep the property enabling a direct access of

7•S • the similitude parameters of the characteristics map on
the basis of the total flow parameters.

rcouS TO - STATE o CR CA, , sAT V*5UES -.EoS0*3 These considerations oblige us to represent the
[O STA'C STATE ASS CS 5 STATE compressor characteristics map by the following

corrected parameters (example given for a high pressure
compressor):

3.2 Modelling of compressor and turbine characteristics

COMPRESSOR - corrected speed, XN25C = XN25

The characteristics of the compressor are usually V172-5
modelled for a reference state, i.e.

- for clean inlet flow (low space-time pressure and - the throtting or position parameter on the corrected
temperature distortion), speeds isograms,

- for a given variable stator vane schedule, W3OK - W3
- for rated (and identified) clearances, W3K

- in steady thermal operation,
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(ratio of real mass flow rate to critical flow rate associating the specific values for the stator setting
corresponding to the annular discharge station Af3, for schedule, the radial clearances, the viscosity and
discharge conditions) distortion, to make the appropriate corrections to the

- non-dimensional parameter representing the MACH position of the surge line.

number at the inlet, A-

W25K -W-*J --

W25K3

(ratio of real mass flow rate to critical flow rate - _ , .4 - --t! - .

corresponding to the annular station A25, for inlet ....

onditions) , -- . ,

- the corrected total enthalpy rise. 7 -- ..

1-13 - H25
FtURj 3 - 'OIylI• ( iC I •.C, Cýy M U.AION1 .1U 3 lift CORR11 I C IO 3q2C1 30 hA. IS

YRT25 c,'" .. _1.. .

.3-25 The block diagram in figure 3 shows the sequence of
7RI2-5 calculations of the compressor discharge conditions, the

compression ratio and the polytropic efficiency, for an
operatingr point within the compressor characteristics map

- 3330K and for fixed inlet conditions.
j7 W3,C

X N25C- XN25
R *5 25

2 TABLES .NO DAREAS A25-kA3 I

-. V ,25k
VALUES OF W2Hn

lU.HE 2 - RLPRESEN'AT.CN OF COMPRESSOR C18ARACTER.STICS FOR REFERENCE STATE

Figure 2 summarizes this representation of the
compressor characteristics for the reference state. The . . . ..,

Integration of this compressor map representation into
the engine thermodynamic calculation code is reduced to
the establishment of two matrices An example of the representation of the LP compressor

H-3 -1H25 map (primary flow) is given in figure 4:

"YRT25 - a new representation with more complete invariants on
= f (XN25C, W3QK) the lower part,

W25QK - the representation of the characteristics of the same
compressor with conventional Invariants on the upper

associated with sections A25 and A3 and with the part, for standard conditions
coefficient linking the real discharge flow rate W3 with the
real inlet flow rate W25. P2 -1.01325 bars

The introduction of the reference compressor map surge T2 - 288.15 K
line executes independently. It is expresseG, by and for a reference fluid (WAR - 0, dry air), that Is,
P3025 = F (W25C) R - 287.05287 J/kgK.

withW250 W25 T25 F1.01I R 1.400 The representation of a compressor characteristics map,
wt 288.15 N P25 287.05 Y the basis of these new similarity parameters, Is also used

on the basis of the measurements taken on the
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compressor partial test bench. lo the standard 3.3 Quality of the representation of the MACH numbe,
measurement of the flow rate, pressure and temperature using corrected parameters
at the compressor inlet and discharge, must be added the
measurement of ambient humidity and the use of the In this paragraph, we examine the ability of the similitude
same thermodynamic functions, as those composing the parameters to represent the MACH number for different
engine calculation code, to ca!culat,) the four similitude inlet conditions and for varied fluids. The problem of the
parameters (Figure 3). gen6rallzation of the compressor or turbine

characteristics map arises when the ratio •, of the heat
TURBINE capacities and the R fluid mass constant (that is to say

the molecular weight) diverge markedly from the
A similar method has been developed to represent the reference values corresponding to the cases of
turbine reference characteristics (here, notation for HP calculation or measurement on the component partial teal
turbine), bench. For a compressor, the problem consists in th',

extension of a map measured on the partial test bench
r- supplied under atmospheric conditions at the estimated

- characteristics map of this same HP compressor
mounted on an engine, therefore downstr•am from the
LP compressor and under aircraft flight conditions.

For a turbine, this implies the transposition of the
characteristics measured on the partial test bench by
warm supply for the particular engine.

With regard to the representativeness of the axial MACH
number at the entry to the annular zone by a corrected
flow, we have successively examined the three following
invariants:

The four similitude parameters used are as follows:

(2) WrT~J

- Gorre -iea speed. J(•J4 = XM29

J 7TVT41 :
(3) -- '

- position parametar on the corrected speed Isograms,

for two ax'al MACH number values: 0.6 (reprftsentative
Z W4 value for a compressor) and 1 (case of a turbine) and for

W42L the combined cases of pure air with richness in burnt
gases of 0.03 and specific humidity WAR - 0.03

W42L corresponds to the turbine power lImit conditions (corresponding to ta - 35"C at a relative humidity
(with regard to the power limit a proximity indicatoi is R`H - 80%). The results of the calculatons are described
available) in figures 6 to 8. The invariants (1) end (2) are

represented as specific flow rate units and as ratios,
- similitude parameter repressnting the MACH number at taking the standard specific flow rate as the reference

the inlet, (Tstd - 288.15K, pure air WAR . 0, FAR . 0); The
invarant (3) in WIWK v:as not represented for a MACH
number equal to 1 because it is evident that its unitary

W41QK = W41 value, by definition, is then Independent of the
W41K component supply conditions.

In tables 1 and 2, we have treated the relative deviations
(the real mass flow rate to critical flow rate ratio caused by the use of a same type of invariant, both for
corresponding to station A41, for inle, conditions). the partial test of the component and for the engine fiight

test, and this for a HP compressor and for a HP turbine.

- the drop in the corrected total enthalpy, H41 - H42 The results of these calculations reveal the shortcomings

TRT41 of the simplified similitude parameter (1) -W!Y--T and
p

illustraie its inaptitude to transpose the large variations of
Figure 5 Illustrates this representation. The introduction the ratio y of the heat capacities ratio and above all the R
of this turbine characteristics map into the engine gas per unit of mass constant, when considering
thermodynamic calculation code is reduceu to the Important deviations in the component inlet temperature
establishment of two tables or a heterogeneous gas mixture of water vapor and burnt

gas. its rale must therefore be limited to low-amplitude

H41 - 142 transpositions.

TRT41 = f (XN41C,2)

W410K

assoclated with stations A41 and A42 and a relation
W42L/W42K - i4XN41C) defining the turbine power limit.
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Table 1 HP compressor axial MACH number XM :0.6 introduction of in the invariant (2) l .• - For this, the
P Fyr

Flow rate Invarlant residual deviation comes from the use of total parameters
in this expression because the same quantity written in

T (1) (2) '3) static parameters expresses the MACH number perfectly.
(K) FAR WAR -;l The Invariant (3) in W that we have chosen to

represent the compressor and turbine maps further
attenuates the representativeness deviations at XM - 0.6.
These deviations cancel out when the invariant (3) is

Partil bench 288.16 0 0 20M.041 20M.041 0.04164 defined for XM - 1, by its very definition.
teet, ambient
condmlons

Engkw, flight 650 0 0.03 200.07 203.65 0.4405 W/WK A ref

teat Ref: 0.84184 0%

RLattve decrepancy (in %) - 1.46% 0.25% -0.13% 0.8410 %

-0.1%

Table 2 HP turbine MACH number: XM - 1
0.8400 -0.2%

Flow rate Invariant

(1) 1 (2) (3) -0.3%
T,, FAR WAR " K • w 0.8390
(K) - P " r w.

i("'•} (r'•e•"-')_ --0.4X

0.8380

Partl abemch 288.16 0 0 241.244 241244 1 0

tea, (when
odd)f -0_5%

Engle fligM 1t00 0.03 0 234.09 244.74 1 0.8370

5•00 1000 1500 1 8D0 K

FIGURE 8 - EFFEC.TS OF"
- FLOW TOTAL TEMPERATURE T

Rotve dropncy (in %) -2.97% +145% 0 - WATER (VAPOR) : AIR RATIO WAR
- FUEL: AIR RATIO ;.4JR

ON THE RATIO : FLOW ATE/CR T RAL FLOW RATEFLOW MACH NUMBER -0.6

(2) T_., 1 1.01325 /T tA 288.15 P V ' ,T f, re

SKg/S.Kn2 -T(2) V .1. /1.-00 1 ,

A0 288.15O PR +1% T K2 V A rot
25Ft--0 ;R 25 (K~g/S.m2 +1.5x

204 - -- 244

203 -- Rol: 203.041 Kg/S.m2 0% 243

202 242

201 -1* 241 _Ret: 241.244 Kg/S.n2- 0

W T 1.01325200 A• " 1 P* 24.0

% -2X W. -5.1.0132

199. •]237
197 3 3

196 2 236

195 J 235 - ,.4%
, , == , I -4• 4, ,%

300 500 1000 1500 1000 K 234 -3X
FIGURE 6 - VARIATIONS OF THE CORRECTED MASS FLOW (1) (2) WITH

- FLOW TOTAL TEMPERATURE T 233
- WA'TER (VAPOR) : ,JR RATIO WAR L __ __ , , _
- FUEL: MJR RATIO FAR

FLOW MACH NUMBER - 0.6 300 500 000 1500 1800 K
FIGURE 7 - VARrAT:ONS OF THE CORHECTED MASS FLOW (1) (2) WITH

- FLOW TOTAL TEMPERATURE T
The greater part of the correction, coming from the - WATER (VAPOR) : AIR RATIO WAR
variation of fluid molecular weight., is generated by the - FUEL AHR RATIO FAR
presence of water vapor and accounted for by the FLOW MACH NUMBER - 1
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4. METHODS FOR IDENTIFYING A THERMODYNAMIC validating the thermodynamic calculation code
.MODEL BY MEASUREMENTS progressively requires all the different categories of

engine tests: the grouad level test cell, the simulated
4.1 Test analysis process altitude test cell, and the flying test bed. All these data

are linked together by the thermodynamic simulation tool.
Once the prediction and simulation code of the engine's The experiments on the simulated altitude test cell can be
thermodynamic behaviour has been obtained on the used to adjust the viscosity corrections of the modelling
basis of component characteristics, either predicted or used for ground level tests. They also highlight the
measured on the component test bench, this modelling effects linked to the untwistingof the blades and the
must be validated and decisions must be taken as to the extended characteristics of the exhaust system. An Initial
orientation the engine performance tests will take. During quantification of flow-distortion effects, at engine intake,
the initial stages of modelling or at the beginning of the can also be measured on the engine at this stage using
development programme, many uncertainties remain an unstationary distorlion generation system. This initial
concerning both the data that comprise the calculation individual quantification, performed for each effect for
code and the real characteristics of the engine experiments on the simulated altitude test cell, is
components. The thermodynamicist's main concern is to essential for the calibration and validation of the
reduce the uncertainties in the initial modelling, quantify thermodynamic calculation code; only this r;gourous
the real characteristics of each component and then progression in identifying each influence on the
validate the calculation code. This is achieved by component characteristics can lead to a satisfactory
performing tests on engines fitted with detailed interpretation of the other numerous effects inheren; in
instrumentation. The thermodynamic analysis cannot be the in-flight tests: installation, transient, thermal, throttle-
confined to observations of the overall performances or to dependent effects, etc.
measured cycle parameters. It is therefore necessary to
assess the real characteristics of the components. Any 4.2 Component characteristics correction factors
deviation from the expected characteristics of a
component causes the other engine components to be In order to quantify the deviations between the modelling
mismatched resulting in operating point migrations, and the experimental results, it is common practice to
including components with nominal characteristics. define correction factors used to adjuot the model
Consequently, directly comparison of the efficiencies characteristics to the measurements obtained. In general
deduced from the measurements with the expected terms, the thermodynamic process taking place in the
values, can lead to an erroneous interpretation of the compressor or turbine can be described by using four
quality of the components. The analysis must be parameters such as (table 3):
conducled for each component to show up the origin of
the deviations observed on the cycle. . axial MACH number at the inlet, i.e. the ratio Wi/WiK
This task is performed using the identification methods . efficiency EP
described further on. The real characteristics of the . corrected speed XNC
components are then discussed with the . axial MACH number at discharge, i.e. the ratio Wd/WdK
aerodynamicists. The role of the thermodynamic
sc,,itis to do-e ths confidenc inierval The operating point in the characteristics map is fixed by
corresponding to the real characteristics of the two of these four parameters. The four related correction
component, the consequences on the overall engine factors are defined in table 3. The permeability and
performance and the potential possibilities of rematching efficiency deficits are usually expressed as cg1 and cg,.
the components. The correction factors concerning the other componenfs

apply to the aerodynamic pressure loss coefficient and
For a single definition of tf engine, the process for the combustion efficiency.

correction factors cg for constant map values of

xcg~EP XNC WtdX C9, Wk Wdk

EPWi XNC Pd
,EP, x Cg2 = EP.,, Wik _-

E XNC xg =X C Wi EP Pd

( Wd X4 ý Wi wP

__Wik

('LX co1 =( EP XNC Wd!

Wi 4*H7i XNC
EP,,, x cg 2 = EP,, Wik N -PT-

XNC,,, x cg3 = XNC,, Wi EP A H

VWik Y RTi

X, xC94 = -W
,,w ,) ---- EP XNC

Tabe 3___ Definition o re nf r Wik
Table 3 Definition of correction factors
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W2

P23 -24 P31 WF32 600
P2 PS23 PS24 PS31 T FUEL P50 P 620
P52 71GV2 T23 T24 T 1GV2 5 T31 PCI P48 T50 WF62 740 A8

XN2 P14 XN2.€ PlO FRN
PS14 T16
T14

FIGURF 9 LOCATION Of FLOW PATH MEASUREMENTS ON M8W-2 ENGINE

UNKNOWNS EQUATIONS TO BE MET

(LPC - MAP LOCATION PARAMETER W230K W2A = W2A MAP"HPC - MAP LOCATION PARAMJiETER W3OK W25 = W25 MAP AIRFLOW RATE
7 OPERATING IHPT - MAP LOCATION PARAMETER W420L W41 = W41 MAP CONTINUITY
VARIABLES LPT - MAP LOCATION PARAMETER WSQL W49 W49 MAP COMPATIBILITY

CYCLE AIRFLOW RATES .... W2A PW42= PWHP POWER EQUATIONS
BPR PWi, = PWLP I BALANCE
T40 PS57 = PS17 CONFLUENCE STATI(

PRESSURES

LPC PRIMARY ............................. CG FN CYCLE = FN SENSED
I CG2 W2?. = W2A

LPC SECONDARY ...........................J CGI WF32 = WF32
CG2 A8 = A8

HPC .............................................. j CG1 P CYCLE= P SENSED 23
CG2 23A

THPT .T. ...-.PT .......................... . CGI 24STRUCTURAL r23

COEFFICIENTS LPr ........... ................. CGI 48
CG2 5

PRESSURE LOSS 23/24 13
50/55 14
13/14 16 MEASURES
14115 PS57

EFFECTIVE LPT OUTLET SECTION CK57 PS17
TCYCLE= T SENSED 23

23A
24
31
50
13
14

16

FIGURE 10 - SINGLE TEST POINT IDENTIFICATION METHOD - EQUATION SYSTEM

The aim of analyzing tests through identification is to 4.3 Single-test point identification methods
distort the modelled component characteristics
(efficiencies, flow rates, pressure losses, etc.) in such a For each test point, characterized by a set of
way that, for a given operating point, the values calculated measurements obtained on the engine, the values of the
by the model of the operating parameters (pressures, various correction coefficients to be applied to the
temperatures, etc.) are equal, or as close as possible, to modelling characteristics are detemined In such a way
the engine during the test. Figure 9 illustrates the typical that the simulated parameters of the cycle correspond to
Instrumentation of a development engine on a ground the measured values.
level test cell. The various engine stations are equipped This correspondence Is established by resolving equation
with pressure and temperature probe rakes, linked to systems by iterative numeric methods with regard to the
static pressures on the walls. The other conventional non-lineanty of the modelled phenomena.
thermodynamic measurements are the rotational speeds, Figure 10 Illustrates the equation system to be resolved
the fuel flow rate and temperature, the nozzle positions, in the most usual case. There are twc sub-systems to be
the variable fan inlet guide vane positions, the variablu solved. The first equation sub-system comprises the
HP compressor stator vane positions, the thrust and the cycle compatibility equations, i.e generation of the
ambient conditions. Processing and averaging of these various continuities of the flow rate, shaft power
measurements generates the parameters that will be equilibrium and static pressure at the confluence; where
used to analyze the engine cycle, the unknowns are the operating variables, i.e. the

operation point position parameters in the characteristics
map3 and the air flow rates.
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This sub-system, that is characteristic of the presented test point methods are replaced by global coefficients
engine model structure, will be found in all the (values common to all the points). These coefficients,
Identification methods described below. It is this sub- characterizing functions f given below, therefore
system that ensures the physical validity of the calculated constitute new unknowns.
cycle (notion of loop). This first sub-system, by its very
nature, must be exactly resolved. It is gerieraliy The solution sought should be along the following lines:
considered to have been satisfied when the relative error
on each equation is less than a predefined epsilon. HPC cg1 25 - f(XN25C)

The second equation sub-system is composed of the c__ 5 XN25C

identity between the m measurements and the LPC cgI 2A = f(XN2C, W230K)
parameters simulated by the model, where the unknowns cg2 2A - f(XN2C, W23QK)
are the model's structural coefficients, i.e. the various
correction factors of the compressor, turbine and HPT ...
pressure loss characteristics. It is clear that an accurate
solution cannot be achieved when the number of that accurately solves all the compatibility equations for
measurements exceeds the number of structural each test point and:
coefficients.

matches the measurements as well as possible -- >
One method consists of using only a limited set of minimisation of the quadratic deviation
measurements corresponding to the number of structural (Model value - Measur2ment 2
coefficients and therefore ignoring some of the ZaP Mr'mm o
measurements. The non-linear equation system can )
then be solved accurately within the limits of convergence
accuracy. by a NEVV'ON-RAPHSON type method. This . takes into account any previous experiments by
type of identification method is known as a "square" introducing the estimated parameter e, associated with
method, since it contains an equal number of equations its confidence interval IC
and unknowns.

Z (Modjel valu& Estimated Va/UO) 2

Another approach consists of using all the IC )
measurements. Since the equation system cannot be
solved accurately, uncertainty related to each A direct search is therefore made tor the coefficients of
measurement should be taken into actount. In this case, these correlations (e.g. polynomial correlations) that
the solution that minimizes the quadratic deviation is express the changes in the model's correction
sought, coefficients. This requires the expression of the different(Model value - Measurement functions f to be defined beforehand.

0 // 1th'od , splitting iiit rwtanguiar sub-system into several

the compatibility equations being satisfied accurately. other ones, may also be applied.
This type of identification method is known as a"rectangular" method. Additional equations can also be Notion of "rectariaular utilization with a new orientation":
introduced in order to take into account the experience
acquired by adding estimated parameter values Our understanding of the engine's behaviour is made all
associated with their confidence interval. Both these the more easier because of the available additional non-
equation sub-systems: redundant information. When the number of sensors

cannot be increased, the multi-test point identification
compatibi :ty equations, to be satisfied accurately, method results in an original solution: in this case, the
equations identifying the model with the measurements, quantity of additional information comes from the
to be matched as best as possible, simultaneous Incorporation of the various points.
are solved using a NEWTON method coupled with a The utilization of this method can be understood through
regression method. algebraic representation, rather than time-consuming

developments.
When the measurements relative to a given engine
component are not accurate or when the component Let us assgue that we wish to identify a vector of an __

modelling is not representative, the identification results unknown AX (coefficients) and that we have a vectoir AY
concerning other components may be affected. In this whose components are the differences between the
case, an other method, enabling to identify the structural model's values and the measured values for a test point.
coefficients of each component with the measures By linearizing and taking the opeiating point as our
specific to this component In particular, is advisable. The viewpoint, formally, we have:
system is then constituted of several rectangular sub- r
systems and of only one common square sub-system AYd 1C) . AX
(compatibility equations). dimensions (mx1) xn) (n x 1)

(1;ne x column)
The use of the rectangular identification method
highlighted the need for an extremely accurate where [C] is the influence matrix given by the engine
calculation of the derivatives. Applying these methods to model at the point being studied. This system can only
a set of test points covering the entire operation envelope be solved if n < m
of the engine component characteristics leads to a set of (if m a n: square system to be solved using the NEWTON
values for the various correction factors. At this stage, method
pertinent correlations must be obtained between these if n < m: a "pure" rectangular system to be solved by a
COITection factors and the intrinsic component parameters regression method).
using regression methods, In order to obtain an overall
description of the behaviour observed in this component Vf it is considered that the coefficients sought do not
over the operating range covered by the tests. evolve during the different test points taken into account,

the previous relation can then be written as follows for p
4.4 Multi -tost Doint Identification method points:

This is the result of extending the single-test point Y- C]1 . AX
rectangular identification method to a set of test points p.
In this case, the local structural coeffilcents of the single- Yp , C]p . AX
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I.e. by combining characteristics of the components that are actually
-1 c11 installed In a new environment. The model is then seen1 AX as a mean of understanding physical phenomena that

enable possible detection, for example, of component-Y'p = C p peculiarities, defects (weakness).

dimensions (mp x 1) (rmp x n) (n x 1) . Resetting phs~e (updating our model)

The purpose is to transpose the tendencies of the
This gives us mp known values (model minus correction factor evowutions, that systematically appeared
measurements), whereas the number of unknowns on an engine/mounting set with the same technological
remains the same. This can still be solved due to the definition, by correlations depending on characteristic
non-ilnearity of the phenomena, Insomuch as the parameters of the components in question.
selected points are relatively uncoupled and sufficiently These correlations are then reintroduced into the engine
numerous. model. They must comply with the double imperative of

reliability and simplicity and be adaptable to very different
Note: For the sake of clarity, the compatibility sub-system cases of operation. This approach makes It possible to
was not taken into account in the preceding explanation, go from a pin-point level of know!edge to a continuous
However.j can be accurately transposed by including in perception of the engine's behaviour.
vectors AYj the deviations on the compatibility equations Itis then possible to simulate, by extrapolation, areas of
and oplitting previous vector &Xinto: operatiun that are difficult, or even impossible, to

implement on the test bench.
A local unknown compatibili quantities
A: global coefficients to be identified . Predictonjphase

This type of approach enables more coefficients to be The purpose here is to asses3 the resetting quality of our
identified than the number of existing measures for a engine model by simulating test operation cases.
given component (determination of turbine correction In particular this will enable hypothesis validation made at
coefficients), modelling level and the types of correlation chosen.

The results deemed unsatisfactory, because they differ
5. APPLICATIONS OF THE IDENTIFICATION too much from the measurements obtained on the test

METHODS - TEST ANALYSIS bench, will oblige resumption of the previous identification
and resetting phases.

5.1 Operational approach: In this respect, the use of statistic analysis tools will be
very beneficial for the analysis of our distribution of the

Test analysis, by mathematical modelling, Is justified by model/measurements results deviations for each
the necessity to know with ever increasing depth the parameter.

i..tarAeisi~sof jim tingineus componnims.
Therefore, the real part of each engine component in the It will then be possibie to test:
engine's overall performance must be ascertained, with
consolidation of the initial modelling of our phenomena the random character of that distribution (research for
analysis. bias...)

This Imorovement of the engine model - the hypothesis, in its statistical sense, of a nil average.
representativeness, then enables the undertaking of
several types of studies (prediction,Influences,component At the end c! this iterative process the engine model,
matching...) with more relevance,to improve the preset" in this way, is ready to undergo several research
characteristics of the engine's components, as well as studies.
their adaptation, in such a way that the engine can satisfy
performance targets (understand to act). This results in a We have tried to schematize the precedent approach by
reduced number of tests being required to apprehend the the synoptic illustrated by figure 11
engine's behaviour.

5.2 Use of the various Identification methods in the
engine develooment pr.cess:

The three Identification methods:

;- - . Square - single-test point +,.= regression
-rectangular - single-test point )-
rectangular - multi-test point,

the principles of which were given in chapter 4, have their
optimum application in the different steps of the engine

____,, __ - -development process.
""-•The choice of one of these methods will then be guided

by:
- the level of knowledge reached at the time of

Identification,
This test analysis approach subdivides into several
phases that deserve some !pecitic remarks: - the measures at disposal,

•dentificationphase: (determination of correction - the type of research that we intend to implement.
factors) - The disposition and choice of measurements being

This Is the confrontation phase between the tests and the guided by the analysis that we wish to undortake
existing type of modelling, the modelling then being concerning the engine (for instance, diagnosis of a"adapted to measurements according to criteria of particular component). We will now define the different
previously developed residual deviation minimisation. characteristics and possibilities of each of the methods
Result analysis makes It possible to apprehend the mentioned.
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5.2.1 Single-test point rectangular identification method measurements then give the user the possibility of
refining his choice. The Introduction of such

This method particularly applies when we have excess correlations can in principle be performed with
information with res.pect to the number of correction relevanca only at an advanced stage of knowledge of
factors to be identified, the engine's behaviour.
This information can consist of measurements, on the
engine, or estimated characteristics of components. In The multi-test point method then makes it possible to
the latter case, we shall talk about constraints imposed avoid the degradation of resuits due to the successive
on the operation of the engine. Each item of information identifications specific to the single-test point methods.
being matched with a certain amount of confidence As a matter of fact, the single-test point methods
corresponding, for measurements, to the uncertainty separate the point analysis and correlation parameter
about the measurement, and in the case of constraints, to identification phases, thus causing error "stacking".
the uncertainty on the knowledge of the estimated This taking into account ot the identification of the
characteristic value, correlations for the purpose of method convergence,
Depending on the state of progress in the development of presents an important aid to facilitate computerization.
the engine, the composition of this set of information, to The analysis of the whole sample of chosen points, and
be matched, changes. the simultaneous identification of related correlations, is

carded out in a single computer job. As a result, use of
The main cases of application are then: this method under such conditions greatly improves

productivity.
- the first development tests in which instrumentation is

usually aburdant and the characteristics of the - The multi-test point method also offers an undeniable
components un the engine are little or badly known. interest for research on the engine-model's behaviour.

Let's suppose that on the basis of a sample of
- engine tests with the integration of one or more new reference test points, we want to analyse the influences

components: there is little excess instrumentation but (repercussions) of a change in hypothesis, for instance,
the behaviour of the old components on the engine is a modification of the form of a correlation: the
very well known. coefficients of all the correlations then adapt

automatically to reset our model in these new
- engine tests in a new environment (for instance the conditions in the best possible way.

beginning of flight tests): the instrumentation is less
developed but the behaviour of the components is well It is thus possible to easily assess the interdependence
known on the entire operating envelope that has between the various components and maintain at the
aiready been explored during tests on ground and same time our general approach (taking into account all
simulated altitude benches. the operation cases corresponding to the points of the

sample).
In the two latter cases, it will be possible to impose
Constrainrts onth, kivwn ch-chracteristics of the - h ne pnmary idea, to improve our knowledge of the
components, taking into account the influence of the new engine's behaviour, consists in increasing the quantity
component or new environment for the degree of of information available: thi can be achieved by
confidence granted for that constraint, installing new sensors.

5.2.2 Single-test point square identification method: However, two important obstacles hinder this
approach.

The square method has the particularity of using only one
part of the measurements available on the engine. As a . Supplementary instrumentation is not possible for all
matter of fact, the method imposes an exact the engine stations (technological constraints in the
correspondence with the information taken into account hot parts).
(within the precision of convergence accuracy). Because
of the uncertainty of trie implemented measurements, it is . Adding more sensors is a lengthy operation when
not possible to match all the measurements, this the casings have not been designed for that
eventuality usually leads to a double determination of the purpose.
engine calculated parameters such as the primr'ry air
flow-rate for instance. A badly reset model thern imposes The multi-test point identification method makes it
the use of several calculation channels in order to make possible under certain conditions to avoid these
sure the results are consistent with one another. limitations. The quantity of required information then
However, this method has thL advantage of being very comes from simultaneously taking into account the
sensitive to measured disturbances, Therefore its various test points.
application is optimum for the analysis of small The rectangularization of the equation system, having for
performance deviations, for instance for engine each individual point, less available information for cross-
acceptance tests or endurance tests. It is however checking than unknowns, is then obtained by considering
necessary to have at one's disposal a reliable model and a set of test points for which the same unknowns have to
to choose a reference calculation channel. be searched for. This particular use is called"rectangular, with a new orientation", in the development

of the principles of the method.
5.2.3 Multi-test point identification method

5.3 Implementation of the identification niethods
The generalization of the rectangular single-test point
identification principles leads to the method called multi- In order to implement each of the methods mentioned
test point, above, it is necessary to carefully check all the data taken
Obviously, this method has a large field of application: into account, this includes the measurements matched by

the method as well as the hypotheses implemented In the
- The first one is test synthesis. model and the choice of tho correction factors.

The use of the multi-test point method necessitates
hypotheses as to the form of the correlations to be 5.3.1 Instrumentation
introduced into the engine model. However, test
analysis makes it possible to obtain "stable" The quality of the estimates of the engine and component
(conventional) forms of correlation that can therefore be performance during identification depends greatly on the
used from one synthesis to the next. The physical quality of the measurement system. This quality of the
meaning and the accuracy required to match the mL asurement system can be estimated through three

MII
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criteria: location, number of measurements and another by relationships established during component
uncertainty about the measurements. Indeed, a perfect tests (component characteristics map).
knowledge of the performance of each engine component
would Imply having at one's disposal a great number of These descriptions of physical relationships in the model
measurements In each of the engine stations, both can be questioned during test identification. For that
upstream and downstream with respect to the purpose, correction coefficients that can be adapted
components to be characterized. However, this idealistic according to the Information available are attributed to all
vision of the measurement system does not resist the the relationships that are to be questioned.
reality of the limitations met with when implementing the
measurement system on the engine. It seems evident that, depending on the measurements

available, it will not be possible to simultaneously identfy_
Generally speaking, the installation of probes depends on all the degrees of freedom offered by the engine model.
the technical feasibility: While, either by the relations of equilibrium linking the
-bosses on the engine to Install probes while preserving components inside the engine, or by the measurements
the mechanical integrity of the engine, sufficiently complete on the components :ocated

- sensors adapted to the measurement environment, upstream and downstream, it is possible to attain certain
particularly regarding temperature or vibrations, characteristics of a component for which there is no direct

measurement, for the other characteristics of that same
The number of sensors per measurement station is, component, estimates originating from component tests
barring location problems, a compromise to be made or from specialists calculations will have to suffice.
between the minimum number of sensors installed, in
order to obtain a good representation of the fluid working The choice of the resetting coefficients will then depend
in the powerplant, and the maximum number of sensors essentially on the instrumentation of the engine, on the
that wil! not disrupt powerplant operation. confidence granted to the eslimates obtained by

calculation, or by component tests, and on the structure
The uncertainty with regard to the engine parameter of the engine.
gives an indication as to the quality of the measurement
chain performed. This uncertainty depends on the type 5.3.3 Construction uf eauation systems
of measurement, namely:
-for an individual measurement, it is the uncertainty The rematching of the model resetting coefficients to the

related to the measurement chain of the engine test engine is obtained by resolving an equation system
parameter (sensor, measuring device), chosen by the user. This system will consist of:

-for an indirect measurement, it is the calculated
uncertainty from the engine uncertainty parameters that - unknowns:
have been directly measured, by the error propagation -operating variables (parameters for positioning in
method, component maps, engine control parameters).

-for an average measurement in an engine station, it is -structural coefficients (correction coefficients).
the uncertainty related, on the one hand, to the
uncertainty about each individual measurement in the -equations:
station, and on the other hand, to the mean calculation -compatibility equations (continuity of flow-rates, power
method in the measurement station. equilibrium).

- identification equations (measured or estimated
Each ore of these three criteria plays a part in the test parameters matched by the values of the model).
analysis process, at different levels. The compromise
concerning the number of sensors to be installed in each Whatever the identification method chosen, the system
measurement station will have an influence on the quality shall include the compatibility equations ensuring that the
and consequently on the uncertainty about the mean modellings of the various components within the model
measured in the measurement station. The possibilities are compatible with each other. Depending on the
of installing probes will have an influence on the ideitification method chosen, the equation system will be
hypotheses to be implemented for the model, depending more or less developed. Apart from the compatibility
on whether the information is available or not, and equations which are always present, it is the number of
consequently, on the choice of the resetting coefficients identification equations implemented that will differentiate
ooncerning this model. The uncertainty, as we have seen the analysis methods.
before, is the Image of the degree of confidence granted
to each parameter that the resoiution system tries to We have seen in the previous chapters that the square
match. in this way, the uncertainty determines the quality method, by its very principle arnd because of the
of the Identification achieved whatever the method used. uncertainty Inherent to each measurement, imposes that

only the measured values leading to a univocal mode for
5.3.2 Choice of hypotheses for resetting the model the calculation of the engine's Internal parameters shall

be matched. As a result, not all the engine
The identification of the engine parameters with the measurements available will be processed, depending on
measurements makes it necessary, in the same way as a the calculation channel used (critical distributor,
degree of confidence in the measurement is established, secondary duct, etc.)
to choose and grant confidence to a number of
hypotheses concerning the model. Conversely, if the analysis method chosen is the

rectangular method, it is possible to use all the
These hypotheses are of two kinds: measurements made on the engine simultaneously. The

identification equation system will Include, in addition to
-First, the hypothesis of model monodimensionality that each measurement matching equation, a weight
imposes a desrription, necessarily simplified, of the corresponding to the uncertainty estimated about the
physical phenomena and consequently of the measured value. Compared to the square equation
components Intervening in the powerplant. system, the rectangular system will be much more

-Then, all the hypotheses made on the knowledge of the developed in terms of measurements to be matched and
actual operation of the powerplant through component also in terms of Informat!on contained in the Identification
tests or engine tests already analysed. equation, since the latter contains the weight granted to

that measurement in the resolution of the system.
These hypotheses bring us to describe the operation of
each component through specific parameters, such as
the corrected speed or flow-rate fcr a rotating component.
These specific parameters are generally linked to one
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b.3.4 Correlations and hypotheses about the overall behaviour of the
powerplant.

The identification of p test points uslng our engine model
provides, together with other results, the same number of The measurement points used constitute a homogeneous
values for each correction factor. In paragraph 5.1, we series distributed over the entire operation envelope,
emphasized the need to Include a summarized form of from idle rating to full dry power, for various nozzle
this quantity of Information in the Initial modelling; sections. The model shared by all the methods is a
compiling correlations, that express the tendencies of the development model comprising exactly the same physical
correction factor changes, fulfils this requirement. hypotheses (turbine permeability, leaks, cooling, etc.).

The hypotheses on the form of the correlations (on the
These correlations, characteristic of the engine that overall operation of the engine) have been drawn up
provide the test points, are subsequently re-Introduced using the single-test point rectangular identification.
into the model, this model can then be considered as a Depending on the method used, the number of these
computerized twin version of the particular engine. hypot'ieses, concerning both the engine model and its

overall behaviour that are ca;ied into question varies.
This approach requires explanation: How well the model represents the engine depends on
-the regression methods used smooth the results: the ths doubt or confidence attached to the data obtained
correlations obtained in this way correspond to an through component tests or tests on previous engines. In
approximation of the observed behaviour of the engine, both square and rectangular single-test point methods,

-converting point data (the discrete set of values of the the hypotheses on the behaviour of the engine
correction factors) into analytical forms (e.g. polynomial components at each point and the incorporation of the
correlations) completes the area of our understanding. measurement uncertainty in the analysis of the test point,
The practical remarks given below will enable the determine the quality of the representation. As in the
validity of this operation to be tested. previous paragraph, matching the measurements

-by extrapolating the laws obtained, the areas of accurately in the square method means attributing
operation, that are difficult or even impossible to excessive confidence to certain *neasurements (knowing
implement on the test bench, can be simulated. the uncertainty of these measurements) and thereforo,

introducing dispersions on the analysis of component and
The simplicity of the process and the ease with which it engine performance. This quality can be assessed by
can be used can only too often conceal certain subtle the spread of test points around the mean value
realities, representing the overall mean behaviour of the engine
We would like to indicate i certain number of when correlations are being sought. Figure 12 illustrates
recommendations to ensure that correlations can be this uncertainty in the determination of the mean value for
compiled In the best possible conditions. Rather than the single-test point square and rectangular methods.
giving a complex explanation, it would seem more
appropriate to list a few practical remarks:

1OENIIF CATION UE F 1OOS
-Make suiv lii ii ihu iollowing basic statistical conamtons ,,-F ...... .• , , .. •

-~~~:ý 1- _--" S... .. L,,,,,-,. PO,.,..I

are met: l .,•,*-•,1,,-A , ,T , •',. POINT

a) are the points satisfactorily distributed over a •', ""
relatively wide range? I"-"

b) does the examination of residuals (deviations 10"
between experimental points and correlated points)
or reduced residuals (residuals/estimated standard - .°
deviation) show any anomalies? It is useful to make a .,,.
graphic representation of these residuals or of a ,,,

function of the characteristics that could influence
them. If the correlation model is correct, the reduced
residuals should lie between approximately -2 and Lopo"
+2, assuming that their mean is zero. They should
not be structured In any particular way, but if they F GJ-r- 12 ,PF FF ECF1co 4FF CFF

are, it means that a structure exists that has not been
taken into account, in which case attempts should be CG22A
made to determine what it is. 1 03 F F , ,, FooS

(55S.FOO-E S.;,G-E 71F s lOFT
- F2F PECTAN,'FJLAP SF905I E IESTF O 1,F

-Appropriate correlation parameters should be chosen, . F3FECTANGiL9 MJ, ,, 1IST ION,,

i.e. they must be adaptable to other operating cases
Representative parameters can be chosen based on (/

experience and according to physical meaning. They I2 (?F2

are usually the parameters inherent to the component. -

-Tht correlations shou:d meet both reliability and : " -
simplicity requirements. The uncertainty bandwidth of
the various correlations should be relatively coherent - -.
throughqi r the model. F o,

- During convergence, the numeric methods can use
highly extrapolated areas that have no physical reality. ooc oF

This border phenomenon should be taken into account F'."

when correlations are compiled. F F f F F IFCF .._V o ,,, F *1.0

In comparing single-test point and multi-test point
5.4 Comparison of test analysis methods rectangular methods, another type of hypothesis

(concerning the overall operation of the engine) is called
In order to achieve a comparison of different test analysis into question. The quality of the identification must
methods that highlight the specific qualities of each therefore be assessed on the level of coherence between
methnd, we have to start from the same set of data. This the various correlations. No significant deviations in the
set of data is composed of measurement points, a model description of the component behaviour over the entire

envelope are found in figure 12, but in figure 13,
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significant deviations do appear when coherence Figures 16 and 17 clearly Indicate characteristic
between all the regressions has to be ensured. differences between the methods.

Although using the single-test point square method for
• .. 5Identification purposes, results in an almost perfect match

with the measured value, the hypotheses that are not
1.04 .called Into question In this ident.ification arid the additional

.•.. hypotheses made when the correlation is ccnstructed,
will introduce imperfections into the engine description

1 i• leading to a wide confidence band during repeated
prediction.

102 in contrast, In its identification, the single-test point
rectangular method takes into account a measurement

1 01 confidence band that will limit both the measurement
(3) TI TEST POINT accuracy matching and the number of reducerm
.03)MULTI TEST POINT . hypotheses used to obtain accurate matching of the

%.2j measured values. However, the spread of identied
' (_21 points around the correlated mean value, seen in the

L 09095 , previous figures, gives an idea of the approximation
XN25C performed during the repeated prediction of the test point.

FiGURE 14 PC FLOW CORRECTION rACTOR (RECTANGULAR METHODS;) Incorporating correlation hypotheses during analysis,
C=5 (concerning the overall engine behaviour) into the multi-

test point rectangular method, means that test point
idertification and repeated prediction are Included in the

102 ..-- same operation that solves the equation system.
MM01 STAWS

I MEAN 0NOE

.;ZT1)CTA*3iJ 01IE SSClLE TES OPIT TOT'r 01) 2 9t. 21 Mc rANGU• Co.•(•I f Cý 'OLn oe
1 01 ,•J13,RECTANIIAXAR LIIIIST PO1 -

10100 5110.0

% 
"N

'(2)S-Nr010 TEST FO:NT %9
-(T)PMULTI TEST P0305 &.0

-1- -t ._Ipz•. . 9 _

FIGURE 15, HIPS EF I- I5* 95 CO1RE T;TI95ON II 0• RL.,. AO.SLAH METII0(T•S) 1-- ---- --
"2 1

Similarly, figures 14 and 15 show extremely different 3 2L

engine behaviours, particularly at low rotational speed, ............. 00000O1 8O.P-.•. FAN0 .... IREJN 001

depenc;ng on whether the coherence between the .... ....
correlations Is included In the analysis or not. ,oEN:,(KAO ME.0 I *OS ..... 1919 ID ,
Similarly, the comparisons between the single-test point .111 6 D.1
methods, and the single-test point and multi-test point ...... S,,,Z .. .... 0 0,.7

rectangular methods can be made by taking into account .IGTAONOUL910E.,ST,••oT I D 0' I

the global nature of the identification and repeated ............R• t.AFv`WUrPZ

prediction process of the engine characteristics. C.0 .................
10000101901

JEAOUREIENT MEASUREIID4T

1.0- 1.0

Therefore, we can only assess the quality of the results
obtained, using this method, by comparing the repeated

(o ) (2 (O)EoIICATN = (I) (2) ( predictions with the other methods. Figures; 18 and 19
rOIRE '6 - MEAN O RELAIV DifFERENCE. CONSSOERED show that:

N•o VALU (X- P23A - - major deviations exist between the square method and
-&.FCAIO It ) the rectangular methods, particularly by the bias existing

IDEN(TIFICATION U0905 REPOCI1O.T , MINUSon the mean that is linked to the physicai hypotheses
•.EAE.E. EAsRE.ENT incorporated in the square method,

(%) 04 - (% 0.4 -the deviations between the single-test point rectangular
0.4 method and the multi-test point method in the dispersion

of values around the mean.
oC Let us emphasize that this set of data is particularly well-1 suited to the rectangular method. As we have explained

0.2 -_0.2 in the previous chapters, these methods are best applied
at different stages of engine development. It is therefore

0.1 0I likel( that the deviation between the single-test point
met ods would have been less significant with a more
suitable model.

(I) (2) (3) (.) (2) (3) However, the results obtained illustrate the specific
70features of each method developed in terms of the quality--

IN ... SO050 T•vUE (U) - 31 , of both identification and repeated prediction.
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6. ANALYSIS BY IDENTIFICATION OF TRANSIENT derivative values, pin-point identification criteria must be
STATE TESTS replaced by integral criteria.

An identification method applied to transient state Therefore, we will look for the minimum of:
conditions will allow us to:

- improve our knowledge of the engine duringn F -W y 2
development. dt

- cut the costs of acceptance tests.

6.1 Use: The search for this objective being coupled at every
instant with the resolution of:

6.1.1 Component characteristics maps -compatibility equations
- Implicit differential equations

Some areas of these maps that are inaccessible on the
engine, under steady state conditions, could t e identified
In the engine context by this method. This is the case, in 7. THERMODYNAMIC SPECIFICATIONS OF THE
particular, for the HP core and the LP turbine. ENGINE CONTROL SYSTEM

- HP compressor: 7.1 General principles
The areas located underneath and to a greater extent
above the steady state working line: the conditions Using the Identification methods described above for the
under which surge occurs will be better known. test analysis (component tests on component test bench,

engine tests in ground/altitude test cells and on flight test
-Combustion chamber: bed), the influence of the various factors on the operation
The operation at very high fuel to air ratio (FAR) of the components can be determined with increasing
(acceleration) and high air loading (deceleration). accuracy and quantified. The compressor reference

aerothermodynamic characteristics can be associated
- HP turbine with:
High corrected speeds (deceleration) and low corrected
speeds (acceleration). - variations in the setting schedule for the HP stators and

the LP inlet guide vane,
-LP turbine

High corrected speeds and low loads (deceleration), low - the effects of the air bleed. the viscosity, the
corrected speeds and high loads (acceleration). unstationary distortion of flow at the compressor inlet

And the trans•ient wnir;ato of thek thor.,ar.,ai-a!
6.1.2 Thermat and pneumatic phonomena clearance, on tie mass flow rate and efficiency

characteristics, and the position of the compressor
Analysis by identification of transient state tests will allow surge line. All these Informations are either predicted,
us to improve our knowledge of thermal phenomena using theoretical calculations, or emanate from previous
(ulearances, heat flux, variations of ventilation flow rates) experience, or are defined, on the basis of tests
as well as their impact on the aerodynamic performed on the engine being developed, and
characteristics of the components (flow rates, efficiency constitute the logic of the engine thermodynamic
and operating limits), calculation code.
They will also allow us to identify pneumatic capacity
phenomena. The incorporation of digital computers with substantial

computing power into the engine control systems
6.1.3 Characteristics of control provides new light on the thermodynamic principles of

powerplant control.
It will be possible to identify the actual characteristics of Using these new airborne calculation systems, it is
control in the engine context, and in particular the delays possible to express the various set-points for the fuel
and the response of the main sensors and actuators. flow, the nozzle area and the position of the compressor

stators as a function r- -in increased number of
6.1.4 Flight tests parameters. Th ition of the set-points now

incorporate a number of factors describing the
It is very difficuit to obtain very steady operation of the environment and operation of the engine, allowing the
engine. control!ed processes to be managed more effectively.
The use of identification at transient state conditions is Interconnection with the aircraft systems can be
therefore advisable, even to treat tests usually envisaged, with the innovation of an engine control
considered as steady. system extensively integrated with the aircraft.

6.1.5 Acceptance tests Furthermore, we must seek to benefit from the greater
flexibility permitted during the development of the

The use of this method will allow us to check the software making up the calculation logic of these
characteristics of engines without having to wait for their electronic systems. In order to exploit the flexibility of the
complete thermal stabilization (short duration testing). software, a highly modular logic must be selected, with a
This means saving time and fuel. specific function assigned to each module. This ensures

that the software is readable and transparent, facilitating
6.2 Principles of the method developments. It is advisable to closely model the

functions and physical representation of the various
The multi-test point identification method is used at modules, involved in the ia!culation of the set-points, on
present to identify real-time simulation model on detailed elements of the modellini of the engine thermodynamic
thermodynamic model. programme. This ensurc , that it is relatively simple to
This identification on unbalanced independent test points apply the progress, made in the identification studies to
is only possible because the thermodynamic model the control logic, by incorporating the results oi the
provides derivatives with respect to time which are modelling into the various modules. This concept is
reliable enough. applied within SNECMA for the design and development
Whatever way measurements are made, the tests do not of the software for the calculation of the control set-points
provide, with respect to time, sufficiently reliable for the advanced technology M88-2 military engine.
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The designer alms to optimize the operating range -The characteristics reference map of the fan is
permitted by the components (compressors, combustion converted into a network
chamber, afterburner), while respecting their limitations.
The highest possible level of steady and transient state (P23 - PS23)/P23 - f (XN2R, PRS2)
performance is sought. To this end, It is vital to limit the
margin consumption with respect to these limitations: This reference corresponds to the engine condition -

surge margins for the LP and HP compressors, mean state (dispersion), new, for engine static conditions,
combustion flammability limits (rich blow-out, lean flame- with low inlet distortion. For these conditions, the position
out). of the fan surge line will serve as a reference for the

various calculations of the surge margin PRS2.
The following paragraphs describe the principles of: Extension to high altitude and low MACH flight conditions

necessitates the Introduction of viscosity effects. These
- management of the fan surge margin by means of effects reduce the air flow-rate W2AR as well as the

nozzle control efficiency of the fan and consequently cause a slight
migration of the operating point (the latter being defined

control of the operating point In the HP compressor by parameters XN2, (P3-PS23)/P23). An LPC surge
map during acceleration using the main fuel control. margin correction expressed as a function of the

REYNOLDS index is then incorporated. An other
Particular attention is paid to the incorporation of correction of the representativeness of the
modelling derived from Identification studies in logic, measurements made in station 23 (fan outlet) allows us

to take Into account the various deviations that appear In
7.2 Manaaement of the fan 3_urge margin by means of a deterministic way and can therefore be modelled,

nozzle yontrol between the pin-point measurements that are carried out
and average parameters from a thermodynamic point of

At partial rating and full throttle, the control features view. Thus, a bi-univocal correspondence is achieved
selected for the M88-2 engine are as follows: between parameters PRS2 and (P23 - PS23)/P23(figure 20).

- the power lever position generates an LP r.p.m. set-

point by action on the generator fuel flow.

- the position of the operating point in the fan
characteristics map determines the position of the - . ,
nozzle. " -

Various parametric studies have justified the choice of " -- ,
these options. For a given flight condition, the LP r.p.m. LI//l

of the thrust factors. Furthermore, for a given fan Li-_ . --
corrected speed, the air flow dispersion is very moderate [
on new engines during acceptance testing and, during
operation, the evolution of the air flow remains practically
unchanged. The control of a fan operating point, through
LP r.p.m. and MACH number set-points in the fan
discharge station, has two main advantages: -The principle of introducing modelling, that originates in

the detailed thermodynamic calculation code, into the
- when the engine is controlled in this way, the thrust is control logic was applied for programming the fan

hardly affected by the variations In flow rate and in the aerodynamic stability stack-up. Figure 21 lists the main
efficiency of the core engine or by modified air bleed or destab!lizing effects taken into account in the fan
power extractions. The thrust is principally affected by aerodynamic stability stack-up in order to envisage
variations In the characteristics of the fan. In this way, extreme operations of the fan. The main factors have
the operational engine performance Is optimized, with been modelled, under a simplified form, by using a
the thrust maintained by natural correction of engine number of indicators and describers that characterize
ageing. This feature will be retained, provided that the the times of appearance and amplitudes of each
turbine temperature remains below the red line. destabilizing effect.

- for a (P3 - PS 2 3)/P 2 3 type set-point, the fan pressure The lowering of the surge line in high altitude and low
ratio onry depends on minor variations In flow rate and MACH flight conditions is taken into account by an
and efficiency and is therefore independent of the expression that depends on the REYNOLDS index.
evolutions of the other components located The effects due to the uncertainties concerning
downstream from the fan. It is possible to program the measurements on the position of the operating point,
position of the low pressure compressor operating which increase as the measured pressures decrease,
point, as a function of various engine environmental were assimilated to this modelling.
and operating factors, in order to effectively manage the
fan surge margin. . The effects of the engine dispersion and ageing of the

characteristics of components such as compressors,
For these concepts, we use the widest possible range of turbines, on the fan operating point and surge line,
the fan-characterstics map. In order to optimize cannot be modelized and are constantly taken into
performance, we define the full throttle value for the LP account, in the same way as a stability stack-up. It is
r.p.m. using a function generator dependent on the flight the some for the residual error on the
parameters. Similarly, using fan surge margin set-points representativeness of the measurements in station 23.
we can limit the dimensioning margin consumption
considerably and therefore optimize use of all the The contribution of distortion Is introduced by a
possibilities of the LP compressor. modelling of describer IDC2 of the unstationary

distortion level, followed by an image of the fan's
By checking the operating point of the fan, we can control behaviour with regard to this distortion level. The
Its surge margin by Incorporating a logic that calculates prediction of describer IDC2 rests on wind tunnel tests,
the fan surge margin PRS2. and subsequently, on tests done directly on the aircraft.

It is based on the knowledge of flight conditions,
corrected air flow-rate, real and anticipated angles of
attack arid of aircraft side-slp. The sensitivity of the fan
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FIGURE 21 -- M88-2 MODELUNG OF LP COMPRESSOR AERODYNAMIC STABILITY BALANCE IN EXHAUST NOZZLE CONTROL

to distortion, essentially as a function of corrected 7.3 Gas tenerator acceleration control
"speed, is extracted from measurements on the partial
test bench, with an air supply that presents the The same principle of introducing modelling originating
unstationary distortion characteristics found on the from the detailed thermodynamic calculation code Into
aircraft, the control software has been applied to the generator

acceleration logic, in order to optimize acceleration times
The shortcomings in the positioning of the inlet guide and comp!y at the same time with the high pressure
vane are also modelled, and so are the fan surge compressor surge limitation. As for the fan, the basic
margin consumptions on afterburner transients. Also idea consists in incorporating in the fuel set-point
the contribution of the thermal response of the LP calculations a modelling of the migrations of the transient
compressor parts, to the characteristics of the LP state operating point in the HP compressor
compressor itself, is described more briefly (substantial characteristics map, and of the supposed variations of
effect during the various phases of a subsonic flight the surge line during destabilizing scenarios.
following a long supersonic flight). The expression retained for the generator acceleration

schedule is as follows:
The value PRS2R thus obtained, by summing up each
surge margin consumption, reflects the required fan
surqe margin as a function of the various scenarios WF32 f (XN25R)
originating in the environment of the fan. (E)n:r41
-A basic setting of tile engine in the form of a surge PS( 2
margin PRS2P set-point, depending on the flight
conditions and speed XN2R, is introduced in order to fix
the reference level of the engine performance. The This expression was elaborated in such a way that it
required fan surge margin PRS2R being calculated should provide a bi-univocal correspondence, at a given
pemianently, the control of the nozzle position is XN25R corrected speed, between a level of the
performed by a resultant set-point: acceleration schedule and an operating point in the

compressor characteristics map, whatever the value of
PRS2 - Max (PRS2P, PRS2R) the temperature T23 at the compressor inlet. For this

purpose, it was necessary to introduce a variable n
Such a structure for the elaboration of nozzle set- points exponent that is a function of the estimated temperature
makes it possible to distribute in a flexible way the engine T41, at the inlet of the HP turbine rotor, to take into
performance level for usual flight conditions and to account the dissociation effects that are specific to
ensure at the same time the protection of the engine (with operations at high turbine temperatures.
regard to the fan surge) under extreme conditions. By
considering the amplitude and the instants that the most The basic level of the acceleration schedule is then
destabilizing effects occur (and not just distortion) in the corrected according to the amplitudes of several effects
calculations of the required PRS2R surge margin, it is which are destabilizing as far as the HP compressor is
possible to perform a good matching setting of the fan concerned. Each amplitude is quantified in terms of the
advisedly, variation of the DPRS25 surge margin (with respect to a
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reference surge line) that applies both tc the lowering of distortions (depending on the HP XN25R corrected
the surge line and to the migrations of the transient state speed). Such a correction favours accelerations with
operating point In the HP compressor characteristics low distortion and at the same the time fulfils the
map. absence of HP compressor surge with high distortion
The main corrections of the acceleration control levels.
schedule, envisaged for engine M88-2 are: (figure 22)
-viscosity effect on the HP cormpressor. -correction of ralal clearance due to thermal effects:
-influence of the amount of alrbleed (necessary for the Pollo'wlig a fi-rt accel-r&tIo-n, the temperature of Ithe
aircraft). flowpath increases sharply in a very short time and the

-the distortion of flow at the HP compressor Inlet. radial clearance Increases with time as compared to the
-the amplitude of the thermal effects causing variations in thermal steady state, due to the differences in the time
the radial clearance. constants of metal temperature responses (hence in

radial displacement) of the HP compressor casing
- I (faster) and discs (slower).

I LŽ -•--. I _• •- A throttle operation, consisting of a deceleration that isSImmediately followed by a new acceleration at the
instant of radial clearance increase ("bodies transient")

_ " .Is then dimensioning with regard to the HP compressor
P;4(023.,,, J surge because the surge line of the latter Is lowered

following its operation with increased radial clearance.
The method for taking this effect Into account uses a

- Isimplified formulation of the average temperatures of
.- --., 1 parts (caie, disk), hence of displacement. related to a

I-____-J . 0 sensitiv!ty to the radial clearance of the HP compressor
surge line.

1_J The calculation of "he metal temperature (casing, disk)
in thermal transient, reposes on a formulation of this
type:

-Vicsity effect on the HP com2ressor:
The Towerrrg of tFe surge line ahn tFTe6 slight migration of___
the transient state operating point (with constant T. = + - T-)(1 - e - ) -
acceleration schedule), that Is due to the decrease of
the corrected flow-rate and of the efficiency of the HP
compressor du:ing operation at a low REYNOLDS

ineaa takaL0 -int ai cordL aLJ L i unt Une th ;uu1- 0ii ai W1,1 Vv i m vlviLclU iLtii mitUIiule ai~t llilf i +- Ai lb
specific DPRSVI correction expressed as a function of determined by recurrence using temperature at time t
the REYNOLDS index at the HP compressor inlet, and the estimate of the metal temperature
Other considerations, such as the observance of corresponding to the fictitious thermal steady state.
required surge margins (originating from HP compressor This temperature, and the time constant r, are
aerodynamic stability stack-ups), the distribution of expressed by flow parameter functions such as T25,
acceleration times in the flight envelope and HP surge T30, P25, W25 and XN25. A similar formulation Is
risks (in case the engine operates in a degraded mode applied for the calculation of hot part thermal stresses
or fails, it Is preferable for surges to occur first at high for the control of the residual potential of the parts. This
rather than low altitude) are also included in this formulation of metal temperatures in thermal transient
correction, state Is applied to an upstream stage and a

downstream stage of the HP compressor, for the casing
-Aircraft air bleed extraction: and disk. Considering the variations in radial clearance
'-re-af-onitai transie'nt surge margin rarely occurs with with respect to a reference constituted by steady
a constant acceleration schedule, whatever the amount conditions from the thermal point of view, Instantaneous
of air bleed necessary for the aircraft. In order to attain transient state clearance variations can be expressed
that objective, the amount of bleed air is measured by a as follows:
venturi system installed on the engine; a fraction
WB300 - WB30/W25 of the amount of air bled is then ACL = I B(T,. - T, , j
calculated on the basis of the estimate of the primary air
flow-rate (continuity in the HP turbine nozzle deemed
critical); the correction is obtained using the sensitivity of casing
the real surge margin to the percentage of the bleed air blade/vane
flow-rate. A residual surge margin during the disk
acceleration is thus achieved and it is independent of The introduction of this type of correction on the
the amount of bleed air. This character presents a acceleration schedule does not modify the dimensioning
definite Interest in high altitude and low MACH number acceleration performed at maximum thermal clearance.
fig ht conditions, as the fraction of WB300 flow-rate Nevertheless, it makes it possible to improve the
taken is then substantial and the HP compressor surge acceleration time irn simple acceleration mode in the
margin is never too great under these dimensioning ordinary and less strict control lever scenarios.
conditions. Such a correction improves the generator
acceleration times in an airbleed situation. The combination of the 4 corrections descdbed above,

expressed in DPRS25, is then translated Into a correction
-distortion of flow in front of the HP com)rassor: to be made on the reference acceleration schedule,
7'he transfer, through-the-fan, of The u-nstati'on'ary resorting to a sensitivity depending on the XN25R
pressure distortion at the inlet of the engine, corrected speed.
characterized by IDC2 index, has repercussions at the
inlet of the HP compressor in terms of pressuro arid This description of the control of the fan surge margin
temperature distortions that essentially cause the and of the acceleration schedule modulation is an
lowering of the HP compressor surge line. The illustration, in a control software, of the types of modelling
modelling of this mechanism is introduced by separating inferred from a detailed thermodynamic calculation code,
transfer phenomena through the fan (depending on the the identification of which was first based on tests.
LP XN2R corrected speed) from the HP compressor
sensitivity to residual pressure and temperature
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8. CONCLUSION 7. Zimmerman, OT. and Lavine, I.
"Psychrometrc tables and charts" (second edition),

The design and development process of a propulsion Industriel Research Services Inc., Dover 1964.
system is strongly influenced by the quality of modelling
and interpretation of the existing aerothermodynamic 8. Samuels, J.C., and Gale, B.M.
phenomena permitted by the thermodynamic calculation "Effect of humidity on performance of turbojet
code. engines", NACA TN -,i 19, June 1950.
The first part of this document, concerning the modelling
of compressor/turbine characteristics maps, describes a 9. Grabe, W, National Research Counci. - Canada.
new representation providing an improved expression of "Humidity effects on gas turbine performance",
MACH similitude, irrespective of the conditions upstream. Technical Report TR-ENG-003, 1988.

To achieve in-depth knowledge of the real characteristics 10. Duponchel, J.P. and Leturcq, R.
of the components, an extremely detailed analysis of the "Humidity effects on gas turbine performance -
test results is required. TNe methods described in this SNECMA methodology'. AGARD Committee 72-5,
document for identifying the thermodynamic calculation Madrid, May 1990.
code with the measurements vary depending on the
quantity of Information considered: number of 11 .Koenig, R.W., and Fishbach, L.H., NASA Lewis R.C.,
measurements, number of test points, etc. These "Geneng - A program for calculating design and off -
methods are applied to the analysis of the tests design performance for turbojet and turbofan
performed on the M88-2 engine. These types of analysis engines", NASA TN D-6552, February 1972.
methods are relatively powerful and enable the maximum "Geneng II - A program for calculating design arid off
amount of information to be extracted from engine tests. design performance of two - and three - spool
One could envisage a potential application of these turbofan with as many as three nozzaes , NIASA TN D-
methods In engine-condition monitoring. 6553, February 1972.

An example of one of the applications benefiting from oui 12. Sellers, J.F., and Daniele, C.J., NASA Lewis R.C.,
knowledge of physical phenomena existing in the engine, "Dyngen - A program for calculating steady - state and
which nas been acquired through the u~e of these transient pa. omiance of turbojet and turbofan
identification methods is described in the latter part of this engines", NASA TN D-7901, April 1975.
document, i.e. the integration of specific modelling in the
engine control software of the M88-2 engine. 13. Sadler, GG, and Melcher K.J., NASA Lewis R.C.,

"DEAN: A program for dynamic engine analysis*,
Acknowledgements NASA TM 87033. July 1985.

The identification arid analysis methods presented in this 14. Habrard, A.G., SNECMA
document were developed at SNECMA as part of an "Characterization of components performance and
Advdnced Research and Studies programme conducted optimization of matching in iet-enaine development",
urider ihe authority of Mr. A HASRARD and were put into AGARD L.S. 83, June 1976.
operation in thermodynamic studies through the impetus
given by Mr. M BERTHIER, head of the Thermodynamics 15. Rick, H. and Muggli, W., Technische Universittt
and Performance Department. Minchen.
The authors would like to thank Mr. T. LANDEL and "Generalized digital simulation technique with variable
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numeric calculations and for their assistance in preparing behaviour of aerogas turbines", AGARD CP324,
this document. The authors would also like to express Engine handling, Paper 26, October 1982.
their gratitude to SNECMA's Genera! Management and to
the Service Technique des Programmes A6ronautiques 16. HOrI, F., Technische Universitat MOnchen,
for giving their permission for this document to be "Systemthsoretische methode zur dynamischen
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COMPONENT PERFORMANCE REQUIREMENTS

H.I.H. Saravanamuttco
Department of Mechanical and Aeiospace Engineering

Carleton University
Ottawa, Canada KIS 5B6

SUMMARY
Component data are essential for modelling the overall performance of gas turbines. The component characteristics
are not easily obtained, and much of the data is proprietary and not available in the open literature. Several methods
are available for estimating component characteristics and are briefly described. The requirements of users and
manufactumers are quite different, but both can produce fully credible performance models.

SYMBOLS
m mass flow rate U blade speed
T temperature C, axial velocity
p pressure C. whirl velocity
V temperature coefficient cE stator air angles
0 flow coefficient 0 rotor air angles

1. BASIC FORM OF CHARACTERISTICS
The component characteristics for a turbomachine basically show the relationship between flow, pressure ratio,
efficiency and rotational speed over the complete operational range and typical curves were shown in Chapter 2 for
compressors and tarbines. The nozzle characteristic can be predicted from fundamental gas dynamics, and the ideal
characteristics obtained are a good t..rting point for engine performance modelling. Most modem engines are
turbofans and the shape of the fan characteristic is to some extent depeiident on the application. In the case of
military turbofans, the fan pressure ratio is relnuively high and the. by-pass ratio low. For a typical fighter engine
the fan would have 3 - 4 stages with a pressure ratio of 3.5 - 4.0 and a by-pass ratio of 0.3 - 0.5; the low by-pass
ratio is needed to minimize frontal area for high speed. If longer range is required, the by-pass ratio may increase
to about 1.0 and the fan may have 2 - 3 stages. -Ihe c.aracteristics for these high pressure ratio 'fans' are basically
the same as for those for a conventional axial compressor. In the case of a high by-pass ratio turbofan, however,
a single stage fan is always used in civil aircraft because of both noise and weight considerations and this results
in a rather different shape. The characteristic for a singie stzge fan from a small turbofan is shown in Fig. 1 from
Ref. (1), showing the much flatter shape of the constant speed lines.

It was mentioned earlier that component characteristics are proprietary to the engine manufacturer and are seldom
published in the open literature, especially during an engine development program; on the rare occasions when they
are published it is normally several yeais after the successful completion of the development program. One widely
used method for preliminary estimation of compressor thara•ctcristizs is Che use of Generalized Compressor
Characteristics, an example being shown in Fig. 2 from Ref. (2). In this case pressure ratio, flow, speed and
efficiency are related in terms of the Design Point values, with the generalized characteristic obtained from a number
of compressors of differing flows and pressure ratios designed using similar aerodynamic design methods; this
method, although essentially crude, is an excellent starting point for compressors of moderate pressure ratio. The
compressor characteristics of the LM1600, the industrial derivative of the GE F404, were successfully estimated by
Zhu and Saravanamuttoo (3) using this simple approach; the model developed gave excellent agreement with field
test data from a pipeline operator. The model was based on openly published overall performance data with no
information of any sort obtained from the manufacturer.

For preliminary model development, in the absence of any turbine data, tuibine characteristics can be estimated using
the design point values of in, T and p and the basic shape of the nozzle curve calculated from ideal gas dynamics:
this can be done because the flow characteristic of the turbine stators, or nozzles, is the same as that of a propelling
nozzle. It is for this teason, of course, that a shpft power engine can be developed from a jet engine by substituting
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a power turbine for the final nozzle. Conversely, a nozzle can be substituted for a power turbine; this principle is
widely used for the overhaul of aero-derivative gas turbhies, where the gas generator is brought back for overhaul
and tested as a jet engine, with the power turbine and driven load left in the field. Turbine characteristics based on
nozzle curves were successfully used in (2).

A preliminary model using these simple methods is a good starting point, and the model could i, jip&.ted and
refined as test results become available either from component rig testing or overall engine testing.. w: methods
used to refine the model would be different for the manufacturer and a user; the manufacturer wed'.i- have much
more detailed test results, with more parameters measured during test bed development, where `;°• use- would
normally only have the production engine instrumentation fit.

2. USE OF TEST RIGS TO DETERMINE CHARACTERISTICS
Compressor and turbine characteristics can be experimentally determined using component test rigs. This, however,
presents considerable difficulties and is not always done; some of the problems encountered will be outlined.

2.1 Compressor Test Rigs
Ideally a compressor test rig would have a bellmouth intake giving a uniform, undistorted flow at the compressor
face, and a throttle or butterfly valve in the outlet duct permitting the compressor to operate over the required range
of pressure ratios. The compressor drivc should be capable of precise speed control over the operating range, making
it possible to carry out testing at any selected speed with the delivery pressure i.creased in small increments until
the surge point is determined.

The first problem encountered is the very large power input required at Sea Level conditions. As an example, the
Olympus 593 at take off has a mass flow of about 200 kg/s and a pressure ratio of about 15; the power requirements
are about 25 MW for the low pressure compressor and 75 MW for the high pressure compressor. A typical large
fan will have a flow of 700 kg/s and a pressure ratio of 1.6, giving a power requirement of about 32 MW. These
powers are prohibitive for electric motor drive, and some modem compressor rigs are driven by an industrial gas
turbine; but even then it is still not usually possible to test at full power.

The first possible solution is to throttle the intake to the compressor, giving a reduction in !'let pressure and hence
mass flow. Unfortunately, a major decrease in inlet pressure means a similar reduction in density and hence
Reynolds Number. Dimensionless analysis reveals that the performance of turbomachinery is dependent on both
Mach Number and Reynolds Number; in particular, performance decreases at tow values of Reynolds Number due
to the increasing effect of viscous forces. The overall result is that reducing the power requirement can introduce
significant effects on the measured performance, which must be allowed for in predicting the compressor e.ficiency
at the full Reynolds Number.

Another approach, more commonly used with single stage fans, is to make use of scale model fans; by decreasing
the diameter, the mass flow can be reduced with a corresponding decrease in power input, with the rotational speed
increased to give the corrcct tip speed. The use of models permits operation at the correct Mach and Reynolds
Numbers with considerabi*% reduced power requirements. The cost of constructing an accurate scale model of the
fan to be tested is obvious.y high, but this appears io be the only feasible way of obtaining fan data over the
complete running range.

Another problem is that the mechanical configuration and thermal loading of a compressor on a test rig may be
significantly different to those on an actual engine; this can result in differences in tip clearances which can have
a major effect on compressor performance, affecting both efficiency and surge mawgin. Some companies test
compressors on a gas-generator rig using the actual engine configuration; a variable nozzle is then required to permit
operation over the operating range, which is restricted by turbine inlet temperature operating limits and the need to
avoid surge.

Further problems occur with multi-spool compressors, where each compressor may be influenccu by the other. The
high pressure compressor, for example, may have a distorted intake flow resulting from the presence of the inter-
compressor support frame; thus the actual perfbrmancc of the compressor on the engine may be inferior to the results
predicted by rig tests. Conversely, the perfcirmance of the low pressure compressor could be improved dc to the
beneficial effects of the high pressure compressor in removing the flow. Stubner (4) of Pratt and Whitney has
described the construction of a twin-spool compressor rig; this approa.h has not been widely used, and requires
careful matching of the two rotor speeds corresponding to actual engine operation.

A limited amount of compressor data may be obtained from actual engine testing; this, of course, is due to the fact
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that data can only be collected along the operating line. giving a unique operating point for each speed for an engine
with fixed geometry.

2.2 Turbine Test Rigs
Turbine test rigs present even more problems than compressors. The most obvious difficulty is the provision of a
steady flow of gas at the required pressure and temperature. The next major problem is the need for a suitable
dynamometer with the ability to measure power output very accurately, this being needed for accurate evaluation
of turbine efficiency. Turbine test rigs may be tested with 'cold' air, using a compressed air supply, but the flow
rate available is seldom sufficient for full scale testing; in addition, the intake air must be partially heated to prevent
moisture in the air from freezing in the turbine following expansion to a low pressure. It will readily be recognized
that running a turbine rig at low temperatures will result in major problems in ebtablishing realistic tip clearances,
giving rise to large errors in performance.

Air cooled turbines are universally used for the high pressure stages of large, high performance engines and the
discharge of cooling air can have a considerable effect on turbine efficiency. It is therefore necessary to provide
appropriate levels of cooling flow at the correct pressure and temperature, greatly increasing the difficulty of realistic
testing of turbines.

Turbines may be tested on gas generator rigs, permitting operation under realistic engine conditions including
secondary and blade cooling flows. It should be remembered that for the case of a choked downstream component
(power turbine or propelling nozzle), the gas generator turbine will operate at a fixed non-dimensional point; this
,aeans that only a restricted running range can be obtained on a gas generator rig, but that is exactly what happens
in an engine. Power turbines, on the other hand, can operate over a wide range of speeds and loads and would be
best tested on a fully instrumented engine driving a dynamometer.

Turbine performance is also a function of Reynolds Number, and may be significantly affectel at high altitudes.
Typical variation of Reynolds Number with flight condition for the low pressure turbine of a civil turbofan (5) is
shown in Fig. 3.

2.3 Rig to Engine Differences
The foregoing has outlined the main reasons why component. characteristics obtained from rig tests may differ from
the results actually achieved in complete engines, the prime reason being the difficulty of simulating actual engine
conditions on rigs. Further differences may also occur when installed in an aircraft as a result of intake flow
distortion; the same engine may exhibit different surge margins and operating characteristics in different aircraft.
Engine performance may also be affected by location, a good example being the centre engine of a three engined
installation, which is usually situated behind a lengthy S-bend intake. Methods of accounting for rig to engine
differences will be described in a later lecture.

It can be seen that there are considerable difficulties in obtaining accurate component data even when well
instrumented test rigs are available. It should be noted that test rigs are primarily concerned with performance at
the important operating conditions such as cruise or take-off. The surge margin must be established over the range
from idle to maximum power, but in general not too much attention is paid to the low speed end. Very little useful
information is found at sub-idle speed:,, but this is essential if a model capable of simulating start up is required.

3. USE OF STAGE CHARACTERISTICS
An alternative approach to generating overall component characteristics is the use. of individual stage characteristics
which can be stacked to yield the overall performance of the compressor. Stage stacking methods are described by
Huppert and Benser (6), Stone (7) and Howell and Calvert (8). The concept of using individual stage data is
essential for the analysis and performance prediction of compressors with variable stators; it is also essential for
predicting performance deterioration in compressors where some, but not all, stages are subjected to phenomena such
as Foreign Object Damage (FOD), fouling or erosion, for use in diagnostic models for EHM studies (9, 10). An
elementary introduction to stage characteristics based on (11) follows.

The theoretical form of the stage characteristic can readily be deduced. Referring to the simplified compressor
velocity diagram given in Fig. 4, combining the Steady Flow Equation with the Euler Turbine Equation,
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meat --. = (Cu - C,.,)

.*. ,AT To = C(o:2 -tanc)

From the velocity triangles,

. _ tanc1 + tn 2 , also U= tan; + tan 0

It therefore follows that

tna-tancL1=tan~j -N3

where 0, and 02 are the rotor blade air angles. The equation for temperature rise can then be rewritten as

Uc,AT 7= . (ta tant3
CP

This can be recast to give

AT __U [ -C. (tana, + tanj3)

The angle a, is the outlet air angle from the. nreceAjing ctatnr R i os e OUlet ai- angle, ad s, C, Ibc
considered essentially constant, being determined by the blading geometry; 1 , on the other hand, will vary widely
as C. and U change at off-design operation. Dividing the previous equation throughout by U' and rearranging we
get

cA T C- (tan( , + tn P
U2 U

The term C/U is known as the flow coefficient (0) and cp ATJWU as the temperature coefficient (4f). With the stage
operating at the design value of € the incidence will be at its design value and a high efficiency will be achieved.
With the assumption that ac and f32 are constant

V= I - K

where K = tan * + tan .

As a result of this simple analysis we can predict the shape of the stage characteristic, as shown in Fig. 5; the
performance of the stage can be presented in terms of flow coefficient, temperature coefficient and efficiency (or
pressure coefficient). Ideally, if ct and N• were constant, W would be given by the dotted line. In piactice c, and
P. will not remain constant due to increased deviations as conditions change from the design point. in regions of
blade stalling, both at positive and negative incidence, there will be a considerable divergence giving the shape
shown. Choking will occur at a high value of flow coefficient, leading to a very large drop in efficiency and placing
an upper limit on the flow which can be passed at a given blade speed. Stage characteristics may be predicted from
cascade data or obtained from analysis of inter-stage data on a complete compressor or testing of a single stage.
In practice, not all the constant speed lines would collapse into a single curve as shown, but for a simplified
explanation a single line characteristic will be assumed.

The xV-0 curve shown in Fig. 6 is drawn for the case where the efficiency is a maximum at the design flow
coefficient, 0d. Moving away from Od results in a change in incidence and increasing losses. Reducing 4 results
in increased positive incidence and stall at 0),; increasing 4 eventually results in choking of the stage and a severe
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drop in efficiency. It is essential that all individual stages of a compressor operate in the region of high efficiency
without encountering eith-r stall or choke at normal operating conditions; at conditions far removed from design it
may not be possible to achieve this without remedial action involving changes in compressor geometry.

The difficulties involved in -chieving correct matching of the stages can be understood by considering the operation
of several identical stages in series; this procedure is known as staLstacking and is an invaluable tool for the
aerodynamicist concerned with overall performance and determining the reasons for sub-standard performance. As
ai" example, consider a compressor with several identical stages as shown in Fig. 6, with all stages operating at the
design flow coefficient (0.) at the design point. If the mass flow through the compressor were reduced, the flow
coel. icient (p entering the first stage would be reduced, resulting in an increase in pressure ratio causing the density
at entry to the second stage to be increased, The axial velocity at entry to the second stage is determined by the
Equation of Continuity and both effects combine to give a further decrease in flow coefficient for that stage to 02.
This effect is propagated through the compressor and eventually some stage will stall at 4p.. Increasing the flow
coefficient has the opposite effect and will drive some stage into choke.

3.1 Variable geometry compressors
As compressor pressure ratio increases, the density ratio from front to rear changes dramatically, resulting in a large
change in blade length for an axial flow unit. At reduced power settings, or at idle, the pressure ratio will be much
lower and this will result in very high axial velocities towards the rear of the compressor, resulting in choking.
Possible methods of alleviating this problem include the use of blow off, multi-spool compressors or several rows
of variable stators; all of these methods are used in practice.

The use of variable stators can be understood from the concepts of stage characteristics. If the stators are rotated
away from the axial direction, increasing a, as shown in Fig. 7, the effect is to decrease the axial velocity and mass
flow for a given speed. This delays stalling of the first few stages and choking of the last stages at low rotatuional
speeds. It was shown that ideally xV = I - K0 where K = tan a, + tan 02. Using variable stators it is possible to
increase cx, with 032 remaining constant, The effect is to decrease the temperature coefficient for a given flow
coefficient; the pressure coefficient will also be reduced. The stage characteristic will be shifted to the lWft as shown.

3.2 Typical stage characteristics
Much of this information would be proprietary, but it is possible to take openly published data waid plwduce a
generalized stage characteristic, which can be used for preliminary modelling purposes. An example is given in Fig.
8 from (9), this information being used successfully in producing an overall compressor characteris.ic for a 16:1
prcssunr ratio compressor; although no published compressor data were available, the engine model gave excelilent
res'-lt" compared with published overall performance. The same data were used in (10) for two enginezs of widely
differing size and pressure ratio, again giving excellent agreement with field performance results.

4. CONCLUSIONS
Component data are difficult to obtain, but are absolutely essential for engine modelling. Various methods (a4 bI:
used to estimate component performance, but these estimated maps must be updated and modified as engine
performance results are obtained. Rig testing is expensive and often difficult, and results would be proprietary tw
the manufacturer. Both manufacturers and users may be involved in the process, with considerable differences in
the information available and the end requirements.
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DYNAMIC SIMULATION OF COMPRESSOR AND GAS TURBINE FERFORMANCE

Waltet F. O'Brien
Mechanical Engineering Department

Virginia Polytechnic Institute and State University
Blacksburg. Virginia 24061-0238 USA

/"

IMMARY LC = compressor length
Dynamic simulation of compressor and gas turbine perform-
ance is useful in a variety of design, analysis, and test appli- MT = mass flow function based on total condition

cations. Mathematical models employing estimated or N = compressor rotor speed
expcrimentally-derived component characteristics have bnen NC = compressor corrected rotor speed
widely used, especially for near-design-point studies of P = pressure
acceleration and deceleration transients and control strategies. PR = total pressure ratio
With recent progress in simulation methods and Q = rate of heat addition to control volume
computational power, it has become possible to build models SW = rate of shaft work
with detail at the stage level, and with fundamental fluid T = temperature
mechanics input. Such models are. more useful because of the TR = total temperature ratio
ability to study the details of inter-component flow property t = time
behavior during machine transients, even including stall and U = wheel speed
surge. u, Cx = axial velocity

V = absolute velocity
Dynamic performance simulation models are discussed with = plenum volume
emphasis on the fundamental principles of the models and the =
methods used to represent component and stage flow charac- W = mass flow rate, relative velocity

teristics. Results of several simulatiois of the dynamic be,- X axial coordinate
havior of multistage compressors are shown with comparisons a = absolute flow angle, or angle of attack
to experimental data./issibilitics for advanced computa- = relative flow angle
tional techniques for near-real-time simulations of compres- = blade metal angle
sors and gas turbines are reviewed. 6 = flow deviation angle
LIST OF SYMBOLS = blade stagger angle, or ratio of specific heats
A = area 17 = stage isentropic efficiency

A" bldaroliia

A, = compressor cross-sectional area blade solidity
p = density

a = acoustic velocity 0 = blade camber
B = "B" parameter •
CV = control volume m wake momentum thickness
Cx, V = axial velocity = time constant
C = specific heat of conducting metal 0 = flow coefficient

C = blade chord a = total pressure loss coefficient

CP = specific heat at constant pressure WS-S = static-to-static pressure coefficient

Deq = equivalent diffusion ratio

H = blade span

H2 = blade wake form factor W =-S 2
i = blade incidence angle 4pU

IGV = inlet guide vane p
M = Mach number VT. s = total-to-static pressure coefficient

= mass flow rate
E = energy function P _se____

e = internal energy WT_ = ,_ orwardFlow
Fa = force of compressor blading

Fss = steady state force
Fy = force of compressor blading and casing acting V S Lcez 2-&, Reversed Flow

on fluid, including wall pressure arca force " pm
11 = total enthalpy, blade span
IMP = impulse function

9-
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V - stage temperature eocfficicnt (stagc loading sis, and are widely used for perfonnance prediction and
parameter) analysis. There are many descriptions of such analyses in the

literature, dating from the beginnings of gas turbines. Com-
puter codes based on steady state cycle analysis are in wide

V TR - I use by operators, research organizations and engine manufac-
Subscripts turers. As an example, in the United States NASA makes
a = annulus available computer codes for steady-state design point and
B = pertaining to bleed off-design propulsion analysis from the work of Fishbach, et
e = exit conditions al [1,21. The NASA-Navy code NNEP 12] permits the modu-
i inlet conditions lar assembly of engines with variable cycles, duct burners,
p = profile and most conceivable arrangement of components. The addi-
R = rotor tion of performance maps for components allows off-design
ref = reference conditions performance predictions.
S = static condition, stator
SS = steady-state condition Transient analyses of turbine engine performance are defined
S-S = static-to-static here as those which add to off-design cycle analysis the abil-
S= secondary ity to account for the inertia of the rotating components.
T = total conditions Fluid transport delay may be included to improve the predic.
T-S = total-to-static tion of rapid transients. These methods permit the study of
x = axial direction engine and component dynamics over the range of normal op-
0 total property eration, and up to the compressor stall point. They are widely
1 = rotor or stage inlet used in the development of controls and operating schedules.
2 = rotor or stage exit Examples of such analyses include the work of Sadler and

Melcher [3], Saravanamuttoo and Fawke [34], and Szuch [4].
INTRODUCTION
Dynamic analysis of gas turbine performance is a specialized Dynamic analyses include the elements of steady-state and
subject, drawing from the widely-used steady-state acrother- transient analysis, and add expressions for the description of
modynamnic performance analysis methods. Whereas steady dynamic fluid mechanics processes over the full range of
state methods primarily seek to predict fuel and thrust per- possible operating states. Thus, the progress of a mtltistage
formnance values for a given engine cycle, dynamic methold compreq~er through a !urge cycle may be atudied, aud dJvei-
can approach genuine simulations of gas turbine operation. opment and recovery from stall may be simulated. Dynamic
Properly formulated dynamic analyses can predizt gas turbine analyses may use lumped representations of the performance
component response to acceleration and deceleration, changes of an entire component, or may include detailed characteris-
in inlet and exit conditions, and excursions into far-off-design tics for stages or even blade rows of the simulated machine.
and unstable operating regions. Davis and O'Brien [5] have presented a stage-by-stage model

for a multistage compressor. which is reviewed heic to de-
The roots of present-day dynamic analysis methods are in velop the mathematical methods and illustrate applications.
conventional, steady state cycle analysis procedures. These
methods can be directly applied to off-design and transient DYNAMIC ANALYSIS METHOD
analysis. if the time scat, for adjustment of the local fiuid Results of several related experimental investigations can be
processes is much shorter than the time required for changes found in Refs. 6-10. Previous compression system malthc-
of the overall operating state. The description of rapidly matical models have been developed using lumped-volume
changing dynamic events, such as compressor stall and surge techniques. A lumped-volume approach makes certain as-
and engine response to sudden inlet distortions, requires at- sumptions about compressibility within the system. More
tention to the dynamic response of both the fluid states and specifically, the lumped-volume model neglects Mach nmun-
the mechanics components. ber effects, uses an isentropic relationship to relate the time-

dependent change in density to a time-dependent change in
The present discussion addresses principles and methods for total pressure. and uses 3 steady-state form of the energy
the development of dynamic analyses, with detail down to the equation. Initially, models (whether overall simulations or
stage level in turbomachinery. A short review of related work stage-by-stage) were iimited in range to the onset of system
and analysis methods is followed by the mathematical devel- instability [11-13]. Over the last decade, poststall behavior
opmetit of the stage-by-stage dynamic analysis method for has been of more interest, which encouraged the development
multistage compressors, and some example results. The de- of numerous models capable of exhibiting aspects of surge or
vclopment of appropriate stage characteristics is discussed. rotating stall 114-211. In general, whether overall or stage-by-
Advanced computational methods and ctension of the dy- stage, postsiall models have been previously developed using
nainic analysis method to full gas turbine simulations con- lumped volume techniques. The model presented here re-
cludes the discussion. moves assumptions inherent in lumped-volume models (i.e.,

treats compressibility explicitly) and does so on a stage-by-
UNSTEADY PERFORMANCE ANALYSIS stage basis.
For purposes of classification, Ve will refer to steady-state,
"transient" and "dynamic" perior-mance analysis methods. Illustrated in Fig. I is a rcprescntativ( single-spool. multi-
Steady-state methods draw from thennodynamic cycle analy- stage compressor and ducting system. Included in this system

is a portion of the compressor inlet and the combustor vol-
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ume. The compressor and ducting system are modeled by an where
overall control volume showvii in Fig. l b. The time-dependent IMP - Wut + PA
inlet-boundizry condition is the specification of total pressure is a momentum impulse term, and
and ternpcriture. The exit-boundary' condition is either the
specification of static pressure or unity Mach numnber. The
ovorajl control volume is divided into a sct of elemental con- -a+ 'i
trol volumes.FX B I7

USU~ is an axial. force distribution consisting of blade force and the
"~ JJJ~U ~J~i Iforce produced by the walls of the system. Ene~rgy conserva-

- tion yields
R-otor Ila"s

ai Compressor and ductifz -yaltm d(EA) W*
a 7 H+SW+Q(3)

tal rttU iaSll Fart. Exit where

Ia 2m 5 t

b) Overall cotitrol volumue mid 11B is the enthsalpy associated with bleed flow.

To rrovide stage force and shaft wock inputs to the momen-
A *. tunm and energy cquations, a set of quasi-steady stage charac-

N VJ 0 f teristics inust be available for input tc 'he model. These stage
F14 anrfrecatg sajncino h tayarlw

Pa characteristics provide the pressurc and temperature perfu.xm-

!9 LL al A typical set of szady-state characteristics for both pre- and
N. d. post- stall opelration is presented in Fig. 2. The stage char&6;-

C) Ekmtal cntrO olumeteristics aic divded into thre-e distinct reg-ions: pres~l l rostat-
Cl EIIKISICOEIVO v'lining stall , and reversed flow. The prestall characteristic is the

Figure 1 Physical Compression System and Control "erorance of 2 blade row in aormall operation. T1he tricisi-
Volume Concepts. tion to a rotating stall cl~aracteristic is approximated as a con-

tinuous characteristic along a postulated throttle line. Thei

The govemi ig equations arc derived by application of ma~ss performance in the rowaing stall, region is based upon a flow-
momentum, and cisc-gy conservation I ninciples to the weighted average of a fully developed rotating stall cell. The

-iental constrol volume of Fig. I c. In the compressor pressure and termpeiature ratios is. this region rcpresent the
uo~i a sageelemnta conrolvolue cnsiss o & rtor ave-age pressure and temperatture rise ac.ross the stage for

'4wedab a stager almnds asonitedl volume repsesntin ofarthe bothi stikl.ed fl.Nw and unstalle~t rlow. The reversed-flow
lowed byaStag.Ating onthsfud contciaol volume iersenang th haract-'istiE. region repsesrntr the pressulre loss and tempera-

4cle istare.bAtingon, tLih is atidcotributablme to thaffc ture rise associated with !ul)-ansuulus reversed flow. The dii-
' cmprssoribladiong aind wals ofatirstem.e tothn ffc continuity at zero Pow has '-ecn experimentally shoavn to ex-

ompheraessof heat t ansd walsof the li- n shaftm wor ist for a threc-stagc low-speed compircisortl~j. This mspect
n, he at ofbet t-asfr toth tlii an safd wo~ of the quasi-steady flow characteristic has beow incorporateddu::. .' the fluid arc represented by distributions, Q n W into the mrodeling technique.

respectively- I he mass transfer rate across boundaries other
than the inlet o:- ex it (such as intcrstage bleed) is represented For prestall and postatall reversed-flow, steady chaiactellistics
by the distribution. WB. can be used as they txist. Howaever, for iyrtamic: event; such

as rotating stall xr surge, usc o,' steady characteristicil is not
Applying the continuity principle to the elemental control necessarily correct. In the rotating stal region, rotating stall
volwme yields develops very rapidly and the globally steady characterirtic is

no longeir applicable. To provide a dynamtic stage. character -

X(PA) dw istic, a first-order time lag on the stage fore,.s his been inoor-
a X B(1) po.-ated into the modeling technique: in the-3tating stall re-

gion only. T'he first order lag equatixn used is
where V%' ;s the interstage bleed flow per distributed length.

Applying conservation of momcntum gives -VdX+FX'FXJJ(4

OW d(IBP) This laggir g technique has been previously applied to several
S+ FX () model5 usin,ý ovetslI compression system characteristics rl',-

17].
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However. steady-stal data were available from which stage
The governing equations of the compressor model are solved characteristics could be synthesized. Overall systemi per-
numcrically using the second-order a.zcurate N XCormack formnance during surge and rotating stall was available firorn
explicit finite difference scheme [18]. described in Appendix tests of a similar system, reported in Ref. 6.
A.

2.0 The three-stage. low-speed compressor ri3 consisted of three
nonrepeating stages with a constant cross-sectional annuslus

'. .8 otaingNormal area. The hub and tip diameters were 53.63 axd 60.96 cm. re-
S018-Atat I g pera Lion spectively. which produced a hub-to-tip ratio of 0.88. The0

Sal (Attached Flow) major emphasis was the study of the performance of the coin-

S1.6 ees pressor rig during steady reversed flow. The rig was config-
Reverseured to hold a constant speed while forcing reversed flow

j through the compressor. By accomplishing this for many flow

ance in the reversed flow region. From !he previous work of

C1.2 Discontinuit characteristics and corresponding overall steady system per-
'Zero Flow formance. was available.

-1.0 -0.4 GU. 2 0.2 0.15 1.0 A comnplete texnp-ratuare rise characteristic was not giveziafor
Flow Coeffici$ent. *each stage. but evergy ir.put to die overall system was given

a) P~rmsure -oefficient in terms of a torqu'- coefficient. For the present purposes,
stage temperature rise characteristics were synthesized as to-
tal temperardre ratios based upon: the overall torque character-

1.0 -istic and two isolated flow points in rotating stall. Tempera-
1.0 rture characteristics were synthesized which would give the

Discontinuit in same overall torque as observed experimentally. I.lcking any
1',0.4 -Characteristic other criteria for stage work division, all stage teznparature

Citin charoAzteristics were synthesized identically.

Stall I- operation Measured stage pressure and synthesized temperaturr rise
] ~characteristics for the tlree-stage, low speed research comn-

-02 pirnisor are presented in Fig. 3. Pressure risc characteristics
were based uponi re~ortcd experimental stage performance

'Zero measurements which described individujal stage pressure be-

-0.6 IFluw hievior during unstalled operation. rowaing stall, =Wd reversed

flow. Stage temperature risc characteristics have beein syn-
1.0 ____________________________ thesized as dc-scribed above.

-1.0 -0.4 -0.? 0.? 0.6 10 Whilc the referenced ithree-stage compression system tests
Flow Coefficient, provided excellent stage characteristic daa,. detailrd system

b) Temisrtmure Udeotcia behavior during surge and rotaing stall was not avaiable

Figure 2 Typical Stage Characteristics. from either Refs. 10 or 20. However, the rig was similar to
one used in a previotm cxperinmetal investigation of surge

The comprvcssor model is not only an initial value problem and rotating stall [6]. An extensive expeirimental investiga-

but a bowrdazy t~obleni as well. Because thr treatment of th tion to determine syatezn res., - -t daring jxiosstall events for

boundaries can xc a cause of 3tabiiity problems, method-of- a variety of compressorlpltnu. - ifurations was performed

characteristics (MOC) boundary formulations were employed, With thi& rig.

The umeica ccnpuatinalvolme s dvidd ito hmear- Tht compression system model was configured to the geocne-eas: inlet, exit. and interior. MacCormoack's scheme is ap- r p.idfi h onisoilnmrgo e.6 u s
plied in the interior; the MOC scheme is applied at the inlet; igthe spae cifiedisic for5 ther c ~srp coum parigsof Re.6putpus-s

arpi eozzler anmodel e for un4m oked flow osa rle atnh eit.ri the "S" parameter J 15] was usedl as a reference variable for
tropc nzzl moel or .-hkednowis ppled t te eit. both the experimental campressor and the model. The pa-

A mome detailed explanation oif d1 e modeling technmique can be rameter is defined as

found in Rtf 19.

THREE STAGE RIG "IN1ULAT]ION R -(V /i2a)(VP / AcLc)"/ 2  (5)
The avatilable e~tpcnimental results from tests of the three-
stage, low-speed compressai research iii, of ejamache werc The value of the B parameter hasa breii sho,%n to be an indica-
utilized 110]. Transient interstage or overall performance tion of %4huthcr rotating stall or sur-ge may be cxpected to oc-
data for surge and rotating itall e-venp-s were not reported, cur in a particular compressor [61.
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Stage ta ta Model Comparison to the general nature of the experimental rcsult

1.10 1 0 (Fig. 4) indicates correctly simulated overall system behavior.
2 3

1.05 - Classical Surge
In a second test, the compressor rig of Ref. 6 was reconfig-

0 C; ~ured to operate at aB value of 1.00. In this condition, the1.00 -- J lt:A Stage1.T0 empertture: see ym xhibited classical surge cycles on the order of 15 Hz

C o ef-- -e"t sa s p r e s e n te d in F ig . 6 .Coef f ic ent$

0 9 Are Identical

09 I I _1 The dynamic model wa remfigured to produce a B value of

-0.4 -0.2 0 0.2 0.4 0.6 0.8 . Thebhforedmeconstant.l,wshcldtohev-lu
determined in the previou simulation. Under these condi-

Flow Coefficient, Cx/U tions. the model also exhibited surge. as piesented in Fig. 7.
Comparing the time history of the pressure coefficient, one

can observe that the chanSe in this parameter is similar in

1.25 - nature and frequency to that observed experimeataly (Fig. 6).
riote: Staqes I and 2 Reverse Flow Comparing ft model results as depicted on accompreasor

Characteristics Are Identical map. it coi be sbcn that the surge trajectories azrc circular in

- 0 nature and quite similar to those observea experimentally.

g 0.75
-1.6 B - 0.65 Data

'., 4 1.4

0-Fully Developed
"&Z 0.2. Rotating Stall

-0 4 -0-2 0 0.2 0.4 0. 6 0.80. t •
l .l 0.4 0 1.0 2.0 3.0 4.0 5.0

Flow Coefficient, C,/UTie c
Time, sec

Figur 3 Synthlz Stage Charteristics for a 1.4 8 - 0.65 Data
Three-Stopg, Low Speed Experimental Compressor

Rig and Comparison to Experimental Results.

1.2
Thre model cas will be compar-d to experimental results i
from Ref. 6. corresponding to B parameters of 0.65. 1.00, and
1.58. Thcse B parameters produced rotating stall. classical Q. 1.0
surge, and acp suige. respectivcly. -

Rotating Stall ' 0.8-
The first experimental transient was conducted at a B value of 'o w-
0.65. The compressor rig throttle was slowly closed to the ' U

point of instability and then held constnt. The system be- 4j0

came unstable at the uniform flow stall point an then trav- 0- 0.6

ersed to rotating stall (FIf. 4). Steady Compressor
Characteristic

The osagc-by-stagc compressor model was configured in a 0.4
similar way to a B parameter value of 0.65 at instability in- 0 0.2 0.4 0.6 0.8
itiation. The "throttdc" was closed just enough to cause in- Fo O .oefficient,
stability and then held conszant. The compressor blade force
dynamic lagging constent, T , was set at the model boundazy
be'tween surgz and rotating stall such that tihe overall system Figure 4 Poatstall Bthavlor of Compressor Rig:
performance traversed immediately to the ncw operating Rotating Stall. B - 0.65
point Mndicativc of fully developed rotating stall. The
modeled poststall behavior is presmted in Fig- 5.
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8 - 1.00
,A 1.4

6n
Da ta

S 1.2
2.25. B0.6S Model CS4) 1

4M'. 1.0
2.00. Pressure Rise Caused f-.-

by Decreasing Throttle -o-0.8

S 0.6 I I
0 1.0 2.0 3.0 4.0 5.0

Fully DevelopedTie se

Tie seca

0.75. Lo
•'g 1.25- ooat gStl

.0 2.5 0.4 1.2 . . . .S0 A 01.4

Time, sic 6.

2.2s-B06 Mae Z 1.0

2- .00-

IL-

07 1.60 Transient

",• .25 0 0Fuly evel p 0 ... 0.4 0.6 0.8

Timelý se

S/ Rotating Stall Fl ow Coefficient. &

1 ~Figure 6 Poststall Behavior of Compresor Rig:
0.TS Classical Surge, B = 1.0

0.1 0. 0.3 o, "o 0. 0. 07 0. 41 .00
Fiiv Coefficient. # 2

, 1, 1 75-.205o I odel

Figure 5 Threa-Stago Model Overall Compression 1-5. .0
System Postsatll Behavior. Rotating Stall, 0 = 0.65. U,4J

Deep Surge ' .00

IAZ -

,F.I

The experimental rig of Ref. 6 was operated with a maximum 4J V
ieported B value o( 1.58. For this permental case, a 0
slightly different sysFum behavior was observed. oie surge C-mp.r 0

trajectory became larger with nestr-zero flow du.ing the surge -1.0 0 1.0 -2.0 3.0 4.0 5.0 6.0 7.0cycle. but sill of the classical Bype. By decreasing die throt- Time, sec
tle closure point beyond the initial surge position, it was dis-
covered that the nature of the surge cycles could be. affected.Indicated in r0g. 8 1 rc surge cycles for .e same compresso0 2.00

configuration (H = 1.58), but at a reduce¢d throu~le setting. " , .7 \ Start of

Flow Ce~ficint.A'-'I 1.75Moe

This type of surge cycle has been called a deep surge. I- . Trnsen1.. 50

Tge dyna5ric model was configured for a B vale of 1.58. 1.5
AgainS the bmade force Bime ha nstore TR was held at the pr6- -

vious value. The simulaircd throttle was decreased to a value 1.0-

DeepSure - 1.00

just small ernough to cause compression system instamaity. •
Rsulhting overall system responve was ondicativ. of the sres- • 0.75
sical type surge. Further dereeasing the throttle function to
6e% ofhue minieuo, value forystcm insuabilityecausedthe _0.! 0 0.1 02 0.3 0.4 0.5 0. 0.7 0.8

model to cihibit deep surge, as was observed bxpeimentally. F 2.
Mcodfeled overall system response is paredcsed in Figetn. 97.

Model T rajictories are indicative of dtepp surg poststall be- Fcgcre 7 Thrbe-Stage Model Overall Compression
havior with a frequency of d Hz. System Poststall Behavior: Classical surge, 0 1.0.Jutsaleog ocuecmpeso ytmisaiiy
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1.6 B 1.58 Da ta PARAMETRIC STUDIES
To demonstrate the unique capabilities and usefulness of the

In % 1.4stage-by-stage. poststall compression system modeling tech-
' - . 1.2 - nique, a parametric study was conducted to assess two differ-

1.0 \ent effects: 1) the effect of heat transfer due to rapid power
lever transients on system poststall behavior employing a

0. nine-stage model and 2) the effect of tip casing treatmenr on
0.6 system behavior using the three-stage model.

0.4
0 '1 _________________ Effect of Heat Transfer on Poststail Behavior

9 1.0 2.0 3.0 4.0 5.0 (Nine-Stage Model)

Time, sec Opera~ion of high-speed, high-pressure ratio conr.p.cssrs re-
sults in a large temperature rise through the compressor. A

1.6 portion of the large amount of energy input is stored in the
4r 4 compressor blades, rotors, and disks. Thus, during engine

,, '? 1 throttle transients as in a bodie maneuver (maximum power to
idle then back to maximum power), heat transfer bet aeen the
compressor metal and the airflow .akes place. The release of
ene.gy during the transient from maximum power to idleg• 0.8
"causes a change in density, which produces a shift in the
compressor characteristic sit, lowers the stability limit. This

0. r q aloss in surge margin can result in a compression system in-
.Stedy stability during thrtle readvace to maximum power.

- -Compressor

t haracteristic From a modeling study, M,.,•Clwo- and Pilidis [21] con-

0 0.4 0.8 cluded that the following thermal effects contribute to the loss

Flow Coefficient, *in stall margin during reacceleration: nonadiabatic flows
causing density changes due to heat transfer; changes in
boundary-layer development ca the blade airfoils; changes in

Fi•-u-m G P 0 ,tall B"havior oF CoInip reui5 R19; thie boundary-layer development near the end wats; changes
Deep Surge, B=1.58. in tip clearances; and changes in sea] clearances. For this

study, only tie effect of nonadiabatic flows was considere'(

2.00 A 8 -1.58 An it ecstigation by Crawford and Bur well [221 quantified the
cm . 50 Model magn ude and nature of the heat transfer during turbine en-

1.50gine bi die maneuvems using actual engine test results. A cal-
.VI culation of stage thermal energy was made based upon the

S1.00 following equation:

0.50(6
Qstage=t"C(Tmax -Tdh) (6)

wherec
0 o • - '--- -' m = mass of the blades. platfotms and seals

--1 0 1 2 3 4 5 6 7 ilnax = stage total temperature at maximum power
Time, sec Tis/• = stage toal temperature at idle power

S 2.00"• "Deep"
1. Surge Stage temperature distributions were obtained from a stage

0-0i 1.50 ~Cycle stacking mdlrepresenting idle and maxiunwn power opera-
U. tion at the flight conditions tested. Stage temperature distri-

S 1. 00" butions for maximum and idle power, along with the corre-
sponding stoied thermal energy are presented in Fig. 10.

4 0.50" Using a calculation of transient airflow, hep, transfer rates
(Btu/Sec) were calculated. Typical stage heat-transfer rates

o 0 . . . . . . calculated from experimental results obtained from cturrent-
--0.50 -0.25 0 0.25 0.50 0.75 1.00 day high-pressure conpre~sors are presented in Fig. 11. Us-

Fl ow Coefficient, ing these rates as a guideline, stage heat transfer rates were
postulated for a nine-stage compression system which had
just completed a bodie transient.

Figure 9 Three-Stage Model Overall Compression
System Poststall Behavior: Deep Surge, B = 1.58.
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81500- -rom the model.) A stage specific heat transfer was chosen
for each stage based upon L,,u _U.kviaated temperature distri-

max imum bution represented in Fig. 10. Heat-transfer rates were calcu-
\Power lated from Eq. 6. and were brought to their meximum level

1 000 exponentially over a time peiiod cf approximately one sec-
. ond, as was indicated experimentally (Fig. 11). The postu-

- ... lated heat-transfer distribution for the nine-stage compressor
". - "" is illustrated in Fig. 12. Since the throttle was set such that an

"4. instability would occur, the heat-transfer rates are shown to
\ .- d be oscillating during the first second of the dynamic event be-

Idle Power cause the compressor was experencuig surge during this pc-

riod. However, once the stage heat-transfer rates had reached

0 I I I their maximum values, the compressor moved to the nonre-

IGV 1 2 3 4 5 6 7 8 9 coverable state as illustrated in Fig. 13. Once the nonrecov-

Stage erable state was reached, heat transfer rates reduced because

a) Core compressor temperature distribution of the -eduction in overall airflow.

- Final Heat Stage 9 Model
Transfer Rate Stage 1

75 During Non-
4- recoverable Heat-Transfer Change

1 Stall -"During Surge Cycles
300-

200-~

200 --

4- T

IGV 1 2 3 4 5 6 7 8 9 10 ...

Stage

b) Stored thermal energy by stage bladlng .%.T1

Figure 10 Predicted Stage Temperature Distribution Figure 12 Heat Transfer Changes During Throttle
at Maximum and Idle Power and Corresponding induced Surge Cycles of a Nine-Stage High Pressure
Blade Stored Thermal Energy In Each Stag •. Compressor at 70% Speed.

1U0 35 Surge Cycles Caused

p Leend by Throttle Closure
8 t 2 30 (Heat Transfer Developing)

Stage 5
60 Stage 9 g. 257

S20~

'. 15 *1
20 NonrecoverableS10 Stall with

0 •-----'---... '- 5 Heat Transfer-/-r_.

0 2 4 6 8 10 -30 -20 -10 0 10 20 30 40
Time, sec Corrected Airflow, percent

Figure 11 Typical Stage Heat Transfer Rates Based Figure 13 Effect of Compressor Heat Transfer (blade
upon Experimental Results. to gas path) on Poststall Behavior, Nine-Stage HPC

at 70% Speed.
The model was opceaitd to simulate operation at 70% speed
with the throttle set such tha, a compressor instability would This study assumed that a compressor instability will occur
occur. The stage force lagging constant, T . was set at a during a bodic. maneuver and the model was configued to fa-
slightly lower value than the model-determined surge/stall vor this result. Even if such were not the case, the resuits
boundary to ensure that surge would be the initial poststall from the mode-l indicated that, because of the heat transfer
event. (Smaller values of T encourage a surge-like result generated within the compressor at time of throtlle readvarnc,
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the compression system may be more likely to enter the non- nique, the amount of airflow reduction necessary for stall to
recoverable state (rotating stall) when the system is near the occur was extended by 20%, providing more stall margin.. In
surge/rotating stall boundary. addition, a portion of the rotating stall characteristic was pre-

sented, which indicated a higher average pressure level during
Effect of Tip Casing Treatment on Post-Stall Behavior rotating stall.
(Three-Stage Model)
Once a particular compression system is designed and built, 1.25 Original

the performance and stability behavior are fixed within cer- Stage I-- Modification

taci limits. There are only a limited number of external 0

changes that can be made to improve either performance or 10

stability. If these changes cannot pioduce the desired result,
certain internal or blade changes such as camber, stagger, tip " 0.75
clearance or tip casing treatment can be made which improve
performance and stability. S0.50

Side V.iew

AS0.25

Rotation 0

-0.251 I I
Top View -0.4 -0.2 0 0.2 0.4 0.6 0.8

Flow Coefficient, 4

Rotation Figure 15 Postulated Stage Pressure Characteristic
Modification aa a Result of Tip Treatment.

0.7 B - 0.66 Model

0.6 AA
an Tip U.-eum .,oaCOu,--eep SKNWe Ziea amr ' U. .

2% -0.4
160 [

I 0.3

0.• U.Z

AO .1--- --

U 1 2 3 4 5 6

Timp. sec

.1 Shallow Skewed Slot 2.25
"120 X- A Deeo Skewed Slot

x Axi•l Slot
U ClreIiferentlal Groove I 2.00

2 3 4, 5 • 1.75

Weiqht Flow. kg/sec

b) Etfct" on stap hwuriac 1.50 ContinuOusSurge Cycles

Figure 14 Possible Tip Tmatmant Modification and • 1.25
its Effect on Stage Characteristics.|

Ia 1.00
A posqible change that will ix cuinsidered is the effect of tip-
casing tr:atment. Takata and Tsukuda, (231 utiiizing a low- 0.75
speed compressor rig, investigated the effects of tip-casing 0.1 0.2 0.3 0.' 0.5" 0.6 0.7

treatment on the performance of a single rotor row. Of the Flow Coefficl ent, 4
several types of treatment -nvestignied, it was found that a Figure 16 Model Prediction of the Effect of First
deep-skewed slot tip treatment mosi. improved the sti'ge char- Stage Tip Treatment on Postatall Behavior: B a 0.65.
acteristics. Pre-sented in Fig. 14 is the decp-skewed slot
modification and the observed effect on stage peiformance. To evaluate. the effect of such a modification on compression
Although stage pressure rise is not increased by this tech- system poststall behavior, the thre-stage. low-sped model
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was chosen for study. A low-speed condition (Fig. 5) was data accurately represented the pressure histo•y resulting from
chosen for which rotating stall was the end result. During a post-stall transient.
these studies, all variables (B parameter, force lagging con-
stant " , speed and plenum configuration) were held constant
except for the changes in the quasi-steady characteristics de-
scribed below.

Presented in Fig. 15 is a postulated first-stage pressure char-
actcristic with stall margin improvement based upon thc. re-
suits of the deep-slewed tip-casing treatment. The maximum'
stall point pressure rise is extended for a 20% reduction in
airflow, effectively increasing the stall margia for the first]
stage. The rotating :tall characteristic is assumed to be simi-
lar to the original shape, but at a higher pressure, as was indi-
cated experimentally. With this change to the first stage only, - g gthe miodeled compression system exhibited continuccu surge • • . .

cycles, rather than rotathig stall, as illustrated in Fig. 16. t o

When similar changes were made to the second and third [ . " ... I . ,. I .. .. I,
stages individually, the results were nearly identical. How-
ever, when changes to all three stages were incorporated, the
compression system resisted the stall condition altogether at Figure 17 CRF Test Compressor Measurement Plane
the throttle setting which had previously caused instability. Location and Stage Definition.

Copcnhaver performed a detailed analysis of the test data to
TEN STAGE COMPREfSOR MODEL examine stage effects on compressor in-stall performance and
The techniques of dynamic modeling find one of their most recoverability. Specifically, the analysis was aimed at offer-
useful applications in the detailed study of stage behavior anm ing explanations for the high hysteresis levels observed dur-
interactions in multistage compressors. A ten-stage corn- ing the test and indicated in the data. Ideas for reducing the
pression system was tested in the Compressor Research Fa- hysteresis were also proposed. The results and conclusions
dcility (CRF) of Wright-Patteason Air Force Base [25]. Thc from that analysis pertinent to the current effort are summa-
detailed interstage measurements obtained are ide~al for C-ot..- rized below:
parisoxi with results from the dynamic model.

Ti. The first three stages of the test compressor did not
The compressor used in the CRF test program was a high- operate in full-span rotating stAll after overall compressor
speed, 10-stage, axial-flow compressor assembled from stall occurred.
hardware obtained from a modem, high-performance aircraft 2. Choking is likely in the unblocked portion of the
gas turbine engine. Compressor design parameters include a tenth stage rotor while the compressor is operating in rotating
pressure ratio of 8.3, corrected mass flow of 54.44 lbm/sec, stall.
and corrected speed of 10,913 rpm. The rig was instrumented 3. Compressor in-stall hysteresis is prolonged due to
to obtain total and static pressures, and total temperatures at choking of the rear stages during rotating stall.
various inlet, interstage, and exit measurement planes. Coin- 4. Stage matching hu a significant effect on multistage
pressor measurement plane locations and stage definition are compressor in-stall performance and recoverability.
shown in Fig. 17. As mentioned in an earlier section, for the
purpose of analysis, a stage is defined as stator-rotor, since Stage-by-Stage Model
interstage instrwnentation was located on the stator leading For the model study, the comprescor rig geometry (control
edges. A complete description of the test facility, test com- volumes) and experimentally-d-.enr-int, d stage penormancc
pressor, compressor instrumentation, specialized test proce- characteristics were used. The resulting control volume ge-
dures, and data acquisition is contained in Refs. 24 and 25. ometry is shown in Fig. 18. Initially, unstalled performance

comparisons were made at numerous speeds to ensure accu-
Time-averaged pressure and temperature measurements were rate simulation of speedline shape, stall point, etc. Once
used to calculate unstailed and in-stall steady-state stage steady-state performance was verified, the model was exer-
characteristics required as model input. ' tae in-stall mass cited to simulate post-stall events (surge or rotating stall). By
flow rate was determined from meatsureents obtained with a matching the experimental boundary conditions, model
venturi located downstream of the compressor exit. Addi- simulations were shown to accurately represent overall and
tionally, time-averaged pressure and temperature measure- individual stage steady-state, transient, and quasi-steady
ments obtained at the compressor inlet and exit were used to measured perfonrmance. The majority of model sirm,,ations

model the boundary conditions. Both time- averaged and were run at or near the compressor's rotating stall/surge

close-coupled (transducer close as physically possible to pres- boundary speed (78.5% design corrected speed). The post-

sure port) pressure measumrments were used for comparison stall simulations demonstrated the importance of the time lag

with model simulations. Although the high-rc5ponse mcs- constant, V , in determining which vent (stall or surge)

urements were not directly u,;ed in tiis effort, they were used wosad occur.

by Copenhaver [24), in part to verify that the close-coupled
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LO.1 c""U• - AA, ,_ ILt±- conditions that were consistent with the experinental condi-

tions. The model simulation was started away from the stall
I , ,,,,. ,,,, point because of numerical oscillations associated with theI j i! • :•'• '1tart of a model run. Figure2demonstrates the model's

ability to accuately simulate overall compressor stalling
features. These features include stall point, transient drop in

i performance (including the initial surge-like behavior), and
final, average in-stall performance.

WIIN COMSDM

Figure 18 Control Volume Representation of Ton IT CAT

Stage Compressor. ' ,,

"lhc pruscrnt requirement to use experimental results to de. so 4:6 in in" LA &am " LI A. On" ;

terminin correct value of T (or any other model parameter)
does not invalidate the usefulness of the model as an analysis Figure 20 Model Simulation of Over~all Rotating Stall I:
aid. Once an initial value for T is determined, it can be left Performance and Comparison with Data. ,
unchanged. As a result, the. effect of various design changes I
or other system parameters on model simulations can be ex- Figure 21 displays similar agreement on an interstage basis.
amined. In the present investigation, T" was used to calibrate In a flow-avoraged sense. model-pre~dicted overall and inter-
the model at the stall/surgo boundary. The model was repeat- stage steady and transient behavior agreeA well with the.
edly exercised at 78.5% speed until a T" boundary of 0.028 measured performance. -
seconds was dceteinnin-d. Once determined, -T was held con-
stant (along with all other model para.m'eters), and the model MI.T ,,.SW.C. ,..,,s"L
was run at 82.0% sr,:.ed.. Fig. 19 displays the results of these 10"'ta S-TALL•, CAL, FO[V0ANC,,•,----

runs, and demons,r~ates the model's ability to simulate the lb"113., 64 Q

compressor's stalt'surge boundary. The value of T" was held I[ jl,, tt' ,,,t t---
at a constant value (15.028) throughout all the model """ A.:"•."'. " ..

tTmO OWE - 0.028) -

sit" Sas

mISm I

Figure 21 Model SimulatioV m of Interstage RotaTnng--

Stall Performance and ComparSsCo with Data.

Of particular interest in Fig. 21 is the apparent increase in av-__
erage performance of the ft mt stages of the compressor omee

de ntiaia. ssft odel a s an rotating stall developed. The back stages (4-1) exhibited an
a d..On anD expicted drop in performa mpc arsoniated with a stage operat-

uu A. K" es ,, - ILU" .- ,.4 ing in rotating stall. The apparent mismatch between stages
u g a u e and four is the basis for model n deictiow coid irsed

Figure 19 Model Simulation of Exper iutan be- Figumproving compressor recvenrability. r-as
termined Rotating Stali/Surge Boundary.

tT e ability of the model to simulatvo the extensive hysteresis
Model prediction of a rotating stall event is shown in Figs. 20 exhibited by the compressor at the .tall/surge boundary speed
and 21, along with the experimentally-determined pelfoda- of special interest. This ability was made possibln through a-
ance fo de same evenst. Figure 20 demonstrates overall per- modfication to die model allowing the addition of dc blt-
formance comparison. while Fig. 21 shows interstage com- valued stage characthristics (double-valued in terms oe flow
paiscons. Both plots were prodaced from the results of the coefficient)- As shown in Fig. 22. the model is able to accu-
same model a n, namely, a 78.5% corrected speed simulation. rately represent the hysteresis. and thus tire poor rescover% be-

The model was supplied with steady and dynamic boundary havior exhibited by the compressor rig when operating below r

a -________________
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its stall/surge boundary speed. The simulation is a result of adding a bleed outflow downstream of the middle stages.
decreasing the throttling function by 15 percent (as was the Modifications to actual stage geometry are represented as
case for the simulation described in the preceding para- changes in stage characteristics. Enlarging stage flowpath
graphs), holding long enough to establish steady, in-stall area, either through variable vanes or changes to hub/tip ge-
performance, and then increasing the throttling function 35 ometry, increases the flow capacity of that stage, and results
percent. This is shown graphically in Fig. 22. As indicated in in a shift of its characterist,': in the direction of increasing
the plot, the model does not predict recovery from stall as the flow. Thus, in order to investigate the effects of an enlarged
"throttle" is opened well beyond its initial stall inception rear stage flowpath, the tenth stage characteristic was arbi-
value. trarily translated by a positive four-hundredths of a flow co-

efficient (shown in Fig. 24). No attempt was made to change
Model Predictions For Improved Recoverability the level of the characteristic; the stall and in-stall pressure
As previously noted, results from the CRF test indicated ex- coefficients of stage ten remained unchanged.
tensive compressor in-stall hysteresis at 78.5% design cor-.
rected speed. Subsequent data analysis yielded important
conclusions concerning the influence of stage performance ef- ,."
fects on the recovery of the test compressor from rotating
stall [24]. The stage-by-stage model presented has been ,,
shown to accurately represent the compressor transient and L
quasi-steady, in-stall measured performance (Figs. 20 and
21), as well as the extensive hysteresis described above (Fig. -- ,,,, -
22). The excellent agreement between model simulations and
experimentally-determined performance served to both vali-
date the application of the moueling technique to the CRF ,'- , 1, ......
compressor rig, and increased the level of confidence placed ,,,,.,t o • ,

U I ul ,S S 5. Vi s i f. | (in model predictions. '.. "• • £~• t. .

Figure 23 Ov,%raii Compressor Map Showing Pre-
dicted Improved Re.overy Behavior due to Enlarged

I ",l's ,IwoAIA Rear Stage Flowpath.
Pf15 i INAII~ IML,

; ,na .- ,-. o,,

Figure~~~NIIX 22MT1 MoelSmuaioVf xprmetll-e-
St.

Figure 22 Model Simulation of Experimental ly-De-
termIned Compressor Recovery Hysteresis. ........ 1, "•",0 ,.....

Both model and experime.tal results indicated that at 78.5% SC ,LO. c, COIIc-.'

design corrected speed, the front stages of the compressor Figure 24 Effect of Enlarged Rear Stage Flowpath on
may remain unstalled while the compressor exhibits rotating Stage Performance.
stall behavior (the first three stages generate a higher time-
averaged pressure rise orice the compressor is in stall). In Figure 23 demonstrates the improved compressor recovery
addition, the poor recovery behavior (extensive hysteresis) behavior predicted by the model as a result of the enlarged
exhibiteC once the compressor is in stall appeared to be a re- tenth stage flowpath simulation. The initiation of and subse-
suit of flow blockage of the rear stages. As discussed in de- quent recovery from rotating stall for the "modified" corn-
tail in Ref. 24, the prolonged in-stall hysteresis is likely due pressor was achieved via the model throttling function
to choking in the unblockcd portion of the tenth stage rotoe through settings identical to those shown in Fig. 22. As
(note the negative pressure coefficients and negative. slol Pf .hown in Fig. 23. the modified compressor stalls at a slightly
the in-stall characteristic of the tenth stage as shown in i& higher mass flow rate and lower pressure ratio than does the
24). Thus, the hysteresis level can be reduced if the latter original compressor. It appears that the increased flowpath
stage flow blockage can be reduced or eliminated, improving resulted in a reduction of the original in-stall aerodynamic
recoverability. blockage extent. The blockage reduction resulted in a higher

average in-stall mass flow rate for the modified compressor.
Model investigations for improved comp~ressor recovery b- and thus improved the ability of the compressor to return to
havior involved reducing tlhi in-stall hysteresis by taking ac- unstalled operation, as shown in Fig. 23. The improved com-
tions that reduced or eliminated the rear stage blockage. pressor recovery behavior was not without performance
These actions included enlarging the rear stage flowpath or pcenlties. The approximate fi%,. percent reduction in stall
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pressure ratio indicated in Fig. 23 also produces a loss in stall
margin.

14iltIAL, STEAJDYt

Examination of the differences in stage ten performance for
the original and modified compressors offers insight into the ' S

improved recovery behavior of the enlarged flowpath case. As | =1=110

shown in Fig. 24. the shift of the tenth stage characteristic in 0.3 ,.Sac I

redistributes the stage loading so that during unstalled opera-
tion, the tenth stage is more highly loaded for a given flow I
coefficient. By enlarging the rear stage flowpath, the stability
limit for stage ten occurs at a higher stage flow coefficient.
The resulting change in stage matching produces overall
compressor stall at a slightly higher mass flow rate and lower tit
pressure ratio than the original compressor (Fig. 23). Further,
it appears that the modified stage matching results in de- Figure 26 Stall Related Prediction Resulting From
creased levels of aerodynamic blockage when the compressor Stage 5 Bleed Outflow.
is in rotating stall. In doing so, initial in-stall stage average
mass flow is increased and stage recovery behavior is ir- As was done for the increased flowpath study, an examination
proved, of stage behavior was performed in an attempt to gain further

insight into the effects of interstage bleed on compressor re-
In addition to the enlarged flowparh studies, model recovery coverability. Stage dynamic behavior was examined through
investigations were performed to investigate the use of inter- the use of a dynamic pressure coefficient, obtained by apply-
stage bleed flow. The modeling technique here treats bleed ing a time lag to the stage steady-state forces. Consistent
flow and its effects as additional source terms in the conser- with the observation that of the front stages of the compressor
vation equations (Eq. 1). rig remainea. unstalled with the compressor

C-,i

Results from both the model simulations and data analysis I

suggest that the effectiveness of interstage bleed on compres-
so. recoverability is dependent on bleed location. The results I
of two model predictions involving interstage bleed are pre- 1
sented in Figs. 25 and 26. in both cases, rotating staii was 2 01 ISM L

initiated through the use of the model throttling function. To
examine bleed effects, the value of the throttling function was S .,. .

left unchanged once rotating stall had developed. Other than INITIALA
bleed location, the model runs were identical. As shown in

A'. 1r0s 'tl AT PICIC PfuaI w fct
the two figures, the model predicts that the rear stage block- "= ST-- ,o + n
age can be essentially eliminated if a 3.0 Ibm/sec bleed out- -

flow (15% of the unstalled mass flow) is applied at the en- " ,.= 14 C C-tl . C "
trance of the tenth stage. The result is compressor recovery
from rotating stall. The same amount of bleed applied up-
stream of the middle stages (Fig. 26) does not result in recov-
cry; however, the overall compressor in-stall performance is "oý ft" IMM"- •
increased. This apparent dependence of compressor recover- _g WIN =.., f ou lis

ability on bleed location was also demonstrated through the Is
use of a dynamic component-by-component turbofan engine 10. STALL

model [27]. 7. STll

IZ HIIL STEADYf 
,.

yamirc NGhaM Ir. WCC

IS No' tha when the LIS in applie Iow 410
(Fi027aAtthfn se retr toT r fgW oFICIEI-

Figure 27 Effect of bleed Flow Location ( vn Stage 2
Dynamic Behavior.

operating in rotating stall, the dynamic behavior of the fronit
stages does not significantly deviate from steady performance
(Fig. 27). Noic that when the bleed is applied downstream
(Fig. 27a), the front stages return to higher flow levels in-

Figure 25 Predicted Compressor Recovery Re- dicative of unstalled operation (recovery). F~igure 28 demon-
sulting From Stage 10 Bleed Outflow. strates the dependence of stage recovery behavior oni bleed
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location. Bleeding downstream of the stalled middle stages this effort, the dynamic behavior of individual stages was
increases the a, ial velocity, thus reducing the blade angle of examined in detail (Figs. 27 and 28). and then actions were
atack and unstalling these stages (Fig. 28a). Applying the studied to alter the behavior resulting in a more recoverable
same amount of bled upstream of the middle stages does not compressor.
result in rc'overy of the latter stages (Fig. 28b). Stalled
stages, and thery'fote the compressor, receive little recovery The choice of a stage-by-stage model or a lumped control
benefit from a bleed outflow applied upstream of the stalled volume representation is dependent on the application. For
stages. example, an overall model would be appropriate for a recov-

,.m cry investigation involving overall compressor behavior or
I ,o, . studies related to system parameters (discharge volume, com-
1AU( 10 V~INAXI -FIM, "f~NOWAK",t(K,0 I pressor length, etc.). However, a detailed investigation in-

E reA9 valving interstage changes would require a stage-by-stage
Z:• model.

•#I " --- 2. The effect of the actions taken on compressor recov-
erability was dependent on axial location (i.e., bleeding up-
stream of the middle stages did not result in compressor re-

./ covery). As such, the actions point to the importance of stage
..M0W•E matching on compressor stalled behavior, and its h,"luence on

recoverability. Highly unloaded front stages may result in an
A is o'.1 0: is im Am A. ML in IP $1 o

$L,.6. ,EM C•,,,t,,,, extension of the compressor starting problem (front-stage
stdll, rear-stage choke) into stages downstream. Specifically,
the front stages may remain unstalled while the compressor

,,A 11AU 5 E,,,f ,1-,1 ,,'L ',.,..W.. exhibits stalled behavior [24]. If this is the case, actions

LS ./known to improve compressor starting may improve recovery
"A', behavior, but only if they are applied downstream of the

stalled stages.

3. The extension of compressor test results, as was done
in this study, represents one of the primary uses of a model of
this type. The following extensions have been identified, and

,r~- represent only a sample set:
L" AK Ul(P BLEED WK (It

"L 10 $$1L6I

& , LZ 0---RA LU . , .5 ,.' iL a. Study of velocity and/or Mach nunber profies
STAR tFLO CO(eFICIa E within the machine.

IN b. Throttle ramp rate studies, both in and out of stall.

Figure 28 Effect of Bleed Flow Location on Stage 9 c. Stall margin studies, including the graphical repre-
Dynamic Behavior. sentation of the path of each stage toward stall as the

flow is reduced.
The following conclusions were based on the combined re- d. Introduction of pressure and/or temperature pulses
sults of the compressor rig test and model predictions: anywhere in the machine; study of the effect of slow or

fast temperature changes.
1. The improved recovery predictions presented here e. Study of the effects of inlet resistance (distortion-

were made possible by the stage-by-stage compressible producing device), combustion, and gas path heat trans-
model. The following observations are offered: fer on compression system operation.

a. Analysis of individual stage behavior during transient COMPRESSOR STAGE CHARACTERISTICS
events such as surge or rotating stall can be performed. As has been seen in the previous examples, detailed stage-by-
This analysis resulted in a mere quantitative understand- stage dynamic models require stage characteristics for the en-
ing of post-stall, interstage fluid mechanics in tire flow range spanning near-design flows, rotating stall, and
multistage axial-flow compressors. reversed flow (Fig. 29). The characteris:ics used were either
b. The effects of design changes to a stage or stages on taken from the modeled experiment, or estimated for ranges
model-predicted overall and interstage performance can where the experimental values were not available. It is, of
be examined, course, desirable to predict stage charactirristics from design
c. The physical features of the modeled compressor information for a complete simulation prior to an experiment.
were retained. Coitrol volume size is governed by ac- T'he following material summarizes results of a recent effort
tual stage geometry. [281 to develop a stage characteristic prediction method.
d. The usefulness of a stage-by-stage model of this type
extends beyond the obvious stall/recovery investiga- STAGE MODEL THEORY
tions. The elementary axial-flow compressor stage mean-line

analysis principles for forward, unstauled flow are well-
The model's ability to provide information that is very known, This type of analysis assumes incompressible. invis-

difficult or costly to measure is a true asset. For example, in cid flow through a single stage and uses empirical correla.
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tions to estimate the pressure losses and flow deviation in
each blade row. The classicrd correlations are given by Lie- IGV ROTOR STATOR
blcin [29] and Carter [30], respectively, for unstalled opera-
tion. Methods for prediction of in-stall an(' revcrsed-flow
stage performance have not previously been developed.

Ctage sn w o Forwardt U

in Flow

CHARACTERTSTIC dd

a,,

V..-

CHARACTERISTSC l

Figure 30 Mean Radius Section of a Compressor

FLOW Stage In Forward Flow Operations.

Since the, angles in Eq. 7 are flow angles and the. pressure
losses cannot he calculated directly, approximations for the

TE~ncdeviation angle and loss coefficients must be made.

m • To estimate the flow exit angle in the unstalled, forward flow
regime, the model uses Carter's correlation, which is for near-

0 RE E design operation. Because the deviation does not change
Uj FLOW significantly until the blade stalls, this angle is assumed to beIL L HARACEROM•

,,conistant.
I- ~UNWTALED

0 where m is obtained fr-om the reference.

FLOW The blade losses arm calculated as the sum of profile, annulus
Figure 29 Full-Range Compressor Stage and secondary losses. The profile losses are given by Lie-
Characteristic. blein 129] and the annulus and secondary losses are given by

Unstalled Forward Flow Dixon [31] as follows.

A typical compressor stage and tie flow angles associated
with forward flow are shown in Fig. 30. Using the moment of
momentum equation for this geometry, Euler's turbine equa-
tion gives the stage temperature rise. W2

2 2ý2 32-11
ALTo2o-TO pU2 [_V.Vx 2 =] (7 -- 2  2! ai I (12)

To 1  T/01  C-TOI U (. V,()j #2 -2 -

For incompressible flow, the total pressure rise for the stage

is related to the total temperature rise and the blade row pies-
sure losses by '5. =O0.tY2a - =). EL (13)

02 -/l =pcpAT0--(APoR+A^bS) (8)
For incompressible flow. the total pressure losses are related - 0.072 coi 2 (l 2
to the cascade loss parameters by a 'osj)1

and @, PS(9) where tanp. (ti0-01; +aP2)PWZ/2 pV v.17

For incompressible flow, the stage efficiency is given by Stalled Forward Flow

For in-stall, forward flow operation, the flow is assumed to
(10) separate from the blade leading edge, as shown in Fig. 31, and

PcpATO the approximation of Moses and Thomasoti [32] is used to
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predict the fully mixed flow angle and loss coefficient. The
determination of the jet exit angle, P]2, is based on additional aTn Tp' -Tpj -U2  , A l
empiricism and is discussed later. The jet velocity ratio is T 02  T02 I -T02 I U A Vx i "

given by

It should be noted that the compressor does work on the fluid
j - 4ac (15) in the direction of flow, increasing its temperature in that di-

V, 2a rection. When the compressor is operating in reversed flow,
where the temperature at station 1 is greater than at station 2 and the

result in Eq. 18 is negative. The flow angle. 61, is assumed
Sc = - -b1 to be the blade metal angle as suggested by Tuner and

cosCO c0sY cosy Sparkes [331 and by Koff and Greitzer [34].

To give meaningful results, only the positive result in Eq. 15
is used.

V, IGV ROTOR STATOR

Forward 
_. 

10

Flow
oO.- Revwssl

w, W, C. W., Fkow

Ž10 UU 7

Figure 31 Compressor Cascade Geometry and No- V
menclature for Stalled Operation. 1 o,

The fully mixed flow angle and loss coefficient are given by
Figure 32 Mean Radius Section of a Compressor

nP3  sn/ 2  (16) Stage In Reversed-Flow Operation.
IV, cOSPl

For incompressible flow in the reversed direction, the pres-
sure losses are added in Eq.19 because they are positive in the
direction of flow, which is from station 2 to station 1.

pV1 /2 P02 - P0I = pc 70 +(APOR +APiS) (19)

0 2 (17)
=(I+* 5 T). 4 + Isf, '0 H In a cascade experiment to study reversed flow, Carneal [351

l V1 2 3 " cos2,63 showed that losses in the reversed-flow region, when non-di-

mensionalized by wheel speed, collapse onto a single parab-
Because the profile losses for a szalled blade row are much ola as shown in Fig. 33. While the data for reversed-flow
larger than the annulus and secondary losses, the latter are ig- losses were derived from cascade tests, it is possible to ex-
nored in this flow regime. press the results in terms of wheel speed for a rotating cas-

Reversed Flow cade. Although the loss curve for one stagger angle diverges
from the others at reversed flow coefficients less than -0.25,

A typical compressor stage and the flow angles associated the region of typical compressor operation is V,,/U>-0.25,
with reversed flow are shown in Fig. 32. The development of ehe rin f typ cmr e o per ation is this-resul
the basic stage performance equations is a direct extcnsion of even during a deep sur-ge cycle. The implication of this result

the asi stge erfrmane euatonsis dirct xtesio of is that the reversed-flow losses are reasonably approximated
that presented previously, with the subscripts changed to re- as a the reversedflow lossesiarepreasnably approximaed
flect the direction of flow. Using the moment of momentum as a function of mass flow only, independent of flow angle,
equation for this geometry, Euler's turbine equation gives the solidity, blade shape, and other flow details. A parabola fit to

the five coincident curves of Canieal's data is used to deter-
stage temperature rise. mine the blade row losses as a function of mass flow, and this

result is used in Eq. 19 to calculate the stage pressure rise.
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The value used for the first stage stalling incidence was ob-
tained from the first stage of the 3-stage compressor tested by

a? 30 , . . .-. .... " r-T T'T'r' Gamache (10], which stalled at 160 angle of incidence. If it is

a is Eo wnsr•, G#4" Av,,I - assumed that this result is generally applicable, the bounds on
V U,. WOREL PoM STAOi _" (VN

*S0EQ XKtW1*lW S0R NIl(MEMM
._s .=mCMNO, E , M,, the incidence angle for separation are 8's isalI 16', with 80

0 ~ aE~~m~i1AANMZR00r used far the last stage and 160 used for the first stage of a
.L .modeled compressor. This correlation was applied to all
LU
0 1 stages modeled and reported here.

'U

D 107 When a blade row stalls, the flow at the trailing edge consists
of a high velocity jet near the pressure surface and a sepa-

cc rated, recirculating region near the suction surface. It is ex-
S.pected that the wake will not have sufficient time to mix to a

o uniform condition before reaching the downstream blade row-10 and that the recirculating region will be sufficient to initiate
Vx /O stall of the downstream row. For this reason, the model as-

sumes that when the rotor stalls, the downstream stator stalls

Figure 33 Corrected Pressure Losses In a Reversed- as well.

Flow Compressor Cascade. Stalled-Flow Jet Exit Angle

Gamache [10] noted that the last stage stator in reversed flow The reasoning used to determine the stalled flow jet exit angle

functions in the same manner as the IGV during forward flow. is similar to that presented in the previous section. The ap-

The flow enters the blade row with a small angle of attack and proximation of Moses and Thomason [32J 3uggests that the

is turned from the axial direction, accelerating the flow like a flow leaves the trailing edge at approximately the stagger an-

nozzle. Garnache measured a negligible pressure loss across gle. The present author suggests that the pumping action of

this blade row in reversed-flow operation, so the model he- the downstream stages, which delays the onset of stall in the

glects the losses for the last stator of the compressor when upstream stage", tends to reduce the extent of separation once

operating in reversed flow. stall occurs.

The ttage efficiencyi¶ not a mreaningful rnmbe~r in revered The jet anfle is assumed to be the sum of the trailing edge
flow because the large pressure losses in the reversed flow blade angle and a coirection for the location of the stage in a
analog of Equation (10) and the use of correction factors dis- multistage environment, which suggests the following cone-
cussed in a later section often make the result fall outside of lation for the jet exit angle.
the bounds of 0 ., r/: 1.

EMPIRICAL OBSERVATIONS AND ADDITIONS 02 = f2 +a(Pý -l) (21)

Although the present model is based on fundamental tLuid currew stage#-I-

mechanics and experiments, some empirical additions have where a=- toa/#stages- I

been necessary to achieve the desired agreement with meas-

ured characteristics. These additions wcie based on logical
extensions of the published literature. The resulting bounds on the exit jet angle are P- f 02:5 7.

Criteria Used For Stull Inception with the lower bound of fi2 being used for the first stage and

Yocum [36] reported the angle of incidence at which flow yfor the last stage.
separation would occur in a test cascade to be 80. Longley
and Hynes [37] reported that a stage operating as part of a
multistage compressor can remain unstalled at flows much Recovery Hysteresis
lower than the isolated clean-flow stall point. It has been It is well-known that a compressor will net recover from stall
suggested that the pumping action of the downstream stages until the mass flow is increased to a value g,- ater than that
tends to prevent upsuzeam flow separation. In an attempt to which existed when stall was initiated, but the extent of the
model this effect, the angle of incidence at which separation hysteresis that will be present is not well understood. The
occurs is assumed to be the siui of the isolated stall incidence present model predicts the stage performance in the region
(80) and a correction for the location of the stage in a where the characteristics are double valued, but does not at-
multistage envi-onment, which leads to the following expres- tempt to calculate the extent of the hysteresis. To include this
sion for stalling incidence. effect in the model, the stalled flow calculations are begun

with an incidence of 6* before stall inception. This selected

istlI = 8*+aAi (20) amount of hysteresis is considered reasonable based on expe-
rience of the author, but cannot be calculated by any present
theory. Because the stalled calculations involve solving the

where o quadratic in Eq. 15. solution is not possible for all ircidence
total #s tages - I ifirt stage angles and not all of the predicted stage characte-istics pre-

snebowswteul6ohyeeistallsented below show the full V° of hysteresis.
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Reversed-Flow Pressure Prediction stator blade trailing edge angle

The flow field in a compressor operating in annulus reversed stator blade stagger angle
flow is not well understood, as there has been little research
performed in this flow regime. The present model predicts stator blade mean ra,!:ns

reversed-flow performance with reference to the experiments number of stator blades
of Carneal [35] and Eq. 19, with an empirical correction in
the form of Eq. 22 to improve agreement with experiments. stator blade chord

stator blade span
Po2 -PoI=alpcpATO+a 2 (A POR+APoS)+a3 (22) _ _ _ _ _ __bladespan

stator blade thickness/chord ratio

where stage axial velocity ratio

a, = 0.31 location (stage number) of stage being modeled

a2 1.33 number of stages in the machine being modeled
a3 =0.20

By use of the performance of the first stage of the compressor
tested by Gamache [10], the values for the coefficients in the APPLICATION TO A LOW SPEED COMPRESSOR
above equation were obtained and were used in all predictions To verify the accuracy of the FULRANGE technique, the
presented. It should be noted that at this time there is no the- model was used to predict the performance of the low-speed
ory to predict these cocffici. ;its. 3-stage rig [10]. This compressor had a constant flowpath

ASSEMBLY INTO A WIDE RANGE PREDICTION annulus with 3 non-repeating stages; further details about this

MODEL compressor can be found in the reference. For this machine, a
A full-range stage performance computer model stage was defined as a rotor and the downstream stator.

(FULRANGE) was developed as an assembly of the methods
discussed in the previous sections. To implement the model T7'e predicted and measured pressure characteristics for this
over the range of mass flow coefficients in the forward flow machine are presented in Figs. 34 through 36. The predicted

regime, the relative flow angle at the rotor inlet is varied from C.. , , au rement in "he

zero angle of attack to zero flow (relative flow angle is 90*) forward flow region and excellent ageement in the reversed-

in one degree increments and the appropriate flow calculation flow region. The prediction has the same curvature as the

is applied. To generate the reversed-flow characteristics, the measured characteristic throughout the entire flow regime and
has no unexplained discontinuities.

model increments the mass flow index, V 5/U, by a fixed

(negative) amount and the rcversed-flow calculations are per- 20 -- .............

formed. OV FULRANGE Code

1.5 0 Measured Data
The information required by the model to predict stage per- 0
formance is the rotor and stator mean-radius geometry, as .• 1.0

stummarized in Table 1. 0.5

Table 1 FULRANGE model Input parameters. 2 0
CL

0.5

rotor blade leading edge angle -0.5
rotor blade trailing edge angle -I0"' ' ... i.. .t . L.L.J. . .. I•,

-0.50 -0.25 0 0.25 0.50 0.75 1.00

rotor blade stagger angle V1 /U

rotor blade mean radius Figure 34 Three-Stage Test Compressor Flrsi Stage

number of rotor blade,- Pressure Characteristic.

rotor blade chord For all 3 stages of this machine, the FULRANGE model pre-

dicted the flow coefficient, Vs/U, within 0.01 of the meas-
rotor blade span ured value for transition to abrupt stall. It should be noted

rotor blade thickness/chord ratio that this difference between predicted and measured transition
represents an error of less than 1' angle of incidence to the

IGV or (upstream) stator exit flow angle rotor.

stator blade leading edge angle The unstalled pressure prediction was within 0.15 of the

measured values for the first and third stages, but the second
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stage agreement was not as good. The unstalled predictiorn The reversed-flow pressure prediction for the third stage is
for the second stage was within 0.20 of the measured values, within 0.07 of the corresponding measured values. The more

nearly horizontal characteristic for this stage is the result of
For flow coefficients greater than 0.10. approximately 90% of the lkst stator in reversed flow operating in the same manner
the in-stall data were within 0.10 of the predicted pressure as the IGV in forward flow Because there are small pressure
characteristic. The general shape of the predicted character- losses in the last stator row (as compared to the first two sta-
istic is the same for all stages, reaching a zero pressure rise at tor rows), a smaller pressure at the stage exit will force flow
zero flow, while many compressors exhibit some positive backwards through this stage.
pressure rise at zero flow. The mechanisms for this observed
phenomenon are not currently unde stood. APPLICATION TO A HIGH SPEED COMPRESSOR

The FULRANGE code was used 'o model the performance of
The first stage reversed-flow pressure prediction is coincident the 10-stage, high-speed compressor tested by Copcnhaver
with the measured characteristic, as would be expected (this 124,25]. This compressor was the high pressure compressor
was the one stage used to develop the correlation coeffi- from a modern high-performance akcraft gas turbine engine
cients). Application of the re-versed-flow model to tie second and was tested at five speeds ranging from 49.8% to 78.5% of
stage prediction yielded an essentially exact match to the design corrected speed to investigate stalling and recovery
characteristic. This supports the application of the results of behavior. For this range of corrected speeds, the variable
Carneal [35]. which indicated that both rotors and stators in vane schedule was fixed so there was no change in stage ge-
reversed flow could be treated as nearly equal loss producers. ometry; the vanes open only at higher corrected speeds. Be-
For both of these stages, the slope of tie characteristic is very cause the present model assumes incompressible flow across
steep. This is because the blade row losses in reversed flow a single stage, the predicted stage characteristics are inde-
are very large as shown in Fig. 33, and a large pressure is re- pendent of wheel speed and the measured data are presented
quired at station 3 as shown in Fig. 34, to force air through without distinction of the speed at which they were obtained.
the stage. The flow, pressure, and temperature coefficients plotted in

these figures are defined as follows.

2.0'° 1 --TT-T
0 FULRANGE CodeJ.L 9

1. 0Was.-'.d Data ' 0=L 3 (23)•a. 0.5318

[P=PR- --I }NC]2  
(24)SJJ

.,.o•..•..t~~7 ... ,,,l,,,.lV [TR -I][NC]' (25)
-0.50 -0.25 0 0.25 0.50 0.715 1.00

Vx/ U ,here

Before discussing the pressure and temperarare characteris-
Figure 35 Three-Stage Test Compressor Second tics. a comment regarding the flow coefficient predictions is
Stage Pressure Characteristic. in order. The model predicted the transition to stall within 2o

angle of incidence to the rotor for all stages kt the compres-
sor It is unknown whether this is the result of an underlying

2.0 -.............. Imechanism that is approximated but not yet understood, or

0 FULRANGE Code" whether this is a fortuitous coincidence.
1.5.0 Masurmd Dala

Pressure Characteristic Predictions
1.0 MThe model consistently over-predicted the unstalled pressure

0.5 coefficients for the first three ctages by a significant amount,
as shown in Figs. 37 and 38. The second stage characteristics

0 -are similar to those of the, third stage and were omitted for
0. •brevity. The reasons for the significant disagreement in this

-0.5 arep are not clearly understood at this time, but two theories

.1.0 . are put fortdi.
-0.50 -0.25 0 0.25 0.50 0.75 1.00

V"/U For the low corrected speeds at which this compressor was
tested, the IGV and first two stator rows were fully clost I
(large stagger angles, as measured from at' axial reference)

Figure 36 Three-Stage Test Compressor Third Stage Under these conditions, the flow into the IGV is at a lari,.
Pressure Characterlstic. angle of incidence and is turned significantly away from thL

axial direction. The large incidence is likely to cause
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separation from the IGV leading edge, causing large pressure

losses and a large flow deviation angle. This situation is far
a) First Stage Pressure Characteristic from design-point IGV operation and the current model is

,.0.2 --- rT T-----rrr Y V, I ... I --' , ,I T ' . .

unable to approximate the performance accurately. It isa) FuLRANGE Cod,

0 Measured Duj believed that a similar flow separation may occur in the stator
Z o.1 , rows of stages two and three, as well.

A second effect of the closed vanes is that the flow is aecel-
0 "crated significantly due to the reduction in apparent flow area.

This area ratio is of sufficient magnitude to cause choking of
the flow (even at moderately low mass flow), a phenomenon

.0.50 .025 0 0.25 0.50 0.75 1.00 which the present (incompressible) model is not capable of
Stag. Flow Coeftoent,* predicting.

b) First Stage Temperature Characteristic Based on the nearly vertical pressure characteristics for the

- 0.5 ,second stage (not shown) and the third stage (Hig. 38), Co-

penhaver 124,25] concluded that choking existed in these
stages. Because these stages appeared choked at high flow
coefficients, and because of the negatively sloped pressure
characteristics forr the entire operating region, Copenhaver

o 05ULRANGL Cod concluded that they were operating in a high-flow manner
-0.25 o Measured Data trader all conditions. Based on the flow angles calculated by

I .the FULRANGE model, it is suggested that the stages were

-0.50 -025 0.25 0.50 0.75 1.00 operating in-stall when the mass flow was low enough to

Stage Flow Coaelfcent,9 eliminate the choking. The fact that there is good agreement
between the predicted in-stall pressure rise and the measured
performance for the second and third stages would tend to

Figure 37 Ten-Stage Compressor: a) First Stage support this idea.

Pressure Characteristic; b) First Stage Temperature The predicted and measured pressure performance of stages
Characteristic. four thiuough eight are very similar and the fifth stage charac-

t,clBics, i.s ,,w-i Hi Fig. 39 i'.. representative. Thne unstaiied
piressure predictions for these stages are nearly coincident

a) Third Stage Pressure Characteristic v Ai die actual data points. The in-stall predictions have the
same slope and curvature as the measured characteristics, but

0 FtiL-ANGE COdI
0 Masured Data are significantly lower in magnitude. It is believed that the

under-prediction is a result of the modeling assutmp:'on of
axisymmetrically stalled flow. Continuing work is addressing

O methods for improved modeling ot the circumferential vari-
0 oations which exist in in-stall flows.

The qualitative agreement of the predicted and measured per-

.030 -025 C 0.25 o.50 0.75 1.00 formarice of the ninth stage is similar to that of the eighth and

Stage Flow Coefficent, * the tenth stages, and comparison is omitted for brevity.

b) Third Stage Temperature Characteristic Before discussing the operation of the tenth stage, it is in-
-W 0.50 ,, , oTý - structive to look at the effect of density variation on stage

performance. Under low speed conditions, the density in-
i 0.25 crease across each stage is lower than !he design value. The

o l area reduction found in high speed, multi-stage compressors
L 0 results in high axial velocities in the rear stages and can lead

r, FULLR ANGE Code to choking.S-0.25 0v MeaS•fJ GtS
1 0,, DaL_., .,t----'The unstalled pressure prediction for the tenth stage agrees

r -0.50 -025 0 0.s 0.50 0.7' 1.0 well with the measured data for flow coefficients less than

Stage :low Coatlitdnt, 0.60, as shown in Fig. 40. At higher mass flows. V-.e high
velocity air at the stage entrance causes the pressure to drop
and the stage performs like a turbine. When operated in-stall,
the. tenth stage, was extracting work from the. flow for all data

Figure 38 ean-Stage Compressor: a) Third Stage points, with an apparent choking cond'tion at a flow coeffi-
Pressure Characteristc; b) Third Stage Temperature cient of 0..7. For these reasons, the predicted and measured
Characteristic. pecrformaice were not %;lose.
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a) Fifth Stage Pressure Charactedstk this stage definition for reversed-flow operation. The first
0,2 --- ', -,-,-r- -- T-,................".,, ... implication is that there is no "last stage stator" for which the

u rULRANGE Coo losses should be neglected. because the tenth stator is not pan
0 Measured Due of a stage for which performance was measured; the tenth

stage consists of stator 9 and rotor 10. The second implica-
tion is that the effect of the fislly closed iGV and first two

stators in reversed flow will only be seen in the first and see-
ond stages; stator 3 will control the flow angle into stage 2,
stator 2 will control the flow angle into stage 1. and flow

0.1 .. downstream of the IGV in reversed flow is out, Ade of the
-0.50 -025 0 0.25 0.50 0.75 10 compressor.

Stage Flow CoeflWle *

b) Wifth Stage Temnperatre Charactertisc Be-cause of the experimental difficulty of generating reversed
""t) 0 -..... .t...T.ra flow in high-speed, high-pressure ratio compressors, no re-

versed-flow data were obtained. For this compressor, the

04,1 quantitative predictions of the model are therefore unsup-
0 ported.

£ 0 For similar stage geometry's. Gamache [10] measured nearly

-0.25 0 ,0 M ,•red Data identical performance in reversed flow. The last eight stages
of the 10-stage compressor weie geometrically shnilar, and

S-.$ . I i. the reversed-flow performance predictions for these stages are
.0SO -025 0 0.25 0.50 0.75 1.00 very similar. The model predicted a smaller (magnitude)

Stage Flow Coafici•rtl. slope of the reversed-flow pressure characteristic for the first
;wo stages because the IGV and first two stators are closed to
the flow path. This resulted in a larger relative flow angle

Figure 39 Ten-Stage Compressor: a) Fifth Stage into the first and second rotors and more work being done on
Pressure Characteristic; b) Fifth Stage Temperature the air in the reversed direction.
Characteristic.

Te..mnperature Characteristic Predictions
a) Tenth Stage Presure Characteristic The unstailed temperature predictions for the first three stages

%o.2 •-.-..r-........are higher than the measured characteristics, but show good

D FULPANGE Code qualitative agreement. It is believed that the errors in calcu-

00 Measured Daa lating the flow anglrs leaving t'he IGV and first two stators
(which were fully closed to the flow path) resulted in the cal-

C "culation of more flow turning than actually occurred. The
0-• predicted in-stall temperature rise for these stages is ap-

proximately correct at stall inception, but at lower mass flow
the measured temperature rise increases much more than the

.0.60 -025 0 0.26 0.50 0.75 1.00 present model predicts. This is believed to be the result of the

Stage Flow Goefficeit, 0 significant viscous heating which occurs at low flow rates in
high speed compressors.

b) Tenth Stage Ten. -rature Characteristic
W O .......-- ,----, ............... . . At this time, an interesting point can be made about the per-

ceived inception of stall. In the unstalled region, both the
I FULRANGE predictions and the measured temperature rise

L show a linear characteristic with negative slope. It is clear
0 from the first and fifth stage data that the temperature charac-

. o FULRAnE Code teristic experiences a discontinuous change in slope and cur-
S-0.25 0 Measued Dae vature at the inception of stall (as defined by the slope of the

pressure characteristic) ajid this is confirmed by the model.
-o*50 .025 0 0.25 0.50 0.75 1.00 Since the change in slope of the measured temperature char-

Stage Flow Coeffcent., acterisfic is much more pronounced than that of the pressure
curve for these stages, it is suggested tiat temperature per-

Figure 40 Ten-Stage Compressor: a) Tenth Stags formance may be a better indicator of the onset of progressive
Pressure Charactnrlstlc; b) Tenth Stage stall. In reference to the performance of the second and thirdTemperature Characteristic. stages, the temperature characteristics would indicate that at

flow coefficients less than O.ZO and 0.33, 1cspectively, these

Before discussing the reversed-flow pressure characteristics, stages are opera:.ing in-s~ill.

it should be_ noted that the instrumentation placed on this
compressor resulted in a stage. being defined as a stator fol- The unstalled temperature prediction for the fourth through

lowed by a downstream rotor. There arc two implications of tenth stages showed excellent agreement with the measured
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performance, A large fraction of the predictions arc almost measured values, but the pressure characteristics did not show
coincident with the data in this region. The in-stall predic- the same vel of agreement. It is suggested that the stage
tions for the fourth and fifth stages show the same trend of losses, and hence the performance, are a function of the envi-
under-predicted temperature rise at low mass flow that was ronment in which the stage is operated, as well as the aerody-
shown by the first three stages, but this trend is less pro- namic design of the stage.
nounced for the fourth stage.

The stage temperature characteristic is essentially linear in
The in-stall temperature predictions for the sixth through the unstalled operating region, but has a discontinuous change
tenth stages are of the same form as for the first five stages in slope and curvature at the inception of progressive stall.
(negatively sloped with positive concavity), but the measured Because a stage can operate in-stall with a negatively sloped
characteristics are positively sloped and linear. The measured pressure characteristic, it is suggested that the temperature
data often show a steady-state drop in temperature with an in- characteristic might be a better indicator of stall inception.
crease in pressure, which violates tie second law of thermo-
dynamics, for a portion of the stalled characteristic. Copen- When a stage stalls, it upsets the flow field downstream to a
haver [25] suggested that the indicated drop in temperature sufficient extent that it can drive the next downstream stage
was the result of significant recirculating flow within the ro- into stall, even if the downstream stage was operating away
tating stall cells. As the flow moved backwards through each from its stall point. It is also possible that choking of a
stage, work was done on it and its temperature increased, downstream stage can prevent upstream stages from op. iting

at higher mass flows which might be attainable if the up-
For all stages, the reversed-flow temperature prediction is stream stages were operated in isolation. For these reasons, it
positively sloped and linear. The slope of the temperature is suggested that there are certain points on the steady-state
characteristic is larger for the first two stages than for the last stage characteristics which cannot be reached in a multi-stage
eight. This is because the IGV and first two stators arc fully environment. This is complimentary to the conclusion that a
closed to the flow path, creating a larger relative flow angle to stage operated in a multi-stage environment could operate
the rotor and resulting in higher turning. There are currently unstalled at flows significantly below the isolated clean-flow
no reversed-flow data for this compressor, so comparisons stall point, as reported by Longley and Hynes [37].
cannot be made.

COMPUTATIONAL CONSIDERATIONS

Finally, all of the above predictions must be viewed as the re- Dynamic Models obviously require computer solution, but an
sult of an axisymmetric model. The model cannot presently additional concern is added if the simulation is to be interac-
account for two- and tiree-diniensional, non-uniform effects tive. since the modcls arc based on design features of the
which may influence the flow field. machinery, there are interesting possibilities for rapid as-

sessment of design alternatives, prediction of test results, and
STAGE MODEL SUMMARY study of dynamic behavior if the simulation can be executed
The model was applied to a 10-stage high-speed compressor rapidly. In multistage compressor simulations, it has been
and mixed results were shown. Tlere were effects of com- found that the typical dynamic model requires 300-500 times
pressibility apparent in the forward stages which could not be actual tine for execution on fast computers; thus, a 0.1 sec-
captured by the current model. The predicted pressure char- ond study of a compressor dynamic might require "0 seconds
acteristics showed very good agreement with the unstalled of computer time. Aside from the cost, this ratio essentially
performance of the last five stages, although the tenth stage dict3tes that the simulation is a "batch" computer operation,
characteristics diverged at high mass flows. The in-stall pre- and that results are studied after a file is created. The above
diction was positively sloped and similar for all stages, but possibilities for interactive use may be realized if the simula-
the measure- performance was dependent on the stage loca- tion occurs in "near-real-time". Considering the applications,
tion; thc measured slopes were positive for some stages and we have defined "near-real-time" as within ten times the ac-
negative for others. The reversed-flow pressure characteiis- tual time simulated. This requirement obviously requires
tics are in good qualitative agret-ment with those of the low- careful attention to efficient programming, and computer ar-
speed compressor modeled, but no high-speed data exists in chitecture in the sense of serial and parallel design.
the open literature for this flow regime.

With these requirements in mind, a near real-time dynamic
The unstalled temperature predictions for the first three stages compression system simulation has been developed. The
showed the cot, rct trends, but were larger than the measuied following discussion is focused on the approach taken to
performance; re. the last seven stages, the agreement was ex- handle the computational requirements of this task for both
cellent in this flow regime. At low flow rates, the model un- serial and parallel computer platforms. Important aspects of
der-predicted the temperature rise for the first five stages by a serial programming are identified that can have a dramatic ef-
substantial amount; it is believed that this is the effect of sig- feet on computational performance. The procedure, followed
nificant viscous heating which is not captured by the present to select the computational platform for this simulation is dis-
model. The in-stall performance of the last five stages indi- cussed, and a comparison of how different inter-processor
cated a significant amount of recirculating flow in the rotating communication schemes affect computational performance in
stall cells which could not be predicted by the steady-state, parallel computers is presented. It is shown that efficient
mean-line stage model. piogram execution demands that communication overhead be

reduced as much as possible. This study shows that commu-
As mentioned previously, the unstalled temperature predic- nication overhead can be reduced considerably by taking ad-
tions for the ninth and tenth stages were very close to the vantage of a concurrent communication and computation ap-
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proach. The resulting simulation allows near-real-time per- ably more efficient to explicitly write the code to minimize
formance which is "scalable". As the problem size grows, the computational effort without compiler intervention.
simulation time can be maintained by simply adding addi-
tional parallel processing nodes. To redL e execution time in the original code, constants that

were used in combination at multiple locations in the simula-
Serial Code Optimization tion were calculated once and only once at program initiation.
When developing a computationally efficient computer model All integer power operations were reduced to combined mul-
or simulation, it must be insured that only required operations tiplies. Any division by a constant was converted to a multi-
are being used. Additionally, these operations should be ply by the inverse constant, and all vectorization opportunities
completed in the most efficient way possible. To identify the were used.
cost of various operations, short code segments were devel-
oped and tested on an IBM 3090 series 300. Table 2 shows a Because the solution method is based on an explicit algo-
relative comparison of various floating point operation costs rithm, a time step on the order of 10-5 is required. Therefore.
in terms of execution time. a one second sin. dation requires 100,000 individual predictor

and conrector steps, and 200,000 individual thermodynamic
Based on the results in Table 2 the equivalent floating point property and force evaluations for each control volume. The
operation count was determined fbr each operation type. This overhead associated with these calls amounted to 15-20% of
was done by normalizing the execution times with the as- the overall program execution time. This overhead figure was
sumptioi that an individual floating point addition is equiva- determined through the use of an interactive debugger avail-
lent to a single fPorting point calculation. These results re- able on the IBM 3090. Because of the large overhead asso-
fleet the performa;'. 4 of fully optimized and vectorized code ciated with tht;se subroutine calls, many of these routines
with the vector lengths shown. It should be noted here that were rewritren as in-line code. To insure that the program
each computer will have different performance values, could be readily maintained, numerous comments separated
Therefore, these specific numbers have no meaning except on each code segment.
the IBM 3090. However, P similar approach can be used on
any computer platform. Therefore, this approach will allow We investigated whether rewriting the simulation in "C"
impro -mcnt of existing computer codes. Additionally, while would improve simulation performance. As will be shown
the specific performance values differ from computer to comn- later, using "C" did not generally improve program execution
puter, the relative floating point performance for each type of speeds. However, wt did see dramatic improvements in per-
operation appears to be fairly consistent from one computer to formance on the parallel computer based on the huisputrO
the next. processor. In general, "C" has much less ovejifead A.ssociated

with function calls and therefore allowed the development of
With the relative cost of each operation type identified, it is a a much more supportable program without the overhead
simple matter to count the number of each operation type to penalties seen in the FORTRAN version of the program.
determine the total number of floating point operations re-
quired for one simulation time step. This number is then used Finally each section of the code was carefully scrutinized
to determine the computational needs of the simulation and with emphasis on reducing operation count through different
hence the computer requirements. calculation approaches and elimination of unnecessary opera-

tions. The pay-back for this effort was an 80 percent rec'.
Table 2. Comparison of execution times for different tion in serial code execution time. Serial code opthnizat
types of floating point operations. Values represent a very important process and should be completed before any
microseconds of execution time on the IBM 3090 parallel code development. Serial code optimization reduces
series 300. the execution time of the code on all computer platforms.

Additionally, using this approach, the benchmarks will com-
NoOpt Full Optimization and Vec- pate computer perform ace as opposed to compiler perform-

torization ance.
NoVec ! Vector Len nthsType of Operation 10000 10000 1000 1 50 Computer Selection Considerations
e - As stated earlier, by counting the floating point operations in

a(i)=b(i) 5986 757 68 6 4 each code segment, serial and pwallel alculation require-
a =~i)*ti)+b i) 9088 1014 90 8 4 ments may be determined. Table 3 shows the number of
a(i)=b(i)*b(i) 7561 989 77 7 2 floating point operations required by each segment of simula-
a(i)=b(i)bti) 11052 3713 368 34 18 tion code. The workload values have been combined into

a(iy-dsqrt(b(i)) 29178 8823 923 140 97 columns that represent the control volume types used in this

La i=b(i)**!i) 71524 19916 1966 205 126 simulation. At the bottom of each column is the total number
of floating point operations required by each control volume

The effectiveness of the compiler's optimi7er was investi- type.
gated. It was found that integer power operations (var**2)
were t modified to be calculated as ( var*var ). Addition- It should be noted that no time has been allotted for the corn-
ally, subroutines wee not inserted as in-line code. ' e munication processes that are necessary n parallel machines.
some compilers will carry out these types of operations, when Knowing the average time step which could be used, based on

writing code for use on many different platforms, it is prob- the Courant number, the required co.aputational performance
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for different types of computer platforins were determined of work is obtained by allocating a single control volume toe
and are shown in Table 4. each processing node.

Table 3 Fioat!rtg point opewallk?.-s required by eacit From Figure 41 it is easy to see that die serial processor must
control volume type (one Iteratkri time step). do much more work than the individual processing nodes on

________ ________ _________ the parallel computer. Also, the parallel computer solution
Inlet CV Duct CV Blade CV ] Exi: CV more accurately reflects the events that are being modeled.
Evaluate Thiermo Thermo E tvaluate Eventsct iroughout the compression system simultane-

BIC (25flops) (25flops) BC ously. Thý. ,arallel computcr solution calculates the~-- events
('9flops) ____ (79flops) like they occur in the physical system. As dhe problem size

Pass Data eft(72Bytes) grows the execution time on the serial computer increases
r ~Howcver, the parallel computer has the ability to maintair. the---------- FDuct Caic IBlade Calcs----------------execution time by simply adding additional processing nodes

(11 flops) j(I'--ops for larger problems.
Pass Data Right(72Bytes)

Print Otptut
Inlet Cales Diffusive Diffusive Diffusive PMa P. .0U. - .s'pe *eI d)

(262flops) Flux Flux Flux

17los Predicopr Predicops) c (Nozzlops
Outflow (24flops) (24flops) (24fle-ps) c cvI V2C3-.VS

(l6f (ps Preicors Predicor s en N1 fopzle
Thermo 'Thermo Outflow L - L J F
(25flops) I25flops) (I67flops )L . L
Pass Data eft 72B tes I

-------TDuct.Cale Blade Caics ---------

li1flos I (148flops sz'o

P a ss D a ta R ig h t(7 2 fly te s)Fi u e 4 C o p r s n B t e i S r al n d P a l l------- 'Corrector ICorrector Figure 41-m-rsn-e--i eil n arle
(20p)I(23flbps)J I Computational Approaches.

---------- Antidiff Antidiff r A'uidiff1 Flu, Flux Flux Table 5 Differences In computational effort-per-
j (23flops) (230bp s) j(23flops) processor for serial, SIMD, and MIMD computers.

Pamsc Data- Lft(M2ytes) 
ie

-------- Diffuse Diffuse Diffuse
(7 f0 0ps) (7fiops) (7flops) cone(l) Inlet control volume (ICV)

Ansidiffuse Aritidiffuse Antidiffuse In Duct force control volumes (DFCV,
(7flops) (7flops) (7fiops) Inm Blade force control volumes (i3FCV)

Total Totw, Total Total one(l) Exit controi volume (ECV)

34i ~n 17 flos ~ flos) .. ~L flps)Required Computations/ time step for different

computer types:

Table 4 Estimate of compressor simulation Serial: Flops = lxICV+nxDFCV+mxBFCV-tlxECV
computational requirements when run on serial or SIMD. Flops = lxICV-r-xDFCV,-lxBFCV+l AW~V
parallel computers. MIMD: Flops =Max(ICV,DFCV.BFCV.,ECV)

Assumptions.
1) 50 Control Volumes Table 5 extends Figure 41 by also illustrating the computa-
2) 5x 10-5 sec/timic step tional difference between the two major types of parallel
3) 3 compressor stages computer architectures. As can be seen from this figure. the

RequredComutatona Sped:serial computer demands the largest work from its processor,
Reiiire Comutaiona Sped:the SIMD) (Single instruction multiple data) computer reduces

&RLL -e 110ihRealTimthe serial workload considerably, and the MIMD (Multiple
20 MLOPSn Rsra)2 FOS(eral l)m instruction multiple data) computer has the minirnum

200 MFLOPS (serialle) 209 MLOPS (serial) workload for each processor. 'Me major difference between
8.9 FLOS (pralel).89 FLOS (Pralel) these machines is in the way thtey execute computer

instructions.

Figure 41 illustratcs the computational difference between The SIMD) computer requi~es that each processing node
serial and parallel processor Solution approaches. In the complete the same computer instruction at the same time. As
compressor simulation problem, the finest grain distribution long as every node in the simulation requires the same calcu-
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lation, the SIMD approach works very well. However, if a "scalable". A larger simulation problem will require more
node requires different calculations than the other procc.sing compute time.
nodes, the nodes that do not require that calculation must wait
until the calculation has been completed before continuing The best results, for the parallel machines tested, were
with the work that they need to do. For problems that require achieved with a Transpuzter-based systZ1m. The TransputerO
different work on each processing node, the SIMD approach processor is designed for parallel computing, with four corn
is not very efficient. If we take this to the extreme, a problem
that requires every processing node to execute a different set Table 6 Simulation oxecution time on various com-
of instructiois would show no speedup over the serial ma- puter platforms.
chine because each node would have to wait for every other
node to complete its work before it could continue. Fortu- Baseline: Three stage compressor (29CVs)
nately most CFD type problems result in similar computa- I sce simulation
tions in each processing node. 10,000 Iterations Time Step=.0001secs

The MIMD approach provides the most flexible computer SERIALMA~CH ES
ziolution for handling computational problems. MIMD corn- (FORTRAN) (C)
puters allow each processing node to execute different in- IBM 3090 series 300 10.0 sees
stuctions at the same time. -Problems that have parallel solu- with vector facility
tion oppwrtunities but that also require different work in each CONVEX C2 11.0 sees
processing node are best suited to application on MIMD corn- IBM RISC 6000 inodel 530 18.7 sees 19.0 sees
puters. However, the MIMD approach also requires the larg- SILICON GRAPHICS 52.0 sees 53.0 secs
est amount of progratmning effort. -AD80GT

SUN model 330 90.0 sees
In order for a problem to be run efficiently on a MIMD corn- INTEL i860 one processor 29.0 5ecs
puter, the computational workload must be evenly distributed
between the available processing nodes. Also the commuti, - PA.RA.LEL MACHINES
cation beLtween each processing node must be formally de- NCUBE2 32 node machine
fneed. If the commur'cation is not properly implemented, the one node 90.0 sees
simulation will likely lead to a condition known as deadlock. 16 nodes 45.0 sees
Duadlot~k m-ctub when a mode ý;U-A ,to+ - ,,, -u- ,, w. --

t uxuzs wiicn a Ki -Ulft ,uui 1v i -rin .•nivrz

cause it is waiting for information from a neighboring node. one node 259. sec 173. sees
If the neighboring node never delivers the message, the node 5 nodes 86.6 sees
that was to receive it ends up waiting forever. In a progres- 20 nodes 30.8 sees
sive fashion, adjacent nodes end up waiting for messages that 20 node'i 15.2 see
are not delivered urtil all the processing nodes are waiting for
messages that will never arrive. At this point the entire munication links for fine-grained message passing built into
simui,.,ron has come to a halt. Care must be taken when pro- the processor chip. The Transputer® is capable of simultane-
granmming MIMD computers to insure that deadlock does not ously communicating messages and calculating integer and
occur. Deadlock is not as likei, occur on SIMD computers floating point operations. Each processing node has the ap-
because they synchronize the prucessing nodes through the proximate performance of a 25Mhz 486 computer. During
use of the common instruction approach. testing, we found that the Transputer®-based system did in-

deed handle message passing well, and that the individual

Results node floating point performance was almost fast enough to
allow near-real-time simulation of the modeled compressionHaving completed the studies of serial code optimization, and system. There is reason to believe that the Transpute®-based

computer selection/parallel processing considerations, a simulation will be "scalable", since more processors can be
baseline simulation was 'i on different platforms to assess added for larger simulations. Disadvantages of the
computer performance. A 'small" simulation problem, Transpuzer®-based system include, limited availability of

modeling a compressor with three stages and 29 control vol- hrdware and softe, incruder knowledge of

umes was chosen. All code improvements were incorporated hainear y and the communicationkaspects of phrallel

in both FORTRAN and C code versions. In the case of the t, m is necessary, and the communication aspects of prallel

Transpule. it was possible to implement the buffered mes- computing can be complex.

sage passing technique discussed earlier. Results are shown GAS TURBINE DYNAMIC SIMULATIONS
in Table 6. Full gas turbine dynamic simulations are not, in principal, dif-

ferent from compressor simulations. Additional source terms
For the computers tested, the fastest compute time was representing combustor and turbine processes must be in-
achieved with the IBM 3090 computer. In fact, this simula- cluded. Provision must be made for variable speed and rotor
tion required a time ratio of 10: 1, which is in the range which inertia effects. The compressor simulations discussed thus far
we have defined for near-real-time simulations. The other were for rig tests; that is, the speed was held constant. The
serial machines tested required longer compute times. It matter of computational speed becomes even more important,
should be noted, however, that the serial results are not as the simulation may involve fifty orr more control volumes.
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Propulsion Confcrcncc, AIAA Paper 85-1431. Monterey, CA.
In the comnbustor. a vaijety of source terms may be important. July 8-10. 1985.
considrration of diffuser and linear pressure loss, combus- 10. Gamache, R. N., "Axial Compressor Reversed Flow Per-
tion-rclatcd pressure loss and efficiency. flammability limits. fonnancc." PhD. Dissertation, Massachusetts Inst. of Tech-
and reignition delay times are all requrcd for a full range nology, May 1985.
simulation. A turbine characteristic must be available. In the 11. Kimzcy, W. F.. "An Analysis of the Influence of Some
simulation, a power calculation between compressors and External Disturbances on the Aerodynamic Stability of Tur-
turbines must be performed to determine acceleration poten- bine Engine Axial Flow Fans and Compressors," Arnold Ei-
tial. To date, only one such study has been reported [39], but gineering Development Center TR -77-80 (AD-A043543), Ar-
work by the author's research group is in progress to produce nold AFS, TN, Aug. 1977.
a dynamic engine modei based on the methods outlined in this 12. Davis, M. W., Jr., "A Stage-by-Stage Dual-Spool Com-
review. pression System Modeling Technique," ASME Gas Turbine

Conference, ASME Paper 82-GT-189, London, England,
SUMMARY AND CONCLUSIONS March 1982.
Dynamic models ot compressors and gas turbines are simula- 13. Tesch, W. A.. and W. G.. Steenken, "Blade Row Dy-
tions of performance over the range of possible operation. As namic Digital Compressor Program, Vol. 1, J85, Clean Inlet
such, the models have use in design studies, examination of Flow and Parallel Compressor Models," NASA CR-1 34978,
dynamic performance with the opporttmity to study details of Lewis Research Center, Cleveland, OH, March 1976.
local flow behavior, test programs, and many other areas. 14. Sugiyama, Y., Harned, A., and W. Tabakoff, "A Study
Successful dynamic models mequire consideration of fluid on the Mechanism of Compressor Surge Due to Inlet Pressure
mechanic modeling methods and c%.nputational methods. Disturbances," 16th Aerospace Sciences Meeting, AIAA Pa-
Parallel computation is well suited to dynamic simulation, per 78-246, Huntsville, AL, Jan. 1978.
representing the potential for development of complex engine 15. Greitzer, E. M., "Surge and Rotating Stall in Axial Flow
models operating at near-real-time. Future developments will Compressors-Part I: Theoretical Compression System
lead to multi-dimensional models of components and engines, Model," ASME Journal of Engineering for Power, Vol. 98,
with increasing simulation accuracy. April 1976, pp. 190-198.
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fowid to stabilize the MacConnack scheme ioi all ara vrt i-
ations considered.

Figure A-2 shows the computational process required to
complete one time step of the modified stagc-by-stagc com-
pressor simulation. Included in this flow chart are the com-
munication processes that must occur when the simulation is
run on a parallel computer. Thece communieation proccsses
are not explicitly required when the simulation is run on con-
ventional serial or shared memoi y parallel computers.

'ten
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Figure A-2 Flow Chart Showing the Computational
Process for the Stage-by-Stage Compression
System Model.
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1. INTRODUCTION Aeroengine compressors, both with and without inlet

distortion, exhibit two types of fluid dynamic instability,

This lecture presents a tutorial survey of inlet flow dis- surge or roating stall, and the occurrence of either of
torion effects on engine performance and stability. Inlet these marks the stability boundary beyond which the
disiortiors in weo engines arise through a variety of acroengine cannot operate. Surge is characterized by
cau•s. They can be essentially steady, due to non- periodic fluctuations oi the mass flow through the corn-
axisymmetric iL•itke duct geometry. or time varying, for pressor, often severe enough to cause temporary reversal
example from fiow separtion off the lip of the inlet dur- of the flow. Rotating stall is a region of stalled flow,
ing maneuvers or shock-induced separation during covering a significant fraction of the circumference,
supetsoric flightL Whatever the cause, the result is gen- which propagates around the compressor annulus at
erally a deoocrae in performance and, more importantly, speeds between 20-80% of rotor speed. Although there
alessing of the sblre flow range of the compressar. is cons;idrable r.earch i ,in the development of

these instabilities [1], [2], ais well as the post-instability

Although the distortions encountered are generally behavior (31, the primary interest here is how non-uni-
three-dimensional, it is an extremely useful simplifica- form flow affects the stability boundary. The material
tion to break them, at least conceptually, into radial and presented in the lecture thus introduces the fluid dynam-
circumferential non-miformities and approach each sep- ic effects relevant to this spccific topic, and the refer-
arely. Purely radial distortions can be treated by the ences cited should be consulted for supplementary
methods that have been developed for designing corn- information.
pressors in noeiniwlly axisymmetric inlet flow, and this
type of distortion will be only briefly discussed. 2. INLET DISTORTION FLUID DYNAMICS
Circumferential non-uniformities, howe.,;r, introduce
arlditional fluid dynamic features into dth analysis of 2.1 Fundamentals of Compressor Behavior
compressor behavior and often have the larger impact on in Non-Uniform Flow
performance and stability. The lecture thus concentrates Many of the fundamental principles involved in the anal-
mainly on the effects of steady circumferential inlet flow ysis of compressor operation in a steady, circumferen-
distortion. tially non-uniform, flow field may be introduced by

considering ft.e case of two streams of different total
We first consider the case of a squaie wave inlet total pressure entering a compressor intake, with the flow
picssure non-uniformity in an idealized compression approximated as low Mach number and radially uni-

system. This example serves to explain many of the form. The distortions of most lam-rcvs as far as stability
physical phenomena involved and is used in several of is concerned are those which occupy an appreciable
the subsequent sections as a background for introducing fraction of the annulus, aa ,, -iropriate length scale
more geneial forms of inlet and engine compatibility for such non-uniformities is 'r.-. ,,tiius of the machine.
problems, including tempetature distortions and the fluid In the regions upstream and duwnstream of the compres-
dynamic interaction between different compression sys- sor, therefore, the influence of viscous forces on the
tem components. The final sections of the lecturc dis- overall distortion velocity distribution are small and can
cuss some recent &velopmcnts in the theoretical generally be neglected. If so, the total pressure is a con-
modelling of irct flow distortion problems, to illustrate vected quantity and the total pressure distribution at the
the new insight that they can give, as well as areas for compressor inlet face will bi the same as that far
future work. upstream. The particular form that we consider is a

Guest
Rectangle



6-2

At Compressor and cumferential static pressure gradients are greatest at the
Far Upstream front of the compressor, if any significant internal flow

P't redistribution does exist, it is likely to occur within the

t first few siages [8].

These ideas, plus the assumption that each of the two
Ai Compressor - ------- streams (i.e. each of the two compressors in parallel)

- will operate at a point on the uniform flow compressor
characteristic appropriate to the local mass flow, allow a

Far Upstream description of the behavior of the compressor in the dis-
torted flow which is shown in Figure 2a. The figure
shows the compressor pressure rise, wTS, in terms of

C t At Compressor exit static pressure minus inlet total pressure, non-
diriensionalized by pU2 , where p is density and U is the
mean wheel speed, versus flow coefficient, ¢ = CxA/.

Far Upstream The solid curve corresponds to the uniform flow perfor-
mance characteristic and the local operating points with

0° 1800 3 inl'ýt distortion are indicated by the symbols.

Circumferential Position Several important aspects of the inlet distortion problem

Figure 1: Total pressure, static pressure, and axial veloc- are shown in the figure. First, the mean pressure rise is

ity distributions at a far upstream station and at below that which would be achieved at the same mean

the compressor inlet, mass flow, as indicated by the quantity AW, which
denotes the distance below the axisymmetric flow char-
acteristic. Second, the different parts of the compressor

square wave with, for simplicity, equal circumferential annulus operate at different points on the characteristic.

extents of high and low total pressure regions, as shown Since the exit static pressure is the same for both

in the top part of Figure 1.

At the compressor exit, the flow angle from the last row Low inV Loss
(a i Pressure

of stator vanes can be approximated as uniform around (a) \ Rise
the circumference of the irachine. If the exit duct isT '-A. '
straight and of constant area and the flow can be consid- "...WIS T
ered two-dimensional, the condition ot uniform exit " .. \
angle implies that the static pressure at the compressor Low Total , High
exit will also be uniform. (More detailed discussion of Pressure
the conditions under which this is true is given by
Mazzawy [41, and Greitzer and Griswold 151.) OL: :,O__H

With conditions of uniform exit static pressure and Iwo - Operating Points

streams of different inlet total pressure, the compressor
can be viewed conceptually as two compressors in par-
allel, pumping from two streams with different inlet High Total A'
total pressures to a common static pressure. Implicit in Pressure Ap

this description is the restriction that negligible circum- Annular Cross-Section pU2

ferential flow, fromn one of the streams to the other, ShwnW80Dsoto 4TS

exists within the compressor. Because the circumferen- Apt
tial length scales aic large compared to the axial gaps in
an aeroengine compressor (the latter might be roughly (b) U
one-third the blade chord), the axial length available for
such redistribution even in a multistage compressor is
small, and neglect of the cross flows within the compres-
sor is generally a very good approximation 161, (7]. Put OL OH
another way, with closely spaced compressor blading Operating Points
any mass flow non-uniformity at the compressor inlet
will also be present at the comprissor exit, because there Figure 2: Basic parallel compressor model for compres-
is little opportunity for further redistribution within the sor responsc to circumferenial tot prssure
compressor. It can be noted, however, that since the cir- distortion.
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streams, the difference in level between the pressure rise Figure 2b. There is a difference in the compressor inlet
in each stream must be given by the difference in the static pressure because the the exit static pressures are
inlet stagnation pressure. The lower inlet total pressure equal. Far upstream of the compressor, however, the
stream operates with a higher pressure rise, nearer to the static pressmure is uniform. The change in the static pres-
stability boundary for uniform flow. Although the mean sure from far upstream to inlet implies, as given by
operating point may not be close to the stability bound- Bernoulli's equation, a change in axial velocity between
ary, a sizeable region of the compressor annulus can be these two stations. The effect of the upstream reaction is
operating at a flow equal to or below the boundary thus to decrease the axial velocity non-uniformity corn-
value, and it might be expected that instability co-ild be pared with the far upstream value.
initiated at a higher annulus average mass flow than with
axisymmetric flow. This is one of the assumptions in The axial scale over which the upstream flow re-distri-
the basic model, namely that the distorted flow stability bution takes place is also of interest. For low speed
limit is reached when the operating point for the low flows, small amplitude departures from a uniform static
total pressure stream reaches the uniform flow stability pressure obey Laplace's equation (i.e., V2p' = 0, where
limit. p' , the static pressure non-uniformity, is a function of

axial position, x, and circumferential position, 0). There
The above approach to analyzing compressor perfor- is no intrinsic length scale in this equation, and the axial
mance in non-uniform flow is usually referred to as the length scale will thus be set by the circumferential
"parallel compressor model". While it is overly simpli- length scale. The circumferential length scale can be
fled, it gives qualitative, and for some aspects quantita- regarded as being associated with the largest amplitude
five, guidelines about compressor behavior in inlet flow spatial (i.e.,0) Fourier component of the distortion. For
distortion [7], and is a useful framework for understand- the distortions that have the largest effect on stability
ing many trends seen with this type of flow. In the next and performance, this is generally the first harmonic,
several sections, we use the basic model to discuss sev- and the relevant length scale is thus the radius of the
eral of the important features associated with circumfer- machine.
ential flow distortion; later in the lecture, we describe
how this model can be extended to deal with other fluid The structure of the solutions to Laplace's equation

y , .. , . . .I.y lil.t. Mr..... ...... t u" ..... t U .......b.. .............. .u .vm u..-----

Ip'l, will decay with axial distance according to: Ip'l t%
2.2 Upstream I .ow Redistribution exp[- 27t(x-xref)/R], where Xref is a station (say the inlet
Upstream of the compressor there will be a re-distribu- of the compressor) at which the static pressure is refer-
tion of flow due to the upstream static pressure field enced, and R is the mean radius of the machine. In
which the compressor generates when operati,.g :n non- accord with this idea, Figure 3 (91 presents experimental
uniform flow. The flow redistribution is illustrated by measurements of the static pressure variations upstream-
the lower part of Figure 1, where the axial velocity dis- of a compressor with a distortion created by a screen of
tortion at the compressor is smaller than that far 180 degree circumferential extent. The figure shows the
upstream. An explanation is obtained by considering the amplitude of the static pressure variation versus axial
parallel compressor model in terms of the static-to-static
pressure rise characteristic. The two operating points
(for the high and low flow regions) can be transferred . - '---- -m

onto a static to static pressure rise characteristic, 4fSS, in[ e Compressor ---
1.0

Screen Blockage *
1.0 o 26.0%

-4 0.6

" 0.8.4 exp[-(x.x2 B)/R] 0.5 Theory*
a0.4 -c

S0.2 i
01 0

Lo 0 0.5 1.0 1.5 2.0 2.5 3.0 -2.0 -1.0 0 1.0 2.0
Normalized Distance From IGV, x/ri Axial Distance (X/R)

Figure 3: Variation of static pressure with distance Figure 4: Overall variation of static and total pressure
upstream of an axial compressor; 180 degree upstream and through three stage compressor
inlet total pressure distortion 191. [7].
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N/h~1i -- const.
LP ro u t P o u._ t

A . . . .Ptin Ptin H

Ptin PtinZ~l C2

A02- Figure 6: Parallel compressor model for high speed
compressors.

0 flow" (mass flow function, m/'l/pd) for different val-
ues of the "corrected speed", Ni FT-. Figure 6 shows a

Figure 5: Increased compressor characteristic slope compressor map expressed in the form of total pressure
implies increased distortion attenuation. ratio versus corrected flow and the corresponding repre-

sentation in terms of the ratio of exit static pressure to
position, with an exponential curve also showni. It can inlet total pressure. Using this latter representation, sim-
be seen that the static pressure is maximum a', the corn- ilar arguments as for the low speed case can be given
pressor and decays in accord with the considerations that concerning the two operating points, the distortion atten-
have been sketched out. The overall behav;,or of the uation, and the onset of instability. It is in this corn-
total and static pressures upstream and throigh a corn- pressible flow format that the model is generally used.
pressor are thus as shown in Figure 4 [71, which presents Note that the model now also gives a statement about
experimental and theoretical results for a three stage low the effect of total temperature distortion, as indicated in
speed comnressor. Figure 7. For a total temperature distortion with no total

pressure distortion, the two operating points (of the hot
2.3 Distortion Attenuation and cold streams) will be at two different corrected
Although the static pressure at the ex't of the compressor speeds, but the same pressure ratio. The hot stream is at
can often be regarded as uniform, exit total pressure can- a lower corrected speed, closer to the stall point, and the
not, since the two streams have diff'.rent velocities. The compressor suffers a decrease in stable flow range.
exit non-uniformity is experienced by any downstream Physically this occurs because the fluid on the hot side is
aeroengine components, and the distortion attenuation, less dense, and to have the same overall pressure rise the
i.e., the ratio of the exit total pressure distortion ampli- aerodynamic loading [(APblade row)/I' PW in let2)1, say,
tude to that at inlet, is of interest. The size of the exit must be higher for the individual blade rows.
total pressure non-uniformity is detc mined by the dif-
ference between the exit velocity in the high and low
flow streams. The flow velocities in the two streams are
set by the shape of the total-to-static pressure rise char- IN/Tt -in Const.
acteristic, as shown in Figure 5. The steeper the coin-
pressor characteristics the gmeater the distortion
attenuation, as indicated in the figure. For the same total
pressure distortion | the velocity non-uniformity at the PoutHg.
compressor is less for the steeper compressor character- Ptt Tti-
istic, C1, than for the flatter one, C2. t Tim

2.4 Parallel Compres.,or Model for
High-Speed Comn pressors

In the description given of the parallel compressor
model it was assurned that the flow was low Mach
Number. The uniform flow compressor characteristic
was therefore expressed as pressure rise Wi against flow m Tti _
coefficient 0. However, the basic ideas can also be Pti n_
applied to flows in which compressibility effects are
important. For these situations the performance is Figure 7: Compressor response to inlet total tempcrature
expressed in terms of pressure tatio versus "corrected distortion. r n le t m e

distortion
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2.3 Differential Work Input and Generation In correlating the effects of non-uniform flow two main
of Exit Temperature Distortion questions have had to be addressed. First, how does one

The above shows that compressors with steep character- define the change in the stability boundary. Second,
istics will create nearly unifonn inlet flow and thus near- how can a complex distribution of inlet total pressure be
ly 100% distortion atienuation in terms of the total reduced to a workable distortion index.
pressure field. However the greater pressure rise in the
low flow region necessitates a greater work input and 3.1 Loss of Surge Margin
hence a higher total temperature at exit. Downstream of The movement of the compressor stability boundary is
the compressor there is thus a total temperature distor- generally referred to as the loss of surge margin
tion, which is imposed on the downstream components. (although the fluid dynamic instability may in fact be

rotating stall). With an inlet distortion present, the com-

2.6 Summary of Results for the Basic Parallel pressor operating point, mean mass flow and pressure
Compressor Model rise, may be plotted to give the compressor map and zhe

The parallel compressor model can give qualitative stability boundary for that distortion pattern. Quantify-
insight into several important features of the behavior of ing the relationship between the uniform flow stability
compressors operating with inlet flow distortion. Those boundary and that for distorted flow may be done in a
illustrated include: decreased stable flow range with dis- number of ways. There are two methods that are often
tortion, decreased pressure rise capability, upstream used:
redistribution of the flow, the role of the speedline slope
in setting distortion attenuation, and the production of (i) Loss of pressure rise at constant speed. The change
total temperature distortion due to a variation in inlet in the pressurm rise at instability is expressed as a
flow coefficient. Of these, the one that is most impor- fraction of the uniform, flow pressure rise for the
tant is the first, and the simple assumption made it the compressor operating at constant speed.
parallel compressor model concerning the stability
boundary does not give an adequate quantitative predic- (ii) Loss of pressure rise at constant mass flow. Here
tion of the loss in stable flow range with inlet distortion, the speed of the compressor is varied so that the sta-

bility limit is at the same mass flow for uniform and
To obtain improved descriptions of the stall point, sever- distorted conditions. This is illustrated in Figure 8
ai different approaches have been taken, at varying lev- [10].
els of empiricism. The first is empirical correlation of
the loss in stall margin, which forms the subject of the Other definitions may also be used, for example that
next section. The second is the extension of the basic described by Cunipsty [13], which is in terms of the exit
model to include multiple streams, effects of flow corrected mass flow and is thus related to the actual
unsteadiness, as well as fluid dynamic interaction with downstream throttle area. The important point is that the
other components. These will be described in the fol-
lowing section. The most recent approaches are rigor- Constant
ous hydrodynamic stability analyses of the distorted Non-Dimensional
flow, and these are described in the final section. Mass Flow

3. EMPIRICAL CORRELATIONS FOR THE
LOSS IN STABILITY WITH INLET DISTORTION"t

Rsurge

We begin by discussing some of the empirical correla- -
tions that have been developed to assess the effect of a .p-.'
given inlet distortion on the stability boundary of a comr- o
pressor. Only a short description of the methods will be Rsurgea:edistortion -,
given because the intent is to focus on procedures rather 2
than the details. In this general context, however, sever- W \O
al documents are worthy of note. Two are publications
of the S- 16 Committee of the Society of Automotive ..a
Engineers: Aerospace Recommended Practice,
ARP1420 and the associated Aerospace Information
Report AIR1419. These give guidelines for treatment of
the effects of total pressure distortion on engine stability.
The two recent reviews of the subject by Williams [ 10],
[111, as well as that by Steenken [121 are also informa- Corrected Flow (ria4Tt Pt)

tive and useful, not only for discussion of the correla-
tions but for an overall review of the existing method- Figure 8: One definition of surge margin decrease; loss

ology for engine stability assessment. in pressure ratio at constant mass flow.
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relationship between the different definitions depends inlet distortions are illustrated in the series of experi-
upon the shape of the performance characteristics of the ments undertaken by Reid [ 14], which are presented in
compressor concerned. As illustration, the above two Figure 9. The figure shows the compressor delivery
definitions are identical for compressors which have ver- pressure at the surge line, for different types of distor-
tical pressure rise mass flow characteristics but are dif- tions. Two aspects may be identified:
ferent for any non-vertical slope.

(i) As the angular width of the spoiled sector (low inlet
3.2 General Trends in Compressor Response total pressure) is increased there is a width above

to Inlet Distortion which there is little change in the exit static pressure
The distribution of the inlet total pressure is usually (Figure 9a). This width is oftcn referred to as the
measured at an aerodynamic interface plane (AIP) which critical sector angle, 0crit.
is approximately a radius upstream of the compressor
face. Distortion indices are calculated by reducing the (ii) Holding the total angular extent of the distortion
measured distribution of inlet total pressure, Pt (0,r), to a screen fixed, the effect of sub-dividing it into differ-
group of numbers which reflect those aspects of the inlet ent numbers of equal sections is shown in Figure
distortion which affects compressor performance. The 9b. The greatest effect on the loss of peak pressure
general trends of compressor performance with different rise is observed when there is only one region. This

suggests that the longer length scale, lower circum-
ferential harmonics, are the most important.

3.3 Specific Forms of the Correlation Parameters
Many methods have been developed and refined for

100 Angle of Spoiling evaluating distortion indices based on experimental

.S 98- observations similar to those described above. Here,"it q only two will be described both of which emphases the

Cn 96-- Crical Angle severity of the distortion in terms of the size of the total
.0 [ i pressure region which is below the average inlet value.

S) 94 For simplicity, the distortion will be assumed to have a
" 0 •singe lobe and to be uniform in the radial direction

92 0 0 (extensions for these will be introduced later)., l 1009% Speed

90 - I I i "K" series Distortion Indices
0 90 180 270 360 0 ext = width of total region below the average

Angle of Spoiled Sector (dog) (P--t 3600)
(a) Effect of Spoiled Sector Width

P-t 36 60 - - Pt 0,,
K =

2
This is a two parameter method with correlations

100 4x22.50  2x45° 1 x90° defined in terms of OCXt and K.

.Q 98- DC(Ocrjt) Distortion Indices
The concept of the critical sector angle, @,,it, may be

S • G3 -used to define an alternate distortion index:
94 t..ort,,,

"•~~D 94-i =~ 7P,) 360'-F],, ,

P 92 100% 1% Speed _t3
•00

90 g o-- An example for 0crit = 60 is shown in Figure 10.
0 22.5 45 67.5 90

Individual Sector Angle of Spoiling The above two definitions are included to illustrate the
general approach taken in reducing a circumferentially

(b) Contiguous Spoiled Sector Width Is Important non-uniform inlet total pressure distribution to a distor-
tion index. These indices are not unique (hence the

Figure 9: Effect of: a) circumferential distortion sector important role of AIR 1419 in setting out a common
angle, and b) number of sectors, on surge pres- approach), but can often be related to each other through
sure ratio 114].
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Pt dividing the annulus into several rings of equal area and
analyzing the circumferential pattern in each ring and

60° the radial variation of these patterns. The loss of surge
margin is then assumed to be the linear superposition of

Pt [the effects of the circumferential distortion in each ring

and a contribution depending on the difference between
"(Pt)min 60 the ring average and annulus average inlet totl pressure.

00 3600 4. MODELS FOR DISTORTION TOLERANCE

P -(Pt)roin 60 AND TRANSFER
q Conceptually there are two parts to the modelling of

inlet distortion problems. First, die compressor perfor-
mance for a given inlet distortion and operating point

0 (mass flow and pressure rise) must be predicted.
Second, a method or criterion is veeded to determine
whether or not this operating point with distortion has

High crossed the stability boundary. The models which have
(0 - 0") been developed may be, loosely, split into those which

60 bhave resulted from empirical observations and those
based on simplifying assumptions which allow theoreti-
cal analysis.

4.1 Parallel Compressor Model with 0 erlt Concept
Total Pressure Contour Plot The basic farm of the parallel compressor model

assumes that the stability boundary of the compression
Figure, 10: Definition of DC(0crit) parameter for inlet system occurs when the portion of the annulus operating

total pressure distortion [101. with the low inlet total pressure reaches the uniform
flow stabiiity limit, iUsing this approach, the mean
operating point at instability is a weighted average of the

conversion formulae. The above DC(0cri) and K series low flow sector operating at the uniform flow stability
may be approximately related by: boundary, and the high flow sector operating at a point

0 AP/pU2 lower. Therefore, the loss in su-ge margin pre-
DC (0crit) = _Iet K 0ext < crit dicted by the basic parallel compressor model may be

Ocrit represented as a straight line on Figure 11. The greatest
loss in surge margin occurs with the narrowest spoiled

l.)C(crit 
6 ext >ŽOcrit 

•--

Approaches based upon the above have been successful 15-
in correlating inlet distortion effects. The loss of surge ,v" Basic Parallel
margin has been found to be approximately proportional Compressor Model

to the size of the distortion index, and a compressor sen-
sitivity may be defined thus: "Cr 10 •-

Sensitivity = loss of surge margin / DC(0O)=) I

Modifications are made to the above definitions for
cases where there are more than one region below the Pl o Iso
mean value. If the regions are close together, set by an S I Theory Wit; DC"00rit)
empirical constant, the two regions are analyzed as if To i"

they were one. For distortions with regions relatively far o:-

apart the worst one is taken and a multiplicative factor is :-*--Ass'imed 0cit

used [11>.
0 nt/2 nt 3/2wc 2n

Many distortions of interest involve radial variations in Circumferential Ext,-nt of Spoiled Sector
the total pressure and refinements to the above methods
have evolved. The simplest one is to radially average Figure I: Prediction of loss in surge margin using par-
the flow and then consider only the resulting circumfer- allel compressor analysis plus DC(0 crit)
ential pattern. More complicated extensions involve concept [10].
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o 4.2 Multiple Segment Parallel Compressor Model
Dividing Streamlines Between The modelling of non-uniform flow through a compres-

Regions of High and Low
Axial Velocity sor may be undertaken using more thaj, two idealized

2ir _ operating points. In dhe multiple segment parallel comn-
4Rotor pressor model the annulus is split into a number of seg-

---------- _ - Rotation ments of equal circumferential width [4]. In a manner
similar to the simple parallel compressor model, the

(Circumferential operating point of each segment is determined by the(at a > Vebocity
Componei.ts local inlet total pressure and the local exit static pressure

-_, - ---- at Inlet and the overall performance is the average of the indi-
------- . vidual segments. These models can also account for

fluid dynamic effects that are not present in the basic
model. For example the upstream flow redistribution

"Axial Velocity Unrolled brings about an asymmetric inlet angle and relative
Profile Far Upstream Compressor dynamic pressure, as shown in Figure 12a and 12b.

Inclusion of this feature can give considerably better
agreement with data, as evidenced in Figure 13. In the
same paper, Mazzawy also describes some of the non-

C steady flow phenomena associated with rotor blades
Low Rotor passing through non-uniform flow, which have been
Incidence s~hown to be important in determining the inlet distortion

tolerance of a compressor. Two important observations

(b) Rotor made by Mazzawy are:

Rotation (i) The idealized operating point of each segment does

not necessarily match the corresponding operating
High Rotor point in uniform flow conditions.
Incidence

.,,, TI Us indviua, blade iuw prfouriuances may extend
N.J beyond the stability bondary in undistorted flow.

Figure 12: Flow angle variation at compressor inlet due 4.3 Linearized Distortion Transfer Calculations
to upstream flow redistribution [4]. The parallel compressor model can be viewed as a

method for calculating the non-u-iiform flow through the
compress on system, the stability of which is then

sector inlet distortion. In the light of experimental assessed using the critical :;ector angle concept. Theor-
observations like those of Reid [14], the prediction of
the large loss for a narrow spoiled sector is inadequate,
and modified forms of the p irallel compressor model
have been developed to overcome this weakness. ?. 660

The concept of a critical sector angle may be included .A
within the parallel compressor model by specifying that L' u. 560.

the maximum loss in surge margin occurs when the a)
spoiled sector width is Ocrit. For inlet distortions which 3500
are narrower than 0crit the loss of surge margin is set to
be proportional to 0 extent/0crit, as indicated by the - -

dashed line in Figure 11. This approach is a usefu! one Z (p
[10], and is linked to the empirical DC(Ocrit) correlation D 3000
described above. In terms of the stability criterion, the .u I
critical sector angle concept means that instability L U

occurs when some weighted average of the low and high -- PIC wlth Upstream Effect
flow sectors reaches the uniform flow stability bound- 2500 1 ,Data , . Xx×XxXx.

ary. The implication is that it is possible for a small por- 0 120 240 360
tion of the compressor annulus to operate beyond the Circumferential Angle (deg)
usual, or natural, stability boundary provided thea there
is enough of (he annulus operating on the stable side to Figure 13: Effect of upstream angle and dynamic pressure
maintain overall stability. variation on compressor response to inlet [4].
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efical models for calculating the non-uniform flow Contra-Swirl
through a conmprssor have been developed with the aim & Distortion

of replacing or improving the parallel compressor model
predictions. Some of these rely on a linearized approach D Normal Engine Setting

where the flow non-unifonnity is considered to be suffi- - -- - - -.

ciently small in amplitude to ignore non-linear effects. 5%

The advantage of a linearized approach is that m;tny dif- ,• I Co-Swirl & Disorn

ferent fluid dynamic effects, for example non-steady -A D Alone

blade losses, non-steady blade deviation and the flow o
rAdistribution in the gaps between the blade rows, may Z Geometric Limit
be easily included with little conceptual difficulty.
Advanced forms of these models are those developed by - -- 5' ". ---
Hynes [15] and Kodama [16]. These are useful for Corrected LPC Speed (%)

examining distortion transfer and for understanding dif-
ferent physical effects. For example, they have been Figure 14: Effect of inlet swirl and total pressure distor-
used to explore the possible benefits to be gained tion on compressor instability [ 10].
through use of asymm( Lric vane stagger in attenuating
inlet distortion [17]. It is to be emphasized, however,
that a linearized approach -s fundamentally unable to Some indication of the strong combined effect of swirl

predict changes in stability margin, and distortion are given in Figure 14, from Williams
[11]. The figure shows the fan nozzle area at surge, with

5. OTHER TYPES OF FLOW NON-UNIFORMITIES smaller areas upward, plotted versus fan speed for three
cases: total pressure distortion alone, distortion with

This lecture so far has been concerned with inlet total swirl and rotation aligned (co-rotation) and swirl and
pressure distortions, but other flow non-uniformities also rotation opposed (contra-rotation).
affect stability and performance. We now examine some

due to upstream flow field redistribution (as in Figure
5.1 Temperature Distortions 12a), secondary flow effects in the endwalls, or due to
A non-uniform temperature distribution may arise inlet vortex problems. Correlative procedures for these
through various causes, for example from ingestion of types of distortion are currently areas of research inter-
hot gases in VSTOL aircraft or from a non-uniform total est, and one approach has been to relate the compressor
pressure distortion in an upstream compressor which performance in terms of the relative inlet flow angle
causes a temperature distortion for the downstream com- onto the first rotor row [ 18].
presser. Total temperature i n-uniformities are similar
to total pressure ones as they are convected quantities 5.3 Inlet Duct Geometry and Back Pressure
and so, conceptually, may be analyzed by using the par- Distortions
allel compressor approach as described in Section 2.4. In many cases aeroengines are "buried" within the body
Correlative procedures, similar to those for total pressure of the aircraft and long curved intake ducts, which often

distortions, have also been developed using temperature include variable geometry and bleeds to control the
distortion indices, TC(120) (see 110]), and the effects of shock system, are necessary. The development of the
combined temperature and pressure distortions have also boundary layers along these duct walls can be affected
been a7'-ressed. by the intake shock (causing thickening and possible

separation of the boundary layers) or, if the duct is high-
5.2 Inlet Swirl Distortions ly curved the associated static pressure gradients can

An inadequacy of defining the inlet flow into a compres- generate secondary flow which concentrates the bound-
sor in terms of Pt and Tt is that it does not include the ary layer material into localized regions. The total pres-
effects of swirl in the inlet flow field. There may be sure distribution at the engine face can thus be highly
bulk swirl due to the generation of streamwise vorticity non-uniform.
when an inlet shear non-uniformity is turned in a bifur-
cated duct geometry. This swirl can load or unload the The development of the flow within the intake duct can

compressor, depending on the direction relative to that be substantially changed by the presence of the aero-
of the rotor rotation. In addition the effect of swirl and engine. This has been demonstrated by Hodder [ 19]

of inlet distortion appear to interact in a nonlinear man- who investigated the development of flow separation in

ner in that the effect of combined swirl and distortion is an intake when operating at incidence, with and without
considerably more severe than might be inferred from the engine. As shown in Figure 15, wittout engine, at
simple addition of the effect of swirl plus the effect of 30' incidence there was a large region of low total pres-

distortion. sure flow due to separation. With an engine present,
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Incidence - 300 Incidence - 350 nally uniform flow can be affected by the presence of
Without Engine Interaction With Engine Interaction upstream c downstream components 124].

6.1 General Effects of Downstream Components
on Distorted Flow Compressor Performance

The coupling that can occur in circumferential distortion
was initially examined quantitatively for passive compo-1 0 0 nents such as downstream diffusers and nozzles [5], and

7 discussion of this forms a useful introduction to the

topic. Suppose: 1) there were a diffuser downstream of
the compressor, rather than a constant area duct, and, 2)
the diffuser was short enough so a "parallel diffuser"

Figure 15: Effect of engine presence on total pressure view of the flow in the high and low total pressure

distribution in a short picot inlet [19]. streams could be invoked. Such a situation is shown
schematically in Figure 16. In the diffuser, the low total
pressure (low velocity) stream produces a lower static

even at a larger incidence of 350, the region of low total pressure rise than the high total pressure (high velocity)
pressure fluid was much smaller because the compressor stream (Figure 16b). The static pressure at the compres-
acts to equalize the velocities and the size of the separat- sor exit, in the low total pressure region, is thus higher
ed flow (low inlet total pressure) region thus shrinks in than in the high total pressure region, since the static
size. (The actual loss in total pressure was similar in pressure is uniform at the diffuser exit. The converse sit-
both cases.) It is thus important to ensure that the cor- uation would occur for a downstream nozzle, where the
rect component interaction is included when undertaking
both experimental and theoretical work.

The flow path through an aeroengine can be obsu ucted
by mechanical constaints such as support vanes behind

t~cote udevnsi ypa---- LTh blockagu
due to these support vanes causes the flow to rerlistribute
upstream of them, and if they are sufficiently large then
a non-uniform flow can exist at the outlet of the (PtH
upstream component. Although not specifically an inlet P)< (P)H at diffuser exit
distortion, this type of flow non-uniformity should be (Ph- (

mentioned because it can excite blade vibrations, gener- 7 r't
ate high noise levels and reduce tan performance. The Cmpres Diffuser Throttle
analysis of such distortions has been undertaken using Thrr ost
linearized analyses [20], singularity methods [21], [22],
and also by finite difference methods [23]. For example,

investigations have been made into using non-axisym- Collector

metric outlet guide vanes to reduce the upstream influ-
ence of the support strut [22].

(b)

6. COMPONENT COUPLING WITH
CIRCUMFERENTIAL DISTORTION

In the above it has been assumed that distortion and PD
propulsion integration assessment may be done compo-
nent by component. However, the length scale of flows (Phigh
with circumferential distortion is the mean radius, and
this can be large compared to the distance between corn- P2c
ponents. Therefore, with distortion, components can
interact much more strongly than in an axisymmeuric
flow. The fluid dynamic interaction between individual One-Dimensional Ideal Flow
components may involve steady or unsteady flow. An P2- P V2 ( V W
example of unsteady flow interaction is the evolution of 2 1 AR2

a rotating stall cell which can take the form of the
growth of a small amplitude, but long wavelength, cir- Figure 16: Parallel diffuser model for compressor-com-
cuwferential disturbance. Hence the time development ponent coupling effects; a) parallel diffusers,
of a stall cell and therefore the stability limit for nomi- b) non-uniform flow in a parallel diffuser.
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low velicity stream would have a lower static pressure 1.0 Theory
at the ,.Anpressor exit. Although the parallel diffuser With Exit
concept is clearly a crude approximation, detailed corn- Nof zi - °- -a

p-itations of the asymme'ic flow in diffusers which 0.5 ................ •.
.xinine this effect quantitatively bear out the qualitative ,. With Constant

validity of this explanation. 0. 0 / Are "i -

A - With Exit
One implication of the presence of the downstream corn- -0.5 - Diffuser " .
ponent is indicated in Figure 17, whk.h relates to opera- .. - =
tion in distorted flow for a compressor with a constant [4 Screen Extent-b--
area downstream arnulus, with an exit diffuser, and with .__L__I . --_-,--

an exit nozzle. For the same mean flow and inlet total Experiment
pressure distortion, the local working points of the com- e With Exit Diffuser
pressor, as given by the parallel compressor model, can 1.0 a With Constant Area Exit
be strongly affected by the downtstream component In A With Exit Nozzle
particular, the low flow side is pushed nearer to stall by 0.5 oOO O

the presence of the diffuser. Although the arguments r 0 '.A5 0 00 °0 Aha -
presented are not by any means conclusive, it is never- 0 & oo-
theless found that a downstream diffuser can indeed pro- 0o ,i 13 r3 CO E 0 00 o 13 ,

vide a destabilizing influence. - . 000 AAA AA A A 0-0.5 o QoA& AaA °

A more quantitative view of this phenomena is shown in coo E 0000

Figure 18 which gives data and computations for the cir- -1.0 f Srn , ,xtnt-
cumferentially distorted flow downstream of a three- 0 90 180 270 360
stage compressor, which was run with an exit diffuser, Circumferential Position (dog)
an exit nozzle, and a constant area annulus [25]. The
mean flow and inlet total pressure distortion was the Figure 18: Effect of downstream components on static
same for all three tests. As suggested by the physical pressure distortion at exit of three-stage corn-
arguments given above, the static pressure non-unifor- pressor: a) theory, b) experiment [25].
mity at the compressor exit is in phase with the total
pressure distortion for the nozzle, out of phase for the
nozzle, and virtually zero for the constant aica annulus. The referenced papers include other predictions and

measurements of the overall distortion attenuation, the
behavior of the total and static pressure within the com-
pressor, and the quantitative defitition of the strength of

With Exit Diffuser the coupling for a given distortion. In regard to this last

With Constant issue, it can be noted that the different spatial harmonics
Area Exit of the circumferential distortion experience different

degrees of coupling because the ratio of axial distance
With Exit between component and the wavelength of the harmonic

A L' Nozzle will differ. It is the low spatial harmonics that show the
LL strongest effects, hence the emphasis on large extent dis-

.I[tortions.

i L6.2 Multi-Spool Component Coupling
R Vertical Distance More recent investigations of compressor-component

SBetween "High" i coupling in distorted flow have focused on the coupling
and "Low" Sides is: H between the different srxlols in multi-stage engines. The

-tinlet (8P)exit type of interaction considered can be discussed in the
context of flow through a two-spool aeroengine (high
and low pressure compressors), with a square wave inlet
total pressure distortion. If the compressors were far

H' apart (several radii) the static pressure at the exit of the
low pressure compressor would be uniform, even though
the downstream high.pressure compressor would create
a static pressure field ahead of it. If the distance
between the two compressors we, reduced to a level

Figure 17: Effect of downstream components on com- typical of practice, however, the static pressure field
pressor performance with inlet distortion. ahead of the downstream compressor would be seen at
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the e~dt of the upstream compressor and would affect its 2.0- Experiment Theory
performance. E

1Ham & Williams [20] examined this steady flow interac- (Cx. 1.5.
tion and developed a "coupling number" which related 2
the influence of the downstream component on the size Cpret with

vanes

of the non-uniformity at the exit of the upstream compo- 1 .0
nent. The coupling number CN was defined asl 1.0n

t \( rfnO

CN q P- A t( vanes 05
CN = v e),~~o

APd() - APa(oo) 0.5.P " m "ax - rPmin

where APt2(x) is the amplitude of the total pressure dis- 6p, is 1.26 x/R from xref
tortion at the exit of the upstream component when there. 0-
is an axial distance x between the upstream and down- 0 25 50
stream components. The value x = I corresponds to the Vane Chord / Gap Length (%)
actual distance between the two components, whereas
x = 0 and -o relate to zero and far apart spacing respec- Figure 20: Effect cf vane chord on static pressure distor-
tively. The coupling number varies between 0, repre- tion [201.
senting no static pressure field interaction (x = oo), and
1. where the two components abut (x = 0) and there is a
strong static pressure interaction. Higher values of the pressor when tested in isolation against that when tested
coupling number correspond to instances where the in the aeroengine with a downstream high pressure coin-
presence of the downstream component reduces the dis- pressor. Figure 19 gives the predicted surge lines for a
tortion attenuation across the upstream one. In terms of two-spool system, assuming that no coupling exists
the parallel compressor concept, the two operating between the compressors as well as that assuming that
points for the upstream compressor are closer together the compressors are 100% coupled (no spacing between
(higher CN) so there is a decreased loss in upstream high and low compre"Porr), Fxperimental me.sui.,-
compressor surge margin. ments are also shown, and these clearly indicate the

effect of the compressor coupling on the engine stability
The analysis of Ham and Williams [20] was based upon limit.
a linearized approach t, the modelling of the compressor
behavior, but it gave I; hts into the differences Analysis of the flow coupling between two compressors
between distortion tolleance of the low pressure com- becomes more compiex when there are vanes in the

duct. This problem was also considered by Ham and
Williams [20] (and theoretically by Hynes 126]). As

75% , 100% Coupled Engine might be expected, the vanes reduce the circumferential
Coupled flow redistribution between the two compressors and
Engine - therefore increase the coupling (effectively making the

duct shorter). Results of computations and measure-

"• SC 6O *ments 
showing this effect are given in Figure 20, which

4. 1•P S_ -- • p -, ^ .u6 shows how the ratio of duct entry to exit static pressure :

0.D560 . " ratio increases as the eight vanes fill a greater percentage
5 0.5 ........ ... of the duct length,0 "•Surge-Ft. e Experience

S I "" with Simulatod Distortion
(Ground Facilities) 6.3 Non-Steady Flow Interaction

0- Zero -'*"..... Components in a compression system have also been
Coupling . .... ... " shown to influence each other in a non steady-flow man-

ner. Longley and Hynes [271 demonstrated that the uni-
-, . - -. -- form flow stability boundary of a single stage research

75 80 85 90 95 100 compressor was significantly affected by the presence of
Inlet Corrected Flow (% Design) different downstream components. In particular, as

shown in Figure 21, die stage was able to be stabilized

Figure 19: Distortion tolerance for different amounts of past its nominal stall point (matched build) when the two
coupling between compressors; ---- predic- stages downstream of it were restaggered to a lowertion for 100% coupling, r prediction for flow coefficient (mismatched build). This behavior can

75% coupling, ...... prediction for zero be explained on the basis of the interaction of long
coupling, 0 data [201. wavelength, small amplitude disturbances which would
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0.30 _.

Matched Mismatched - 0.8 8
Build Build Ri Limied

Smal Maximum
0.25- o6 No Rotating Stall Amltude "

S0.6

F0.20. ReaingSal Large INo 0.4 Arplitude
Stalled 0

0 0 Propagation Velocity

a 0.2. W ith Statio ny Distortion
or00.2 Propaation Velocily

3: With Isad Rotor
N' Stalled -o

0.10 - ,- , I , 0
-'? 01

0.4 0.5 0.6 0.4 0.5 0.6 , -1.0 -05 0 0.5 1.0
Flow Coefficient (0) Flow Coefficient (0) Distortion Screen RPM / Rotor RPM

Figure 21: Comparison of research stage performance Figure 22: Effect of distortion rotation rate on compres-
for differcnt downstream components [27]. sor stall onset [29].

grow into rotating stall, but which are suppressed by the 7. RECENT DEVELOPMENTS IN MODELLING
presence of stable downstream compressor stages. COMPRESSOR RESPONSE TO INLET
Measurements of the time resolved flow in the compres- DISTORTION
sor, within the stabilized regime, indicated that there was
an increase in flow unsteadiness but no coherence that In the methods described above, the assessment of when
would suggest the preaence of eitfier part or full span instability will occur requires some type of empirical
rotating stall, input. One goal, therefore, is to reduce the level of

empiricism and place such assessments on a more rigof-
6.4 Radial Coupling ous theoretical footing. In this section we describe an
Component coupling has also been suggested to depend approach aimed at doing this within the framework of
on the radial interaction in low hub-to-tip ratio compres- hydrodynamic stability analysis.
sors. Lambie [28] investigated a core compressor, fan
and bypass duct geometry and found that the stability 7.1 Hydrodynamic Stability Analysis of Distorted
bout dary (as a function of bypass ratio and mass flow) Flow Compressor Behavior
depended on the axial distance between the core com- A flow field is considered to be stable if any small dis-
pressor and fan. The explanation given for the change in turbance decays in time. The stability boundary thus
the stability boundary was that the core compressor was occurs where conditions are such that an initially small
sufficiently stable to inhibit the development of flow flow perturbation can grow into a large amplitude distur-
instability in the hub region of the fan and hence allowed bance. Mathematically this question can be examined
a greater operating range. An analysis which puts this by considering the time dependent equations which
on a firm quantitative footing, however, has yet to be determine the compressor flow field and solving for the
developed, temporal development of the most general flow distur-

bance.
6.5 Rotating Distortion
A further aspect related to component coupling is the A theoretical model for analyzing the effects of a total
response to a rotating distortion pattern. Such a flow pressure inlet distortion in low-speed high hub-to-tip
could arise from an upstream compressor in rotating stall ratio compressors was developed by Hynes & Greitzer
generating a non-uniform total pressure profile at the r30], (following the earlier work of Moore [31]). The
downstream compressor. This situation has been experi- analysis proceeds in two steps. The first is the solution
mentally investigated by Ludwig et al. [29] who showed of the (non-linear) distortion transfer through the com-
that the stability boundary of a compressor strongly pressor for a time independent flow. This yields a
depended on the frequency at which the distortion rotal- steady-state background flow, non-uniform around the
ed. As seen in Figure 22, for their geometry, co-rota- circumference, whose stability is then examined as the
tional distortions at approximately 50% of rotor speed seccnd step. The stability of the flow is assessed by lin-
were the most damaging with respect to loss in stable earizing about this non-uniform background solution and
flow range. determining the time development of the most general

flow disturbance. The existence of any disturbance
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which would grow in time indicates the occurrence of a o Analog Measurements
flow instabiliq at that compressor operating point. & Digital Measurements. Expected From Uniform

The analysis, including the pscudo-spectral computation 0.020 Flow Results

procedures for the mean flow and the structure of the Measured Unsteadlness

perturbation modes, is described in some detail in the • 0.015 -
referenced paper, and some illustrative results only are
presented here. In contrast to other distortion analyses, £

not only the compressor and the exit conditions must be [ 0.010
considered, but also the rest of the compression system.

LO
This is because the general unsteady pertdrbation is not 7 0.005
necessarily confined to the compressor, but may include t........................
motion in the plenum and downstream ducts. Put anoth-
er way, a stability analysis for a uniform flow would 0.000
yield modes that were purely sinusoidal (zeroth spatial
harmonic, first spatial harmonic, second spatial harmon- Predicted Unsteadiness
ic, etc.) in the circumferential direction. Hence the small
amplitude compressor type modes (the asymmetric per- 0
turbations) would not be coupled to the compression I
system mode (the axisymmetric zeroth order distur- ,
bance). With a non-uniform inlet flow, however, each > .
of the modes now has a spatial structure that is rich in ,.

harmonics, so that there is a coupling between distur- cS
bances that propagate round the compressor annulus
and variations in the mean flow. Essentially, the annu- -

lus averaged flow changes in response to the movement -180 -90 0 90 180

of small amplitude circumferential disturbances in and Circumferential Position (e)

out of phase with the background steady flow non-uni-
formity. Figure 24: Amplitude of unsteady axial velocity pertur-

bation versus circumferential poistion for low
The wave structure (around the compressor annulus) speed multistage compressor with inlet total
predicted for the case with inlet distortion is shown in pressure distortion [34].
Figure 23. The axes in the figure are circumferential
position and axial velocity perturbation against time. It
can be seen that the wave shape changes as the waves magnitude of the unsteadiness can be seen to vary
move in and out of the shadow of the distortion screen- strongly around the circumference, evidence of the
This behavior was subsequently verified by Longley effect of local conditions on disturbance amplification
[27] in a three-stage compressor, as seen in Figure 24, and decay.
which shows the measured and predicted amplitudes of
the unsteady perturbation versus circumferential position A more globAl result is that the model gives good coure-
for a compressor with inlet total pressure distortion. The lation for the e 'opirically derived DC(0ci) parameter, as

seen in Figure 25. Further, the trends shown by the
model are in agreement with the type of behavior
described earlier in Figure 9; distortions of small cir-
cumferential extent have little effect on stability and sec-
toring a given total angle of distortion also causes

2 05 reduced effect. Based on the parametric studies carried
out, Hynes and Greitzer 1301 suggested that the stability

/ bo boundary of the compression system could be approxi-
S20 L 0 5 mated as the condition for a zero mean slope of the com-

.A) 0 .0Anle. pressor characteristic around the annulus:

mean slope = - dy_ dO
Figure 23: Structure of compressor inlet axial velocity 2r. j d1

perturbatior, with inlet distortion; axial veloc-
ity versus circumferential position at different This has been referred to as the IMS (Integrated Mean
times. A0 denotes annulus averaged mass Slope) criterion and supports the idea that instability
flow fluctuation. L)istortiot ol AP1/pU 2 = 0.2 does not occur when an operating point reaches the
from 0 = 1200 to 2400 132]. clean flow stability boundary but when there is a balance
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Am02itude Simple Parallel
A A& 30- 0.01 Compressor

S-L_-20. 1A A
a -1_3-0.10.1

0 0V .20 20-
-\/- 0.20 A j

To o a - 0.5'FA 10---- -
08 0

erl~ crease in pealk pressure risc; computations
I based on crxteroia of zero integrated mean

0 o ______________Islope (IMS) at instability point and parabolic0.0 0.5 1.0 c pressor charateristic [321.

DC (O~t)

Figure 25: Loss in stability margine versus DC(0ci,) Fie 26:iret multistage compressors, wiph the encour-
[30]. aging results shown in Figure 27.

In summary, the theoretical model appears to be inbetween the extents bf the unfavorable and favorable accord with a large body of experimerntal data, and can

€oprsora•c cxopera~l•. (TIhe zero slope is th theo,,..,,..,,. cal be used to give insight in a number of situations. Thepredictios for the instability point in uniform flow.) main reason for this is the inclusion within the mo li of

non-steady fluid dynamic features of the coupling
The. thory has also been applied to rotating distortins, between high and low flow regions of the comprenor
referred to earlier in Section 6.5. The calculations show annulus. Further regsuts of computations, the application
that there is an increased effcz on stability when th to the case of increased stability degradation due to
rotation speed of the distortion is near the rlopagation rting distorficns, and comments on the regimes of
velocity of the naturally occurring perturbations (the applicability of the IMS creterion, are given by Chue et
cigenmodes of the compresor/compression system) in 8 d. [32] and Longley [8], [34].
the compressor annulus [321. Experiments on a low

speed multistage compressor confuming the basic phe- 8. SOME COMMENTS ON FUTURE REQUIRE-
nomena predicted by the model are reported by Plumley MENTS FOR COMPRESSOR MODELS
133!.

The models described above provide explanations for
7.2 Connections with the Parallel Compresmor Model many aspects of compressor behavior in non-uniform
The IMS stability criterion has been applied by Chue et flow. The new theoretical approaches have suggested
al. [32] to the case of a square wave inlet distortion and various fluid dynamic phenomena, which in turn have
the results are shown in Figure 26. The stability analysis led to improved predicative ability. At present, howev-
reduces to a form very similar to the modified parallel er, the theoretical models are primarily for low Mach
compressor model (Figure 11), with the critical sector number and high hub-to-tip ratio compressors, and this
angle a function of the non-d.mensional quantity X/a. section reviews the ways in which these approache-c are
The panameter k is defined by being extended.

X = ; cr Inlet distortion problems are, in general, three-dimen-
rotor R x cos2 (stagger) sional and can involve significant radial flows in low

hub-to-tip rdfio compressors. TIhee typcs of non-uni-
form flow problems were initially investigated using lin-

and represents the inertia of the fluid in the rotor pas- earized approaches [6], [35], though the restictions on
sages, and i/a is proportional to the curvature of the the formal solutions limited the insight they provided.
compressoir characteristic at the peak. Williams [ 10] has The availability of reliable three-dimensional computa-
applied these ideas to the prediction of Ocit for a num- tion solution methods has renewed the research into
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200 G-stag Compre " Theory pling; and 4) the development of three-dimensional
computational procedures to deal directly with the

0" _Expeiment effects of inlet geomety on fan distortion. Third, the
development of a rigorous stability analysis of compres-

sor behavior in distorted flow has so far yielded results
that are encouraging, at least qualitatively, and have pro-

200 6-Stage Compressor 4-Stag. Compressor vided insight into situations such as the effect of distor-
tion extent, which were not available before. This

SI00• _____ •____* • fl theoretical analysis can build on the first two aspects in
showing which fluid dynamic effects are important and
in analyzing a wider range of problems. It offers much

0_ ------- potential for the development of methods for dealing
80 90 100 50 75 100 with many aspects of inlet distortion which are currently

Corvected RPM (%) Corrected RPM (%) beyond predictive capabilities.
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,1SUMMARY 1. INTRODUCTION

Gasturbine engine components as cGmpressors, burners and A performance calculation computer program is sometimes also
turbines are usually tested on rigs prior to installation into an called a "synthesis" program, b-cause performance is
engine. In the engine, the component behaviour is different due synthcsized from lots of ingredients. Those ingredients are the
to a variety of reasons. The installation effects are caused by components of the engine like compressors, turbines, burners,
'mall geometrical differencmi due to nonrepresentative rig ducts and nozzles.
operating temperatures and pressures, by different gas
properties and Reynolds numbers and by radial as well as The behaviour of the components is described by their
circumferential temperature and pressure prof-des at the inlet to characteristics. In case of a compressor for example the
the component. For highly accurate performance predictions characteristic is the compressor map with pressure ratio plotted
these rig-to-engine effects have to be taken into account. over corrected flow for several values of corrected speed.

Efficiency contours can be plotted in the same map.
Traditionally the term 'installation" is also used for describing
all the differences in engine operation and behaviour between In a simple synthesis program the component characteristics are
toatbed and aircraft. Intake and afterbody drag, power offtake used as calculated or measured on a rig whithoot applying any
and bleed as cell as intake pressure losses and inlet flow corrections. That however does not result in very accurate
distortion have significant impact on airflow, thrust, specific results. To match such a model to measured data from an
fuel consumption and compressor stability. Using modern engine test sometimes socalled "fiddle factors" are used. That
performance synthesis programs all these effects can be are factors used either within the model or a pplied to the
simulated reasonably well, results for which no physical justification is availble. Models

with fiddle factors are rather easy to produce, but they are not
suited to predict the performance of an engine tor other

LIST OF SYMBOLS operating conditions than those for which the fiddle factors are
As nozzle throat area defined. They are also not suited to study the effect of
A, nozzle exit area component modifications.
DC,1  distortion coefficient
f factor For accurate performance synthesis one needs to make
F gross thrust corrections to the component characteristics which take into

specilic work account any difference between the in-engine operating
ISA international standard atmosphere conditions and the conditions for which the characteristic
k constant originally was set up.
L characteristic length
M Mach number This paper attempts to give a more or less complete. summary
n exponent of all ng-to-cngLie effects. Introducing these effects into the
N spool speed performance model should minimize the need for "fiddle
OTDF overall temperature distribution factor factors" and thus provide the best performance synthesis model
P total pressure of an engine.
P, static pressure
pot polytropic The discussion of the installazion effects starts with rig-to-
PW power engine effects for components. Under this heading both
R gas constant geometrical and aero4hermodynamical differences between
Re Reynolds number component rig tests and component operating conditions in the
ref reference engine are discussed.
RNI Reynolds number index
RTDF radial temperature distribution factor In the second part the integration of the components into the
SFC specific fuel consumption overall engine performance computer p-ogram is described.
si1 surge m-irgin Here those effects are dealt with, which cannot be allocated to
T total temperature a single component.
T, static temperature
V velocity
W mass flow 2. RIG-TO-ENGINE EFFECTS FOR COMPONENTS
war water-air-ratio
,6 auxiliary coordinate A rig-to-engine effect ie anything which is different between
a corrected pressure P/101325Pa component behaviour during a rig test and while operating in

efficiency the engine. Note that there can be a true difference in
corrected temperature T/28C.iSK behaviour between rig and engine or it can only look like a
isentropic exponent difference. The latter can happen when the instrumentation is

IU dynamic viscosity not identical between bo:i vehicles. Another reason could be,
Po dynamic viscosity for T-273K that temperature readings arc not properly (i.e. both static and
V kinematic viscosity dynamio) calibrated.
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Fig. 1: Efficiency Loss in Multistage Axial Flow Compressors Due to Tip Clearance

There are two types of rigs: specific development rigs and
Instrumentation problems are outside the scope of this paper. engine parts rigs. Development rigs are heavy designs with lots
However they must not be forgotten when small effects are of additional instrumentation and features not available in the
being discussed. engie. Pnr exa'ple on cempressors ther ore stators

adjustable during the rig test which are not planned to be
variable on the engine.

2.1 Geometrical Component Differences Rig-to-Engine
When there are geometrical differences between rig and engine Engine parts rigs are built from engine parts - as the name
then corrections to the rig results have to be applied. The type says. However the surroundings of the component in the engine
of correction and how it is to be applied depends on the change cannot be simulated during the rig test. High pressure
of the flow pattern due to the geometrical difference. compressors in bypass engines will have quite different heat

transfer to the bypass when operating in the engine. There will
be a flow of varying temperature with speed on the outside of

2.1.1 Tip Clearance the compressor while on the rig there is no flow around the
The impact of tip clearance on compressor and turbine compressor casing. This causes a difference in tip clearance
behaviour is so severe, that every effort is made to minimize it behaviour when the speed is changing. An example for this
during engine operation. That can be done to a limited amount effect is shown in figure 4.
by passive means, i.e. an optimai thermal match of static and
rotating parts. An active clearance control (ACC) system is
used on all new big civil engines: Cold air is blown onto the 23.2 Blade Untwist
casing during steady state operation. The casing shrinks and Compressor blades are twisted to comply best with the
thus running tip clearance is minimized. For a corrfct increasing circumferential speed from hub to tip. Centrifugal
simulation of an engine with active clearance control one needs stresses tend to untwist the blades during operation if this is not
to model the change in tip clearance and its effects on the prevented at least partly by snubbers. In case of snubberless
component behaviour. blades this untwist is aiken into account during the mechanical

blade design.
Tip clearance can affect both flow capacity and efficiency of
turbomachines. In case of compressors also the surge pressure Blade untwist has an impact mostly on flow but alto on
ratio will change with tip clearance, efficiency of compressors with low hub-tip ratios. At a given

corrected speed the mechanical speed will vary with inlet
In figures 1 and 2 (taken from reference [1]) the impact of tip temperature significantly. Imagine a fighter engine which has to
clearance on efficiency is shown for compressors and turbines. operate at high altitude, low Mach number with an inlet
These figures shall give only an impression about the temperature of say T,=240 K and at low altitude and high
magnitude of the effect. The total effect of tip clearance ambient temperatures with T2 ý380K. At the same conrected
depends on the operating conditions. In principle the whole speed the mechanical spe-ds can be calculated from
characteristic will be modified by an increase in tip clearance.
An example is given in figure 3. N - N,

Running tip clearance for a specific design depends on build 2/ 40K F/3--K
clearances (production tolerances, squeeze film behaviour),
thermal expansion and centrifugal forces. Thermal expansion of
rotors and casings are generally different between rig and or N, = 0.8 * N2. That means, that the centrifugal forces are
engine. In addition to these axi3yrmetrical effects casing at low inlet temperature only about 64% of those at high inl-.
ovalization due to external forces (thrust loads, gyroscopic temperature. Figure 5 shows the untwist of a snubberless fan
forces etc.) causes locally increased tip clearance, blade from low to full speed.
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Fig. 2: Effects of Tip Clearance on the Efficiency of Single Stage Shroudless Turbines [1].
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flig. 3: Effects of Tip Clearance on Compressor Characteristics
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If during the rig test there is less bleed than on the engine then
the last stages will operate at higher flow and thus with more
distance to last stage surge. For an accurate synthesis model it
may be necessary to use. different compressor maps if the

- -~aea e r - amount of interstage bleed (in percentage from compressor inlet
_I 2 flow) is variable during engine operation.

MnM clearance on ng

Tip 1 %
clearance

Mln clearance

00

60 70 80 90 100
NH I%)-~

Fig. 4: Comparison of Tip Clearance Changes w~ith 0''.8

Speed on R4 and in Engine

For the first rotor the untwist effect is the biggest - because itI

has the longest btaides. The effect of blade untwist is similar to
the effect of aggening. In figure 6 a typical result of
restaggcring the first rotor by 1 degree can be seen: At high
corrected speeds the flow is much more increased than at low
corrected speeds. Furthermore there is a significant change in
efficiency. flel (P/P-i)

N/Voi

2.0-. .0

60 •'0 80 9~10010\N\,

Rel mass flow
1.5N Fig. 6: Effect of V Restagger of the First Rotor on

the Compressor Characteristic

2.1.5 Cooling Air Injection
Blade untwist o The cooling air injection in turbines can be regarded as a

o.5 . gas load at i geometrical difference in the flow boundaries bween rig and
Constant engine.
temperature

s 1 tOn cold flow turbine rigs the cooling air injection cannot be
1 ssimulated correctly. Even if there is cooling flow simulation at

N all the coolg air temperature is often not in the same relation0 10% Sped N to the hot gas temperature as in the engine. In ease of correct
simulation of cooling air pressures the cooling air MachFig. 5: Blade Untwist of a Snubberless Wide Chord numbers will be o.k., however the absolute velocities and thus

Fan the relation between the momentum of the cooling flow and the
main flow is different.

2.1.3 Thermal Expansion Nevertheless - the effect of cooling air injection on turbine
Some remarks about thermal expansion have already been efficiciency has to be taken from iig tests.
made. Obviously during zold flow turbine rig tests using engine Colnaiijetnwlllshvesifunconhelw
parts the difference in thermal expansion between engine and Colnaiijetnwlllshveainunconhefw
rig is most pronounced. Turbitie throat area will be smaller capacity of the turbine. It can happen, that on the rig the stator
during cold flow tests, the correction can be a simple factor on is .defining the turbine capacity and in the engine the cooling air
flow. The aerodynamic similarity of the flow is retained, injection causes the rotor to choke before the stator. This leads

to an increasing flow capacity with decreasing turbine corrected
speed.

2.1.4 Bleed Mftake
In compreslsors we have often interstage bleed offtake. The
internal flow of the compressor is affected by the ammount. of 2.2 Aero-Thermodynamie Differences
bleed taken off. Changing the amount of bletd is equivalent t The data measured on rigs cannot directly be used as an input
changing the annulus of the compressor, thus it is a modified into en ine simulations. Comp~onent characteristics based on the
compressor geometry. laws o :similarity are used for this purpose.
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Full similarity of the flow between any two tests implies: 2.2.1.2 Hwnidity
Water can be in the air as vapor, as liquid or as ice. Here we

o geometric similarity (dimensional ratios = constant) deal only with the vapor content. Phase changes as for example
condensation shocks are outside of the scope of this paper.

o kinematic similarity (velocity ratios constant)
In figure 7 the water-air-ratio of saturated air is shown as a

o dynamic similarity (ratio of forces = constant) function of altitude and temperature. The latter is expressed as
deviation from the ISA ternerature. One can see, that at low

Provided that Reynolds number, gas constant and isentropic altitude and temperatures above ISA a significant amount of
exponent are the same full similarity is achieved for a given water can be in the air.
turbomachine when Mach numbers are the same. The
component characteristics for turbomachines are based It is recommended to take the effect on performance into
primarily on the Mach number similarity. Characteristics account when the actual humidity level - which is lower than
measured on a rig are exactly valid only for the Reynolds the saturated value shown in figure 7 - exceeds approximately
numbers, the gas constant and the isentropic exponent 0.005 in water-air-ratio.
encountered during the teat.

Be careful during tests in an altitude test facility (ATF)! The
impression from figure 7, that one can forget &bout humidity

2.2.1 Gas Properties effects at altitudes above 20 kft is misleading. In front of the
In the engine the isentropic exponent can be quite different to engine there will be stagnation temperature and pressure, not
the rig test value, especially for turbines. The gas constant may the ambient conditions being simulated. Therefore the air can
be also not the same. There are three reasons for that: hold much more water, sm figure 8.

0 the isentropic exponent for dry air varies with How much water is in the air in a real test depends obviously
temperature on the outside air conditions. The maximum amount of water in

the outside air can be taken from figure 7. (Read the figure for
0 burning a fuel in dry air results in decreasing the altitude of the ATF location and the actual outside air

isentropic exponent with increasing fuel-air-ratio. The temperature). The relative humidity measured on the day gives
gas constant does not change very much in case of then the real water-air-ratio of the airstream entering the ATF.
the normal hydrogen-carbon fuels.

0 water vapor in the air has an impact on iseutropic
exponent. The gas constant is also dependent on
humidity.

2.2. 1. 1 emperatrure, rresjure and Fue1-4Gr-ACU-aiWu E ............ u

The standard procedure for performance calculations is, to use " ---- 0.0. -- ...........................
gas properties as a function of temperaturt and fuel-air ratio.
The gas constant is often used with a fixed value in case of dry
air. -

In reality the gas properties are also dependent on pressure.
However in the normal operating range of aircraft gasturbines
the effect of pressure is small and usually neglected.

Only in case of combustors and reheat systems the pressure .--. ------------
level is important: because of dissociation the heat release of
burning fuel is dependent on pressure, especially near to
stoechiometric fuel-air-ratios. .--.

ins

Fig. 8: Water-Air-Ratio for Saturated Conditions
Satwurad •tw-.....t during ATF Tests at Function of Alitude

and Simulated Flight Mach Number

.04 - -- --- L-- - - - - - - - - - - - - - - - - -

dt 20

.03 -------------------- j-----L---- When the saturated water-air-ratio from figure 8 is lower than
the water-air-ratio of the outside sir then condensation Will take

010 place in the ATP machinery and the air in front of the engine
.02----- - - --- ------------- I� ----------- will contain water droplets or ice. This causes on one side

measurement problems - icing of probes - and on the otther aide
.01 - -a nontypical behaviour of the eniginec. The water evaporates..., . during the compression in the engine and thus reduces

10.! hwcompressor work. Thrust and SFC taken from such a test are

C
nomepsresentatv forolm an engine ofperoaet-ing on ahn otherraft.

0 20 40 [Mil To avoid this the condensed water or the ice particles need to
Fg. 7: Water-Air-Ratio for Saturated Conditions as be separated out in the ATF downstream of the cooler

Function of Altitude and Deviation from ISA respectively expansion turbine.
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3. CALCULATION OF COMPONENT PERFORMANCE for example shock wave angles are dependent on isentropic
exponent. The impact of a changed isentropic exponent on

As already mentioned in the introduction one does not get the efficiency is generally regarded as negligible.
best engine simulation if the componcnt characteristics are used
directly as calculated or measured on a rig. Corrections for
deviating gas properties are necessary. Additionally the ------ -' ............ . I . - -------

characteristics have to be prepared for the use in a computer in
a suitable fornat. --- --- - -- ---- ---- -- -- -...... .... . . . . .. . . . . .. . . . . .

3.1 Compressors

3.1.1 Bask Procedure
Compressor performance as measured on the rig is normally
presented in form of a characteristic with pressure ratio versus
corrected flow W*/TI/P with corrected speed N/.,fT as
parameter. Efficiency contours complete the map.

Such a map is valid only for a gas with the same isentropic
exponent as during the rig test. For correct performance
calculations it is necessary to take into account the variation of -, a . ." . .." Mach Num
the isentropic exponent with temperature and - if applicable - Fa s
with water-air-ratio. Fig. 9: Speed Correction Factor as Function of

Water-Air-Ratio and Mach Number
Unfortunately it is not possible to achieve full flow similarity
with changing isentropic exponent, an approximation must be
found. Let's define map correction factors based on Mach
number sLmilarity: in case of speed this factor is defined as Pressure ratio needs also a correction for varying isentropic

exponent. The procedure is, to evaluate specific work from the
= (N/IV) _ (N/r7), data in the rig map, correct it for the new isentropic exponent

P - r_- and then recalculate the pressure ratio using the map efficiency.

The correction factor for specific work can be directly derived
from the speed correction factor: Since specific work is

For Mach number similarity we have to achieve the same Mach proportional to speed2, the specific work correction factor is
Number for two different isentropic exponents. Note that this the square of the speed correction factor.
is possible either at the inlet or at the outlet of the
turbomachinc. We are concentrating now on the inlet conditions As mentioned above, the coiiection procedures described is
and request: based on Mach number similarity at compressor inlet only. To

check the influence of this simplification two compressor maps
______ '- were calculated with different inlet temperature - which implies

different isentropic exponents throughout the compressor. Then
the correction factors derived above were applied to one of the
maps. The corrected values were checked against the other

Using basic gasdynamic relationship, gives for the speed map: the lineup between the data is not satisfying. Applying the
correction factor: factors overestimates the effect. More work is needed to

develop an improved correction method.

R (1 M ) Correction facto

------- .. . .... ...

2 
.0,'. '1, : : I

--------- ----- ------ I ------- ------ 1
(1- 2........ ............. ... i...i...... !..... ..... ...... i...... i.....a_-

This factor is cumbersome to work with because of the Mach ...... . -...... -- ......... ...................
number term. It is common practice to neglect the term in q . - - - - - -
brackets which is equivalent to setting the Mach number to - -...... - ------------
zero. The error made by doing this can be read from figure 9. "
There as an example the water-air-ratio is varied between 0 and • -
0.03. 3% water in the air leads to a decrease in isentropic - : --- - - - -------
exponent by 0.28%.

A similar procedure leads to the definition of a flow correctionfactor fw: . . --
0t+ 2 4 .6 8 1 Mach Number"

S(I+4.!!LMAf ) 2(N- 1) Fig. 10: Flow Correction Factor as Function of
f•_•_ X_ 2 Water-Air-Ratio and Mach Number

(1 + X I----Mz) '.
2

3.1.2 Compressor Map Format
Again the Mach number term is often neglected, the Sometimes it is tried to describe compressor maps by
consequence is only a small error, see figure 10. mathematical formulas, for example polynominals. This

procedure will always need some compromises and thus a
For efficiency no correction factor can be derived from theory. pseudo rig-to-engine effect is introduced which can easily be
Since full similarity cannot be achieved, the flow field will be avoided.
changed by a change in isentropic exponent. Remember, that
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From experience the best way of preparing compressor maps In both approaches the impact of bypass ratio on compressor
for use in the computer 'i, to draw manually smooth lincs performance is only implicitly taken into account. It is
through the measured data and check them carefully for unportant, to set up the two maps for bypass ratios as near to
consistency. If necessary, additional lines can be interpolated or the real engine operating conditions as possible. If the bypass
extrapolated. Only by this vrocedire one has full control, no ratio is assumed constant throughout the map, then the
outlier in your measured data can introduce unwanted effects, description of the compressor is barely adequate for precise

performance calculations. It is better, to assign to each speed
By the way - drawing manually does not necessarily mean the line in the map a bypass ratio.
use of pencil and ruler. The job can be done for example with
a special drawing program on the computer. Rather good accuracy can be achieved when bypass ratio is not

only varied with speed but also with pressure ratio. In
The standard compressor map format - where pressure ratio is tendency, bypass ratio will decrease with increasing speed and
plotted over mass flow with speed as parameter - is not directly with increasing pressure ratio on a typical turbofan engine.
suited for performance calculations. This is because from a
given speed and mass flow one cannot read in all cases an With all those sCnplified approaches one cannot describe
unambiguous pressure ratio - that happens when the speed line exactly the compressor. Bypass ratio will be different between
is vertical. It is also not possible to use pressure ratio and rig and engine, a pseudo ng-to--engine effect is introduced by a
speed as input - one could get two answers. too simple compressor map representation.

By the way, if tip clearance corrections are required these
Preme ratio should be applied only to the bypass map. Reynolds number

- - - corrections can also be different for both streams.

3.2 Turbines

3.2.1 Basi Procedure
Especially in case of highly cooled gas generator turbines it is

0=0 very important to have identical efficiency definitions for both
rig and engine. Detailed bookkeeping for all the cooling ard
leakage flows is necessary. Often it is assumed, that cooling air
injected upstream of 'he turbine inlet nozzle guide vane throat
does do work while the rest is - performance wise - bypassing
the rotor.

The rotor blade cooling air is often pumped by a coverplate
to 40,o Mass Po. attached to the rotor disk. This coverplate operates as a radial

comprcssor, which obviously needs a certain work input. Some
Fig. 11: Compressor Map with Auxiliary Coordinates - but not all - of the work put into the cooling air will be

regained.

Sometimes work consumed by the coverplate is simulated
The solution is, to introduce some type of auxiliary coordinates separately, sometimes the effect of cooling air pumping is

("p-lines") as shown for example in figure 11. The= included in the efficiency definition. Whichever efficiency
coordinates give always unambiguous intersections with the definition is used - it should be exactly the same for rig and
speed lines. Thus a given combination of speed and 6 fixes engine. Otherwise one gets a rig-to-engine effect which in
pressure ratio, mass flow and efficiency. reality doesn't exist.

Together with the map the reference inlet temperature and The basic procedure for taking into account a change in
pressure should be stored in the computer. From the actual isentropic exponent is equivalent to the procedure for

compressor inlet conditions the speed correction factor compressors described above. However w!' n simplified
discussed above can be calculated. Then the map is read using versions of the correction factors arc used then they are derived
the map speed and P. For the reference inlet conditions specific from the exact value by assuming sonic flow instead of M=0
work is calculated and then corrected to the actual inlet as in case of compressors.
conditions. After that the pressure ratio can be calculated. The
mass flow read from the map has also to be corrected as The magnitude of the isentropic exponent corrections are not

described in the preceding chapter. negligible when the turbine map is taken from a cold flow rig.
Changing the turbine udlet conditions from for example

A special case are maps for low pressure compressors of [T,=400K, dry air] to [TI=1700K, combustion gases with

bypass engines. They have to be taken from a rig where both fuel-air-ratio = 0.0231 results in a speed correction factor of
the core and the bypass stream can be throttled independently 0.939 (sonic flow assumed).
from each other. The corresponding mass flow correction factor is 0.972. By

The correct way to describe the behaviour of such a chance the mass flow decrease is in the same order of

".compressor would be, to measure on the rig a complete set of magnitude as the thermal expansion of the turbine throat area.
maps with bypass ratio as parameter. That is expensive and The flow changes approximately cancel each other and
therefore such maps are. normally not available, therefore often no mass flow correction is applied to the cold

flow rig results.
Often only two maps are used: one for the core and one for the
bypass stream. This can be done in two ways: 3.2.2 Turbine Map Format

In the first approach - which is often applied with high bypass There are several formats in use for turbine maps. The input
engines - there am two independent maps. In the alternative parameters for reading the map art often speed N/,,T and
method pressure ratio and efficiency of both streams arc plotted specific work HIT. In the normal operating range of a turbine

over the total mass flow, not over the individual mass flows as these inputs are unambiguous and allow to read corrected flow

in the first approach. This calculation method is used mostly and efficiency.
for low bypass engines as for example the RB 199 or the 111200.
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However there are problems with this turbine map format, turbine inap representation by a map of exit flow angles. This
Have a look on figure 12: While at high speed the efficiency is is simple since the turbine exit flow angle is directly coupled to
changing only moderately with specific work this is not the its operating point.
case at low speeds. There efficiency changes much more with
specific work Hi/T than at high speed. For a precise numerical
presentation of the map one needs small steps in HiT and 3.3 Burners and Reheat Systems
therefore quite a lot of breakpoints. Ri,' teats for burners are often done with less than nominal

pressure. The consequences are bigger dissociation effects than
To use many breakpoints on a speed line is not sufficient. If compared to in engine operation. In proper performance
not enough speed lines are stored, then the interpolation error synthesis programs this is taken into account, additional rig-to-
for efficiency can be significant, see figure 13. engine corrections are normally not required.

Deta H/r

.. L

.1 .- .. Speed

Fig. 12: Example for a Turbine Map Fig. 13: Linear Interpolation Error

The problems described can be avoided by introducing In case of reheat systems however the situation is more
auxiliary 8 coordina'tes similar to those in case of compressors. difficult. The simulation of the gas composition of the turbine
Both uC 1M'Axhrium and ihc minimum specific work of the exit flow needs special cam. If this flow is simply heated by a
turbine arc stored as oneparametric functions of speed. The conventional kerosine burner, then the fuel-air-ratio required to
lower specific work is assigned by definition to 8=0, the achieve a given temperature is significantly lower than the fuel-
higher one to B = 1. Then any other point within the map can be air-ratio at low pressure turbine exit in the engine.
addressed by a value of B between 0 and 1 and its speed.

In the engine the fuel is burned in the cembustor, but after that
By this it is achieved, that the sharp efficiency changes with the turbines are cooling the gases down. The oxygen content of
specific work at low speeds are described properly without the hot gases in the engine is much less than on the rig in case
usiiig an excessive number of breakpoints in areas where there only a simple heater is used for the turbine exit flow
efficiency is changing only marginally. simulation.

At the same time only meaningful data are stored, no points Obviously a reheat rig without correct simulation of the oxyg.n
with specific work above the turbine maximum capability are content in the inlet flow is of limited value. If more oxygen is
necessary to fill an array completely, available, then more fuel can be burned. The fuel injection

system cannot be properly optimized on such a rig.
If it is made sure that the efficiency maximum is approximately
at constant 8, then the interpolation error is minimized. To produce the correct oxygen content it is possible to inject

water in the simulated turbine exit stream. This gives a
The format described up to now is not suitable for all turbines significant improvement of the simulation quality, however the
for the following reason: If one increases for example on a circumferential and radial oxygen distribution found in the
turbine rig at constant N/,fT the pressure ratio starting from a engine cannot be simulated exactly.
low value, then specific work will increase up to a maximum
value. After achieving that maximum it can happen, that with Since the oxygen distribution on the rig will always deviate
further increasing pressure re.tio specific work drops slightly - from the one found on the engine there are differences in
that depends on the special turbine design. As soon as in the efficiency between both vehicles to be expected. Note that the
turbine exit annulus sonic flow is reached, any further increase ideal case of stoechiornetric combustion is achieved only, when
in pressure ratio has no eflect on specific work. each drop (,f fuel finds exactly the right amount of oxygen it

ne.ds.
In such a case for a given specific work there can be two
solutions for reading the map or no solution at all. As in case of pas generator turbines it is necessary to have

identical definitions for reheat efficiency and fuel-air-ratios on
Storing the turbine map in a different format avoids this both rig and engine. Also the method of deriving efficiency
difficulty. Instead of efficiency the isentropic specific work should be the same when comparing rig and engine results. On
HnI" is stored and used to read the real specific work. 1I./T the rig efficiency can be analysed from gas sampling or by
can be tabulated up to sufficiently high values, the turbine uning an assumed nozzle discharge coefficient. On the engine
maximum specific work can be described exactly. gas sampling normally is not used, however engine thrust

measurement allows to use an additional efficiency analysis
Note that this forniat is especially suited for free turbines where method. Murphy's law implies, that you never will get the
instead of the work required to drive a compressor the pressure same answer for different analysis methods applied to the same
ratio is given, set of measured data. Nevertheless one should always try to

understand the reasons for the differences.
[it case the turbine is followed by a duct and the duct losses are
dependent from flow angle then it is necessary to coniplete t0'-
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The operating conditions of the reheat system need also to be 4. REYNOLDS NUMBER CORRECTIONS
described properly. Note that for burning the Mach number
similarity is of no importance. Burner loading parameters are As already mentioned above, the characteristics used for
more appropriate to describe the physics. turbomachines are only valid for a certain Reynolds number

niveau. When changing Reynolds number there will be an
effect on both mass flow and efficiency and in case of

3.4 Nozzles compressors also on the surgeline. So correction factors to the
With respect to performance calculations nozzles are fairly maps have to be applied.
simple components compared for example to turbomachines. In
spite of that so.ne rig-to-enginc effecta must be mentioned. 4.1 Comipressors
Often nozzle tests are done in reduced scale using model A summary of Reynolds number effects on axial compressor
nozzles. When the nozzle inlet temperature and pressure were performance including empirical correlations can be found in
uniform during those tests as in cape of reference [2] then care [61. In spite of the fact that this paper was published more than
should be taken when the results are used within performance 20 years ago it is still being widely used for project
synthesis, assessments. Some important conclusions are summarized in

the following.
Pressure and temperature profiles at nozzle inlet - which are
quite pronounced on mixed flow turbofans - can change both With Reynolds number the characteristics of a compressor will
thrust and discharge coefficients, sec references [3] to [5). change. Basically the shape of the speedlines will remain the

same, but shiPed towards lower mass flow and pressure ratio
One can try to model the r-.,uniform flow through the nozzle, when Reynolds number is lowered, see figure 14.
see for example reference [51. The standard approach however
is to use mixing efficiency. Three nozzle flows are calculated:

o fully mixed flow
o core flow (hot stream)
o bypass flow (cold stream) a IP/Ps.

Constant

Each of the three streams is expanded from its total pressure to WT

ambient conditions. Since each stream has got a different
nozzle pressure ratio also the individual discharge and thrust .
coefficients can be different - that depends on pressure ratio. psu

The most relevant result of the calculation is the gros.s thrust ratio I
which is calculated from

9 IVU lo- ,"-*6

This type of nozzle modelling is rather crude, it aims primarily Mass flow Efficiency
at the calculation of thrust. The effect of the radial nozzle inlet
temperature and pressure distributions on discharge coefficient Fig. 14: Reynolds Number Effect on Compressor
is only a by-product. Performance

A second problem with model tests of nozzles is the mostly
nonexistent simulation of nozzle leakage. In case of variable
nozzles - as required for reheated engines - there is some To define a correlation between both characteristics one has to
leakage through the slots between the nozzle petals. Its amount define equivalent points. It is a good choice, to use pcints with
depends on local pressure ratio between inside the nozzle and the same specific work. Then the mean velocity triangles will
the surrounding pressure, have the same shape.

For convergent nozzles the leakage is always from inside to Correction factors for flow and efficiency can be derived firm
outside of tht. nozzle. Convergent-divergent nozzles when experiments. For each point in the characteristics the pressure
operated at low pressure ratios behave differently: around and ratio can be recalculated from specific work and the corrected
dowustream of the throat the static pressure inside the nozzle efficiency value.
can be significantly lower than ambient pressure. The
consequence is, that there is a "negative leakage": air from Note that also the surgeline is affected by Reynolds number
outside is sucked into the nozzle. level. The basic phenomenon however is different as compared

to the efficiency and the flow shift. Those are caused by the
This has an effect on both discharge and thrust coefficient, increase in losses with decreasing Reynolds number. The
While con/di nozzle model tests (without leakage in either surgeline shift hcwever is connected to a reduced operating
direction) show the discharge coefficient being only dependent range of the cascades. Therefore a different correlation should
on primary petal angle and not on pressure ratio this does not be used as compart-l to the efficiency and mass flow shift, the
hold with leakage. With leakage through the divergent petals assumption of constant specific work is not applicable in this
the nozzle can have a discharge coefficient which is more case.
similar to that of a convergent nozzle.

lFrom the empirical data taken both from cascades, single and
The effect of negative nozzle leakage can be beneficial for multistage axial compresoors it is concluded in [6], that the best
thrust in case the geometrical nozzle area ratio A,/As is too big empirical approach to desribe the effect of Reynolds number on
for the operating pressure ratio. By sucking air through the efficiency is, that the polytropic efficiency changes with
divergent petals the effective area ratio is reduced, Reynolds nLtmber exponentially:
overexpansion avoided or less pronounced and tl,,h thrust
coefficient will be bigger than the one measured on nozzle
models without leakage. (I -,)= "=kRe"
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Generally the impact of Reynolds number on mass flow is less The correlations established in 161 were derived from data
ronounced. As a rule of thumb, the change of mass flow is taken in the vicinity of the design operating conditions.
alf of the change of efficiency. Performance calculations however have to cover the full range

of speeds and inlet conditons. A procedure is needed to correct
Values for k and n depend on the specific dcsign of tlc the component characteristics not only near to design operating
compressor and also on the Reynolds number level. As conditions but everywhere.
described in [7] there are three different regimes which car be
connected to the boundary layer condition. Figure 15 taken It is not appropriate simply to correct efficiency and mass flow
from this reference describes the phenomena, read from the map by applying a simple factor. Note that

within a compressor map the Reynolds number is not constart
but obviously varying considerably with speed.

Inagine an example where the upper critical Reynolds number
- above which efficiency is constant, see fipure 15 - is at 80%
corrected speed for reference inlet conditions. No efficiency
correction is required at and above that speed. Let's assume

Lamn Sepavatloo Boup.d. lughlness Bojnldary now an increased inlet pressure: the Reynolds numbers
Laimnar Thrb attached flow I Ti.b attached flow throughout the compressor map will increase. The upper
sepalt"ofI Hydrody.. smooth -d, , , critical Reynolds number will be achieved already at say 60%

.s,,lace corrected speed. Now efficiency is unaffected by Reynolds
I . [aria' number at and above 60%. Using a correction procedure

I sub,ayer depending only on RNI but not on corrected speed would give
the wrong answer.

Therefore the Reynolds correction applied to turbomachinery
maps has to be done in two steps: firstly the Reynolds number
effect hidden in the characteristic has to be calculated using
IRN[ = N/-VTf(NA/,T)D,.. In the second step a revised RNI is

/ • / I used which takes both r/.iT and the changed inlet conditions
into account. Only the net effect of both steps is applied to the
values read from the characteristics.nc 1.... , 10' Re_ .... (Re. k)

ftteCt. Reduced trnin & h.gh !ossi Nora'l .,, Nol! tu,ng In case of Reynolds correction of the surg*.line the procedure is
Steep, , crease Re. , co~st simple;: One stores in the computer several surgelines in terms
steep low ,oc,,ease Flow ,.cases Vow ,ncroi.es sl:ghlty of pressure ratio over mass flow with RNI (derived from
Stall l'ne affectedi Stall leo untected SII Stall Ie unatlectep compressor inlet conditions only) as a parameter.

FP.m IC: Effý#t 11-.-lanary Layer Ccondit'l,-on.

Compressor Behaviour [7] 4.2 Turbines
Reynolds number effects arc also existent in turbines. The basic
correction procedure to be applied to turbine maps is essentially
the same as in case of compressors.

For application of Reynolds corrections it is a good idea to use The Reynolds number index for turbines depends on pressure
instead of absolute Reynolds numbers a Reynolds number index and temperature according to
RNI:

RN=R PIPI-
Re, ( 4/2,.-5

Reynolds number is defined as The exponent is matched to the normal operating range of
turbines. It reflects the change in viscosity with temperature

V.L=V*L P, which is dependent on temperature level - therefore the
v p*R.T, exponent is different to that shown above for compressors.

Turbine maps can be valid for constant inlet Reynolds number
or for constant exit Reynolds number- that depends on the rig

This can be expanded: test conditions. Often on the rig the air is expanded against
ambient pressure; the map from such a test has fairly constant

R-=L, * _._._._ .! .. __ exit Reynolds number.
ý _,R T N , P ,r ,,p

4.3 Ducts
Duct losses can increase sharply below a critical Reynolds

The dynamic viscosity 1A kann be approximated for the number. 'This can be important in bypass ducts which are fairly
temperature range of compressors by long channels. The critical Reynolds number and the magnitude

of the effect can be derived from theory or analyzed from ATF
T data. Sometimes also model tests are used to measure the duct

Pp=o0(2-)3 " loss characteristics.

5. FLOW DISTORTION EF~FECTS ON CUMIPONENTS
For fixed Mach number, gas constant and isentropic exponent

the Reynolds number index is: Only the first compressor of an engine can operate without inlet
flow distortion - and that only while the uninstalled engine is

RNI=___P___ running on a testbed. Installed in an aircraft often there arc
( I more or less severe pressuie nonuniformitics at the engine face.

In some cEses, for example during thrust reverser operation
also the engine inlet temperature is not uniform.
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The downstream compressors see besides a pressure distortion than the other. The distance of the points increases with
also a temperature distortion. At burner inlet there can be some increasing distortion coefficient DC"Q.
swirl and a radial temperature profile of 2 to 3%. In the
turbines the inklt temperature varies widely both When the operating point in the distorted sector is on the
circumferentially and radially. Mixer inlet conditions are also surgelinc, then the basic parallel compressor theory states, that
not uniform, nor the pressures and temperatures at nozzle inlet, the stability limit of the compression system has been reached.

In the following the effects of flow distortion on component The mean operating point of the compressor with distortion 6
perfornuicc is discussed. calculated as a mass average. With the shape of speed lines as

shown in the figure above the distorted speed line will always
give a lower mass flow and a lower presscre ratio than the

5.1 Compresors undistorted speed line. This is ik line with measurements.
It is very difficult to predict the stability limits of compressors However, when the speed line is vertical - which is typical for
even for clean ink. flow. Distortion obviously aggravates the overspeed conditions of modem low pressure compressors -
problem. The lecture presented by Professor Greitzcr has then the parallel compressor model will also produce vertical
already introduced into the subject from a specialists point of speed lines. This is not in line with measurements.
view.

The presently most appropriate method to simulate flow 5.1.2 Empirical Corrections
distortion effects within performance synthesis programs is the There are other - more important - discrepancies between the
parallel compressor theory. If used in conjunction with measured characteristics and the one calculated using the
empirical corrections this can be a valuable tool for the parallel compressor theory. Firstly, the calculated surgeline is
predkition of both stability and performance with distorted inlet mostly lower than the measured surgeline. Thus the model is
flow. conservative. Secondly, the calculated efficiency is

overestimated in the part of the map near to the surgeline.

/

distorted sector

Io •,ew - Ide" 'iedS- qJlldntah~ ,r•e..... ..... Steady-state
J ..........Ste.) ,ncKdnce

Pressujre
ratio ýwund~sturledsector Ru~xx

C•used by I0f

distotled N /ý 
P, "ay

speedline
0 90 180 270 _W

Mass flow Courrfe,rntal pO•.Or,. deg,'

Fig. 16: Compressor Operating Points from Parallel Fig. 17: Effect of Lift Response Delay on Apparent
Compressor Thtery Rotor Stall [8)

5.1.1 Parallel Compressor Theory 5.1.2.1 Surgeline
"The engine intake espicially in case of a fi*hter aircraft An explanation for the better distortion tolerance found in tests
pvYxces a quite complex total pressure distribution. This is described in [81. There the behaviour of single stage axial
distribution is described within the parallel compressor theory compressors was studied.
in a rather crude way by two streams with different, but
uniform presure. Both streams are filling a sector of the What happens to the flow when the rotor periodically passes
stream tube. This simplified pressure field is characterized by regions with low and high inlet pressure? When the rotor
a distortion cocfficient. For the example, that in a 60" sector pas-4s from the undistorted to the distorted sector the incidence
there is the total pressure lower than average, the distortion is increased suddenly because the parallel compressor theory
coefficient is called !'Cc and is defined as implies a step change in inlet flow conditions. The flow field is

not able to adjust itself immediately, there is a delay in
DC.0 P.-Pa r response. Figure 17 taken from [81 illustrates this.

(P"P),i It is known from tests with single airfoils that for a short time
a much higher incidence can be tolerated than for steady state
conditions. The shorte" the time, the more the rteady state limit

Now it is assumed, that there are two compressors working in can be exceeded. Transfering this observation to a compressor
perallel. They have both the same characteristics - the one means: there is a dynamic surgeline which is higher than the
measured on the rig for undistorted flow. One of the theoretical steady state surgeline.
compnretson has a flow capacity of 60*/3600 = 1/6, the other
one has 5/6 of the real compressor's capacity. For a given compressor the time needed for the rotor blade to

pass through the distorted sector depends only on the sector
Further assumptions are, that there is no mass transfer between angle and speed. An empirical correction for the surgeline to
both compressors and that downstream of the compressor exit be applied to the parallel compressor theory can be defined.
there is circurrferentially a static pressure balance. The operating point in the distorted sector is allk.wed to move
"rhese assumptions lead to two different operating points in the beyond the steady state surgeline by
characteristic (figure 16). They are on the sane speed line, the
operating point of the distorted sector is neater to the surgeline
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As. P.LJP!!•T!L. =Asectora~ngkspeed rotation), the other engine is in a more difficult situation. The
counter-rotating flow effectively increases the incidence of the
first rotor (the RB199 has got no inlet guide vanes) and drives
the fan towards surge.

As mentioned above, the theory described in [81 was developed
for single stage compressors. On multistage machines the The impact of inlet swirl on the compressor characteristic and
theory must be applied with care, especially if one tries to its surge line is beat tested on a rig. In performance
predict a surgeline shift without having any rig test evidence, calculations several compressor maps with swirl angle as

parameter can be used. An alternative is, to apply rig test
However, from analysis of rig test data from two multistage derived influence cocfficicnts to a map valid for clean intake
compressors (3 respectively 5 stages) - which need not flow.
necessarily be representative for other compressors - it was
found, that the influence of speed was within measurement
scatter. The dynamic surgeiine shift varied with sector angle 5.2 Turbines
only as shown in figure 18.

On a turbine rig the temperature distribution both radially and
circumferentially is uniform. In the engine however the burner
produces a nonuniform temperature profile.

20- The circumferential differences can be even bigger when the

A Surge pressure engine operates with distorted inlet flow. As mentioned above,
ratio [%1 a pressure distortion at the engine face is transformed to a

temperature distortion at the burner inlet. The burner outlet
temperature distribution will therefore be also affected by theto- distorted engine inlet flow.

5.2.1 Effect of Burner Exit Temperature Distribution
0*+ The temperature distribution at the combuster outlet can be

0o- , ,described by the Radial Temperature Distribution Factor
0 60 120 1800 (RTDF) and by the Overall Temperature Distribution Factor

Seciorangle (OTDF). Those factors are defined as

Fig. 18: Dynamic Surgeline Shift Analyzed from Rig
Tests R TD FT[T -T

5.1.2.2 Efficiency OQDF= T.-T
As already stated, the parallel compressor model does not result a T,
in correct efficiency numbers in a region near to the surgeline,
measured efficiency is lower. This phenomenon can also be
correlated with dynamic exceedance of the surgeline. While a turbine can be designed for the radial temperature

profile it is not practical to design for a circumferential
From test analysis of the same compressors mentioned above it temperature distribution.
was found, that the parallel compressor model gives reasonable
answers as long as the distorted sector operates in the The circumferential temperature differences can be quite large.
characteristics on a point below the steady state surgeline. As A value of OTDF=25% - which is not exotic for a modem
soon as the steady state surgeline is dynamically exceeded, the gasturbine - results in circumferential temperature variations
miasured efficiencies are lower than the calculated ones. That from peak to peak of up to 500K!
means, that the transient excecdance of the surgeline does not
cause compressor surge, but it increases significantly the To estimate the effect of these temperature, differences one can
losses. use a parallel turbine theory. As in case of the parallel

compressor theory it is assumed, that two machines with
An empirical correction to the parallel compressor theory can identical characteristics are working in parallel.
bring theory in line with measurements. In the distorted sector
efficiency is decrmnented by At the inlet of both turbinex. the pressure is the same, but the

inlet temperatures are different. Corrected speed is also
different. How can we find the operating points in the turbine
map?

To apply the modified parallel compressor theory one needs to Within a performance cycle calculation the total power output
read from the steady state characteristics data above the of the two turbines is defined by the power requirement of the
surgeline. That means, the map has to be extrapolated. This is compressor to be drive-. ', oral mass flow is known a!so from
rather easy when instead of efficiency specific work is upatream components when the parallel turbine calculatior
extrapolated. The latter is fairly linear in a wide part of the starts.
map.

For the turbine exit conditions there are two possibilities:The empirical correction of surgeline and efficiency allows to

better simulate the behaviour of a compressor, from which o The turbine is expanding into a duet where equal
measured data both for clean and distorted inlet flow are static pressure can be assumed.
available. Care should be taken before such empirical
corrections are used for compressors which have not yet been o A further turbine is following directly. Corrected
rig tested. turbine exit flow must be the same for both turbines

operating in parallel.

5.1.3 Inlet Swirl In both cases the parallel turbine model gives very similar
Long, S-shaped inlet ducts like those on the Tornado aircraft operating conditions in the turbine map, see figure 19.
can produce at the engine face a swirling flow. One of the
engines sees flow rotation in the same direction as the fan (co-

l~~ I I I
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With increasing OTDF the two operating conditions are moving effects are combined and the overall performance is
away from each other. The mass averaged efficiency is synthesized. The result of the calculation is an operating point
dropping slightly (figure 20). for each component, tcmperatures and pressures throughout the

engine, spool speeds and - last but not least - thrust and specific
fuel consumption.

Spm;'.c work H'T

•"-~C"i ]6. Modular Performance Synthesis
'" Ps, How does a modem performance syntheais program york?

. . ea:-Ps There is in practice a quite different approach .. As
compared to the one described by Professor Saravanamuttoo in

. WIP the preceeding lectures. Before discussing the merits of each
-w' synthesis method let us first describe the structure of modem

performance synthesis programs.

./ /A rather comprehensive overview over the historical
'development of those programs in general is given in [9].

20-

40 '6. ' 1I Se . .. .

Fig. 19: Turbine Operating Points from Parallel -

Turbine Theory deta a',ihaPo -- • -. .

Do-wrnstream of the turbine there is a flow angle difference 5 L -I-----i-
between the cold and the hot sector which is proportional to the /I ' I
OTDF (figure 21). This effect can cause downstream of the - |
turbine losses for example if there is an incidence sensitive I
exhaust guide vane. o .05 1 15 2 25 3 .35 4I TOF

The parallel turbine model answers also the question: what Fig. 21: Turbine Exit Flow Angle Variation Due to
happens with OTDF while the flow is passing the turbine? In Inlet Temperature Distortion
the example shown in the previous figures the difference
between peak and mean temperature is approximately 10%
lower at turbine exit. The relationship between OTDF•,t and
OTDF. is linear. Note however that mixing during the
expansion process will reduce OTDF additionally. 6.1.1 Program Structure

6.1.1.1 The Problem
The task is, to calculate both design and off design
performance for a wide variety of engire types. For each

.01 _ _ engine type one needs a specific way of calculation - you
certainly remember from Professor Saravanamuttos lectures.
One can attempt to write a program which can deal with a

.005 - preselected number of cycles, that was done for example by
NASA, see references [10] to [121 and also in the previous

Elkiency ioss version of the MTU performance synthesis program.

0 iHowever engineers are very inventive. There are new ideas

about the best simulation of component performance as well as
-.005 -~ _ _ ;ew cycle4. In the last years for example we at MTU had to

.05 .1 15 .2 .25 .3 .35 4 OTOF deal with performance calculations for the following engine
types:

Fig. 20: Efficiency Loss Due to Inlet Temperature
Distortion OTDF o gasgtnerators

o turbofans
two- and three spools
mixed and unmixed

5.2.2 Effect of Inlet Flow Distortion with and without reheat
The temperature distortion at the compressor exit caused by convergent and con/di nozzle
engine inlet pressure distortions does not exceed OTDF=2-3% 0 turboprops
even in extreme cases. Assuming a circumferentially uniform 0 propfans
fuel distribution leads however to a nonuniform fuel-air-ratio single rotating
distribution and therefore to an increased OTDF at combustor counter rotating
exit. o turboshafts

without and with heatexchanger
o variable cycle engines

6. INTEGRATION OF COMPONENTS INTO THE o ramjets
PERFORMANCE SYNTHESIS PROGRAM o turbojet - turbofan - rocket combinations

o closed cycles
The preceding chapters have dealt with rig-to-engine effects for o use of altcnativo fuels (e.g. in hypersonic vehicles)
components. In the performance calculation program their
characteristics and the necessary corrections for rig-to-engine

Guest
Rectangle



7-14
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Fig. 22: Modular Performance Synthesis Structure for a Mbxed Flo i Turbofan

There is no realistic chance to write a conventional program Besides the thermodynamic modules there Are others
which covers all the cycles. The program logic and structure representing for example the control system or a shaft including
would be very complicated and any program modification possibly a gearbox.
would be timeconsuming and prone to errors. Note that a
program is never finished in practice - with the exception of A special module calculates overall engine auantities like thrust
programs which are no loneger in use. For performance and specific fuel consumption. This module is able to read out
programs the only requirement which does not change is the properties from other modules - which is forbidden for other
requirement for program changes, modules.

In figure 22 a graphical representation of the module
6.1.1.2 Possible Solutions connections for a mixed turbofan is shown as an example.
Theme are two ways out of the. dilcmma: One is, to write
specific programs for each type of engine. As far as possible All modules are programmed fully independent from each
for all of those individual programs the same set of subroutines other. Within the module the nomenclature can be selected
is used. The drawback of this method is, that the modifications fully free, conflicts with other modules are made impossible by
of the steadily increasing number of programs becomes more the following data structure:
and more expensive.

The module properties are addressed in the data input and
The way chosen at MTU is the modular approach. In the output by their "first name" - which is identical to the
MOdular Performance Synthesis program "MOPS" each cgine FORTRAN name in the module program list - and their
component is represented by a program module. The user of "second name" - a two letter combination which stands for the
the program selects the required modules for his cycle and module. Thus for example ETA HC is the efficiency of a high
writes down, how they are connected with each other. The pressure compressor and ETA HT is the efficiency of a high
program has some similarity with the Navy NASA Engine pressur- turbine.
Program NNEP, sce references 191 and [13).

The nomenclature used within the modules follows closely the
There are "thermodynamic" modules which make up the main SAE rules layed down in [141. That makes sure, that the
flow path through the engine. Such a module - representing for program code is readable also for non-programmers. Having at
example a compressor - has standardized inlet and exit ntations least 50% of the program listing as comments is an additional
where mass flow, total temperature and piessure, effective area help.
and the fluid properties like fuel-air-ratio are stored. The
standardization makes sure, that all modules can be connected Of course there is also a user's manual for the program
in arbitrary sequence. available. However it describes only the basic principles and

gives general advice. Experiences shows, that one is never able
What happens internally in a module is dependent on the to produce an user's manual which is up-to-date in every detail.
module properties - in principle the input data for the module The only program description which is 100% correct is the
like compressor mps, Reynolds correction factors etc. The program listing itself.
modular calculation results are also stored as properties of the
module.

6.1.2 Finding Valid Solutions
Besides the main gas flow there are other connections between When ali the modules are programmed individually, how are
modules. Compressors are delivering cooling air to turbines, then valid engine operating points found where mass flow
they require shaft power and the variable guide vanes need to continuity and power balance between all components is
know from the control module, how they arc positioned. Those achieved?
connections between modules are also standardized and can be
connected in any reasonable way. An iterative procedure is used and the task is dealt with as a

pure mathematical problem. Let us describe the iteration
necessary for the example of a simple turbojet:
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Take compressor spool speed as given. The compressor For the mathematical algorithm the engine model (consisting of
operating point is then estimated by fixing a value for the several program modules) is like a "black box". Attached to the
auxiliax, coordinate 6. With given compressor i let conditions box there is for each variable a lever. Moving a lever is
everything within the compressor module can bi. calculated. equivalent to modifying a variable.

Burner inlet conditions are known now. Burner exit When a lever is moved, then somethng, happoms within the
temperature or fuel flow is again estimated, the turbine inlet box. To the outside world the only visible thing is, that on
conditions are thus clear. For the turbine module the shaft instruments atiached to the box one or more indicatorm are
power requirement is known from the compressor and the moving. In fact, the instruments are indicating the errors found
gearbox calculations. The turbine map coordinates corrected during the calculation, see figure 23.
speed N/I-T 4 and corrected specific work H/T4 are now known.

There is the tiiidal case when each lev-,r is directly connected
From the turbine characteristics one reads efficiency and to one si.gle instrument. Then it is easy to adjust the variables
corrected flow W TJr4/P. Since both the compressor operating in the way, that all error readint i are zero.
point and burner temperature were only estimated values the
map corrected flow will not be in line with the turbine inlet Within performance calculation programs however the situation
corrected flow as long as the iteration has not yet converged. is more difficult: changing one variable results in modified
The deviation between both corrected flows is called an error - instrument readings for several errors at the same time!
the 'turbine flow erro.7". Remember our simple example: when the estimate for the

compressor operating point is changed by modifying f then
The iurbine calculation is completed within the program both the "turbine flow error" and the "nozzle pressure error"
module using the data read from the characteristic, the error will change.
mentioned above is reported to a driver routine but other-vise
ignored. What is a suitable strategy for finding quickly the lever

positions where all instruments are indicating zero? One way
In our simple example directly alfer the turbine a convergent is, to move each lever independently a little bit and observe the
nozzle shall follow. Here a second error will be detected: The indicators. The lever must be put back to its previous position.
turbine exit total pressure will not be the one required to pass After all these test movements (one for each lever) one can
the turbine exit flow through the nozzle. Let's call this error conclude a combination of lever movements which will result
the 'nozzle pressure error". in reading zero for all instruments - assuming liUear

relationships between lever movements and instrument
We have found two errors in the calculation and we have readings. Since in reality the relationships are nonlinear, the
estirmated two variables - compressor 3 and T4. We need now instrument readings for the new lever positions will not be
an algorithm to manipulate our estimated values such, that both exactly zero, but certainly much smaller than before.
errors are simultaneously below a certain limit.

There are powerful algorithms readily availble which can cope
wirh Che piumbim. Onc ofiliu im lin eI'iM 11am 1 dui.. - -iI za! 1.-
We at MTU are using an algorithm taken from the
commercially available mathematical library MINPACK and
have made gocd experiences with it.

It is not always easy for the user of a modular performance
syndhesis program like MOPS to select the relevant variables
and to define the corresponding errors properly. It happens,
that variables are selected which don't change any of the
errors. Then the mathematical algorithm has no chance to find
a solution. Sometimes - for example with excessive power
offtake at altitude - no solution exists. Also the existence of two
solutions can confuse the algorithm.

6.1.3 Comparison with Simplified Performance Synthesis
Setting up a working iteration scheme - that is a proper
selection of variables and errors - requires a physical
understanding of the engine to be simulated. Here comes the
point where we need the thoughts presented by Professor
Saravanamutto in the preceeding lectures. The way to use a
performance computer program aucceasfully needs the
understanding of the nondimensional engine behaviour.

Applying the rig-to-engine effects described in main ahapat 2

Fig. 23; A "Black box" Model for the Iteration gives the required accuracy of the results. Within a limited
range of parameters however the engine will still behave us

Procedure described by schoolbook science. If in a specific example that
should not apply - check your computer result carefully!

How this algorithm works in detail is not important to the A computer program is a tool to produce numbers, but it is not
performance engineer. This is a purely methematical problem. very well suited to teach physics. The user of a performance
Obviously we want rapid convergence, but more important is, program needs to understand what he is doing - otherwise he
that the module internal calculations remain fully independent never can be sure that the printed result is correct and not the
from the iteration algorithm. Only then we have the freedom to consequence of an input error. One never can make a program
describe the physics in any way deemed necessary. foolproof, especially not a big program wi:h an practically

unlimited number of input options!
Within MOPS there is a complete isolation of the iteration
algorithm from the module calculations. Any input quantity into
a module can be a variable of the iteration. The corresponding
errors arc for standard calculations built into the modules; they
can also be defined by program input.
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7.ENGINE INSTALLATION EFFECTS When optimizing the control laws for an engine one can get
quite different results for installed and uninstalled conditions.

Let us now come to some results from performance synthesis. For installed conditions the optimum SFC requires a bigger
In the following chapters those engine installation effects are nozzle area than for uninstalled conditions. The reason for that
dealt with, which can not be attributed to a specific component is, that both spillage and afterbody drag are decreaing with
alone. Also problems of interaction between components will increasing engine mass flow.
be discussed-

7.2, Power Offtake and Bleed Effects
7.1 Thrust-Drag-Boekkeeping
On a testbed as used by the engine manufacturer often the 7.2.1 Power OMake
thrust is measured without any power offlake and bleed. The It is no problem at all to simulate the effect of power offltake
measured value is corrected for testbed specific effects; as a within a performance synthesis program. One should however
result one gets uninstalled engine thrust. be aware, that taking off a fixed power can have quite different

effects on the cycle - that depends on engine inlet conditions.
Installed into an aircraft the thrust will be different for a variety Corrected power offtake is PW/(5*V16), thus for example at
of reasons. There is an intake pressure loss, at the engine face flight condition 50000ft/M=0.7 one can take only 14% of the
pressure is lower than ram total pressure. Shaft power is taken power available at ISA sea level static.
off to drive a generator. Bleed air is used for cabin
preasurization. Since however aircraft power demand is an approximately

constant absolute power, at 50OO0rtM=0.7 the corrected
Even if one corrects for all the effects mentioned - which is power ofitake is 7 times as big as at sea level. Such a power
rather straightforward with a synthesis program matched to test offtake has a severe effect on the cycle: the opcratirg point in
data - one does not get the thrust value needcJ by airframers the high pressure compressor is movhig towards lower spool
for flight performance calculations. speed and in direction of the aurgeline. While at za level

power offtake is limited by mechanical restrictions within the
For those, calculations a clearly defined bookkeeping of all gearbox, at high altitude it is limited by the compressor
forces acting on the aircraft is required. Forces produced by stability boundary.
the engine must be separated from drag and Eft.

From this considerations it can be concluded, that for
This is not a trivial task because the flow field around the performance calculations at high altitude the power
aircraft is affected by the engine mass flow and the nozzle consumption of the engine gearbox and the accessories attached
exhaust conditions. With variable intakes, boundary layer to it need to be better simulated than just with a constant
bleeds etc. found on supersonic fighter aircraft the bookkeeping mechanical efficiency of the high pressure spool.
can be quite complicated. In the following only the two most
important elements arc discussed briefly: spillage drag and Power requirements for the different fuel pumps ar d&pmdent
afterbody drag. on fuel flow and speed. Bearing and Pearhx lnses vary with

speed, but also wiuh oil temperature. The latter can be
controlled by the thermal management system within the
FADEC (-=Full Authority Digital Engine Control) which
switches between fuel cooled and air cooled oil coolers.
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One can define a reference condition where the engine mass t , S

flow is optimally matched to the intake. The streamtube of the [t SLCo< WO 5
engine air is just of the same sze as the intake area, ace figure f
24. Mas• fiow

When the engine is throttled back, its mass flow goes down. Fig. 25: Power Offtake and Bleed Effects on High
The approaching strearmtube is now smaller than the intake Pressure Compressor Operating Points at
area. When compared to the reference condition described Sea Level and at Altitude
above there is some air bypassing the intake. This causes the
socalled "spillage drag".

7.1.2 Afterbody Forces 7.2.2 Bleed Air for Aircraft Purposes
On a fighter aircraft with reheated engines the exhaust nozzle The blenA air used for aircraft cabin pressurization alleviates
is variable. The external flowfield around the afterbody of the the compressor stability problem, but weakens the cycle. Again
aircraft is quite different between dry and reheat operetion. the bleed air requirement in terms of kg/s is fairly independent
When the nozzle is closed the boattail angle is big and there is from flight conditions, the effect on the cycle is much more
a danger of flow separation. Even without flow separation the severe at altitude.
drag is bigger than during reheated operation when the nozzle In figure 25 the impact of both power offtake and bleed is
external fairing is of more or less cylindrical shape. shown in a high pressure compressor map for sea level and
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altitude. The absolute amount of bleed respectively power May be one can find a simplified description of the measured
offtake is thc same for both flight conditions. stability, but the prediction of engine behaviour in case of

complex flow distortion is very difficult.
In case the bleed air is taken not from the exit of the
compressor but as an interstage bleed then for precise
calculations the change of the compressor characteristic has to 7.4 Effect of Inlet Flow Distortion on Stabilty and
be modelled as already mentioned in chapter 2.1.4. Performance

It is advantageous to include a simple distortion calculation
The total temperature at the offlake port can be calculated from model into the performance synthesis program. This allows to
the relative work consumed up to the relevant stage. Note that find out critical operation conditions for a specific
near to the wall the total temperature is higher than average aircraft / engine combination. The distortion level is a complex
and adjust the relative work accordingly! The total pressure at function of aircraft flight condition (Mach number, angles of
the bleed port can be calculated by using a somewhat lower attack and sideslip) and engine corrected flow.
p-ilytropic efficiency than that of the main stream.

The most critical point within the operating envelope can be at
Bleed air pressure and temperature are important for the high rltitude, low Mach number with moderate flow distortion,
aircraft designers. There are both maximum and minimum heavy power offtake and no bleed. It can however also be at
limits for the pressure and sometimes there is also a not-to- low altitude, with heavy flow distortion due to high aircraft
exceed bleed air temperature. On modem civil engines it can angles of attack and sideslip and fast acceleration of the engine
be necessary, to have two customer bleed air offlakes which up to high corrected speeds.
are switchable: at idle compressor exit bleed is used, at max
climb rating an interstage bleed poe't.

7.4.1 Paralke Compressor Model Integrated into the
Bleed air conditions at aircraft/engine interface have to be Performance Synthesis Program
calculated with sufficient care. The local pressure - where the In the component chapter it was shown, that one can model
air is taken off - is dependent on the specific design, it is both stability limit and efficiency level of a compressor with
seldom the total pressure. The pressure losses within the bleed distorted inlet flow. There is no problem to integrate the
manifold and pipe system are very much mass flow dependent. empirically corrected parallel compressor theory into the

performance synthesis.
Temperature calculation for the bleed air has also to start at the
offtakc position. There is some mass flow dependent
temperature change when the bleed air pipe is cooled by the 7.4.1.1 Interaction Effects between Components
bypass air flow. In the engine however there are phenomena which were not yet

discussed. The parallel compressor theory uses the assumption,
that there is static pressure balance dowmtream of the

7.3 Intake Losses and Flow Distribution compressor. This assumption is not justified in case of the inner
fan flow of bvoass engines. The struts in the intermediate

7.3.1 Pressure LosseI casing ".4ll prevcnt the adjustment of the strcamlincs which is
Total pressure losses of an intake with fixed geometry are necessary for static pressure balance.
dependent on flight Mach number, corrected airflow, angle of
attack, angle of sideslip and Reynolds number. In case of The phenomenon is called spool coupling. A theory which
intakes with variable geometry of course the position of the describes it is presented in reference [15]. A subroutine based
ramps and boundary layer bleeds have to be taken into account. on this reference was written by our specialists for unsteady

aerodynamics and is used in the MTU synthesis program for
Extensive test series are required to find out the loss the description of spool coupling effects.
characteristics and the optimum control laws for the variable
geometry of an intake. This is done by the airframers. Within There can be also another spool coupling effect in an engine.
the engine companies often only the most important parameters On the eariy RB199 engine it happened, that when the fan was
- which are Mach number and corrected flow - are simulated. operated on a high running line (but still below the surge line)

it caused the high pressure compressor (HiPC) to surge. The
When the aircraft intake is operated near to its maximum flow HPC surged "in spite of the fact, that its operating line was well
capacity then it produces high intake pressure losses and at the below the rig mcasured surge line.
same time severe flow distortion.

The full explanation for that is reported in reference [161.
Basically the fan had local flow detachment in the hub region

7.3.2 Flow Distribution at its exit and this caused a severe flow distortion for the
While it is rather straightforward to calculate the effect of mean intermediate compressor - which couk, cope with it. The HPC
intake total prensurc loss on engine performance this is not the however could not tolerate the distortion and surged.
case for maldistribut'd flow.

While an effect like the one just described can hardly be
The most simple caLe is a pure radial pressure distribution. For predicted there is another interaction effect between
bypass engines onei takes the•n just different inlet pressures for compressors which is automatically handled by the parallel
both streams. For such engines different characteristics for compresst r model when integrated into the synthesis program.
inner and outer flow are used anyway. The inlet p essure distortion is transferod by the fan into an

inlct termperature distortion for the high pressure compressor.
For a description of a pure circumferential pressure distribution Thus at the inlet of the IIPC each sector has its own inlet
the distortion coefficient can be used. The empirically corrected temperature and pressure. In the characteristic the two
paralel compressor model is suited to do the performance operating points are no longer on the same speedline as in case
calculations. of the fan.

Pure bulk swirl effects can be taken into account by use of The effect of inlet temperature distortion is discussed in
several fan characteristics and interpolating between them over reference [171, there also experimental results are. included.
swirl angie.

The prediction of the ffecx of a ral distorted inlet flow with 7.4.1.2 Iteration Scheme for a Bypass Engine with
both radial and circumferential pressure distribution - combined Circunferential Inlet Flow Distortion
with bulk swirl and possibly a component of twin swirl - cannot In chapter 6.1.2 the very simple iteration scheme applicable to
be handled within a performance program. This needs a turbojet was discussed. Now a more complex example is
compressor characteristics derived from rig test experience.
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dealt with: a nfixed flow turbofan with inlet distortion operated for any input a reasonable answer sho-ald be given. To produce
at max dry rating. such a computer deck is quite challenging.

Max dry rating is an ambiguous definition: dependent on flight The computer decks produced at MTU are specific versions of
condition, power offtake and bleed it can be a maximum NL, our standard synthesis program MOPS. All the description of
N/.,1 0, Ntk. N /J-, P., T3 or a turbine temperature limiter, the physics is exactly the same for both versions, only input
When starting le calculation one does not know, which of the and output routines are different. By this approach we
various limiters will be active. Therefore both spool speeds accumulate a lot of experience with the program for a specific
have to be estimated at the beginning of the iteration, they are engine model during our daily work. We se it as the beat way
the first two variables in the iteration scheme. to produce an reliable cuatomer decks as possible.

Due to the distorted inlet flow there are two operating points to In spite of all the success we had in the past with the computer
be found in the fan characteristics. That means, that we have to decks for various military and civil engine projects we are quite
estimate twc values for the auxiliary coordinate 1. Also for the aware, that one can neither produce an absolute faultfree nor a
high pressure compressor there are two O's to be estimated. real foolproof program: Fools are just too inventive!

We need further to estimate bypass ratios for both the spoiled
sector and the unspoiled sectar and the fuel flow. Acknowledgements

Now we have estimated alltogcther 9 variables. There must be The author wishes to thank MTU for the permission to publish
exactly 9 conditions (prior convergence: errors) taken into this paper. I also want to thank my colleagues A. Schifflir, W.
account during the calculation. Those are: Klussmann and Dr. W. Meyer for collecting information and

for performing some calculations in the context of this paper.
1 circumferential static pressure balance in the bypass

channel
2 circumfcrential static pressure balance in the

combustion chamber References:
3 high pressure compressor flow must be in line with

map value (unspoiled sector) [11 Hourmouzisdis, J. and Albrecht, G.
4 high pressure compressor flow must be in line with An Integrated Acro/Mechanical Performance

map value (spoiled sector) Approach to High Technology Turbine Design
5 high pressure turbine flow must be in line with map AGARD CP 421

value May 1987
6 low pressure turbinc flow must be in line with map

value [21 Grey, R.E. and W'Isted, H.D.
7 static pressure balance between core and bypass Perfoimance of Conical Jet Nozzles in Terms of

stream at bypas exit Flow and Velocity Coefficients
8 nozzle total pressure must be in line with thle required NACA Technical Nott No. 1757, 194-

one to pass the flow through i':e given area.
9 the engine shall run at max dry rating [31 Wehofer, S. and Matz,R.J.

Turbine Engine Exhaust Nozzle Performance
The last condition is a special one: there are deviations from all AIAA Paper 73-1303, 1973
limiters to be calculated. The errors have to be defined such,
that a limiter exceedance is expressed as a positve error. Then [41 Groothoff;C.C.
all deviations from the limiter settings are checked and the Influence of Jet Parameters: Nozzle Thrust and
biggest one is introduced in the iteration scheme. Discharge Coefficients

in: AGARDogriph No. 208, 1974
It may happen, that during the iteration the active limiter
switches from for example NL to a turbine temperature limit. [51 L'Ecuyer, M.R. Morrison, J.J and Mallett, W.E.
But that is no problem for the mathematical routine which Correlation of Turbofan Engine Thrust Performance
drives the 9 variables towards the solution. After convergence with Compound Nozzle Flow Theory
one of the limiter errors is just 0 - that is the active limiter. All Journal of Aircraft July 1971
the other errors are smaller, no other limiter is violated.

[61 Wassell, A.B.
Normally it takes between 15 and 25 passes through all module Reynolds Number Effects in Axial Compressors
calculations until convergence is achieved. For our present Jounal of Engineering for Power
model of the EJ200 engine that means approximately 1 CPU April 1968
second on our IBM NA.S/EX100 mainframe computer.

[71 Schiffler, A.
Experimental and Analytical Investigation of the

8. FLIGHT PERFORMANCE CALCULATION Effects of Reynolds Number and Blade Surface
Roughness on Multistage Axial Flow Compressors

Who uses performance computer programs and for which ASME Paper 79-GT-2, 1979
purpose?

[81 Korn, L.A.
Engine manufacttrers are mainly interested in the operating Estimated Effect of Circumferential Distortion on
conditions of the engine components. During developnment it Axial Compressor Using Parallel Compressor Theory
has also to be found out, which component is responsible for and Dynamic Stall Delay
performance shortfalls and how the components are matched AIAA Paper No. 74-233
together in the best way.

[91 Fishbach, L.H.
Aircraft manufacturers are interested in the aircraft Computer Simulation of Engine Systems
performance in terms of achievable tun- rates, specific excess NASA TM 79290 1980
power, mis',ion fuel consumption and so on. For that purpose
they need programs (also called computer decks) which [10] Koenig, R.W. and Fishbach, L.H.
calculate installed engine performance. GENENG - A Program for Calculating Design and

Off-Design Performance for Turbojet and Turbofan
There are detailed requirtnients for such programs laid down in Engines
reference [181. In principle a foolproof program is iequested: NASA TN D-6552, 1972
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[II Fishbach, L.H. and Koenig, R.W.
GENENG 11 - A Program for Calculating Design and
Off-Design Performance of Two- and Three-Spool
Turbofans with as Many as Three Nozzles
NASA TN D-6553, 1972

[121 Sellers, J.F. and Daniele, C.J.
DYNGEN - A Program for Calculating Steady State
and Transient Performance of Turbojet and Turbofan
Engines
NASA TN D-7901, 1975

[131 Fishbach, L.H. and Gordon,S.
NNEPEQ - Chemical Equilibrium Version of the
Navy/NASA Engine Program
ASME Paper 88-GT-314 1988

(141 Anonym
Gas Turbine Engine Performance Station
Identification and Nomenclature
Aerospace Recommended Practice ARP755A
Society of Automotive Engineers, Inc. 1974

[151 Ham, C.J. and Williams, D.D.
Some Applications of Actuator and Semi-Actuator
Disk Theory to the Problem of IntakelEngine
Compatibility
Tokyo International Gas Turbine Congress 1983
Paper 83-TOKYO-IGTC-50

[161 Schiffler, A. and Miatt, D.C.
Experimental Evaluation of Heavy Fan-High-Pressure
Compressor Interaction in a Thre"-Shaft Engine:
Part I - Experimental Setup and Results
Part II - Analysis of Distortion and Fan Loading
ASME Papers 85-GT-173 and 85-GT-222, 1985

ji 7J BKi.iadny, T J. 4X alu
Su unary of Investigations of Engine Response to
DisLorted Inlet Conditions
N6SA TM 87317, 1986

[181 Anonym
Gas Turbine Engine Steady State Performance
Prcsentation for Digital Computer Programs
Aerospace Standard AS681E
Society of Automotive Enginecrs, Inc. 1982
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DYNAMIC CONTROL OF AERODYNAMIC INSTABILITIES
IN GAS TURBINE ENGINES

E. M. Greitzer, A. H. Epstein. G. R. Guenete, D. L. Gysling, J. Haynes,
G. J. Hendricks, J. Paduano, J. S. Simon, L. Valavani (D

Gas Turbine Laboratory, Massachusetts Institute of Technology
Cambridge, Massachusetts, 02139 USA

AD-P007 8397a .D11111111 II ! 111111111111 ElllU111111i11
ZABIrKAg I m mass of moveable plenum wall 0)

M Mach number

This lecture discusses the use of closed loop control at Q frequency ratio (Eq. (6))
the component level to enhance the performance of gas s complex variable
turbine engines. The grneral theme is the suppression of T throttle characteristic
flow instabilities (rotating stall and surge) through use of U rotor tip speed
feedback, either actively or by means of the aetome- V plenum volume
chanical coupling piovided by tailored structures. The W aeroelastic coupling parameter (Eq. (5))
basic concepts that underlie active control of turboma- Z proportional feedback gain
chinery instability, and their experimental demonstra- 6() perturbation quantity
don, are first described for a centrifugal compressor. It a disturbance growth rate (ectt)
is shown that the mechanism for stabilization is associat- C damping ratio
ed with damping of unsteady perturbations in the corn- p density
pression system, and the steady-state performance can T dimensionless time
thus remain virtually unaltered. Control of instability flow coefficient (= CxAJ)
using a tailored structure is then discussed, along with V pressure coefficient
experimental results illustrating the flow range extension (a frequency
achievable using this techniqu A considerably more
complex problem is presented 4y active control of rotat-
ing stall where the multi-dimensional features mean that c compressor

distributed sensing and actuation are required. In addi- p plenum

tion, there are basic questions concerning unsteady fluid o ambient conditions
mechanics; these imply the need to resolve issues con- H Helmholtz frequency

nected with identification of suitable signals as well as n nth spatial mode
with definition of appropriate wave launchers for imple- T throttle

menting the feedback. These issues are discussed and
the results of initial si,'zcessful demonstrations of active 1. INTRODUCTION
control of rotating stat! in a single-stage and a three- The continuing microelectronic revolution opens new
stage axial compressor are presented. The lecture con- doors to the designer of fluid and mechanical systems
cludes with suggestions for future research on dynamic who can now consider replacing basically open-loop
control of gas turbine engines, devices with ones employing integrated electronic feed-

NOMENCLATURE back control at relatively low cost. This engineering
approach is fundamentally different from the traditional

a speed of sound one that emphasized simplicity, but the potential for
A area increased performance, functionality, maintainability,

AT non-dimensional throttle area and lowered development costs has made integrated
B dimensionless ratio of compliance to inertia control machines attractive in a number of applications.

(= (U e 2a) of cmin to) Many of these are flight critical in the sense that mal-
CX axial ve locity function of the control system could result in loss of the

Lc equivalent compressor length vehicle, requiring extreme confidence in the control sys-
tem.
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The application described here is the use of integrated nals, and the definition of appropriate wave launchers
feedback cGntrol to improve the performance of pumps for implementing the feedback. These issues are dis-
and compressors by increasing the stability of the cussed and experimental results concerning the active
machine through suppression of surge and rotating stall, control of rotating stall in a single-stage and a three-
These aerodynamic instabilities are intrinsic to a wide stage axial compressor are presented. The lecture con-
variety of turbomachines, and often stand as absolute eludes with suggestions concerning unanswered
limits to their performance. Increased stability gives questions and areas of future reseai,.h on dynamic con-
potential for increases in machine performance, operat- trol of gas turbine engines.
ing range and pressure rise.

Two points can be remarked on at the outset. First, the
Because of its importance, stall and surge control have field of active control of complex fluid systems is new
been under investigation for a number of years. The and rapidly evolving, and the present documet is thus
schemes investigated, however, relied on finite move- very much a snapshot of this evolution rather than a ret-
ments lowering the operating point, so that the nominal rospective survey of a mature area. Second. although
surge line was not crossed. The present approach is fun- the lecture predominantly describes work conducted at
damentally different in that: MIT, care is taken to point out those areas in which there

are either alternative approaches to the problem or where
a) it is aimed at suppressing the instabilities through differences in interpretation and/or philosophy occur.

active control, allowing stable compressor operation
in a previously unstable (and thus forbidden), high- 2. ACTIVE CONTROL OF COMPiRESSOR SURGE
performance region, and

It is useful to introduce the ideas in a specific context,
b) it operates on small amplitude disturbances, thus namely control of compression system surge. The basic

requiring relatively little control power, model developed for this situation provides an instruc-
tive example for discussing the different aspects of the

The approach is illustrated conceptually on the compres- problem. There has been much work carried out on
sor map shown in Fig. I.1,,,t A D i ,A spr, , ,..is ac¢d .... c Control and d"..........-- -

tional operating point without control and point B a new ent available techniques have been given by Boyce et al.
operating point in the region (shaded) stabilized by [4], Ludwig and Nenni [5], and Staroselsky and Ladin
active flowfield control past the "natural" stall line. [6]. The approach here is fundamentally different

because it is based on effecting changes in the umsteady
In this lecture, we discuss strategies for using the type of system response, i.e., the system dynamics, rather than
approach described to control a broad class of turboma- the steady-state behavior. More specifcally, existing
chinery instabilities. Rotating stall is one such example, surge control schemes act by effectiveiy lowering the
in which small disturbances evolve into a finite ampli-
tude limit cycle, where the strength of this "rotating stall
cell" is set by nonlinear effe is I 11. Surge, which is a Region Surge Line
more global system instability, is another example [2], Stabilized With Control
131. With Active

Control Activeiy Stabilized
The basic ideas underlying active control of turboma- /Operating Point
chinery instability are presented in the next section with r"
reference to a particular situation: surge control in cen- /
trifugal compressors. It is shown that the mechanism for 4) PerformanceCn I,,,mprovement
stabilization is associated with the damping of unsteady A/
perturbations in the compressioii system, arid that the 4
stabilization process may leave the steady-state perfor- Operatina Point
mance virtually unaltered. The control of instability Without Control
using a tailored structure as the feedback mechanism is a.
then discussed. Following this, an evaluation is carried
out of a number of possible schemes for practical appli-
cation. Surge Line Constant

Without Control Speed Line
A more complex implenentation problem is presented

by the control of rotating stall which is a multi-dimen-
sional (rather than one-dimensional) instability, so that Mass Flow
distributed sensing and actuation are required. Basic
questions arise concerning the fluid mechanics of the Fig. 1: The intent of active compressor stabilization is
unsteady disturbances, the identification of suitable sig- to move the surge Iine to lower mass flow.
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operating line once some steady-state, near-surge operat- (a)I
ing condition is reached or detected. In contrast, the pre- Compressor Throttle
sent approach uses active control to enhance the stability I
of the compression system, effectively moving the surge
line. k..Plenum r

The conceptual basis for the active control scheme is
that the nonlinecar limit cycle oscillations characterizingI
surge start as small amplitude disturbances. We monitor
these disturbances and feed back a signal derived from Inlet Duct
them into an actuator or actuators. The combination of
compressor, sensors, processors, and actuators (i.e., of
compressor plus controller) constitutes a new machine
with different stability properties from the compressor (b)
alone: these can be exploited to enhance the stable flow
range. I
2.1 System Modeling
Lumped parameter system models have been used by x__
many authors to examine instability inception in both
axial and centrifugal compression systems, e.g.,
Emmons et al. [7], Greitzer [8], and Ffowcs Williams
and Huang [91, and there is no need to enter into a 0
detailed description here. -4-
The basic system representation is sh.own in Fig. 2a. and [esr
incorporates the following assumptions: one-dimension-
al, incompressible flow in the compressor duct; corn-
pressor considered as a quasi-steady actuator disk;-
plenum pressure is spatially uniform but varying in time
and flow velocity is negligible; throttle behavior is Fig. 2: Lumped parameter compression system: (a) no
quasi-steady. control; (b) controlled system with sensor in

plenum and throttle actuator.
We are interested in the question of whether small per-
turbations will grow or decay. A linearized description
of the departures from an arbitrary equilibrium point can dimensional compressor pressure rise as a function of
thus be adopted, with all quantities expressed in a Taylor the flow coefficientO, and the throttle characteristic, T,
series about this equilibrium point (e.g., Greitzer [8]). represents the throttle pressure drop.) The non-dimen-
Carrying out this step and writing the resulting equations sional quantity B, defined as (Ut2a) fIVp---- , which
in non-dimensional form, the temporal (r) behavior of can be regarded as a measure of the ratio of plenum
the perturbations in non-dimensional plenum pressure compliance to duct inertia, is of considerable importance
rise (,5W) and non-dimensicnal mass flow (or flow coef- in determining control effectiveness.
ficient) (&1) can then be described as:

2,2 Feedback Stabilization
1i=B[Id.• - I (I a) For feedback stabilization, one measures the system out-

dt11 dop J put, compares it with some desired reference level,

determines the error and computes an input signal (com-
1- 1 mand to some actuator) based on this error to drive the

( r BV (lb) error to zero. If this can be successfully accomplished,
L dp)/ I the system output will be maintained close to the desired

for the system without active control. Equation (la) vaiue which normally implies that the system is stable.
expresses a one-dimensional momcntum balance in the The relationship between the system error signal and the
compressor duct where the quantity (d1&/dd) is the slope actuator command is called the control law, and may be
of the compressor characteristic, evaluated at the equi- dynamic (involving differential equations) or static
librium operating point. Equation (lb) rcpresents a mass (involving only algebraic relationships). In this section
balance for the plenum with the term (dT/do) represent- we wil' use the simplest control law, a proportional rela-
ing the slope of the throttle pressure-drop characteristic. tion between input and output, subsequent sections
[The compressor characteristic, 4c, gives the non- will ,,.,cuss the impact of the form of the control law.
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To describe an actively controlled system, we must Equation (4) is the equation of a damped harmonic oscil-
therefoie account for the influence of acwators on sys- lato, with the damping positive or negative depending

tern performance, represent sensor measurements, and on compressor operating point. The primary rolc of the

incorporate a feedback law. Each choice of sensor-actu- active control is to modify the damping term (note the
ator pair, when coupled to the control law, results in a presence. of the parameter Z) in the equation, increasing
distinct dynamical system. We illustrate the derivation the stability of the oscillatory system.
of the characteristic equation for one particular system
only and present results for the other systems. 2.3 Some Results From System Modelling Studies.

From the system model one can extract several general

Suppose a pressure probe in the plenum is used as .te trends pertaining to the control scheme described so far.
sensor and a valve which modulates the throttle z" a is For this scheme, the control effectiveness decreases as
selected for the actuator (as indicated in Fig. 2b rhe either or both the B-parameter and the slope of the corn-
equations that describe the dynamics of the sys in arc pressor characteristic increase, as illustrated in Fig. 3.
now (]a) plus The figure shows the value of gain (Z) needed to stabi-

lize a compressor operating with given compressor
slope, as a function of B-parameter. As described in the

=AI paper by Pinsley et al. [10], which gives a physical argu-
.0 B ATT r (2) ment for this limitation, the maximum slope of compres-SB ~ B 1 ).Tsor characteristic at which stabilization can be achievedAAT 

is equal to 1/B.

AT is a non-dimensional control valve area, and Thc reason for the decreased effectiveness with increase

(aT/aAT)o is the derivative of the characteristic curve in B-parameter is connected to the overall decrease in

of valve pressure rise versus valve area. Comparison stability that occurs as B increases. This is well known,

with Eq. (Ib) shows that the original system has been and has been amply discussed in the literature (e.g.,

modified by the introduction of the control term which Greitzer [8]). Larger B implies a more compliant sys-

ivls A*1 in- Vq.(2. iem, which means that the winsteady flow dhreug the
throttle is less coupled to the unsteady flow through the

Equations (la) and (2) do not yet define the system compressor. Control strategies using a downstream

dynamic behavior because the relation between the throttle would therefore be expected to lose effective-

throttle area perturbation is not linked to the pressure ness. We return to this point when we discuss evalua-

rise or mass flow perturbations. Specifying this relation tion of the strategies for practical situations.

defines the throttle control law. In this initial discussion, 2
we take the relation to be the simple proportionality, 2.4 Initial Experiments on Surge Controlexpressed in Eq. (3): Based on the analytical results, experiments were carriedl

out using a small centrifugal turbocharger (Holset ID).

A =Z5 (3)
AT 100-

Unstable 0.5

where Z is constant, relating sensed pressure perturba- "
tions and instantaneous valve area. Inserting Eq. (3) into - OF /
th.e system Eqs. (Ia) and (2) produces two coupled equa- J

tions for &? and 5W, with solutions of the form est. The - " 1
characteristic equation for s is given by: N 50 -

Non-Dimensional[fT , -," Compressor Slope

Vg 0--

(4) 01 
2

[ I-()1-1 ATZ =0 B Parameter

I A-4p ZFig. 3: Gain required to stabilize the compression sys-
A rtem increases with increasing B and compressor

slope (dWN/do).
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___ Copreso Drive ý
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Fig. 4: Experimental setup of actively stabilized cen- Fig. 5: Speedliqe indicating time mean operating
trifugal compressor [10]. points with and without control 1101.

Impeller tip diameter at outlet was 5.5 :m, with the max- of the oscillations when the control is applied is evident.
imum compressor speed investigated 110K rpm. A An a.tcmative way to view the effect of control on pres-
schematic of the facility is shown in Fig. 4; more detail sure fluctuations in the system is to examine the peak
is given by Pinsley et al. 110]. amplitudes as a function of flow. This is shown in Fig.

7. With control, the amplitude is suppressed at flow

The exit throttle was a rotary gate valve mounted at the coefficients below the natural surge value to a level
plenum exit. Valve opening was set by rotating a ported below that of mild surge. Even when surge can no
inner sleeve relative to outer stationary porLs, and valve longei be avoided, the peak amplitude of the fluctuations
angular position was measured with a rotary variable remains lower than the level without control.
differential transformer angular displacement transducer.
The control valve was actuated by a low inertia D.C. ser- The transient behavior of the system when the control is
vomotor. Inertias of the motor and valve rotors were turned on or off is also of interest as a measure of con-
kept small to maximize frequency response, which was trol effectiveness. Figure 8 shows non-dimensional
flat to 80 Hz. fluctuations in valve area and plenum pressure, as well

The most basic task of the controller is to shift die surge
onset point to lower mass flow. This behavior is showrn 0.5 A B
in Fig. 5 for a speedline at 90K rpm. There is roughly a
25% change in the instability onset flow. Also, the time 841 0.0I
mean pressure rise in surge (the open squares) is roughly
20% lower than the controlled values at the same mass -0.5
flow. 0.5 C-

Investigations were carried out over a range of speeds 8-
and B-parameters and the overall conclusions can be NSJ 0.0 I k +i
sumimarized as follows: The active control stabilized the
system at flows below the natural surge point, the corn- -0.5_
pressor pressure rise in controlled operation remained 0.5 A' 1'
near the pre-surge level, the control effectiveness 0.5.A'
decreased as B increases, and the position of the surge .0.0
line "knee" was a function of B. 8V 0.0 -

Time-resolved merasurements were also conducted to -0.5 -- ------ r ---- I_

examine the perturbations prior to and during large 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

amplitude stwge. The pressure fluctuations along the Time (Secs) Time (Secs)

90K speedline with and without control are shown in
Fig. 6. The letters correspond to the points marked on Fig. 6: Time-resolved compressor performance without
the time mean characteristic in Fig. 5. The suppression control at points A-D and A', B', as indicated in

Fig. 5 [10].
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Fig. 7: Reduction in amplitude of peak pressure fluctu- Time (secs)
ations with feedback control, mild surge and
deup surge [101. Fig. 8: Transient behavior of system initially in deep

surge during controller turn on [ 101.

ariations in compressor mass flow during a transient
.,rm deep surge with the controller off, to stable opera- plenum wall as a mass-spring-damper system, driven by
tion with the controller on. (This figure can be comn- unsteady pressure perturbations in the plenum. A sketch

rnredwith Fi 1 nf,,f* 191) (, a'- .... "' , CAfigwta.io is shown iii 'ig. I. TQIe
given in dimensional form to show the actual temporal aeroelastic coupling (between the wall and the comln'es-
characteristics of the valve action. At t = 1.03 seconds, sion system) allowed the damper on the moving wall to
the controller is switched on a: a previously set con- dissipate mechanical energy associated with flow distur-
troller gain and phase. The controller captures the surge bances, thereby suppressing surge.
fluctuations within one to two surge cycle periods, even
though the system is operating in a highly nonlinear 3.1 Non-dimensional Parameters
regime. Although implementation of the controller The detailed analysis is presented by Gysling et al. [ 11].
shifted the time-aveýraged operating point along a con- The degree of suppression depends on matching the
stant throttle line, the stabilized operating point structural and system fluid dynamics and there are four
remained within the flow range where surge was non-dimensional parameters, in addition to B, that fea-
encountered with no control. ture in this interaction.

2.5 Summary o( Initial Investigation of Active Control
The experiments reported demonstrate that active con- Plenum Wall
trol ;an be an effective means of suppression of centrifu- (Spring/Mass/Damper)
gal compressor surge. We emphasize that the strategy
described is by no means optimal and other strategies
are examined in Section 4. The results presented subse-
quently also point up the dependence on sensor and
actuator position, which are issues that must be t, .en
into account when deciding methods of practical imple-
mentation. Compressor

3. DYNAMIC SURGE CONTROL USING _ Plenum

TAILORED STRUCTURES N 11 1

Another new approach to stabiliz.ation is via the use, of r - 0

tailored structural properties, i.e., modifying the dynam- Inlet Duct _ _ _

ic response through acromechanical interaction so that
the system stability is increased. Such an approach was Fig. 9: Schematic of moveable plcnom wall compres-
investigated by Gysling ct al. [ 11,] who used a movable sion syotfm Iov pr

sionsysem'ili

Guest
Rectangle



8-7

The tip Mach number (based on plenum conditions) is HP (8)

defined as: Q=nm rOp(8)
Tip Mach number = U/Apienjj. (5) 3.2 Summary of Model Results for

The tip Mach number enters as a measure of the effect Dynamic Structural Control

of wall motion on the mass balance in the plenum. (It Linear and nonlinear computation of the system dynam-

does not appear explicitly for a fixed wall configura- ics have been carried out and are reported by Gysling et

tion.) The pressure and mass flow fluctuations are fune- al. [11 ]. Two representative calculations are shown in

tions of tip Mach number (they scale as M2 at low Fig. 10 which presents the maximum stable compressor

speed), but the wall motion is not. In this problem the slope that can be achieved as a function of B-parameter

Mach number is a measure of the aerodynamic -struc- and Mach number. The important result is that the peak

tural coupling, rather than a representation of the impor- is not a sharp one, and the scheme should work over a

lance of compressibility, range of conditions, i.e. it need not be re-tuned for each
operating condition.

The parameters W, C, and Q determine the wall dynamic --r
characteristics relative to the unsteady behavior of the s Experiments on Control of Surgebasic (rigid wall) compression system. W is an aeroe- Using Tailored Structures •
bastic coupling parameter defined as A small turbocharger facility, sketched in Fig. 11, was

used to assess the concepts described. Several different
ways to implement the control scheme were reviewed.

=Po AN Lc_ (6) The wall had to be capable of withstanding large steady
mVp state and transient pressure loading, yet respond to small

amplitude perturbations in plenum pressure. A rigid pis-
This parameter determines the degree to which the wall ton and an aerodynamic spring were determined to be
responds to pressure fluctuations in the plenum. practical solutions to these constraints. The rigid piston
Increasing W implies a greater wall response. was mounted on a shaft, guided by linear bearings, and

allowed tn finr heqeween !he. main plnnum and an aitxil-
Sis the critical damping ratio of the plenum wall mass- iary plenum. A small diameter tube connected the two
spring-damper system, corrected to remain independent plenums so they were isolated for high frequency pres-
of compressor operating conditions, and is defined as sure disturbances (i.e. surge oscillatic is), but steady

state pressures were able to equalize. A viscous dash pot

2m o- ' - (7) was used for the damping.

The compressor was operated at corrected speeds from
Q defines the ratio of natural frequencies for the wall 60 to 1OOK rpm, corresponding to B-parameters of 0.65
mass-spring-damper system and for the fixed wall com- to 1.0. It was of interest to operate with the moveable
pression system (the Helhnhoitz frequency), also correct- plenum wall in optimized as well as non-optimized con-
ed to be independent of compressor operating point- figuration, and speedlines were recorded with various

levels of wall damping.

>P8 2 Effect of B Parameter on Stability

1M -0.6 Auxiliary Plenum

S0 06 -DiRn- (With Spring and Damper)U 0 t- --- Design Range - --- - -f-

V 0.5 0 o6 0.7 0.8 0.9 1.0
SB Parameter Holset HID i Moveable Wall

Turbocharger
Effect of Mach Number on Stability0 2---• I.- Main Plenum

2 1 B - 0.8
inlet Duct :Th-ottle Valve

E L- Orifice -
0.0 0.2 0.4 0.6 0.8 1.0 p-, lOrifce

Tip Mach Number (M) Settling /

Chamber
Fig. 10: Independent effects of B-parameter and tip

Mach number on maximum compressor charac- Fig. 11: Schematic of experimental facility for investi-
teristic slope for stable operation [ 1I]. gation of dynamic structural control.
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Fig. 12: Compressor map showing increase in stable Fig. 13: Predicted and measured stability limits with
flow region due to tailored structure for three dynamic structural control [II].
values of damping; damping values ý = 1.5,
2.25, 3.0, other parameters at optimized values
[11]. lead to suppression of existing, (highly nonlinear), surge

cycles. For the configuration investigated, the nominal
limit cycle wall motion in the stabilized region was

The steady state compressor performance map for the roughly 0.1% of plenum volume, with frequencies near
three moveable wall configurations and the fixed wall the Helmholtz frequency. Pressure fluctuations in the
system, is shown in Fig. 12. The steady state pressure stabilized region were on the order of 0.5% of the mean
rato i. unaffet byhg the nnri'tf of mnuinn wdi ;n .. of " -. cormpressco.

the stable flow range of the fixed wall system, but the
surge line is moved to the left markedly. The degree of 4. EVALUATION OF DIFFERENT APPROACHES
surge suppression achieved is dependent on the move- TO ACTIVE COMPRESSOR SURGE
able wall control parameters, as predicted; the optimized STABILIZATION
configuration performed the best, with the performance
of the other two configurations decreasir 'as one moved 4.1 Discussion of Practical Limits to Control
farther from optimum. Selection of sensor and actuator type and location is a

critical factor in determining the effectiveness and prac-
Figure 13 shows predicted and experimental surge lines ticality of an active stabilization system. A methodolo-
for rigid wall and for the optimized system. The predict- gy to compare different implementation alternatives, as
ed surge line is based on the linear instability point, and well as a comparison for a number of candidate strate-
the experimental surge line is defined as the onset of gies has been examined by Simon et al. [13]. The gener-
deep surge (i.e. reverse flow); this also marked the al problem of actuator/sensor selection has been
points at which the time-mean pressure ratio dropped considered by a number of researchers in other applica-
sharply. The compressor characteristics used were a tions (see, for example, Norris and Skelton [ 14];
third order polynomial curve fit of the speedlines mea- Schmitendorf [15]; Muller and Weber [161). These pro-
sured by Pinsley [ 121. vide comparisons based upon somewhat abstractly

defined performance indices, whereas the papei by
3.4 Summary of Results for Dynamic Control Simon et al. [13] makes quantitative comparisons more

Using Tailored Structure closely related to the turbomachinery community. The
Dynamic control using tailored structure was effective in active control systems studied were ones that might be
suppressing centrifugal compressor surge; the surge line implemented in various gas turbine systems.
was shifted roughly 25% in flow over a significant por-
tion of the corrected speed range examined. The effec- Figure 14 shows schematically the types of actuators and
tiveness of surge suppression is function of a set of sensors considered. The results of the analysis, the spe-
non-dirmensional parameters which govern the acroelas- cific transfer functions and a description of the limita-
tic coupling of the wall to the compression system tions of compressor flow range increase with
dynamics. The scheme was robust, suppressing surge proportional control, are given in in the paper.
over a wide range of operating conditions with no
adjustment to the parameters. Tailored structural damp- The analytical results indicated that ability to stabilize
ing of aefoelastic instability was also demonstrated to the system depends strongly on proper pairing of actua-
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0 Heat Addition Plenum All twenty pairings of the five actuators and four sensors
Close-Copled B.leed Valve were evaluated with a proportional control law. Such a

Vlve comparison provides two useful results. One is the iden-
Valve tification of actuator-sensor pairs which provide stabi-

J lization over a significant range of system parameters

0 (~teady-State using the simplest possible control law. In addition, for
I Throtfle those pairs with significant stabilization, the required

Inector gain gives a measure of the combined effectiveness of
S Ic Is t t piethis choice of sensing and actuating locations.

Stat -essure, Prenu
Total Pressure, 4 4 4 Pressure In view of the preceding discussion of bandwidth and

Velocity Moving Plenum Wall actuator limitations, two constraints were imposed.
(3 different sensors) First, the allowable magnitude of the normalized propor-

o Sensor Locations tional gain was limited to be no more than twenty.

Second, the bandwidth of the feedback loop was limited
Fig. 14: Schematic of actuators and sensors evaluated [13]. by modeling a two-pole, low pass Butterworth filter in

the feedback path. The filter can be given various physi-
cal interpretations such as probe dynamics, amplifier

tor and sensor, as well as on the values of the system dynamics or actuator dynamics, but whatever the inter-
parameters, particularly the compressor slope and B- pretation, insertion of the filter insures that the feedback
parameter. The systems considered, however, had ideal- path has finite bandwidth, a constraint which will always
ized controllers, and it is necessary to include bandwidth exist in practice. The study was carried out with the cut-
limitations and actuator constraints (for example, servo off frequency of this filter maintained at ten time the
dynamics and stops) which are encountered in any phys- Hemholtz frequency of the system.
ical realization. As a matter of definition, by actuator
we iefer here to the entire actuation system including the The figure of merit used to assess the actuator-sensor
flow train element (e.g. the valve), the motor that drives pairs was to examine the stability boundaries in a corn-
it n•nd _nv inrctdevi fepihaCk ilAmefntS.. Pesso sopc vcr-us " p-,ai,,.tc p ,inC. a irc-h-,umarty

studies showed that these two parameters have a domi-
Bandwidth limitations may be imposed by sensors, pro- nant effect on system stability. It is more relevant to
cessor, actuator, or .some combination of the three. quantify the stabilization that can be achieved in terms
System bandwidth may also need to be constrained to of compressor slope rather than in terms of change in
maintain stability if unmodelled dynamics ate present. mass flow at stall.
The lags introduced by finite bandwidth generally result
in reduced control effectiveness although to some With the four sensors studied, and proportional control,
degree, they can be compensated for by use of a control the close-coupled valve and injector emerged as the
law more sophisticated than proportional control. most promising actuators. A further question to address,

however, is whether the type of compensation or choice
Another constraint on control effectiveness is introduced of sensors wouid affect this conclusion, and optimal
by bounds on actuator influence. For example, valve cont )I theory was used to address this. The actuators
areas can only be modulated between 0 and 100% (i.e. were thus compared based upon their minimal required
the valve must be somewhere between full open and full RMS (root mean square) response to persistent broad-
closed), band disturbance, while maintaining system stability.

This comparison is independent of choice of sensor,
4.2 Sensor and Actuator Pairs because it is assumed that the state of the system is
Five actuators and four sensors (Fig. 14) were studied as known at all times. Further, the comparison is based
representative of a diverse set of implementation upon the minimal possible RMS amplitude, and hence
options. The actuators were: there is no question as to whether a particular actuator

1) injection in the compressor duct; would perform better if another control law were used.
2) close-coupled control valve; In this sense, the comparison is also independent of the
3) plenum bleed valve; control law.
4) plenum heat addition; and
5) a movable plenum wall. 4.3 Quantitative Results of the Control

The sensors were: Scheme Evaluations
1) compr-essor duct mass flow; The results of the calculations are summarized in Fig.
2) plenum pressure; 15, which shows stability boundaries for the twenty
3) compressor face static pressure; and actuator-sensor pairs. The figure is broken into four
4) compressor face total pressure. plots, one for each sensor. Within each plot, the five
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Fig. 15: Influence of sensor and actuator selection on maximum stabilized compressor characteristic slope, for a band-
widan gaiu i-ai-uiited -systiem [13].

cu.ves indicate the different actuators. The region of the results with the mass flow sensor to those
below and to the left of any given line is the. region in achieved with other sensor locations. As B reaches a
which stabilization can be achieved. In the upper left value of roughly unity, the ability of all the pairs to sta-
hand plot, for example, all the region to the left of the bilize the system becomes small, except for the close-
dash-dot line represents the range of compressor slope coupled valve and the injector which use mass flow
and B-parameter in which tie combination of compres- sensing. Thus, both actuator position and sensor posi-
sor mass flow sensor and close-coupled valve is capable tion are important.
of suppressing die instability.

4.4 Effect of Control System Bandwidth
Several general conclusions can be drawn from the com- The study of the sensor-actuator pairs was carried out
putations: using a fixed value of control system bandwidth (woc) ten

times the compression system Helmholtz frequency
a) Control becomes more difficult as the compressor ("o). The influence of controller bandwidth on the sta-

slope and B-parameter increase, with the maximum bilizafion process was therefore also examined. Figure
stable slope decreasing with increasing B. 16 shows the changes in instability onset that occur with

different controller bandwidths for conditions coire-
b) Only the actuators located in the compressor duct, sponding to the close-coupled control valve, with feed-

which act upon the compressor duct momentum back on mass flow and a B-parameter of 2. In the
(injector and close-coupled control valve), are capa- figure, the horizontal axis is the controller gain, and the
ble of stabilization at steep slopes over the full vertical axis is the compressor characteristic slope at
range of B. instability. Curves are shown for values of wc/AoH from

1.0 to 100, representing extremes of this ratio, and it is
c) Plenum heat addition gives little or no stability, evident that controller bandwidth strongly influences the

range of stabilization that can be achieved.
d) In general, there is no best sensor independent of

the actuator. Other results are given in the referenced paper but the
overall conclusions of the control evaluations are as fol-

A more specific conclusion is given by the comparison lows:
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6 Close-Ccupled Control Valve, B a 2 5.1 Travelling Wave Behavior and
6 " "Rotating Stall Inception

5 A prediction of this model useful for present purposes is
5./ OoH - 100 that rotating waves should be present at low amplitude

prior to stall. McDougall [17.1, [18] has identified these
.4 waves in a low speed, single-stage compressor, and

S3, 4""Gamier et al. [19] observed them in both a single- and a
(e three-stage low speed compressor, and in a three-stage

high speed compressor. The waves were often evident
2 / oW/ - 10 long (ten to one hundred rotor revolutions) before stall.
S / /d -.... It was found that the waves grew smoothly into rotating

/-,h.1, =3 .. stall, without large discontinuities in phase or ampli-
0 _" ""?'_- tude, and that the wave growth rate agreed with the theo-

0 4 8 12 16 20 ry of Moore and Greitzer [ 1]. Further, the
Normalized Gain measurements showed how the wave damping, and thus

the instantaneous compressor stability, could be extract-

Fig. 16: Influence of normalized control system band- ed from real time measurements of the rotating wave.

width (w/o/H) on feedback gain required and
compressor slope at instability onset; close-cou- In Gamier's experiments, an array of hot wires or pres-

pled control valve [13]. sure probes were used to look for small amplitude trav-
elling waves. During the experiments, the compressor
operation was first maintained close to stall and therý the
throttle closed very slowly, so that the machine would

Proper choice of actuator and sensor is ap important stall within 10 - 20 seconds. Data were taken during this

part of the overall design of a surge stabilization entire period from the eight hot wires about the corn-

system. pressor annulus.

* Mass flow measurement with either a close-coupled
vaivw U1 all hujeiottot .. . .auo ae tu most Fimire 17 shows the time history of the axial velocity, a
promising approaches of these evaluated, measured by a single sensor during a stall transient. The

* Fuel modulation is not a promising candidate for period of a rotor revolution is used as the unit of time,
practical ranges of system parameters.

* Characterization of compression system disturbance
source: is important for determining the require-
ments for active control schemes.

* Steep slopes and large B parameters make control
more difficult.

• Actuator bandwidth can be an important constraint
in many practical implementations.

5. ROTATING STALL 6 T

The higher order modes of instability in compression A0/
systems have to do with rotating stall. As analyzed by /
Moore and Greitzer [ 1], for example, one view is that 40[:

the stability of the compressor is tied to the growth of an "
(initially small amplitude) wave of axial velocity which 4 3o.!

travels about the circumference of the compressor. If t
the wave decays (i.e. its damping is greater than zero), 20.

then the flow in the compressor is stable, whereas if the
wave grows (wave damping negative), the flow in the YI
compressor is unstable. In a multistage axial flow corn- o
pressor it is critical to control rotating stall as this can
act as a "trigger" for the more global instability. In par- 0 10 20 30 40 50 60

ticular, control of surge only does not appear to be a riw, roor rm

useful effort if one is targeting at increasing the stable Fig. 17: Time history of axial velocity from a single hot
flow range of multistage aircraft cnginc compressors at wire positioned upstream of the single-stage
or near design speed. wr oiindusra ftesnl-tg

compressor, me machine is in rotating stall after

a time of 35 rotor revolutions [191.
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Fig. 18: Measured first harmonic behavior at stall onset Fig. 20: Time evolution of the first harmonic of the axial
[191. velocity in the three-stage compressor during

the inception of rotating stall [ 191.

since this is a characteristic time scale for the phenome-
na. As can be seen, the prestall fluctuations have a small coarse scale is used deliberately to show the overall
amplitude compared to the rotating stall itself, during trend. The key point is that phase speed of the first har-
which the velocity fluctuations are greater than 100 per- monic of the traveling waves is essentially constant and
cent of the prestall mean velocity. From the eight wires, readily discernible for almost 90 rotor revolutions before
the first Fourier coefficient of the travelling wave pertur- the stall.
bation could be extracted and two views of this are
shown in Figs. 18 and 19. The present model of compressor transient behavior

describes the evolution of the traveling wave system in
Figure 18 presents a three-dimensional representation of the compressor and should be capable of quantitatively
the axial velocity component during the last 20 revolu- predicting the growth of the waves. Comparison of
tions before stall. Figure 19 shows the phase angle of model prediction with experimental measurewent for the
the travelling wave for both first and second spatial three-stage low-speed compressor (Fig. 20) shows good
Fourier harmonics. The slopes of these lines in Fig. 19 agreement. (The initial conditions for the model are not
are the speeds at which the harmonics of the waves trav- known, and the zero time reference for the data and the
el around the compressor annulus, which is unwrapped calculation are arbitrary.)
in the figure so that 27t radians is one trip around. This

In addition to low speed experiments, Gamier [19) also
reports results from a high speed compressor. In this
case also, using static pressure transducers, a travelling
wave could be clearly seen.

8.
._-- -_ --__.__ _ - •- - - Gamier also used the wave behavior to obtain the damp-

SECOND HARMONIC ing ratio, i.e. how close the system is to instability onset.
C. On the basis of the machines he examined, two low-

speed and one high-speed compressor, the conclusions
S'7. •were:

I-- ,RSTHARMONIC a) Small-amplitude (less than 5 percent of the stall

amplitude) waves can be discerned traveling about
the. compressor annulus at close to the rotating stall

STALL speed for 10 or more revolutions prior to the onset
8 of rotating stall.

-140 '-o -60 .4 -20 0 20
Time (Rotor R..o....nsJ b) The waves grow into a fully developed rotating stall

without apparent sharp change- in either phase or
Fig. 19: Time history of the phase of first and second amplitude.

spatial Fourier harmonics measured upstreamn of
a low speed, three-stage compressor [191. c) The behavior was similar in both the high and low-
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speed compressors, except the first spatial harmonic 6.1 Design of an Experimental Facility
was the strongest in the low-speed machines and the for Active Stall Control
second in the high-speed. The first use of this approach to active control of rotat-

ing stall was reported by Paduano et al. [21]. A theoreti-
d) In multistage compressors, the pre-stall waves are cal framework for the control was developed and, based

clearest in the stage that stalls fuist. on this, experiments were carried out in a single stage
e) Inlet distortion reduces the period during which the research compressor. The apparatus can be considered

pre-stall waves were discerned. to consist of four sections: the compressor instrumenta-
tion for wave sensing, actuators for wave launching, and

5.2 A aveat on Travelling Wave Behavior a signal processor (controller).
Although Gamier's results are encouraging, it should be
noted that there have been several compressor builds The sensors used were eight hot wires evenly spaced
examined in which the pre-stall waves were not seen, as about the circumference of the compressor, 0.5 compres-
is discussed in some depth by Day [2], [20]. In these sit- sor radii upstream of the rotor leading edge, positioned
uations, local regions of strongly retarded flow were first at mid-span and oriented so as to measure axial velocity.
seen, rotating at roughly 70% of rotor speed. These The axial position was chosen to filter the higher har-
grew in circumferential extent and decreased in angular monic components of the disturbancesgenerated by the
velocity, eventually evolving to rotating stall cells with a compressor (the decay rate is like eIixlK, where x is
speed roughly half of the initial value. The reason for the upstream distance, n is disturbance harmonic number,
two types of behavior is not known at present, and it and R is the mean radius of the compressor) and reduce
appears that this is an important area to pursue. the likelihood of spatial aliasing of the signal. The axial

location of the sensors was important in determining the
6. ACTIVE CONTROL OF ROTATING STALL signal to noise ratio of the rotating wave measurements;

this question was studied by Gamier et al. [ 19], who
The basic concept that has been used in active control of showed the ratio to be largest upstream of the stage com-
rotating stall is to measure the wave pattern in a corn- pared to within or downstream of the compressor.
pressor and generate a circumferentially propagating dis-
turbance, based on the measurements, so as to damp the Although there are many ways to generate the required
growth of the naturally occurring waves. In the particu- travelling waves in an axial compressor, for this initial
lar implementation described herein, shown schematical- demonstration, oscillating the IGV's was chosen on the
ly in Fig. 21 and in more detail in Fig. 22, individual basis of minimum technical risk. As described by
vanes in an upstream blade row are oscillated to create Paduano et al. [21], different airfoil shapes and number
the travelling wave velocity disturbance. The flow were examined, with the eventual configuration adopted
which the upstream sensors and the downstream blade being twelve untwisted oscillating airfoils with an aspect
rows see is a combination of both the naturally occurring ratio of 0.9 and a solidity of 0.6 (Fig. 22). The complete
instability waves and the imposed control disturbances, actuation system has a frequency response of 80 Hz
As such, the combination of compressor and controller (approximately eight times the fundamental rotating stall
is a different machine than the original compressor, with frequency) at plus or minus ten degrees of airfoil yaw.
different dynamic behavior and different stability.

Propoi tional control was used for the experiments; at
each instant in time, the nth spatial mode of the IGV

Inlet Guide 0 stagger angle peruirbation is set to be directly proper-
Vanes

Servo
MotorLCx z

1---.- x Rotor Stator

Velociy al Ciraulatkin Velocity Field Comnpressor - ___Compressor Inlet Changes Due to Fo
(Sense This) (Move This) Blade Motion Fl*wWire

Fig. 21: Conceptual control scheme using "wiggly" inlet
guide vanes to generate circumferential travel- Fig. 22: Compressor flow path showing actuated inlet
ling waves (axial distances not to scale). guide vanes.
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tional to the nth mode of the measured local velocity of a digital proportional, integral, derivative (PID) con-
perturbation. The complete control loop consisted of the troller operating at 2000 Hz. The entire conuol loop
following steps. First, the sensor signals are digitized. was run at a 500 Hz repetition rate. Motor power was
A discrete Fourier transform is taken of the eight sensor provided by 350-watt D.C. servo amplifiers. The hard-
readings. The first, second and/or third discrete Fourier ware is shown in Fig. 23.
coefficients are then multiplied by (predetermined) corn-
p,•x feedback gains. Next, an inverse Fourier transform 6.2 Open Loop Compressor Response
is taken which converts the modal feedback signals into The inputs and outputs characterizing the fluid system of
individual blade comnwnds. These, in turn, are sent to interest (the compressor and associated flow in the annu-
the individual digital motor controllers. Additional lar region) are the twelve inlet guide vane angles
housekeeping is also performed to store information for (inputs) and the eight hot wires that give the axial veloc-
post-test analysis, limit the motor currents and excur- ity distribution (outputs). It might appear that a multiple
sions (for mechanical protection), and correct for any input-multiple OL.put control is required. however,
accumulated digital errors. because the disturbances of interest are of small ampli-

tude, the system behavior can be taken as linear. The
spatial distribution of the input and output perturbationsThe controller hardware selection is set by CPU speed (or indeed of any flow perturbations) can thus be

requirements (main rotating stall control loop and indi- expressed as a sum of spatial Fourier components, each
vidual blade position centrol loops), I/O bandwidth (sen- with its own phase velocity and damping. This allows
sor signals in, blade positions out, storage for post-test us to treat disturbances on a harmonic-by-harmonic
analysis), operating system overhead, and cost. The basis, and reduces the input-output relationship to single
final selection was a commercial 25 MHz 80486 PC input-single outpim terms, an enormous prartical simpli-
with co-processor. The D.C. servo motors were con- fication.
trolled individually by commercial digital motion con-
trol boards. Using position feedback from optical An important (although not necessary) concept in the
encoders on the motors, each motor controller consisted present approach is the connection between rotating stall

Control Computer........ .. .........-. .....- -__-;

(80486)I ID eecin ICV Position r _ _

" Detection Control Loop
"* Wave Tracking
A Control Loop ( (12)

Velocity

.. r .................................. Po s itio
IGV Positionr

Servo Amp
Anemometers K Z T1(350 W)

& Filters

Encoder (2

H-- Rooi_'

I J Hot Wires (8) D ev oo

IGV's 'r Stator

Fig. 23: Hardware component of actively stabilized axial flow compressor [21].
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Fig. 24: Measured open loop response of the first spatial Fig. 26: Influence of feedback control phase angle ([31)
mode of the compressor to a 100 IGV stagger on the flow coefficient at which the compressor
rotating sine wave excitation[21]. goes into rotating stall [21 ].

and travelling wave type of disturbances in the compres- cient, as a percentage of the mean flow coefficient, as a
sor annulus, wave damping and compressor damping are fuuction of input wave rotation frequency, i.e. the trans-
equivalent and determine whether the flow is stable. At fer function for the first spatial mode. The peak
the neutral stability point, the damping of disturbances is response to the forcing sine wave is seen to be at 23% of
zero, and close to this point the damping should be the rotor rotation frequency. This is close to the fre-
small. The measurements given by Gamier et al. [19] quency observed for the small amplitude waves without
show this. At a compressor operating point near stall, forcing (20%) and for the fully developed rotating stall
the flow in the annulus should behave like a lightly (19%).
damped system, i.e., should exhibit a resonance peak
when driven by an external disturbance. The width of 6.3 Closed Loop Experiments -Rotating Stall
the peak is a measure of the damping. Stabilization of the First Fourier Mode

The open loop experiments described above are of inter-
The sine wave response of the compressor was mea- est in elucidating the basic structure of the disturbance
sured by propagating a 10 degree sinusoidal IGV angle field in the compressor annulus, but the principal aim is
distributicn around the circumference at speeds ranging suppressing rotating stall using closed loop control. The
from 0.05 to 1.75 of rotor rotational speed. Figure 24 control scheme used was of the form
shows thc magnitude of the first spatial Fourier coeffi-

[8(stagger angle)IGV]n = Zn 8(axial veiocitY)n (9)

104 where Zn, the control parameter is given by Zn =
Rnexp(iIn), with Rn a feedback amplitude and Rn a spa-

-6 103 * tial phase lag for the nth mode. The influence of con-
• troller phase at fixed gain on the wave amplitude ratio

8c3 102 was experimentally evaluated, at a near stall point, for
0 phase shifts between 00 and 360', as shown in Fig. 25.

10• For phases between 0' and 1500, the waves are attenuat-
ed, while the waves are amplified for phase angles

W A, 100 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -
CL (D between 1600 and 3500. The maximum attenuation was

a• ( 0. 0 found near 750, and the maximum amplification near
0- C. 2750. Between 290' and 3450, the flow was unstable

10-2 150 .350 and rotating stall occurred.
0 50 100 150 200 250 300 350

Spatial Control Phase, P, (dog) If wave stability is equivalent to compressor stability,
then compressor stability should be enhanced for control
phases at which the waves are attenuated and should be

Fig. 25: Influence of fe.dback control phase angle ([31) decreased when the waves are amplified. This is indeed
on the strength of the first spatial mode of the the case as illustrated in Fig. 25. Here, the flow coeffi-
flow in the compressor at ¢ = 0.475 [21]. cient (0) at which the compressor goes into rotating stall
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as the compressor throttle is very slowly closed (doldt = 0.5 Stall With Control of
2 x 10-5/rotor revolution) is shown as a function of con- First Mode Only
troller phase angle (o3n). Depending upon the phase, the / Stall Without Control
control changes the stalling flow coefficient by more S /W
than plus or minus ten percent. Comparison of Figs. 25 JJ 0.4 4809,ow-
and 26 emphasizes the connection between wave damp-
ing and rotating stall. Rotating stall is suppressed when Stall With Control
the waves are damped and is promoted when the waves of First and Second
are amplified. - 0.3 Spatial Modes

6.4 Time-Resolved Compressor Behavior and
Travelling Wave Mode Content (

Noting that wave stabilization changes the average flow
coefficient at which stall occurs, it is instructive to look 0.2
at the time evolution measured by a single sensor, both 0.3 0.4 0.5 0.6 0.7

with control off and with control on. Figure 27 shows Flow Coefficient, 0

that with no control (Fig. 27a), the rotating stall grows
quite slowly. With control of the first spatial mode (Fig. Fig. 28: Compressor characteristic but with active con-
27b), stall occurs at a lower flow coefficient, and the sig- trol of first and second spatial modes [21].
nal changes in character. The growth iate is faster and,
more importantly, the disturbance with control has twice
the frequency of the no control case. This is due to the important contributor to stall inception. Indeed, stabi-
primary disturbance now being the second spatial mode lization of this mode along with modes 1 and 2, yields a
(two lobed stall). further 3-5% increase in operating range.

Since the second spatial mode appeared predominant 6.5 System Identification
when the fir__ mode wc ,,vr l,.r l, th= fo_ ,r was -nThe measurements presented are for a compressor with

controlled as well. The effect of simultaneous contol of simple proportional control law. There are many analyti-
the first two spatial modes on compressor stalling pros- cal tools now available to design more sophisticated
sure rise is shown in Fig. 28. With both modes under control schemes, but the success of the control design is
control, the compressor does not stall until a flow coeffi- based in no small part on the fidelity of the system
cient of 4 = 0.35, a 20% increase in operating range model assumed for the compressor. There is also inter-
over the no control case. Examination of the time est in understanding more about the compressor fluid
behavior of the Fourier coefficients as the compressor mechanics. Paduano et al. [22] thus describe the use of
throttle is slowly closed show a more complex behavior the apparatus assembled for the active control experi-
than that descritbed for first-mode-only control, but the ment to establish the dynamic response of the compres-
third spatial Fourier coefficient is discernable as an sor by directly measuring its transfer function.

Section 6.2 and Fig. 24 describe the response of the sin-
gle-stage compressor to rotating wave input on the

0.5 - IGVs. This compressor response can be put into a more

0 complete form and compared to the -o-ture of the fluid
dynamic model by plotting the r' .A magnitude

-0.5 (Bode diagram) of the transfer function between the firs;.
Fourier coefficient of the IGV motion and the first

-1 _Fourier coefficient of the resulting axial velocity pertur-

S0.5 __________bations. Based on the ac~deling described in Paduano ct
al. 121], the system behavior is expected to be that of a

. 0 .- v..-.v-.-v,, Asecond order system. A linear regression type fit [23] to
"c -0.5- the data is thus shown in Fig. 29. The model structure is

(b) With Control of I st Mode justified from fluid mechanical considerations, and it can
-1 , ___ 2 be seen that the experimental behavior is acccirately

-40 -30 -20 -i0 0 10 described by the model. This type of fit could be
Time, Rotor Revolutions obtained using any one of several types of IGV inputs:

rotating waves, stationary waves with oscillating ampli-
tudes, and stationary waves with random -miplitudes. AsFig. 27: The influence of control on the time history of a would be expected in a linear system, the .nput-output

single sensor as the throttle is slowly cloed to behavior is unaffected by such variations in the character
stall the compressor [211i.
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0o The growth rate of the rotating waves, on the other
hand, is a relatively new measure of the nearness to

- .instability of the compressor.
- ....- 6.6 Initial Results for Active Control

-40 of a Multistage Compressor

0 "lhe type of experiments described have also been car-
... Second Order Fit tied out on a low speed three-stage compressor,

*,, *Experimental Data retrofitted with a similar set of moving guide vanes. The
-20, results are analogous, with an eight percent reduction of

•. the mass flow at stall obtained. Further, the same sys-
-400 tern identification techniques and software are applicable

to both compressors.

.6W0 . .Figures 30 and 31 show the results of an extensive set of

10.2 10.1 i00  i01 identification experiments on the 3-stage compressor

Frequency Normalized by Rotor Frequency [24]. In the figures the wave propagation rate (Fig. 30)
and the growth (or decay) rate (Fig. 31) are plotted for
the first three disturbance modes. At flow coefficients =

Fig. 29: Bode plot showing response of the compressor tel the natural s odenot in fig31,th
to a sine wave forcing excitation at =0.475 below the natural stall point (denoted in Fig. 3 1), the__
121t . growth rates are positive, indicating that the system is

unstable. Identification at these flow coefficients must
be conducted under closed-loop operation, and this type

of the input, and the fit of the second order model to the of data has previously not been available.

measurements is consistently accurate. In summary, the
fidelity of the model fit indicates that the structure of the The compressor stall point can be identified based on theS. ..... .. ....... growth rate parameter. For instance, under no control, =.

S'a iloIII Jii~ a• piuPL-li1,01 -iUIL, I.. aipH.SUE UsIUIIII IIC, rotating stall occurs att =0.46. Referring to Fig. 31,

Figure 29 presents results for the dynamics of the single- this is approximately the flow coefficient at which the
stague ompresensor ataparticular flo w oefdy icient, bt the sfirst mode becomes unstable. Under first mode control,
stage compressor at a particular flow coefficient, but the rotating stall then occurs at roughly the flow coefficient
unique configuration of the compressor makes similar atwchhesonmdeboesutbl.Fnly

data obtainable over a wide range of flow coefficients, under control of the first and second modes, it appears

Because the wave dynamics can be directly forced by underthentrd ode is at secst modesp ears

the IG', s, the system's response can be deduced under that the third mode is at least partially responsible for

conditions which are not normally conducive to identifi- stall.

cation, for example beyond the uncontrolled stall point.
In compressors which are not equipped for stabilization,
identitication of the linearized dynamics beyond the stall
point is impossible; the system is unstable, and operates EoA Experiment

in rotating stall. Even in the compressor discussed here, 1.5, TheoryA
which can operate in previously unreachable regions A

using active control, identification is difficult, but A A - ----------

Paduano et al. [221 discuss a procedure which allows the 3rd Mode
compressor's innate dynamics to be deduced from 1.0
experimental data.

The dynamics of the compressors under study have been <D 2nd Mode
thoroughly characterized over a large range of compres- 0.50.5 -
sor operating points and provide a new data set for corn- -1-.
parison to theoretical techniques. Of primary interest ___- ______ =_____

from a fluid mechanic viewpoint are the rotation rate 1st Mode
and growth (or decay) rate (damping factor) of small- 0
amplitude sinusoidal waves in the compressor. .4 0.42 0.44 0.46 0.4R 0.5
Although stall-cell rotation rate has often been used as a 0.

gauge of the predictive accuracy of theoretical tech- Mass flow, 0

niques the small-amplitude wave behavior can differ
from the fully developed state, and it is the former that is Fig. 30: Disturbance wave frequency for first three
critical, especially if control laws are being designed. modes; three-stago axial compressor [24].
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0.2 --------- - mentation, however, may be fundamentally different.
1•st The active control strategies employed to date have used

"..- Mode modal based control schemes, where the rotating distur-

"" e2nd bance is decomposed into Fourier components and each

~ 00------- ---- ------------------ component is controlled individually. The structuralrr 0 .0 ----- ---..---
.o feedback schemes, on the other hand, lend themselves to

3rd" "local implementation" in which local control action is
Mode

-0.2 achieved by making the flow field locally stable at all
points around the annulus. Since local instability is a

_: prerequisite for the more global, modal instability, local
.Z cot, Experiment A A control may be an approach with wide applicability for
a - Theory A stabilizing compression systems.

-0.4 •
0.4 0.42 0.44 0.46 0.48 0.5 7. DISCUSSION OF ACTIVE CONTROL OF

Mass flow, ROTATING STALL AND RECOMMEND-

ATIONS FOR FUTURE WORK
Fig. 31: Disturbance growth rate for first three modes;

three-stage axial compressor 1241. 7.1 Implications or the Overall Results so Far
Several important points emerge from the experiments
that have been carried ouL First is the demonstration

Also shown in the two figures are the results of a theo- that it is possible to actively control rotating stall in an
retical model of the compiessor dynamics, based on a axial flow compressor and obtain a useful extension in
simple extension of the Moore and Greitzer [ 1] theory to compressor operating range. In this, it can be noted that
include an unsteady loss response in the compressor one series of experiments has been conducted on a mul-
blade passages. With correct choice of the single param- tistage compressor that was designed by an engine man-
eter representing this effect the theoretical model is able ufacturer; the compressor parameters are in a range of
to m,,atchl the erni,c vaei 0i da-ta -,ufid. Al u uuI,, uu.,I- general interest. Second. the experiments emphasize the
tional measurements of unsteady compressor behavior link between low amplitude circumferentially propagat-
are nceded to assess this conclusion in more depth, the ing disturbances prior to stall and fury developed rotat-
data show that the theory characterizes the evolution of ing stall; when the disturbances are suppressed, rotating
unsteady perturbations as well as provides a framework stall is prevented. Third is that a strong connection has
about which identification and control experiments can been made between the measurements and the theoreti-
be built. cal description of the evolution of small disturbances to

6.7 Dynamic Control of Rotating Stall Using rotating stall.

Structural Feedback An additional point concerns the utility of the compres-
The concept of using unsteady feedback to stabilize sor plus controller for basic research on unsteady flow in
rotating stall is not limited to active control techniques. compressors. The controlled compressor provides a
Calculations indicate that the rotating stall dynamics of a unique vehicle to examine many aspects of the dynamic
compression system can also be modified using struc- behavior of compressors that were heretofore inaccessi-
tural feedback, and the analytical studies have resulted ble. Examples of this are the first-of-the-kind data con-
in several promising strategies. In these, additional cerning the mode structure that was presented in Fig. 30
aeroelastic dynamics are introduced to the basic com- and 31, in particular the system identification under
pression system to modify its aerodynamic stabiliLy. closed loop control in a naturally unstable region.

Viewed in this regard, the active control allows com-
To illustrate the basic principles, consider a hypothetical pletely new, and much deeper, investigations of funda-

control strategy in which the variable inlet guide vanes mental stall inception flow physics than previously, with
used in the active control experiment were replaced with the potential for shedding new light on a long standing,
flexible vanes. The latter would introduce an aeroelastic but not well understood, problem.
feedback loop into the compression system; flow pertur-
bations cause the vanes to deflect, which in turn, modi- Finally, we note that there have been other approaches to

fies the flow perturbations. Tuning the structural the active control of totating stall and compression sys-
dynamic properties of the vanes is equivalent to adjust- tern instability. The experiments reported by Day are
ing the gain and phase of the control law. based not on sensing the modal structure, but rather on

detecting more localized, but large amplitude, flow non-

Conceptually, active control and structural feedback uniformities [20]. The actuators used were discrete jets
stategies are similar, in that they both use feedback to at the outer diameter of the compressor. Examinations
increase the stability of a dynamical system. The imple- of alternative strategies for the control of multistage
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compressor instabilities have also been came, 4 out by disturbance, i.e., how one links the disturbance to the
Harris and Spang [25], Hosny et al. 1261, and Badmus et actuator.
al. [27], which can be consulted for further details.

- Dynamic Compressor Behavior
7.2 Some Unanswered Questions: Areas The use of compressor facilities with active control pro-

to be Addressed vides a new diagnostic tool for the examination of basic
The initial attempts to control rotating stall in axial corn- unsteady fluid dynamics associated with stall onset. The
pressors have yielded very positive results so far, but ability to probe the compressor response in a way that
there are still many questions that remain. In this see- was not possible before should be vigorously pursued.
tion, we note several research topics that are fruitful to
pursue. - Use of Structural Feedback for Control of Rotating

Stall
- Control Law Modification The use of tailored structure as an approach for control-
"The control law used in the experiments reported herein ling rotating stall should also be pursued. This is not
is quite simple. Effort is now being spent on the design only of interest from a technological point of view, but
of rnore sophisticated controllers, and this can be useful the results obtained from a scheme based on local sens-
in two ways: first, ii! extending compressor performance ing and actuation should also be useful for giving insight
and, second, in elucidating the details of the dynamic into the basic mechanism of stabilization in a general
behavior of the compression system. sense.

- Generality of Results 7.3 Interdisciplinary Nature of the Research
There is also a need to establish the generality of the Finally, the interdisciplinary nature of the research can
observed behavior. The wave behavior exploited in this be commented on. The work described has been suc-
control scheme has been found on several low and high cessful due to the combined efforts of both compressor
steed compressors [ 18], [19]. although some other and controls engineers, and it has been challenging for
machines do not appear to exhibit small amplitude both specialties. In the past several years, considerable
waves (or at least they cannot be sensed) prior to stall time, as well as considerable intellectual effort, has been
[2], [3]. It is emphasized, however, and discussed fur- spent learning how to talk across disciplinary bound-
ther below, that active control of compressor instabili- aries, but the results so far appear to be well worth it.
ties is not dependent on the existence of the waves. It
would .)e of considerable interest to reconcile quantita- 8. ACKNOWLEDGMENTS
tively the two sets of circumstances, preferably with a
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ENGINE I-x,•± IANCE AND HEALTH MONITORING MODELS USING STEADY STATE
AND TRANSIENT PREDICTION METHODS

B.D. MacIsaac
GasTOPS Ltd.

103.1 Polytek Street
Gloucester, Ontario, Canada, KIJ 9J3

,UMR and industrial equipment. Such a phil-

This lecture note discusses the role of osophy can only be put into practice if

computer modelling in the design, devel- the tools to accurately assess engine

opment and validation of a performance condition can be assured. Furthermore,

monitoring system. The basic require- these tools must be tailored to the

ments of an engine health monitoring needs and capabilities of the personnel

system are discussed in the context of who must use them.

the user environment. The complexity of modern engines is such

A form of model based on stage charac- that no single failure or degradation

teristics provides the basis for mode can be described as dominant.

describing engine measurements. Faults While a number of failure modes such a

are modelled i- accordance with empiri- Low Cycle Fatigue (LCF) are purely mech-

cal data obtaii.ed from tests conducted anical phenomena, a great many others

at the stage level, directly affect engine performance and
are best diLýgnosed through performance

The model is used to investigate various measurements.
parameters that provide unambiguous
identification of the fault in question. The analysis of performance data has

Fault libraries have been developed for remained vexingly complex. if one con-

field use. siders the typical military fighter
engine with at least two and often three

LIST OF SYMBOLS elements of controllable variable
geometry in addition to control of fuel,

A - Area it becomes apparent that old simple

CDP - compressor Delivery Preaure ruieis of thumb in diaanosis will not

EGT - Exhaust Gas Temperature apply. This state of affairs suggests

EPR - Engine Pressure Ratio ; that analytical methods must be sought

F - Thrust to provide a more systematic approach to

FS - Fault Severity level engine fault diagnosis.

k - Fault Severity factor
N'. - Fan Rotor Speed This lecture note describes the applica-

N2  - H.P. Rotor Speed tion of computer modelling of gas tur-

T - Temperaturc bines to the development of static and

U - Blade Speed dynamic monitoring techniques applicable

V - Axial Velocity to modern gas turbines.

VEN - Variable Exhaust Nozzle
W_ - Fuel Flow TH R•OU1 OF PRACTI REQUIR

W - Air Flow
f - Tip Clearance Ratio Computer nodels are little more than

0 - Non-dimensional Temperature, useful tools in the process of develop-

T/T ing a product or system. The form of
the model is as 1rariable as the ques-

- Non-imensional Pressure P/Prf tions that need to be answered during
the course of the development. It is

- Stage Flow Coefficient therefor3 useful to examine the practi-
cal requirenents of a comprehensive

- Stage Temperature rise coeffi- engine monitoring system. From this
examination, it will be apparent what

cient (CPAT type of models are required for

'-U- design/development of a working EHM

- Stage Pressure rise coeffi- system.

cient (q'•) The User Environment
1 - Stage Efficiency

The user environment is shown in sche-
INTRODUCTION matic form in Figure 1. Each provide an

oppo-tunity for the use of EHM methodr
Life cycle costs have emerged as a pri- but each have unique and different
mary factor in the design of gas turbire requirements.
powerplants. The recognition of
repairs/rebuilds and lost availability The fliqht•Ui1& (Figure 1-a) is primer-
as major recurring costs suggests that ily the domain of the aircraft/engine
some means ot getting more usefulness technician. It is organized around the
from the engine is in order [1). concept of the quick fix. Engine

designs make every effort to make line
The concept of on-condition repaiz and replaceable units (LRU's) accessible and
maintenance has emerged as a common easy to change. In this environment,
ownership philosophy for both military the technician is compelled to wcrk with
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some combination of pilot reported prob- hours or more sophisticated life utiliz-
lems and whatever recorded limit ation algorithms is immaterial; the
excEedances or alarms are available, manager of the engine repair shop can
The latter implies that the aircraft has make accurate predictions of this compo-
been fitted with a flight recorder which nent of his workload by knowing the
is usually the case for modern aircraft. flying schedule and the method of life

accounting. He can then order spares
Time is of the essence at the flight and schedule his personnel accordingly.
line; the technician typically has only
one or two hours in which to effect a The unscheduled engine repairs can rep-
repair and put the airplane back into resent 50% or more of the engine repair
service, shop workload. Without adequate means

of assessment/ prediction, this workload
Based on available information, backed will appear quite suddenly (often in
up with on-wing inspections, the techni- successive waves) and will make major
cian makes a preliminary diagnosis and demands on spares inventory and on per-
proceeds to conduct whatever tests he sonnel. It is evident, therefore, that
deems necessary to substantiate his some means of providing early warning of
hypothesis. It is also common practice the arrival of unscheduled engines would
to simply begin by changing a suspect have a very substantial impact on the
LRU. This is followed by on-wing tests entire range of concerns of the engine
and if successful, the aircraft is repair shop.
released to fly. If unsuccessful, tne
technioian may elect to replace another From an EHM requirements viewpoint, the
LRU and try again or he may elect to engine repair shop is quite different
replace the entire engine and send it to from the flight line.
the engine repair shop for more involved
repair. In either case, the flight line
actions trigger demands on spares supply The time frames of concern are sub-
and consume engine life in the process stantially longer, making parameter
of on-wing tests, trending very useful.

From an EHM requirements viewpoint, a A more sophisticated level of diag-
number of things are clear: nosis is possible with the support

of engineering personnel.
Unless the diagnosis is quite unam-
biguous, the flight line tepir is a PLupur data management offers a
haphazard process with very poor feedforward information loop to the
success rates in the diagnosis. flight line.

Diagnosis must be quick and very The essence of EHM at the engine
convenient to the technician. The repair shop is proper planning of
technician is not an engineer, resources.

Diagnosis must focus on those prob-
lems for which exchanging an LRU The engDge test cell (Figure 1-c) is an
will effect a repair or else clearly expensive facility provided for the
indicate the need for engine primary purpose of ensuring safety. The
removal, engine undergoes a "pass-off" test which

checks the engine in accordance with the
The engine repair shop (Figure 1-b is, repair level. Modern practice includes
in effect, a nearby garage which pro- the possibility of on-wing tests, thus
vides a service to the flight line. the test facility is often shared
This service consists of stripping the between the flight line and the engine
engines and replacing life expi-ed com- repair shop.
ponents (scheduled repairs) and dealing
with all engines removLd from to air- Since the express purpos of the tests
craft because a quick fix could :iot be is to ensure flight safety, two major
effected at the flight line (un:3cheduled aspects of engine operation are exam-
repairs). ined. First, the mechanical integrity

of the engine is established., This
Management of the engine repair shop is includes, possible hydraulic leaks,
judged on its ability to complete loose bolts and vibration levels.
repairs in a timely manner. This, in Secondly, the static and dynamic per-
turn, is quite dependent on a timely formance of the engine is examined.
flow of the right spare parts at the These tests consist of establishing
right time. Bearing in mind the very throttle settings and/or manoeuvers and
high cost of spares, this translates to recording speeds, pressures, tempera-
"just in time", spares manageuent, tures, etc. for purposes of comparisoi'
Clearly the key to success in this with acceptable standards of perform-
endeavour is accurate prediction of the ance.
workload and type of work in the engine
shop. During the course of the tests, allow-

able control adjustments are made and
Prediction of spares requirements for the engine is retested. If the engine
the scheduled repairs Is predicated on passes all tests, iý, is declared "ready
accurate records of engine utilization. for Installation". If, however, it
Whether these data are based on flying fails and subsequent adjustments (e.g.
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variable geometry) do not cause it to Fundamentals of Successful Diagnosis
fall within acceptable limits, it must
be partially or completely stripped and Any review of the field of EHM will
reworked. quickly yield more than a few case

studies of EHM systems which can only be
The engine test itself is quite straight described as failures. (see for
forward. Analysis of the data follows example, Ref. 2) The reasons cited
the normal practice recommended by the range from frequent and troublesome
manufacturer; however, the diagnosis failures of electronics through to
used in current test cells is little incomplete systems which provide ample
better than that available on the flight opportunity to view engine data but
line. The requirements for diagnostic little or no useful insight into their
techniques in the test cell is self- interpretation.
evident.

In the practical world of engine sup-
Test cells provide a larger comple- port, a system designer must ultimately
ment of engine measurements than satisfy the engine technicians. These
most flight recorders. men and women have no patience with

systems that do not provide them with a
Diagnosis requirements are similar useful tool. Thus there are really only
to those for the flight line prog- two major ingredients for success in
ressing from simple adjustments this endeavour:
through the replacement of LRU's
while the engine is on test. a) a user friendly software package

that can implement the concepts in
Test cell diagnosis can and should use and
progress to fault identification
deep within the engine. It can help b) a proven fault identification sys-
to eli: hate unnecessary testing and tem.
direct attention to repairs. The former requirement recognizes that

Data obtained during engine test most technicians are not specifically
will provide quantitative assessment interested in computers and will use
of available engine margins. These them only if they provide an advantage.
data are important in establishing a The latter requirement reflects the
first estimat- of when the engine inevitable impatience of this same group
w4ll next need work and for what with systems which provide wrona
cause. answers.

Why Modelling is Essential
SYSTEMS OVERVIEW OF ER•S M OThere are essentially two primary fac-

The foregoing discussion suggests that tors that suggest that computer
there are a number of distinct users of modelling techniques are the only prac-
ERM within any organization. Each has tical approach to the development of
different requirements for diagnostics reliable diagnostic techniques. These
and each have different levels of train- are:
ing. a) system complexity

Figure 2 provides an overview of a typi- b) time
cal EHM system. It assumes the exist-
ence of an onboard data recorder and it In any discussion of system complexity,
further assumes that this data recorder it is worthwhile drawing an analogy with
offers the opportunity to transfer control systems development. An engine
records to a ground component of the control system will typically consist of
system. In addition, the overview pres- about 15-20 sensors and 2-4 actuators
ented in Figure 2 suggests that both for a modern engine. Including engine
static and dynamic data are recorded start-up and limit exceedance protec-
depending on the circumstances of the tlon, the complete control package will
event. Diagnostics must, therefore, be comprise 40-50 interrelated functions
provided for both static and dynamic for which design tools are well devel-
situations. oped. The control systems engineering

uommunity pioneered the development and
The reader should note that in a com- application of computer modelling tech-
plete EHM system, there will inevitably niques to better understand and to con-
be linkages to other technologies trol the dynamics of the jet engine.
including vibration and oil analysis. These models were restricted to healthy
in addition, some elements of the system engines but provided the basis for con-
must be completely portable while others trol design.
are inevitably of fixed location. It is
beyond the scope of this lecture note to A modern E124 system relies on the same
discuss the wider requirements of com- sensor suite as the control wIth perhaps
plete ERM systems; however, the reader a few additional neasurements such as
should be aware of the more important fuel flow. The process of diagnosis it
aspects of system design in order to expected to segregate parameter devi-
place performance diagnosis in its ations dictated by control actions from
proper context. those dictated by engine degradation and

simultaneously distinguish between
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faulty engines and faulty control units. of inferring changes in machinery that
Does this not suggest at least a doubl- would result in an increase in fuel
ing of system complexity? Does this not burned. In general there was a recogni-
suggest that the same models used to tion of the complexity of the interre-
understand engine behaviour for control lationships between the various engine
design purposes will be useful (with measurements and there was a gradual
suitable enhancements) to design diag- emergence of a number of ways of analyz-
nostic algorithms? The author believes ing these measurements to obtain per-
that the answer to both these questions formance information.
is affirmative and further suggests that
any other method for EHM design will The linear analysis method, generally
prove inadequate, attributed to Hamilton Standard (3] was

dependent on the Taylor Series expansion
of the governing equations describing

The second major reason that computer the performance of a gas turbine. The
modelling methods are essential to the first derivatives of this expansion were
successful development of diagnostic evaluated at a specific operating point
algorithms is time. To put this argu- or in a specific operating range and
ment in perspective the following par- these derivatives were generally
tial list of engine faults is offered: referred to as fault coefficients.

* fouling The method relied on the measurement of
• blade surface changes specific performance parameters referred
* tip clearance changes to as "deltas" and the use of the fault
* seal leakage changes coefficients to obtain the deviations in
• foreign object damage other parameters of interest in the

variable geometry misrigging engine. It has never been published
• variable geometry linkage wear what the method of decision making was
• bleed valve leakage with respect to the interpretation of

turbine area changes these changes; however, the system
* turbine blade profile changes fielded recommended specific maintenance
* corrosion/erosion actions.
* thermal damage Considerable effort was expended in the
The job at hand is to provide a method linear analysis approach to data verifi-
of recognizing, with minimum ambiguity, cation and smoothing with the obVienii
the existence of any one of these faults result that the system would have diffi-
through the typical measurement suite culty in coping with abrupt changes in
available cn a modern engine, the measurements. It is now well recog-

nized that abrupt changes can take place
Now, the current achievable unscheduled in the performance of an engine as a
removal rates for new military engines consequence of a specific fault.
is in the vicinity of 2.5/1000 hrs.
These numbers reflect all causes whether The linear analysis approach gradually
substantiated or not. Statistical gave way to a non-linear analysis such
analysis suggests that, at current fly- as Saravanamuttoo [4] in which matching
ing rates, one would require at least type calculations were used to compute
10-15 years of dedicated effort to col- the various gas path parameters. This
lect sufficient data to even establish method resulted in an array of measured
an accurate data base of engine measure- and computed differences with the pri-
ment for each engine fault. In addi- mary advantage that the method could
tion, to relate the measurement devi- handle abrupt changes in measurements
ations to actual cause will require an caused by operational damage. The
engine teardown for each situation method also required a smaller measure-
encountered. It is emphasized that ment suite than the linear method in
these data do not form a diagnostic order to complete the analysis. Fault
algorithm; they merely provide a basis matrices were formed to relate specific
upon which tc begin the process of "critical engine parameters" to the
designing one. The complexity of the available measurements. The published
analysis remains to be dealt with! fault matrices were based on assumptions

about the relationship between opera-
tional damage and component level per-

JHE FAULT MODELLING CONCEP formance changes. These assumptions
were, unfortunately, based on little
more than a gut feel about what might

_eneral Approach happen to the performance of a component
in a damaged state.

The earliest performance monitoring
systers focused on fuel burn for the In general the non-linear method was a
power and/or thrust delivered. Trending sound approach to the problem of per-
of these data were initially tried with- formance analysis but the lack of a
out reference to operating conditions substantiated fault matrix made its
and it was quickly found that the scat- application impossible, except by a
ter asso'ciated with measurements of this highly trained performance engineer.
type lead to little useful information.
Gradually other gas path performance Criticism of published performance
parameters began to be used as a means analysis methods centers on the habit of
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making assumptions about the fault and b) Some damage modes such as tip
its effect. Assumptions appeared to be clearance changes and seal leakage
driven by the lack of performance data changes have been well recorded by
supporting physical evidence of a fault. industry. Many others are observed
A number of major operators had under- during overhaul but little is known
taken fault implantation programs (US about their effect on the component
Army, US Navy) with quite limited suc- characteristic.
cess. These efforts did not seem to be
supported by analytical tools which c) Damage mode data which does exist
would direct a fault implantation pro- is almost always in the form of
gram nor did there appear to be any stage data; not in the form of
systematic attempt to use analysis for component map changes and/or
data interpretation, effects on engine measurements.

Examination of the methods of aero- The above suggests that the logical
thermodynamic modelling of gas turbines starting point in building up a compo-
over several decades indicated that the nent based model of an engine which is
component based model had become a stan- intended as a tool for EUM system design
dard practice. Furthermore, the method is the stage data and nt the overall
was well validated. Although the tech- component data.
nique required component performance
maps which are considered proprietary,
most investigations of parametric
changes to these components have been Estimation of Stage Characteristics
published in the form of stage data. It
was therefore hypothesized that: The methods developed by GasTOPS Ltd.

for estimation of stage characteristics
(1) methods could be developed to allow have been published elsewhere [5, 6] and

synthesis of specific component will be reviewed here for completeness.
performance maps from generalized Only the compressor characteristics will
stage data. be considered.

(2) stage data could be modified to In general, the performance of any com-
accurately represent engine faults. pressor stage can be presented in non-

dimensional form as shown in Figure 4.
(3) a computer model based on these Such data are particular to a specific

data could be used to accurately design; however, by selecting a refer-
predict measurements from a speci- ence condition (usually the point of
fic engine which exhibited these maximum efficiency), it was found that
faults. these data could be generalized to a

very great extent. Figure 5 shows data
(4) It would then be possible to collected from a number of sources for

assess/design fault recognition which a mean curve has been established.
parameters in a systematic manner. A similar generalized efficiency curve

is shown in Figure 6.
The overall concept is as shown in Fig-
ure 3. If the individual performance character-

istics of each axial compressor stage
DEVELOPMENT OF BASIC MODEL are known, overall compressor perform-

ance over a range of rotational speeds
The conventional component based model and mass flows can be estimated by a
of the gas turbine relies upon the stage stacking procedure which is well
availability of component maps or char- established in the industry [7, 8, 9].
acteristics. The calculation then pro-
ceeds to "match" all engine components However, in general, the individuals
by establishing the operating point on stage characteristics are not known and
each map which will satisfy the laws of it becomes necessary to estimate them by
conservation of energy and mass through- using the operating line data to estab-
out the machine. Such a model provides lish the reference conditions for the
quite detailed information about the generalized data shown in Figures 5 and
performance of the engine and, with 6. The calculation scheme is shown in
suitable models of controls, can be used Figure 7.
to study both the sta ic and dynamic
benaviour of the engine. However, As mentioned previously, once the stage
direct use of the model in this form to data has been estimated, the overall
study an engine in a degraded condition component map can be determined for all
leads inevitably to speculation as to values of rotational speed and flows of
the effect of the dariage on the compo- interest. Figure 8 shows the results of
nent map in question, this estimation process as applied to

the F404-CE-400 fan module.
Examination of any list of common engine
faults (see previous section) suggests overall Enaini Model
that:

Much has been published on the structure
a) Most, if not all, of the damage of complete component based models (see

modes relate to quite specific for example References 10, 11, 12). The
changes in only one or two blade general form is similar in all circum-
rows of the turbomachinery. stances and is shown for the F404-FE-400
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engine in Figure 9. The reader should c) It must be capable of simulating
note that this type of calculation is degradation and/or faults at the
set up so that differences in shaft major component level of the con-
torque and intercomponent flows are used trol itself. It should be possible
to form a function which is to be driven to embed these faults as data
tc zero. changes rather than modification of

the control model.
the model is to be restricted to

static performance, a _inimization As an example of the level of control
"search aluorithm can be used to estab- system model used in the design of EHM
lish the engine parameterE which will systems, Figure 10 shows the overall
produce a minimum (zero) value of the block diagram for the F404-GE-400 engine
funct..on. Under this scheme, intermedi- control and Figure 11 shows the detailed
ate calculations are of no interest block diagram for the Main Fuel control
other than as a basis for the next para- portion of the model. As can be seen,
meter guess. the model is comprised of those primary

functions judged to be necessary for
If the model is to be used to examine examination of control action of both
the dynamic performance of the engine, static and dynamic type.
the various differences in torque and
flows are used to form derivatives of
speeds and pressures. Under this FAULT MODEL DEVELOPMENT
scheme, the derivatives are passed to a
suitable integration algorithm and each Modelling of engine faults is predicated
successive calculation results in on the singular notion that it must
another time step, thus producing a time provide an adequate representation of
trace of the overall engine dynamic the cause of the apparent engine prob-
performance. lem. It has been argued that without an

adequate scientific basis upon which to
For this purpose, control inputs must build an understanding of these cause/
either be presented as time histories or effect relationships, it will never be
the entire control system must be possible to generalize the design tech-
modelled in enough detail to provide niques to other engine programs. While
correct inputs to the engine model. there is no specific form of fault

model, all have been generalized such
Control Systems Models that they can be used to represent the

same type of fault in another engine.
A fuiLdaLuJLl underlying concept in the
development of component based gas tur- Turbomachinerv Faults
bine models is the ability to treat each
component as a unit thermodynamic pro- As discussed previously, most turbo-
cess. Each component can be represented machinery losses are presented as stage
as a single continuous flow process and data or empirical data that can be used
thereby its primary function is to modify stage data. This fact is
described, fundamental to all turbomachinery fault

modelling at GasTOPS Ltd.
In the case of control system modelling,
there is frequently a less direct link Considering the axial flow compressor,
between physical process and control losses in a given blade row occur in
function. For example, the physical four main ways:
processes in a full authority digital
electronic control (FADEC) are immensely 1) blade surface profile lcsses
complex solid state electron movements 2) annulus wall losses
within the control. These processes are 3) secondary flow losses
of no direct interest. What is of 4) shock losses
interest is the fact that they can rep-
resent ma'hematical algorithms used to Characterization of faults as one or a
control the engine. Similarly, the combination of these effects is thus
mechanics of a more traditional hydro- desirable since data are more readily
mechanical control are thought of only available. It is emphasized that the
as mathematical control functions. modelling of faults must be presented as

a modification of stage characteristics
The above observations suggest that the as discussed in the following sections
only practical means of modelling a of this lecture note.
control system for a gas turbine is
along functional lines. The primary The general approach taken by GasTOPS
requirements for purposes of E}? system Ltd. in the development and implementa-
design for a control model may be simply tion or turbomachinery faults is summer-
stated as follows: ized in Figure 12.

a) It must provide complete and accu- For a given fault type (i.e. tip clear-
rate representation of the control ance increase, blade surface roughness
inputs to the engine, variation, fouling, foreign object dam-

age, erosion, etc.) and overall severity
b) It must be suitable for use as a level, a fault severity factor is

means of specifying engiDe test assigned to each individual stage with
procedures and for subset, ent the aid of a Fault Severity Assignment
interpretation of test results. Table, of which Table 1 is typical.
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Individu&l stage fault severities are the stagJe pressure rise coefficient may
evaluated by: be obtained from the stage efficiency

and temperature rise coefficient by:

FS1 =: kpi * FSov

The reference (maximum stage efficiency)
performance points of each stage (•',ef, The faulted stage characteristics are
'rf' Y'rf) are then evaluated using a then "stacked" to obtain an estimate of

Reference Point Modification Table (see overall compressor performance.
Table 2) and the reference points of the
"healthy" compressor stages (or~f' fref' In summary, the fault model for a speci-

1red) That is, for each stage, i: fic mode of axial compressor degradation
contains the following elements:

ko, kc, k, = f(FS.) I. A Fault Severity Assignment Table

= which, given an overall fault
and,0 = r -0,.f severity level, specifies the fault

severity to be assigned to each
= : Cý.f "(stage.

lref = k,, " ef 2. A Reference Point Modification
Table which may be used, along with
fault severity and the healthy
compressor reference points, toRelative Fault determine the reference operating _

Stage Number Severity conditions of each stage.
______3. A generalized stage efficiency cor-

1 0.1 relation

2 0.3

3 0.5 f (C=cu) / (144.!)

4 0.7
4. A generalized stage temperature

5 1.0 rise coefficient correlation:

7 1.2 C/C'r, = f($/,t, Of.FaulC Severity)

8 1.3

Table 1 Typical Fault Severity Tin Clearance Model
Assignment A tip clearance fault model for an axial

flow compressor has been developed by
GasTOPS Ltd. based on the results of

Fault k# k Smith [13]. Generalized plots of
Severity Smith's data are given in Figure 15 and

0 1.00 1.00 1.00 the equivalent Reference Point Modifica-
00 11 tion Factor Table for Smith's results

1 0.96 0.99 0.95 can be summarized as follows:

2 0.92 0.98 0.90

3 0.88 0.97 0.85 k X

4 0.84 0.96 0.80 -.

5 0.80 0.95 0.75 .0080 1.000 1.000 1.000

6 0.76 0.94 0.70 .0142 1.009 0.971 0.989

7 0.72 0.93 0.65 .0253 1.023 0.928 0.967

8 0.68 0.92 0.60 .0364 1.035 0.878 0. 962

9 0.64 0.91 0.55 The 0.8% tip clearance results have been
10 0.60 0.90 0.50 used as a datum since the generalized

efficiency plot for this clearance value
Table 2 Reference Point Modification closely matches the generalized

efficiency curve used by GasTOPS Ltd. to
model "healthy" compressor stages..

Having determined the reference operat-
ing conditions of each stage, general- Figure 16 presents the estimated change
ized stage performance correlations for in overall compressor performance for a
efficiercy and temperature rise, as fault severity equal to 5. Note that
show:, in Figure 13 and 14, are used to the percentage flow reduction is
evaluate the stage characteristics of approximately 3% while the percentage
the "faulted" compressor. Recall that
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efficiency reduction is about 2 points, field data obtained from flight
This 2:3, efficiency/flow, reduction is recorders fitted to the CF--18 aircraft.
similar to published results as indi- Figure 18 provides comparison with NRC
cated in Figure 17. test data indicating a very close

fidelity to the actual engine.
Control System Faults

Comparison of the dynamic performance of
Basic turbomachinery tends to be fairly the F404-GE-400 engine yields similarly
reliable; however, when faults do occur close results. Figure 19 shows a slam
they tend to be very expensive. On the acceleration on takeoff as recorded by
other hand, a much larger number of the on-board flight data recorder. The
faults occur due to problems with the model performance is superimposed. The
control system components. While less reader should note that the model is
expensive to repair than the basic that of a nominal enqine whereas, the
engine, there are more of them and they flight data is from a specific unit.
tend tn tie up the entire aircraft.
Such problems range from sensor problems Perhaps the most difficult area of the
through to actual changes within the current model to validate is the fault
control logic hardware, models; however, even this area has

shown quite good comparisons with avail-
As discussed previously, these faults able test data. Table 3 shows compara-
are modelled by modifying the function tive data for an engine which had an HP
that is affected by the fault. As an turbine fitted with out-of-specification
example, a commonly encountered problem blades. In this particular case, data
is in service stalls, some of which can was available from the manufacturer as
be traced to faulty acceleration fuel noted in the table. The comparison is
schedules embedded within the main fuel self evident.
control. Figure 11 shows this function
of the MFC on the F404-GE-400 engine.
Faults such as a worn cam, can readily Table 3
be represented by modifications to the
fuel schedule as shown in the figure. F404 Performance Deviations at
MODEL VALIDATION IRP Due to HP Turbine Blade Tip
"MOE VClearance Increase
The development of confidence in the
results produced by a computer model is Manufacturers Model
inevith1v m mixture of -ugrn and Data Prediction
comparison with actual test results.
GasTOPS Ltd. has, over the past 12 T56/ + 2.1% + 0.5%
years, developed models of the following N11 ,18 + 0.4% 0.0%
enginas.

- 1.8% - 3.0%

wfR//6 - 5.2% - 7.8%
AI•RBORNE INDUSTRAL & MARINE P/ - 8.7% -10.8%

GE J85 GE LM2500 Ps&6 -14.3% -14.8%

GE F404 GE M;3000 A8  +14.5% +16.6%

P&W J57 P&W FT4 F/6 - 9.0% - 8.9%

P&W JT15D P&W FT12
In addition to a static comparison, it

P&W PT6 DDA 570K was possible to obtain additional veri-
DDA T56 SOLAR SATURN fication by examining the engine

dynamics. Figure 2r) shows the flight
DDA 250 WCL 352 recorded takeoff tr.,ces for the right
AVCO LTSIOI RR SPEY and left engines. Figure 21 shows a

simulation of the same situation. Again
PR• AVON the comparison is self evident.

Most of these models are compcnent based
models used primarily for control sys- APPLICATION TO BE!_FOW_ CE MONITORINGQ
tems investigations; however several of
them have been developed from stage The foregoing described a model that is
characteristics and are in constant use regarded by GasTOPS Ltd. as an essential
in the development of EHM techniques. tool in the developm at of performance

monitoring systems. The following sec-
All of the models have been validated to tions will describe the use of the model
a greater or less extent by comparison for this purpose.
with engin: tests thus developing confi-
dence in the method. In the case of the The earliest version of this type of
F404-GE-400 engine, this model is in an performance model was trialed by the
advanced state of development and has Canadian Navy in 1983/84 (15]. This
been validated by comparison with test particular model described the FT4/FTI2
data provided by the National Research engines fitted to the DDH-280 destroyer.
Council of Canada as well as extensive It was a manual system insofar as data

Guest
Rectangle



9-9

collection was concerned. No fault To establish the sensitivity of a pro-
libraries were used; instead, the model posed health index to a specific fault,
was run repeatedly by the operator look- the computer models discussed previously
ing for a best match with the measure- have proven to be invaluable tools. The
ment. He could select both the type of steps involved are:
fault and its severity in seeking a
match with the measurements. In addi- (1) proposal of a parameter as a means
tion, multiple faults could be embedded of isolatincs a fault
simultaneously. (2) running of the model in any or all

operating regimes with faults
modelled at various levels of

A number of observations from this trial severity
are noteworthy. (3) examination of the sensitivity and

potential ambiguity of the pro-
(1) The instrumentation was found to posed parameter.

be problematic. This was unknown
to the ships company up to that This work lead to a number of interest-
time. ing parameters. For example, the rela-

tionship between the fan and compressor
(2) Operator running of the model was spool speeds was found to be extremely

very time consuming and unless the sensitive to problems with misrigged or
match with measurements was quite improperly controlled variable
clear the result was often ambigu- compressor geometry on the F404 engine.
ous. The F404 intake airflow rate was also

found to be a useful indicator of HP
(3) It quickly became apparent that a turbine damage; however, as shown in

definitive pronouncement of the Figure 22 the behaviour of this health
existence of a specific fault index varied considerably over the run-
could never be made from the com- ning range of the engine- Figure 23
puter analysis. The ambiguities summarizes the various health indices
suggested a probabilistic state- which have been successfully used to
ment would be more appropriate, assess P404 engine performance under

both steady state and transient operat-
(4) Treiiding of the data, even when ing conditions.

scatter was reduced, left the
operator with no sound basis for The second major effort was to establish
deciding what to do. In other that each parameter was insensitive to
words a l__g.cal method of declar- measurement scatter. Some model assess-
ing the fault was (a) real and (b) ments were conducted but since data were
severe enough to make a decision readily available from the monitoring
had to be found. equipment, it was decided to obtain real

engine data. Figure 24 shows a histo-
(5) The existing measurement suite did gram of fan rotor acceleration times

not necessarily provide appropri- obtained from more than 10,000 F404
ate diagnostic paremeters. In takeoff recordings and 250 different
fact, direct inspecrion/comparison engines. Figure 25 presents the Ni
of engine measurement signatures acceleration time trend plots from three
was not very effective in exposing specific engines. It is evident from
problems. Figures 24 and 25 that individual engine

performance variations are small and
This last observation is perhaps the that the N acceleration time health
most important. It suggested that index can be used to discriminate
future work should concentrate on a between engines of varying performance
systematic examination of parameters levels. Indeed, this health index has
which could be computed from the been used as a reliable indicator of
measurements. These parameters would F404 fuel metering, exhaust nozzle
then be used as indicators of faults or scheduling and HP spool blade damage
emerging problems with the engine. Such faults.
parameters became known at GasTOPS Ltd.
as engine health indices. A major factor in the amount of perform-

ance scatter for engines which incorpor-
The concept of an engine health index ate variable gas path geometry systems
suggests that some combination of is the tolerances allowed on the setup
measured and/or computed parameters of these systems (16]. As indicated in
would be: Figure 26, the engine model can be used

to simulate the effects of these toler-
(1) sensitive to the fault in question ances and to develop correction factors
(2) insensitive to measurement scat- or procedures to account for them. In

ter. the case of the F404 engine, the appli-
cation of these correction factors

To expect unambigt.ous fault isolation resulted in a reduction in data scatter
from a single health index is perhaps by a factor of 2 to 3.
asking too much: however, the parameter
must be usable in conjunction with other FAULT LIDRARUES
health indices in order to build an
engine fault signature which results in The foregoing examples suggest the need
unambiguous diagnosis. to establish a list of common opera-

tional problems. For every fault, it is
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necessary to undertake the work of Assessment of Periodic "Egie Tes
establishing a method of fault isolation
and diagnosis. This leads again and The most fundamental element of a per-
again to the model and the evaluation of fo:.-mance monitoring system is the abil-
potentially useful health indices. The ity to assess data obtained from peri-
complete complement of health indices odic tests. In the aircraft applica-
comprise what has become known (at least tion, this test is conducted either on
at GasTOPS Ltd.) as the engine fault the wing or more commonly in an engine
signature. test cell after a repair.

While the fault modellirng effort was The procedure followed is very much
proven to be a most effective means of similar to that of the previous section;
establishing cause/effect relationships however, from a system interface view-
and the discovery of useful health indi- point, the presentation of results is
ces, it rapidly became apparent that any important. Figure 28 shows a typical
direct use of the model in an on-line output as presented to a test cell oper-
capacity was prohibitively expensive in ator. In addition to the test condi-
time and in computer capacity. It was tions, the as-measured and corrected
therefore decided to approach the issue (for ambient condition, power level and
of diagnosis from the perspective of variable geometry effects) health index
presenting the fault signature to a values are displayed along with their
predetermined library of faults. The respective baseline values. Parameters
concept is shown graphically in Figure which exceed pre-determined limits are
27. assigned a "status" value which is

dependent on the magnitude of the per-
For a given measurement suite, the data formance deviation(s). The status indi-
is reduced to ambient conditions and the caters are then related to potential
health indices computed. The difference component problems and a written recom-
between the current measured hcalth nendation is presented to the operator
indices and a known baseline provides a for decision/action purposes. It is
set of differences with which to under- noteworthy that the test cell operator
take a search of the library of prede- still exercises final judgement, but is
termined fault patterns, guided in his decision by the recommen-

dations provided by the diagnostic sys-
This process is readily implemented on a tem.
computer in a fashion that permits a
list of possible faults on the basis of Trending of Health Indices
"best fit", "2nd best fit", etc. It is
emphasized that this step represents a A working trend package consists of the
best fit to the current measurements. ability to collect data, compute the
It does not necessarily represent the health indices discussed previously and
most probable fault. to present deviations in these health

indices as a function of time. A typi-
The reordering of the "best fits found" cal trend plot is shown in Figure 29.
to most probable causes is established This plot shows the variation in the
from a second library of most common parameter within the framework of upper
problems which was the starting point in and lower acceptable limits and in the
the process of establishing the health specific case shown indicates a progres-
indices. The library cf most common sively detericrating situation. Once
problems is a statistical database which the data falls outside the limits a flag
provides frequency of event information is set by the software indicating to the
for each fault. By weighting the qual- operator that a fault is developing.
ity of the data fit and the frequency of The fault type is identified and where
occurrence to a specific fault a list of possible the rate of progression is tied
most probable faults can be produced. to numbers of hours before action is

taken.
Access to the library of fault signa-
tures is a computer search problem. The ability to provide some early warn-
Early efforts by GasTOPS Ltd. utilized ing of pending faults is critical to the
in-house software developed for this success of a monitoring program. In the
purpose; however, the emergence of prac- case of the F404, a lead time of 10 days
tical rule based expe,-t systems makes it allows for rescheduling of aircraft and
possible to purchase toftware tailored the planning of work in the engine
to this type of problii. The combina- repair shop. Clearly this is a function
tion of fault libraries and an expert of tne rate of engine deterioration
system shell makes for an efficient which in turn is a function of the oper-
diagnostic module that can be used on- ation. Despite the obvious statistical/
line. operational variation, a health index

only becomes truly worthwhile when it
MQffTOHING SYSTEM AUkJ9AT1ON2 provides the operator with some advance

warning of the event.
The development of a method ol diagnosis
has allowed GasTOPS Ltd. to develop
application systems which are useful as Dyna•mic Event Analysis
an element in an overall eiigine monitor-
ing program [17]. In general, these Intuitively, operators of gas turbines
application systems fall into three are aware that the first signs of engine
categories as described below: distress are most likely to occur during
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a transient. Under these conditions, methods for application to engine health
the operating point of the compressor is monitoring.
traversing a path relatively close to
surge; the temperatures are typically To a large extent, thio progress has
100-200" hotter than steady state condi- been paced by the availability of compo-
tions. similarly, the rate of growth of nent fault modelling techniques capable
the casing is different from the rotors of systematically investigating the
which changes blade tip clearances, seal effects of common engine problems on
clearance, etc. These physical effects overall performance.
are difficult to quantify; however,
there is little doubt in the industry
that a deteriorated engine has smaller The models described herein have suc-
margins available for handling transient cessfully demonstrated the basic method-
situations than does a healthy engine. ology of fault investigation leading to
Under these conditions, dynamic events the definition of fault libraries based
occur such as compressor stall, over on proven health indices. Nevertheless,
temperature, etc. These events afford there is considerable scope for addi-
an opportunity for performance analysis tional work.
to be used, provided reasonable data
records are available.

a) Cause/Effect Relationships
Most modern flight recorders contain the
capability to capture data at the rate As previously stated for those
of from 5 to 10 hz. These data are engine problems which we related to
momentarily held in a rotating log of design such as tip clearances, vari-
approximately 40-60 seconds on a first able geometry rigging, etc. there is
in - first out basis. This feature adequate stage data available in the
allows the system to capture a transient literature to develop a good fault
record surrounding an event, model. These, in turn, allow the

Investigation/development of health
The availability of transient informa- indices for a given engine. How-
tion extends the range of possible ever, for many faults, empirical
health indices. These can include such data simply do not exist. In gen-
parameters as the rates of change, maxi- eral, these cases fall into the
mum values, or specific fuel control category of operational damage
parameters: hc-"r the nrnroes of caused by poor aualitv fuel., severe
qualifying any of these as a valid thermal damage and foreign object
health index is identical to those for damage. These forms of damage are
steady state analysis. not parameters of the design and

are thus not commonly investigated
For example, one particularly useful from the perspective of the impact
indicator of F404 engine transient mis- on performance.
behaviour has been the fuel acceleration
schedule parameter, Wf/PC. A number of There is very considerable scope for
stalls on takeoff lead to an investiga- research into the cause/effect rela-
tion of problems in this area. It was tionship of these forms of damage.
found that the fuel was scheduled using Furthermore, it is emphasized that
this parameter and that the parameter the researcher need not have access
could be computed from the data in the to complete engines. It has been
rotating log. Figure 30 presents the demonstrated that stage data obtain-
fuel acceleration schedule parameter able from rigs is completely
recordings obtained before and after the adequate for the purpose and indeed
removal of a Main Fuel Control (MFC) is preferable since it affords the
from an F404 engine which experienced a opportunity to develop more general-
flameout on takeoff. ized descriptions of the phenomena.

In general, the development of methods b) Farlt Library Extension
to assess problems related to dynamic
events has proven to be remarkably pro- While the author's company has had
ductive. One must realize that the considerable success with both mar-
event must be dealt with by the mainten- ine and airborne engines, the number
ance crew. This places the burden of of proven health indices and the
establishing cause on them. Without extent of the fault library is quite
diagnostic tools, they normally resort small. There is much scope for
to changing field replaceable units such additional studies to qualify new
as fuel controls until the problem health indices which deal with less
appears to go away. This is unsatisfac- significant faults and to improve
tory at best and usually leads to unnec- the quality of diagnosis for those
essary expense driven partly by change- already considered.
out of the wrong component and partly by
the high costs of testing various The work of fault library extension
attempted fixes. can readily be extended to consider

different or more comprehensive
measurement suites. Work to date

FUTURE WORK has been restricted to only the
measurement suite provided by the

Considerable progress has been made in existing instrumentation.
the field of performance analysis
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c) Damage Avoidance Strategies 7. Robbins, W.H., and Dugan, J.F.
"Predictions of Off-Design Perform-

As more becomes known about the ance of Multi-Stage Compressors
cause/effect relationships of damage NASA SP-36, 1965
mode/measurement combinations, it
becomes interesting to speculate on 8. Stone, A.
the extent of damage caused by vari- "Effects of Stage Characteristics
ous operational strategies. and Matching an Axial Flow Com-

pressor Performance"
Currently, the best that we can do Trans ASME, Vol. 80, p. 1273
is to recognize the damage; however, 1958
further work might suggest that
specific operations are much more 9. Doyle, M.D. and Dixon, S.L.
costly than others and can be "The Stacking of Compressor Stage
avoided or minimized. Such inves- Characteristics to Give an Overall
tigations may eventually lead to Compressor Performance Map"
onboard expert system advisors to Aeronautical Quarterly, Nov. 1962
the pilot which would provide him
with options to achieve the same 10. Saravanamuttoo, H.I.H. and Fawke,
goal. A.J.

"Simulation of Gas Turbine Dynamic
All of the above work can be accom- Performance"
plished with the aid of gas turbine ASME Paper No. 70-GT-23, 1970
models as described in this lecture
note. It is anticipated that full 11. Seldner, K., Mikaloew, J.R. and
development of these capabilities will Blaha, R.J.
enable designers to fully specify EHM "Generalized Simulation Technique
systems during the course of engine for Turbojet Engine System Analysis"
development to the level where they are NASA TN D-6610, 1972
largely proven at the time the engine is
fielded. 12. Maclsaac, B.D. and Saravanamuttoo,

H.I.H.
"A Comparison of Analog, Digital and
Hybrid Computer Techniques for Simn-
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